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The potential consequences of parasitic infections on a person’s immune responsiveness to unrelated antigens are often conjectured upon in relationship to allergic responses and autoimmune diseases. These considerations sometimes extend to whether parasitic infection of pregnant women can influence the outcomes of responses by their offspring to the immunizations administered during national Expanded Programs of Immunization. To provide additional data to these discussions, we have enrolled 99 close-to-term pregnant women in western Kenya and determined their Schistosoma mansoni and Plasmodium falciparum infection status. At 2 years of age, when the initial immunization schedule was complete, we determined their children’s IgG antibody levels to tetanus toxoid, diphtheria toxoid, and measles nucleoprotein (N-protein) antigens using a multiplex assay. We also monitored antibody responses during the children’s first 2 years of life to P. falciparum MSP119 (PfMSP119), S. mansoni Soluble Egg Antigen (SEA), Ascaris suum hemoglobin (AsHb), and Strongyloides stercoralis (SsNIE). Mothers’ infections with either P. falciparum or S. mansoni had no impact on the level of antibody responses of their offspring or the proportion of offspring that developed protective levels of antibodies to either tetanus or diphtheria antigens at 2 years of age. However, children born of S. mansoni-positive mothers and immunized for measles at 9 months of age had significantly lower levels of anti-measles N-protein antibodies when they were 2 years old (p = 0.007) and a lower proportion of these children (62.5 vs. 90.2%, OR = 0.18, 95% CI = 0.04–0.68, p = 0.011) were considered positive for measles N-protein antibodies. Decreased levels of measles antibodies may render these children more susceptible to measles infection than children whose mothers did not have schistosomiasis. None of the children demonstrated responses to AsHb or SsNIE during the study period. Anti-SEA and anti-PfMSP119 responses suggested that 6 and 70% of the children acquired schistosomes and falciparum malaria, respectively, during the first 2 years of life.

Keywords: schistosomiasis, malaria, antibody responses, tetanus, diphtheria, measles, vaccines


INTRODUCTION

There is a concern that children in developing countries do not respond appropriately to standard vaccines given through the expanded program of immunization (EPI), and this is most often discussed in regard to the mother’s parasitic disease status during gestation. Emerging evidence suggests that some chronic antenatal helminth infections may alter infant immune responses to immunization with Bacille Calmette–Guérin (BCG), Haemophilus influenzae, measles, and polio vaccines (1–4). It is even possible that this influence may last for decades (5, 6). Since vaccine-preventable diseases account for an estimated two to three million deaths in African children each year (7), the extent to which parasitic diseases during gestation influence EPI vaccine effectiveness in neonates could have critical public health consequences.

Although treatment of pregnant women for schistosomiasis is recommended by the World Health Organization (WHO) (8–10), in many countries pregnant women continue to be excluded from mass drug administration (MDA) programs because of unfounded concerns about potential effects of praziquantel on the developing fetus (11). If the helminth infection status of a pregnant woman decreases the effectiveness of current and/or future vaccine responses of her newborn, anti-helminthic treatment during pregnancy would take on an additional level of public health importance.

This study sought to understand whether being born of a schistosome-infected mother altered the antibody response levels of her child at 2 years of age to the standard vaccines against tetanus, diphtheria, and measles given through the Kenya Expanded Program of Immunization (KEPI). We also evaluated the correlation of the IgG antibody levels in mothers and their neonates at birth to antigens from the following parasites: Schistosoma mansoni, Plasmodium falciparum, Ascaris lumbricoides, and Strongyloides stercoralis. In addition, we determined the levels of IgG antibodies to these parasite antigens in these children during their first 2 years of life.



MATERIALS AND METHODS


Study Design and Study Participants

This longitudinal serologic study was conducted in western Kenya over a 4-year period, between 2013 and 2017. We enrolled late-term pregnant women and followed their children for 2 years for antibody responses to parasite antigens and standard immunizations. Pregnant women were diagnosed for malaria, soil-transmitted helminths (STH; A. lumbricoides; Trichuris trichiura, and hookworm), and schistosomiasis. Blood samples were collected from mothers, and from babies at or near birth, and subsequently until 2 years of age (see below).

Pregnant women were recruited from the antenatal clinics at several county hospitals which were selected based on the average number of pregnant women visiting the facility, nearness of the facility to the Kenya Medical Research Institute (KEMRI) in Kisian, Kenya, and to represent multiple categorical levels of the hospitals. The six study hospitals used were: Jaramogi Oginga Odinga teaching and referral hospital (the largest facility in Kisumu offering comprehensive services in the region—level 5), Kisumu sub-county hospital (level 4), Port Florence and Ober Kamoth health centers (level 3), Usoma and Rota dispensaries (level 2). All the facilities used are government funded except Port Florence, which is private. Pregnant women who were in their third trimester (34–37 weeks gestation) were screened for eligibility and asked to participate in the study. Those who consented filled out a questionnaire and donated a single blood sample and three stool specimens collected on consecutive days. The name, detailed address, and phone number of each consented participant was recorded at the time of enrollment to facilitate home based follow-up of their child until 24 months postpartum. Each woman was assigned a unique study number that was then consistent with that of her child throughout the study. Pregnant women who were smear-positive for malaria were treated according to Kenya Ministry of Health guidelines. Mothers infected with schistosomes or intestinal helminths were treated soon after delivery.

The objective of the study was explained in detail to all enrolled pregnant mothers in the local language (Luo) in the presence of community midwives who were not part of the study. Witnessed written informed consent was obtained from each subject for themselves and for their unborn child to participate over the entire 2-year follow-up period. A copy of the signed consent form was given to each enrollee and another copy was kept in a locked cabinet with restricted access in the offices of the KEMRI, Centre for Global Research at Kisian, in Kisumu County. Only infants born at term, defined as a gestational age of 37–42 weeks, were included in this study. When twins were born, both were enrolled in the study. Before birth, each mother was confirmed to have been provided with a vaccination clinic booklet that was to be used to record and track vaccination history of the infant and the health status of both the mother and child. In accordance with KEPI, infants were vaccinated with BCG vaccine at birth; 3 doses of [diphtheria, pertussis, tetanus (DPT)] vaccine, at 6, 10, and 14 weeks; oral polio vaccine (OPV) at or within 2 weeks of birth and 6, 10, 14 weeks; and measles vaccine at 9 months. BCG, DPT, OPV, and measles vaccines, all of which were recommended and pre-qualified by WHO, were manufactured by Serum Institute of India PVT, Hadapsar, India. Vaccine manufacturers provided the study product but had no role in the conduct of the study, analysis of the data, or preparation of this report. These vaccines were provided free-of-charge by the Ministry of Health officials through the Division of Vaccines and Immunization under KEPI. All immunizations were recorded on an infant birth vaccination clinic booklet brought by the mother and all dates of vaccinations were verified for all children by our field study team.



Ethical Statement

The research protocol was approved by the Scientific Steering Committee of the Kenya Medical Research Institute (SSC-KEMRI), KEMRI/Scientific Ethical Review Unit (Protocol No. 2303) and the Institutional Review Board at the University of Georgia (Protocol No. 00004091). The Centers for Disease Control and Prevention (CDC) also reviewed the protocol; CDC personnel were considered not to be engaged because they had no contact with study participants or access to personal identifiers. All subjects provided written informed consent in accordance with the Declaration of Helsinki.



Blood Collection and Processing

Maternal venous blood was collected at the time of the neonate’s first bleed, at or a few days after birth. Subsequent blood collections from children were at 6 and 20 weeks and 9, 12, 18, and 24 months of age. At least 400 μL of heel prick or finger blood was collected by capillary blood collection using lithium heparin anticoagulant (Kabe Labortechnik GMBH, Germany). Blood was centrifuged to isolate the plasma fraction from the cell pellet and plasma specimens were stored at −20°C. Antibody assays were performed at the same time after all plasmas were collected.



Diagnosis of Schistosomiasis, STHs, and Malaria

Detection and enumeration of S. mansoni eggs were determined by Kato Katz fecal examination (12) based on two slides from each of the three stool samples collected from women upon enrollment. Intensity of infection was obtained for S. mansoni as eggs per gram of feces (epg) and the presence or absence of eggs of the three STH was recorded. Blood from all pregnant women was examined for malaria parasites. Thick and thin blood smears were prepared, stained with 10% Giemsa for 15 min, and examined by light microscopy for Plasmodium-infected erythrocytes. At least 200 microscope fields were scanned before a smear was considered as negative. Children were not assayed for malaria parasites in their blood, nor were they evaluated by stool examination for schistosome infection.



IgG Antibody Levels Measured by Luminex Multiplex Bead Assay

Fluorescent bead–based multiplex bead immunoassays were performed using Luminex technology (Luminex Corp., Austin, TX, USA) to analyze plasma antibody levels to multiple antigens from mothers and infants. Expression and purification of S. stercoralis NIE (SsNIE) (13) and P. falciparum 19-kDa subunit of Merozoite Surface Protein 1 (MSP119) (14) antigens as fusion proteins with Schistosoma japonicum glutathione-S-transferase (GST) have been described (15, 16). Recombinant GST with no fusion partner was also expressed and purified as previously described (17) for use as a negative control in the multiplex assays. The conditions for coupling these antigens to the beads have been described (16) as has coupling of S. mansoni soluble egg antigen (SEA) (18). Native hemoglobin Ascaris suum hemoglobin (AsHb) purified from A. suum worms was a kind gift of Peter Geldhof (Ghent University, Belgium) (19, 20). SEA and AsHb were coupled to SeroMap microsphere beads (Luminex Corp., Austin, TX, USA) in phosphate-buffered saline (PBS) at pH 7.2 using 120 μg protein for 12.5 × 106 beads as previously described (18).

The following antigens were purchased from commercial sources: tetanus toxoid (Massachusetts Biological Laboratories, Boston, MA, USA), diphtheria toxoid from Corynebacterium diphtheriae (List Biological Laboratories, Campbell, CA, USA), and recombinant measles nucleoprotein (MV-N, Meridian Life Sciences, Memphis, TN, USA) (21). Tetanus toxoid was coupled to SeroMap beads as previously described (16). Diphtheria toxoid was coupled in buffer containing 50 mM 2-N-morpholinoethanesulfonic acid (MES) at pH 5.0 with 0.85% NaCl using 60 μg of protein per 12.5 × 106 beads in 1 mL final volume. Measles nucleoprotein (N-protein) was partially purified by MonoQ column chromatography (GE Healthcare, Piscataway, NJ, USA) and coupled to beads in buffer containing 50 mM MES/NaCl buffer at pH 5.0 using 6 μg of protein per 12.5 × 106 beads in 1 mL final volume.

Test plasma samples were diluted 1:400 in PBS buffer (pH 7.2) containing 0.3% Tween 20, 0.02% sodium azide, 0.5% casein, 0.5% polyvinyl alcohol, 0.8% polyvinylpyrrolidone, and 3 μg/mL Escherichia coli extract (15, 18, 22). Multiplex bead assays for total IgG antibodies were performed as previously described (15, 23). Each assay plate included a buffer only blank, as well as positive and negative controls, and all samples were tested in duplicate. Data were collected using a BioPlex 200 instrument with BioPlex Manager version 6.1.1 software (BioRad, Hercules, CA, USA). Responses are reported as the average of the median fluorescent intensity minus background for the duplicate wells (MFI-BKG). Samples having a coefficient of variation of >15% between the duplicate wells for >3 positive antibody responses were repeated. All samples collected from one child were assayed on the same plate to minimize potential impacts caused by variability in assay performance.

Cutoffs for the responses to the vaccine antigens were determined using reference standards TE-3 (tetanus) and 10/262 (diphtheria) purchased from National Institute for Biological Standards and Control in the Hertfordshire, UK. Twofold serial dilutions were performed, and a log–log plot used to fit a line to the data below the response plateau. Correlations were all consistently high. Median fluorescence intensity (MFI) cutoffs were as follows: diphtheria cutoff for complete protection = 0.1 IU/mL = 4,103 MFI-BKG (24, 25); tetanus cutoff for protection = 10 mIU/mL = 43 MFI-BKG (16, 26). The choice of measles N-protein assay cutoff was based on a receiver-operating characteristic curve analysis of 140 sera comparing multiplex bead assay to the “gold standard” plaque reduction neutralization assay, a live virus infection assay that measures all classes of virus-neutralizing immunoglobulin. The 149 MFI-BKG cutoff value calculated at the CDC in Atlanta, GA, USA, was translated to the data generated at KEMRI using a twofold serial dilution standard curve that was run at both locations. The resulting measles N-protein assay cutoff for the KEMRI BioPlex 200 instrument was 67 MFI-BKG units.

The optimal cutoff points for positive antibody levels against PfMSP1 were determined by assigning all mothers’ responses in this holoendemic area as positive and all children’s responses at 20 weeks of age as negative and calculating an ROC curve and J-Index (GraphPad Prism version 6 for Windows, San Diego, CA, USA). The cutoff for anti-SEA antibodies was determined by using the mixture model reported in Cutoff Finder using R (27).



Development of the Final Dataset for Analysis

The final dataset used for analysis was comprised of mother/neonate pairs for which the mother and her neonate were concordant for either presence or absence of anti-SEA IgG and for mother/neonate pairs where the mother’s plasma contained anti-SEA IgG and her stool specimens were positive for S. mansoni eggs. Egg-negative mothers were Kato Katz-negative but could be anti-SEA IgG antibody negative or positive with a consistent antibody response in the neonate. Mothers in this category were assumed either to be: (a) uninfected; (b) previously infected; or (c) infected with low eggs per gram feces below the Kato Katz limit of detection. Mother/neonate pairs for which the mother and her neonate were discordant for the presence of any anti-SEA IgG (i.e., one member of the pair had specific antibody and the other was completely negative) were deemed to be mistakenly matched during data collection or entry and were, therefore, excluded from final analyses.



Statistical Analysis

Data were cleaned and analyzed using IBM SPSS Statistics for Windows, Version 24.0 (IBM Corp., Armonk, NY, USA). GraphPad Prism version 6 for Windows (La Jolla California) was used for statistical analyses as well as for graph preparation. Characteristics of the participating mothers were summarized using descriptive statistics. Anemia was categorized using WHO-recommended cutoffs (28) adjusted by age and altitude with the following hemoglobin values: normal (>11.1 g/dL), mild (10.2–11.1 g/dL), moderate (7.2–10.1 g/dL), and severe (<7.2 g/dL). Correlations between a mother’s and her infant’s antibody levels at birth were examined using Spearman’s correlation test and simple linear regression. Antibody levels were log-transformed due to skewed distribution. The Mann–Whitney U test was used to compare vaccine antibody responses in S. mansoni egg positive and negative mothers. To determine whether an infant reached a protective antibody level, the following cutoffs were used: diphtheria: 4,103 MFI (mean fluorescence intensity) minus background, tetanus: 43 MFI minus background, and Measles: 67 MFI minus background. Chi square analysis was used to determine whether the proportion of vaccine-protected infants differed between S. mansoni egg positive and negative mothers. Tests were considered statistically significant at p < 0.05.




RESULTS


Demographic Characteristics of the Study Participants at Enrollment

A total of 99 mother/child pairs comprised the final dataset for analyses. The mothers’ ages and other general characteristics and the status of their parasitologic infections are shown in Table 1.


TABLE 1 | Characteristics of pregnant women (n = 99) from western Kenya enrolled in the cohort study.
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Impact of Mothers’ Malaria or Schistosomiasis Status on Their Children’s Antibody Responses to Tetanus, Diphtheria, and Measles Vaccines at 2 Years of Age

Only seven of the pregnant women were malaria smear-positive prior to delivery (Table 1). Analyses indicated that a mother’s malaria infection had no impact on the level of antibody response levels of her child at 2 years to tetanus, diphtheria, or measles antigens (data not shown). However, because of this low number of malaria-positive mothers, likely due to relatively standard malaria treatment during their antenatal visits, we do not present analyses of antibody infants antibody levels based on maternal malaria status.

At 2 years of age, whether a child’s mother was or was not positive for S. mansoni eggs during the child’s gestation had no significant effect on the level of either anti-tetanus IgG or anti-diphtheria IgG (Figures 1A,B). In addition, the schistosomiasis status of mothers during their pregnancy did not impact the proportion of their children who had protective levels of anti-tetanus toxoid or anti-diphtheria toxoid antibodies in their plasma (Figure 2). However, children born of mothers with schistosomiasis exhibited significantly lower mean levels of anti-measles N-protein antibodies at 2 years of age, compared to those born of mothers with no detectable S. mansoni eggs in their feces during their pregnancy (Figure 1C) (p = 0.023). In addition, the lower anti-measles N-protein antibody levels seen at 2 years of age in children born of S. mansoni-infected mothers translated, based on our estimated cutoff value, to a significantly lower proportion (62.5 vs. 90.2%, OR = 0.18, 95% CI = 0.04–0.68, p = 0.007) of these children with anticipated protection against measles (Figure 2). Analysis of mothers’ intensities of their S. mansoni infections in terms of eggs per gram of feces and the responses of their children to the vaccine immunizations did not show a relationship between these parameters for any of the vaccine responses.
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FIGURE 1 | Anti-tetanus IgG (A), anti-diphtheria IgG (B), and anti-measles IgG (C) levels at 2 years of age of infants born to mothers who were either egg positive (Sm+, represented by solid circles) or egg negative (Sm−, represented by solid squares) for Schistosoma mansoni. All IgG responses are shown as median fluorescence intensity (MFI) minus background (BKG). Data are presented as dot plots with means at centerline, and whiskers representing the SD. Comparison was done by Mann–Whitney U test. NS, not significant.
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FIGURE 2 | Proportion of infants at 2 years of age, born to mothers who were either egg positive (Sm+) or egg negative (Sm−) for Schistosoma mansoni, who had protective levels of anti-tetanus toxoid or anti-diphtheria toxoid antibodies or who were positive for anti-measles nucleoprotein antibodies in their plasma. Cutoffs to determine these levels were as follows: tetanus cutoff for protection = 10 mIU/mL = 43 median fluorescence intensity (MFI) minus background (MFI-BKG); diphtheria cutoff for complete protection = 0.1 IU/mL = 4,103 (MFI-BKG); and measles cutoff = 67 MFI-BKG units. Comparisons were done by chi square analysis. NS, not significant.




Transplacental Transfer of IgG to Parasite Antigens From Mothers to Their Neonates

Anti-SEA levels in the plasmas of all mothers and their neonates correlated well (Figure 3A). However, it should be noted that these pairs were selected based on concordance of the presence of anti-SEA IgG. They were not, however, selected based on anti-SEA IgG levels. As with anti-SEA IgG, throughout the spectrum of antibody levels, mothers and their neonates shared similar anti-PfMSP119 levels (Figure 3B). Although the antibody levels of mothers and their neonates were generally low to both the AsHb and SsNIE antigens, they were again correlated between pairs across the MFI spectrum (Figures 3C,D). Maternal IgG antibodies against the antigens of parasites common in western Kenya were transported effectively from mother to fetus across the placenta (anti-SEA, r = 0.94; anti-PfMSP119, r = 0.89; anti-AsHb, r = 0.80; anti-SsNIE, r = 0.65) and all correlations were significant (p < 0.0001).
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FIGURE 3 | Correlation of antibody levels of mothers and their neonates to parasite antigens soluble egg antigen (SEA) (A), PfMSP119 (B), Ascaris suum hemoglobin (AsHb) (C), and SsNIE (D). The solid line represents the regression trend line, flanked by dotted lines representing the 95% confidence interval (anti-SEA, r = 0.94; anti-PfMSP119, r = 0.89; anti-AsHb, r = 0.80; anti-SsNIE, r = 0.65). All correlations were significant (p < 0.0001).




IgG Antibody Responses to Parasite Antigens During the First 2 Years of Life

In the relatively few neonates who demonstrated anti-AsHb or anti-SsNIE antibody responses, following decline of maternal antibody, none of the children exhibited IgG antibody responses to these antigens during their first 2 years of life (Figures 4A,B). However, following the waning of maternal antibodies to SEA, 4 of the 65 children for whom there were specimens at 2 years of age (6%) were seen to have a vigorous IgG response to SEA, indicative of having acquired S. mansoni infection (Figure 5). At least two of these children had strong anti-SEA IgG responses by 1 year of age. Once generated, the anti-SEA responses of the four children remained stable or increased over time.
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FIGURE 4 | Time course of IgG antibody responses to Ascaris suum hemoglobin (AsHb) (A) and SsNIE (B) among infants from birth to 2 years. x-Axis shows time of sample collection, calculated from birth in weeks. Maternal antibody response is shown at −10 weeks. Neonatal first bleed is shown at 1 week and subsequent bleeds are at 6 weeks and 5, 9, 12, 18, and 24 months. MFI, median fluorescence intensity; BKG, background.
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FIGURE 5 | Time course of IgG antibody responses to soluble egg antigen (SEA) of Schistosoma mansoni among infants from birth to 2 years. x-Axis shows time of sample collection, calculated from birth in weeks. Maternal antibody response is shown at −10 weeks. Neonatal first bleed is shown at 1 week and subsequent bleeds are at 6 weeks and 5, 9, 12, 18, and 24 months. MFI, median fluorescence intensity; BKG, background. Horizontal line shows optimal cutoff (267) for positive antibody responses to S. mansoni SEA.


The anti-PfMSP119 patterns of responses after the decline of maternal antibody are presented in Figure 6. The responses of children between 9 months and 2 years of age fall into four categories: (A) no positive response (22 children); (B) a single positive response episode with negative levels on either side (15 children); (C) a positive response, followed by a negative level, followed by a positive response (5 children); and (D) two to four positive responses in consecutive bleed periods (33 children). Therefore, 53 of the 75 (70%) children followed through these time points had at least one positive anti-PfMSP119 episode and most of these had two or more, with many positive at consecutive time points.
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FIGURE 6 | Time course of IgG antibody responses to PfMSP119 among infants from birth to 2 years. x-Axis shows time of sample collection, calculated from birth in weeks. Maternal antibody response is shown at −10 weeks. Neonatal first bleed is shown at 1 week and subsequent bleeds are at 6 weeks and 5, 9, 12, 18, and 24 months. MFI, median fluorescence intensity; BKG, background. Horizontal line shows optimal cutoff (547) for positive antibody responses to PfMSP119.





DISCUSSION


The Impact of Gestational Schistosomiasis on a Child’s Vaccine Responses

The question of whether a schistosome infection impacts vaccine responses continues to be of potential public health importance. One aspect of this question concerns children and adults being immunized while infected with schistosomes. This has been addressed in multiple studies, with mixed results. In some cases, it seems that initial responsiveness to hepatitis B vaccine (a primary response) and tetanus toxoid (a secondary response) is not impacted in young adults, but that the levels of their responses tend to wane earlier if they harbored schistosomes when immunized, perhaps indicating that those with schistosomiasis need to be boosted more regularly to maintain protective levels against these pathogens (29). Other studies in adults and children have not observed any significant impact by schistosome infections on vaccine responses (30, 31), while some smaller, earlier studies did report a negative impact (32).

The current study was designed to ask whether being born of a mother who had schistosomiasis during a child’s gestation altered their ability to respond to KEPI vaccines against tetanus, diphtheria, and measles. One potential confounder that should be mentioned is that we determined a mother’s schistosomiasis status based on the Kato Katz thick-smear stool assay, which is known to lack sensitivity in low intensity infections. We did assay three stool samples on three different days, using two slides per stool specimen, but we cannot rule out that some of our S. mansoni egg-negative mothers may have had very light, undetected, S. mansoni infections. The question of whether a pregnant woman’s schistosomiasis status influences the responsiveness of their child to such vaccines has been studied previously (2, 33–36), again with mixed results. In some studies a mother’s schistosomiasis had no impact on vaccine responses (30, 31, 36–38), while in others it did (4, 33, 34). In the current study, we did not see an impact of a mother’s schistosomiasis status on anti-tetanus or anti-diphtheria responses, but as a group at 2 years of age, children born of mothers with schistosomiasis responded with lower mean antibody levels to measles immunizations and proportionally fewer of them had levels that were above our assay cutoff. Our cutoff is estimated to correlate with protective levels of anti-measles antibodies (Figures 1 and 2). This result would seem to conflict with that of Webb, et al., 2011 (37), but in that report anti-measles responses were evaluated at 1 year of age, only 3 months after immunization, while we measured anti-measles antibody at 2 years of age (15 months after their measles immunization). Also, our observation in regard to diphtheria is in contrast to Malhotra et al. (34) who observed an impaired ability of children born to mothers with various helminth infections or malaria to develop protective levels of IgG antibodies to diphtheria antigen. Possible explanations for this difference include that their study was on the impact of S. haematobium, rather than S. mansoni, the children were followed every 6 months until 36 months of age, and the infection status of the mothers was based on both parasitologic and antibody data (i.e., anti-schistosome worm IgG4 levels).



Antibody Responses of Children Born in Western Kenya to Parasite Antigens

The study design also allowed us to evaluate the maternal to child placental transfer of antiparasite antibodies to S. mansoni, P. falciparum, A. lumbricoides, and S. stercoralis, all pathogens that could be encountered by children in our study area. Analyses of the antibody levels in the paired plasmas of the mothers and their newborns confirmed the strong correlation anticipated between these levels, which is based on the active transport of IgG across the placental by FcRn (39) and results in neonate antibody concentrations that equal or even exceed maternal levels at delivery (40). Western Kenya is an area known to have relatively high levels of placental malaria, which could make this observation worthy of note. However, because only 7 of the 99 mothers studied had smear-positive malaria, the interpretation of whether placental malaria, which is best diagnosed by biopsy, interferes with IgG antibody placental transfer is not possible. However, several studies have associated placental malaria with decreased transfer of antibodies to measles, pneumococcus, and tetanus (41–43).

In addition, by following plasma levels of antiparasite antibodies of the newborns through to the age of 2 years, we were able to assess first the decrease of maternal antiparasite antibodies and then any rise in antiparasite antibodies that might likely reflect exposure to and/or acquisition of infection by those parasites. In this regard, it was clear that whatever antibodies the neonates received from their mothers against A. lumbricoides and against S. stercoralis were lost over the postnatal period and none developed in any of the 99 children over the first 2 years of their life (Figures 4A,B). This observation likely indicates a very low level of early life incidence of these two helminths in this area of Kenya. This is consistent with our previously reported very low levels of ascariasis in schoolchildren in the area (44) and in surrounding regions (45).

Children’s responses to SEA, indicative of infection by schistosomes, demonstrate that some children had acquired schistosomiasis as early as 1 and 2 years of age (Figure 5). This observation is in complete agreement with what is now widely accepted, i.e., that the incidence of schistosomiasis in preschool children is higher than previously thought (46, 47), and that preschool aged children (PSAC) are at risk of schistosomiasis-associated morbidity (48–50). Our observation of anti-SEA responses early in life in this area is also consistent with that of Won et al. (18). Although the need to treat PSAC is now clear, PZQ tablets are large and bitter tasting, making it a challenge to conduct MDA in this group. Therefore, it is worth noting that there is an active international public–private consortium working to develop a pediatric formulation of PZQ and it is now undergoing clinical trials (51–53).

Following the decline of maternal anti-PfMSP119 antibodies, between 9 months and 2 years 53 of 75 children presented at on time or another with positive anti-PFMSP119 responses. 15 children had a single episode of positive levels of anti-PfMSP119 IgG, 5 had multiple episodes separated by periods of negative levels, and 33 were anti-PfMSP119-positive at 2, 3, or 4 consecutive time points (Figure 6). There is evidence of in utero sensitization of both T and B lymphocytes to PfMSP-1 (54). However, based on the low level of malarial smear positivity of the mothers in our study and the decline in most children to baseline of the anti-PfMSP119 responses by 20 weeks, we conjecture that the anti-PfMSP119 IgG episodes we detected between 9 months and 2 years are indicative of recently acquired P. falciparum infections (55, 56). Thus, based on antibody responses, only 22 out of 75 (29%) children never experienced a P. falciparum infection by the age of 2 years. While this might be expected in this area, which is holoendemic for P. falciparum, this documentation is of interest in the face of multiple malaria control programs in the area (57).

In conclusion, our data indicate that the presence or absence of S. mansoni in a pregnant woman does not significantly impact her neonate’s ability to respond to immunizations against tetanus or diphtheria. In addition, the data suggest that while many neonates born of mothers with S. mansoni respond reasonably well to their 9-month measles immunization, some do not. The antibody levels against measles N-protein and the proportion of children who were IgG positive are statistically lower for children born to S. mansoni-infected mothers compared to children whose mother was S. mansoni-negative. This may mean that to get optimum effectiveness of measles immunization, treating pregnant women for their schistosomiasis should be emphasized, which would be beneficial for both the mother and child. Additional studies of measles vaccine efficacy need to be done to determine whether children in schistosomiasis endemic areas may benefit from receiving an extra measles vaccine booster dose.
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A vaccine against schistosomiasis would contribute to a long-lasting decrease in disease spectrum and transmission. Our previous protection studies in mice using Schistosoma mansoni Cathepsin B (Sm-Cathepsin B) resulted in 59 and 60% worm burden reduction with CpG oligodeoxynucleotides and Montanide ISA720 VG as adjuvants, respectively. While both formulations resulted in significant protection in a mouse model of schistosomiasis, the elicited immune responses differed. Therefore, in this study, we aimed to decipher the mechanisms involved in Sm-Cathepsin B vaccine-mediated protection. We performed in vitro killing assays using schistosomula stage parasites as targets for lung-derived leukocytes and serum obtained from mice immunized with Sm-Cathepsin B adjuvanted with either Montanide ISA 720 VG or CpG and from non-vaccinated controls. Lung cells and immune sera from the Sm-Cathepsin B + Montanide group induced the highest killing (63%) suggesting the importance of antibodies in cell-mediated parasite killing. By contrast, incubation with lung cells from Sm-Cathepsin B + CpG immunized animals induced significant parasite killing (53%) independent of the addition of immune serum. Significant parasite killing was also observed in the animals immunized with Sm-Cathepsin B alone (41%). For the Sm-Cathepsin B + Montanide group, the high level killing effect was lost after the depletion of CD4+ T cells or natural killer (NK) cells from the lung cell preparation. For the Sm-Cathepsin B + CpG group, high parasite killing was lost after CD8+ T cell depletion, and a reduction to 39% was observed upon depletion of NK cells. Finally, the parasite killing in the Sm-Cathepsin B alone group was lost after the depletion of CD4+ T cells. Our results demonstrate how the different Sm-Cathepsin B formulations influence the immune mechanisms involved in parasite killing and protection against schistosomiasis.
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INTRODUCTION

Schistosomiasis is one of the most important human parasitic infections. The number of infected individuals surpasses 200 million, and this number may be an underestimate of the true infection burden (1). The majority of infected individuals suffer from long-term schistosomiasis-related conditions such as developmental complications, anemia, and chronic pain while severe morbidity is represented by the hepatosplenic form of the disease (1–3). Praziquantel is currently the only drug used to treat schistosomiasis, and it is the mainstay of mass drug administration (MDA) programs which benefited from substantial pharmaceutical donations (1). However, the MDA programs’ impact on disease transmission has often been questioned, and field studies in Kenya have shown no evidence of an overall reduction in schistosome transmission after several rounds of praziquantel treatment (4). Maintained disease transmission is particularly a problem for phenotypically susceptible individuals (5) who do not acquire resistance to reinfection after multiple rounds of treatment. Moreover, the use of praziquantel is a double-edged sword as increasing the proportion of schistosomes exposed to the drug increases selection pressure on drug resistance. The possibility of praziquantel resistant parasite emergence has been discussed for years (6–10) and represents a valid concern as schistosomiasis treatment relies on this one drug. A multifaceted approach to schistosomiasis control that would include drug treatment, snail control, water sanitation, hygiene education, and better disease mapping is suggested (1, 11). However, the development of an anti-schistosome vaccine would significantly improve schistosomiasis control efforts, especially if it would be incorporated within this multifaceted approach.

Our group has focused on Schistosoma mansoni Cathepsin B (Sm-Cathepsin B), the most abundant cysteine peptidase found in the parasite gut, as a potential vaccine candidate. It is needed for schistosome development (12) and it functions in parasite nutrition through the digestion of blood macromolecules (13–17). It has been demonstrated that immunizations with Sm-Cathepsin B alone can significantly decrease parasite burden in a mouse model of schistosomiasis (18). With the addition of an adjuvant, either CpG dinucleotides (19) or Montanide ISA 720 VG (SEPPIC Inc., Fairfield, NJ, USA) (20), protection levels were increased when examining all forms of parasitological burden including worm, hepatic egg, and intestinal egg numbers. CpG dinucleotides are toll-like receptor 9 agonists and they promote a T-helper cell type 1 (Th1) response and have shown promise in vaccine formulations against various parasitic infections (21–25). Differently, Montanide ISA 720 VG is a squalene-based adjuvant which forms water-in-oil droplets that allow for slow antigen release at the site of injection. Montanide adjuvants are acceptable for use in humans, and they have been used in over 50 clinical trials (26–28). Although both formulations, Sm-Cathepsin B in combination with CpG and with Montanide ISA 720 VG, elicited significant protection in a mouse model of schistosomiasis, the immune responses which they generated differed. Sm-Cathepsin B with CpG stimulated a Th1-biased response (19) whereas the Montanide ISA 720 VG adjuvanted formulation yielded a mixed Th1/Th2 response (20). This suggests that the soluble and/or cellular effector mechanisms involved in the vaccine-mediated protection differ between formulations.

In the present study, we sought to determine the antibody-dependant and cellular effectors involved in mediating the protection elicited by our different Sm-Cathepsin B vaccine formulations. We focused on the lung stage parasites, schistosomula, since studies on radiation-attenuated vaccines have shown that this stage is susceptible to immune-mediated protection mechanisms (29, 30). Therefore, lung cells obtained from mice vaccinated with Sm-Cathepsin B formulations were studied in vitro for their ability to kill schistosomula in the presence or absence of antibodies. We are the first to report mechanistic data behind the protection observed with the different formulations of Sm-Cathepsin B.



MATERIALS AND METHODS


Expression and Purification of Sm-Cathepsin B

Expression and purification of the Sm-Cathepsin B recombinant protein were carried out as previously reported (19). Briefly, the PichiaPink™ expression system (Thermo Fisher Scientific, Waltham, MA, USA) was used and yeast cells were cultured in buffered complex glycerol medium followed by induction in buffered complex methanol medium. Purification of the recombinant protein was performed via Ni-NTA chromatography (Ni-NTA Superflow by QIAGEN, Venlo, Limburg, Netherlands) and the elution was analyzed by Coomassie blue staining of polyacrylamide gel and western blot (Figure S1 in Supplementary Material).



Immunization Protocol

Female, 6- to 8-week-old C57BL/6 mice were purchased from Charles River Laboratories (Senneville, QC, Canada). Six groups containing 12–16 mice each were immunized intramuscularly in the caudal thigh muscles with different formulations. Group 1 (saline control): mice received 50 μl of phosphate buffered saline (PBS) (Wisent Bio Products, Saint-Jean-Baptiste, QC, Canada). Group 2 (antigen control): mice were immunized with 20 μg of recombinant Sm-Cathepsin B. Group 3 (CpG adjuvant control): mice received 40 μg of synthetic oligodeoxynucleotides containing unmethylated CpG dinucleotides (Catalog# HC4039, Cedarlane, Burlington, ON, Canada). Group 4 (antigen and CpG experimental): mice were immunized with 20 μg recombinant Sm-Cathepsin B and 40 μg CpG adjuvant. Group 5 (Montanide adjuvant control): mice received a 70% volume formulation of Montanide ISA 720 VG (SEPPIC Inc., Fairfield, NJ, USA). Group 6 (antigen and Montanide experimental): mice were immunized with 20 μg recombinant Sm-Cathepsin B in a 70% volume formulation of Montanide ISA 720 VG. All mice received an initial immunization of their respective formulation at week 0 and were boosted with the same formulation at weeks 3 and 6. The mice were sacrificed 3 weeks after the final boost (week 9). Whole lungs and blood samples were collected from all animals. The experiment was repeated four additional times. All animal procedures were performed in accordance with Institutional Animal Care and Use Guidelines, and the Animal Use Protocol 7625 was approved by the Animal Care and Use Committee at McGill University.



Lung Cell Suspension Preparation

Whole lungs were collected from each mouse at week 9. The lungs were cut into very small pieces and transferred into tubes containing 10 ml of collagenase digestion solution: 10 ml PBS (Wisent Bio Products), 300 U/ml collagenase type II (Worthington Biochemical Corporation, Lakewood, NJ, USA), 150 μ1 of 10 mg/ml stock solution of DNase I (Sigma Aldrich, St. Louis, MS, USA). The lungs were digested at 37°C for 45 min under constant shaking. The lung digests were transferred onto strainers into new tubes and sterile syringe plungers were used to push any remaining lung pieces through the strainers. The strainers were washed twice with 5 ml of Hank’s balanced salt solution (Wisent Bio Products). All tubes containing the lung digests were centrifuged for 5 min at 300 × g and 4°C. The supernatants were decanted. At this point, lungs belonging to mice from the same group were pooled (three to five lungs from the same group were pooled). The pooled cell pellets were resuspended using PBS to a final volume of 10 ml. The tubes were centrifuged for 5 min at 300 × g and 4°C. The supernatants were decanted, the pellets resuspended in 10 ml PBS, and centrifuged once again for 5 min at 300 × g and 4°C. The supernatants were decanted and the pellets were resuspended in 10 ml MACS buffer: PBS (Wisent Bio Products), 2 mM EDTA (Sigma Aldrich), 0.5% fetal bovine serum (FBS) (Wisent Bio Products). Cell numbers were determined by trypan blue exclusion before proceeding to the cell isolation step.

Mouse CD45 MicroBeads (Miltenyi Biotec, Germany) were used, following the manufacturer’s instructions, for the positive selection of leukocytes (CD45+ cells) from the lung cell suspensions. Briefly, pelleted cells were resuspended in 90 μl MACS buffer followed by the addition of 10 μl CD45 MicroBeads and a 15 min incubation at 4°C in the dark. The cells were then washed with 1.5 ml MACS buffer and centrifuged for 10 min at 300 × g and 4°C. Pellets were resuspended in 500 μl MACS buffer and applied to MS columns placed in an OctoMACS™ separator (Miltenyi Biotec). The columns were washed three times with 500 μl MACS buffer. Afterward, the columns were removed from the separator and placed on clean collection tubes. Then, 1 ml of MACS buffer was added to each column and the magnetically labeled cell fraction (CD45+ population) was flushed out by firmly applying the plunger supplied with the column.



Cell Population Depletions

Additional Miltenyi Biotec mouse MicroBead kits were used to deplete different cell populations (Miltenyi Biotec): CD4 (L3T4) MicroBeads, CD8a (Ly-2) MicroBeads, CD49b (DX5) MicroBeads, and biotin labeled F4/80 antibody in combination with anti-biotin MicroBeads. For the CD4, CD8a, and CD49b MicroBeads, the procedures were similar. Briefly, the cell suspension was centrifuged at 300 × g for 10 min and then the supernatant was removed completely. The pelleted cells were resuspended in 90 μl MACS buffer followed by the addition of 10 μl of the respective MicroBeads and 15 min incubation at 4°C in the dark. The cells were then washed with 1.5 ml MACS buffer and centrifuged for 10 min at 300 × g and 4°C. Pellets were resuspended in 500 μl MACS buffer and applied to MS columns placed in an OctoMACS™ separator.

Since F4/80 MicroBeads were not available, the F4/80+ cell population was depleted using an indirect method. Briefly, cells were pelleted and the supernatant was removed. The cells were resuspended in MACS buffer and anti-F4/80-biotin (the manufacturer’s recommended antibody dilution was 1:10 for up to 106 cells/50 μl of buffer). The resuspended cells were incubated in the dark at 4°C for 10 min. The cells were washed with 1.5 ml MACS buffer and centrifuged for 10 min at 300 × g and 4°C. Pellets were resuspended in 500 μl MACS buffer and applied to MS columns placed in an OctoMACS™ separator. For all of the performed depletions, the columns were washed three times with 500 μl MACS buffer. Unlabeled cells passed through the column whereas the magnetically labeled CD4+, CD8a+, CD49b+, or F4/80+ cells were retained within the columns. Therefore, the total column effluent represented the depleted population. All of the cell depletions were followed by CD45 positive selection as previously explained.



Flow Cytometry

Flow cytometry analysis was performed in order to confirm the specific cell population depletions. The cell suspension was centrifuged for 5 min at 400 × g and 4°C. The cells were washed with 200 μl PBS and centrifuged for 5 min at 400 × g and 4°C. The cells were stained with viability dye (eBioscience, San Diego, CA, USA) (0.1 μl/106 cells in 100 μl PBS) and incubated for 30 min at 4°C in the dark. After the incubation, the cells were washed three times with 200 μl PBS + 1% FBS. The supernatant was removed, 50 μl of BD Mouse Fc block (2.4G2 Ab) (BD Biosciences, Mississauga, ON, Canada) (1 μl/106 cells in 50 μl PBS) was added, and the cells were incubated in the dark for 10 min at 4°C. Next, 50 μl of the surface stain containing CD45-Buv395 Clone 30-F11 (BD Biosciences), CD4-FITC Clone RM4-5 (eBioscience), CD8a-PerCP-Cy5.5 Clone 53-6.7 (eBioscience), CD49b-PE Clone DX5 (eBioscience), F4/80-APC Clone BM8 (eBioscience) antibody mixture was added, and the cells were incubated in the dark at 4°C for 20 min. The manufacturers’ recommended antibody dilutions were used. The cells were centrifuged for 5 min at 400 × g and 4°C, and then washed with 200 μl PBS + 1% FBS. The supernatant was removed; the cells were resuspended in 100 μl IC Fix buffer (eBioscience) and incubated overnight at 4°C. The stained cells were acquired with a BD LSRFortesa (BD Biosciences). Flow cytometry analysis was performed using FlowJo (Tree Star, Inc., USA).



Schistosomula Preparation

Biomphalaria glabrata snails infected with the S. mansoni Puerto Rican strain were obtained from the Schistosomiasis Resource Center of the Biomedical Research Institute (Rockville, MD, USA). Cercariae were collected by placing infected snails in a beaker containing water and shining a strong light above the beaker for 2 h. The collected cercariae were incubated on ice, in the dark for 1 h. The settled cercariae were resuspended in 8 ml of alpha-MEM (Thermo Fisher Scientific). The cercariae were vortexed for 1 min, rested on ice for 3 min, and finally vortexed again for 1 min. The detached parasite bodies could be observed under a microscope and collected using a Pasteur pipette. The parasites were then incubated on ice for 10 min in order to allow the parasite to pellet. The pellet was washed with OPTI media [Opti-MEM Reduced Serum Media (Thermo Fisher Scientific), 0.25 μg/ml fungizone (Thermo Fisher Scientific), 100 μg/ml streptomycin (Thermo Fisher Scientific), 100 U/ml penicillin (Thermo Fisher Scientific)], and then incubated on ice for 8 min. The pellet was washed a second time with OPTI media and incubate once again on ice for 8 min. A final wash using OPTI media with a reduced antibiotic concentration [Opti-MEM Reduced Serum Media (Thermo Fisher Scientific), 0.25 μg/ml fungizone (Thermo Fisher Scientific), 10 μg/ml streptomycin (Thermo Fisher Scientific), 10 U/ml penicillin (Thermo Fisher Scientific), 6% FBS (Wisent Bio Products)] was performed followed by an 8 min incubation on ice. The parasite pellet was resuspended in OPTI media with a reduced antibiotic concentration and schistosomula were plated in 96-well plates.



In Vitro Killing Assay

For the in vitro killing assay, the isolated lung cells were the effector cells and the transformed schistosomula were the targets. In 96-well plates, approximately 60 schistosomula were added to each well. The different cell populations (CD45+, CD45+CD4−, CD45+CD8−, CD45+CD49b−, CD45+F4/80−) were seeded in 96-well plates as 1 × 105 cells/well in a 100 μl cell suspension. The different incubation conditions included media, cells, serum, cells + pre-immune serum, and cells + immune serum. Pre-immune serum was collected by saphenous bleed prior to the first immunization at week 0, and immune serum was collected by cardiac puncture at week 9. Endpoint titers of Sm-Cathepsin B specific total IgG for the experimental groups, antigen + CpG and antigen + Montanide, were above 120,000 (19, 20). Fifty microliters of serum were added to designated wells to obtain a 1:4 dilution. Incubation at 56°C for 30 min was performed in order to heat inactivate the serum. Every test was plated in duplicate. The plates were incubated for 24 h at 37°C and 5% CO2, after which, the percentage of dead schistosomula was determined by microscopic examination of motility, granularity, shape integrity, and uptake of methylene blue dye by the schistosomula.



Statistical Analysis

Data generated from this study were analyzed by one-way analysis of variance followed by Tukey multiple comparison post-test. Two-way analysis, followed by Bonferroni post-test, was used when comparing original and depleted samples. p Values less than 0.05 were considered significant.




RESULTS


In Vitro Parasite Killing in the Presence of Lung Cells and Serum

In order to investigate the effector mechanisms involved in vaccine-mediated protection, an in vitro assay was employed which involved culturing schistosomula in the presence of immune effector cells with/without serum from vaccinated mice. Schistosomula were incubated in media alone in order to establish background parasite death. We first showed that heat inactivated serum alone from the different animal groups had no significant effect on parasite viability in culture; thus, antibodies generated by vaccination alone are not cytotoxic to the schistosomula (Figures 1 and 2). The parasites were also incubated with lung cells alone, lung cells + pre-immune serum, and lung cells + immune serum obtained from the different control and experimental animal groups. In a separate set of experiments, lung lavage cells were used instead of cells isolated from whole lungs; however, this did not lead to novel observations worth pursuing (Figure S2 in Supplementary Material).
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FIGURE 1 | Schistosomula death with Schistosoma mansoni Cathepsin B (Sm-Cathepsin B) + Montanide. Sixty mechanically transformed schistosomula were incubated for 24 h at 37°C, 5% CO2 in the presence of media, serum, cells, cells + pre-immune serum, or cells + immune serum. CD45+ lung cells and serum were collected from the different immunized mouse groups: saline, Montanide ISA 720 VG, and Sm-Cathepsin B + Montanide ISA 720 VG. Percent parasite killing was determined for all groups and conditions. n = 14 for all groups. ***p ≤ 0.001.
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FIGURE 2 | Schistosomula death with Schistosoma mansoni Cathepsin B (Sm-Cathepsin B) alone and Sm-Cathepsin B + CpG. (A) Sixty mechanically transformed schistosomula were incubated for 24 h at 37°C, 5% CO2 under different conditions which included media, serum, cells, cells + pre-immune serum, or cells + immune serum. CD45+ lung cells and serum were collected from the different immunized mouse groups: saline, CpG dinucleotides, Sm-Cathepsin B alone, and Sm-Cathepsin B + CpG. Percent parasite killing was determined for all groups and conditions. n = 5 for all groups. (B) Schistosomula incubation conditions focused on media, serum, and cells as the addition of immune serum to cells did not alter larvicidal effect. The checkered column represents the media control. The brown columns represent serum or cell conditions for the saline group. The yellow columns represent serum or cell conditions for the CpG adjuvant group. The green columns represent serum or cell conditions for the Sm-Cathepsin B group. The red columns represent the serum or cell conditions for the Sm-Cathepsin B + CpG group. n = 14 for all groups. ***p ≤ 0.001.


The experimental vaccine formulation of Sm-Cathepsin B and Montanide ISA 720 VG was compared to the saline control and the Montanide adjuvant control. As shown in Figure 1, the highest percentage of parasite killing (63%) was observed when schistosomula were incubated in the presence of both lung cells and immune serum from the Sm-Cathepsin B and Montanide ISA 720 VG group. The percentage of parasite killing obtained with this condition and group was significantly higher (p < 0.001) when compared to the control groups. Figure S3 in Supplementary Material depicts the reduced schistosomula viability in the wells containing lung cells and immune serum from the Sm-Cathepsin B + Montanide ISA 720 VG animals compared to the control wells. These data demonstrate that the addition of immune serum to cells from the experimental group is necessary to achieve significant levels of parasite killing. Therefore, an antibody-dependent cell-mediated cytotoxicity (ADCC) effect may explain the mechanism of protection in mice vaccinated with Sm-Cathepsin B and Montanide ISA 720 VG.

Next, immune serum and cells taken from mice vaccinated with Sm-Cathepsin B alone and the Sm-Cathepsin B + CpG formulation were compared to those taken from mice given saline or CpG adjuvant only. Both groups containing Sm-Cathepsin B (with CpG adjuvant and unadjuvanted) had increased parasite killing compared to the saline and adjuvant controls (Figure 2). This increased parasite toxicity was independent of the addition of immune serum to the lung cells (Figure 2A), indicating that the high larval killing observed with the Sm-Cathepsin B and Sm-Cathepsin B + CpG groups is dependent on cellular effectors. Therefore, subsequent observations focused on the presence of immune cells from the vaccinated animals. The percent parasite killing observed with cells from the Sm-Cathepsin B group, 41%, was significantly higher than all conditions with control groups (p < 0.001) (Figure 2B). The schistosomula killing recorded with the cells from the Sm-Cathepsin B + CpG group, 53%, was significantly higher compared to the killing obtained with the control groups as well as that obtained with the Sm-Cathepsin B alone group (p < 0.001) (Figure 2B). Examples of parasites with reduced viability in the presence of cells taken from the Sm-Cathepsin B + CpG group can be seen in Figure S4 in Supplementary Material. These observations suggest that the parasite killing effects elicited by immunizations with Sm-Cathepsin B and Sm-Cathepsin B + CpG are mediated by cellular effectors.



Parasite Killing Post Cell Population Depletions

In order to begin dissecting the mechanisms involved in Sm-Cathepsin B vaccine-mediated protection, in vitro parasite killing assays were performed using lung cell preparations that had undergone depletions of specific immune cell populations. Once again the schistosomula were incubated in conditions that included lung cells alone, lung cells + pre-immune serum, and lung cells + immune serum. All of the cell population depletions were confirmed by flow cytometry (Figure S5 in Supplementary Material) (Table 1). The different cell population depletions in the saline control and adjuvant control groups had no effect on parasite viability.


TABLE 1 | Depletion of cell populations in Schistosoma mansoni Cathepsin B (Sm-Cathepsin B) + Montanide, Sm-Cathepsin B + CpG, and Sm-Cathepsin B groups.
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When CD4+ T cells were depleted, the parasite killing observed in the presence of serum and lung cells obtained from mice in the Sm-Cathepsin B + Montanide ISA 720 VG group was reduced from 63 to 36% which was similar to the levels of killing observed in the control groups. Moreover, the presence of immune serum had no effect on the percentage of schistosomula killing (Figure 3A). These observations indicate that CD4+ T cells are important effectors mediating the antibody-dependent parasite killing in Sm-Cathepsin B + Montanide ISA 720 VG immunized mice.
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FIGURE 3 | Schistosoma mansoni Cathepsin B (Sm-Cathepsin B) + Montanide: parasite killing after the depletion of different cell populations. Sixty mechanically transformed schistosomula were incubated 24 h at 37°C, 5% CO2 under different conditions which included cells, cells + pre-immune serum, and cells + immune serum. Lung cells and serum were collected from the different immunized mouse groups: saline, Montanide ISA 720 VG, and Sm-Cathepsin B + Montanide ISA 720 VG. The different immune cell depletions were as follows: (A) parasite killing was analyzed for the control groups and the experimental group after CD4 cell depletion; saline n = 10, Montanide n = 10, Sm-Cathepsin B + Montanide n = 14. Furthermore, parasite killing was compared between Sm-Cathepsin B + Montanide CD45+CD4− and Sm-Cathepsin B + Montanide CD45+CD4+ (n = 14). (B) Parasite killing was analyzed for the control groups and the experimental group after CD8 cell depletion; n = 5 for all groups. Furthermore, parasite killing was compared between Sm-Cathepsin B + Montanide CD45+CD8− and Sm-Cathepsin B + Montanide CD45+CD8+ (n = 14). (C) Parasite killing was analyzed for the control groups and the experimental group after F4/80 cell depletion; saline n = 7, Montanide n = 7, Sm-Cathepsin B + Montanide n = 11. Furthermore, parasite killing was compared between Sm-Cathepsin B + Montanide CD45+F4/80− and Sm-Cathepsin B + Montanide CD45+F4/80+ (n = 14). (D) Parasite killing was analyzed for the control groups and the experimental group after CD49b cell depletion; saline n = 7, Montanide n = 7, Sm-Cathepsin B + Montanide n = 11. Furthermore, parasite killing was compared between Sm-Cathepsin B + Montanide CD45+CD49b− and Sm-Cathepsin B + Montanide CD45+CD49b+ (n = 14). ns: p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. The white columns represent data from the saline group post depletion. The gray columns represent data from the Montanide adjuvant group post depletion. The black columns represent data from the Sm-Cathepsin B + Montanide group post depletion. The single blue columns represent the undepleted Sm-CathepsinB + Montanide sample for the immune serum + cells culture condition.


Depletion of CD8+ cells also significantly decreased the parasite killing in the experimental group, from 63 to 50% (p < 0.05) (Figure 3B). However, in this case, the presence of immune serum in the CD8+ depleted lung cells resulted in significantly higher killing compared to the absence of immune serum and to the saline control group (p < 0.05) (Figure 3B). This observation suggests that CD8+ T cells participate in parasite killing, although, they are not the primary immune cell effectors.

Depletion of F4/80+ cells (highly expressed on marophages in the lungs) resulted in 50% parasite viability (p < 0.01) (Figure 3C). The highest level of killing was observed when F4/80-depleted lung cells were incubated with immune serum (Figure 3C). The antibody-dependent effect suggested that F4/80+ cells are not the main mediators for the parasite killing mechanism elicited by Sm-Cathepsin B + Montanide ISA 720 VG immunizations.

Upon the depletion of natural killer (NK) cells (CD49b+), the percentage of parasite killing in the experimental group was reduced to levels comparable to the controls (34%) (Figure 3D). In this situation, the addition of immune serum to the NK-depleted lung cells did not increase parasite killing (Figure 3D). These observations indicate a role for NK cells in mediating parasite killing elicited by Sm-Cathepsin B + Montanide ISA 720 VG immunizations.

Levels of parasite killing observed with cells obtained from the Sm-Cathepsin B + CpG mice were slightly reduced from 53 to 46% after CD4+ T cell depletion (Figure 4A). Larval killing in the Sm-Cathepsin B + CpG group was still significantly higher compared to the control groups (Figure 4A). The conservation of schistosomula killing upon CD4+ T cell depletion suggests that other cellular effectors are involved in the protection mediated by Sm-Cathepsin B + CpG immunizations. By contrast, the percentage of parasite death with lung cells from the unadjuvanted Sm-Cathepsin B immunized animals decreased to levels comparable to controls (30%) upon depletion of CD4+ T cells (p < 0.001) (Figure 4A). These data indicate that CD4+ T cells are necessary effectors in the protection mediated by unadjuvanted Sm-Cathepsin B immunizations.
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FIGURE 4 | Schistosoma mansoni Cathepsin B (Sm-Cathepsin B) alone and Sm-Cathepsin B + CpG: parasite killing after the depletion of different cell populations. Sixty mechanically transformed schistosomula were incubated 24 h at 37°C, 5% CO2. Lung cells were collected from the different immunized mouse groups: saline, CpG dinucleotides, Sm-Cathepsin B, and Sm-Cathepsin B + CpG. The different depletions and comparisons were as follows: (A) parasite killing was analyzed for all groups after CD4 cell depletion; saline n = 10, CpG. n = 10, Sm-Cathepsin B n = 10, Sm-Cathepsin B + CpG n = 14. In addition, parasite killing was compared between Sm-Cathepsin B + CpG CD45+CD4− and Sm-Cathepsin B + CpG CD45+CD4+ (n = 14). (B) Parasite killing was analyzed for all groups after CD8 cell depletion; n = 5 for all groups. In addition, parasite killing was compared between Sm-Cathepsin B + CpG CD45+CD8− and Sm-Cathepsin B + CpG CD45+CD8+ (n = 14). (C) Parasite killing was analyzed for all groups after F4/80 cell depletion; saline n = 7, CpG n = 7, Sm-Cathepsin B n = 7, Sm-Cathepsin B + CpG n = 11. In addition, parasite killing was compared between Sm-Cathepsin B + CpG CD45+F4/80− and Sm-Cathepsin B + CpG CD45+F4/80+ (n = 14). (D) Parasite killing was analyzed for all groups after CD49b cell depletion; saline n = 7, CpG n = 7, Sm-Cathepsin B n = 7, Sm-Cathepsin B + CpG n = 11. In addition, parasite killing was compared between Sm-Cathepsin B + CpG CD45+CD49b− and Sm-Cathepsin B + CpG CD45+CD49b+ (n = 14). ns: not significant, p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. The brown columns represent data from the saline group post depletion. The yellow columns represent data from the CpG adjuvant group post depletion. The green columns represent data from the Sm-Cathepsin B group post depletion. The red columns represent data from the Sm-Cathepsin B + CpG group post depletion. The single red checkered columns represent the undepleted Sm-CathepsinB + CpG sample for the immune serum + cells culture condition.


Parasite killing was reduced to 34% in the Sm-Cathepsin B + CpG after CD8+ T cell depletion (p < 0.001) (Figure 4B). This level was comparable to that observed in the saline and CpG adjuvant control groups (Figure 4B) and indicates an important role for CD8+ T cells in mediating parasite killing in Sm-Cathepsin B + CpG immunized mice. By contrast, larval killing was maintained (40%) in the Sm-Cathepsin B alone group following CD8+ T cell depletion suggesting that, in this group, CD8+ T cells have a negligible effect on the protection (Figure 4B).

When F4/80+ cell populations were depleted from lung cells taken from the Sm-Cathepsin B and Sm-Cathepsin B + CpG groups, significantly higher parasite killing compared to the saline and adjuvant control groups was maintained (p < 0.001) (Figure 4C). Incubation of schistosomula with depleted F4/80+ cells from the CpG-adjuvanted experimental group resulted in parasite killing levels that were slightly reduced compared original observations; 53–45% (p < 0.01) (Figure 4C). This suggests that although these cells are not required to maintain high levels of larval death, they may contribute to the parasite killing mechanism elicited by Sm-Cathepsin B + CpG immunizations. By comparison, F4/80+ cell depletion from lung cells taken from the unadjuvanted Sm-Cathepsin B group increased parasite killing to 55% (p < 0.001) (Figure 4C). This depletion resulted in significantly higher levels of parasite death in the unadjuvanted group compared to the CpG-adjuvanted group (p < 0.001) (Figure 4C).

Depletion of NK cells resulted in schistosomula killing observed in the Sm-Cathepsin B + CpG group decreasing from 53 to 39% (p < 0.001) (Figure 4D). Although this level of killing was still significantly higher than that recorded for the saline and adjuvant control groups, the substantial decrease suggests that NK cells may belong to a network of cellular effectors mediating vaccine induced protective effects (Figure 4D). Furthermore, upon the depletion of NK cells, the parasite killing elicited by the Sm-Cathepsin B + CpG group was no longer significantly higher than the killing observed with the Sm-Cathepsin B alone group (Figure 4D). The percentage of parasite killing with the cells from the Sm-Cathepsin B alone animals was unaffected by the depletion of NK cells (41%) (Figure 4D). The maintenance of schistosomula killing upon NK cell depletion suggests that other cellular effectors are involved in protection mediated by unadjuvanted Sm-Cathepsin B immunizations.




DISCUSSION

Our past vaccine studies using the candidate Sm-Cathepsin B induced promising protection levels against schistosomiasis in mice whether formulated with Montanide ISA 720 VG or CpG dinucleotides adjuvants (19, 20). Although parasite burden reductions were similar between the different formulations tested, we found that the immune responses elicited were entirely different. Immunizations with recombinant Sm-Cathepsin B in combination with Montanide ISA 720 VG resulted in a mixed Th1/Th2 antigen-specific response (20) while immunizations with the antigen formulated in CpG yielded a biased Th1 response (19). However, both formulations elicited robust Sm-Cathepsin B specific total IgG antibody production pre-challenge. The protective role of antibodies in schistosomiasis has been demonstrated and antibody titers at the time of cercarial challenge are inversely correlated with worm burden (31). The importance of antibodies is further supported by the demonstration that protection in baboons immunized with radiation-attenuated cercariae is proportional to antibody titers (31). Moreover, several passive transfer studies have shown that both wild type and immunologically deficient animals have decreased parasite burden and pathology when they receive antibodies from chronically infected or immunized wild type animals (32–35). Therefore, the elevated antigen-specific IgG titers elicited by the previously tested formulations of recombinant Sm-Cathepsin B in the presence of CpG dinucleotides or Montanide (19, 20) (endpoint titers > 120,000) may be a crucial factor contributing to the decreased parasite burden observed at the time of perfusion and organ collection. In order to determine whether protection is associated with antibody-dependent effectors, ADCC was analyzed in this study.

The schistosomula are the most vulnerable to an immune attack as they migrate through the lungs, and the level of resistance has an important effect on the establishment of infection (36, 37). Therefore, we used schistosomula as targets in order to determine in vitro cytotoxicity effects of cells in the presence of antibodies. We found that the highest level of parasite killing was observed when CD45+ lung cells from the Sm-Cathepsin B + Montanide immunized animals were incubated in the presence of immune serum. The requirement of both lung cells and immune serum from the immunized mice for high parasite killing indicates that the mechanism involved is antibody dependent and cell mediated. Although high parasite killing was also observed with CD45+ lung cells from the Sm-Cathepsin B + CpG mice, this effect was not dependent on the presence of immune serum. All incubation conditions containing lung cells from the Sm-Cathepsin B + CpG vaccinated mice (cells alone, cells + pre-immune serum, and cells + immune serum) led to parasite killing levels that were significantly higher than those observed with cells from the control groups. These observations suggest that the mechanism involved in protection of these mice is cell dependent but antibody independent. This significant difference between the two Sm-Cathepsin B formulations is likely linked to the IgG subclasses involved. Although both formulations elicited robust antigen-specific IgG titers, IgG1 was the dominant subclass present in animals immunized with Sm-Cathepsin B + Montanide, whereas IgG2c was the dominant subclass in animals that received the CpG adjuvanted formulation (19, 20).

Antibody-dependent cell-mediated cytotoxicity is a known effector function of IgG1 antibodies as they are efficiently bound by Fc gamma receptors (FcγRs) on effector cells (38). On the other hand, IgG2c antibodies are not associated with ADCC properties. The antibody-independent cellular effect observed in the Sm-Cathepsin B + CpG immunized animals was not unexpected. CpG dinucleotides have been shown to enhance both innate and adaptive cellular responses (39). Activation of TLR9 by CpG dinucleotides stimulates the migration of plasmacytoid dendritic cells to T cell zones of lymphoid organs where they upregulate the expression of co-stimulatory molecules and promote strong Th1 CD4 T cell and cytotoxic T lymphocyte (CTL) responses (39).

Different cell populations were depleted in order to decipher the main effectors mediating protection in vaccinated animals. It is important to note that not all cell populations were reduced to 0% (Table 1; Figure S5 in Supplementary Material); therefore, the results represent the changes in anti-parasitic potential when specific cell populations are depleted or significantly decreased. The high larvicidal effect observed with the incubation of lung cells and immune serum from the Sm-Cathepsin B + Montanide group was lost upon the depletion of NK cells. As previously mentioned, the necessity of immune serum for the development of high larvicidal activity suggested an ADCC mechanism. Unlike other hematopoietic cells, NK cells do not express inhibitory FcγRs; therefore, possessing only their activating FcγRIIIa, they are free to act as key mediators of ADCC (40). NK cells meditate ADCC by the exocytosis of cytotoxic granules containing perforin and granzyme, or by the release of pro-inflammatory cytokines. The cytotoxic molecules cause direct damage to the target whereas pro-inflammatory cytokines activate nearby immune cells and promote dendritic cell maturation as well as antigen presentation (41). Based on the observations from the in vitro schistosomula killing assays, ADCC mediated by NK cells may be the mechanism of protection elicited by Sm-Cathepsin B + Montanide immunizations.

The in vitro parasite killing observed with cells taken from the Sm-Cathepsin B + Montanide group was also lost upon the depletion of CD4+ T cells. Activated CD4+ T cells are an important source of IL-2 which potentiates robust activation of NK cells (42). Activation by IL-2 results in NK cell proliferation, secretion of effector molecules, and enhancement of cytotoxic function (42). NK cell activation via CD4+ T cell-derived IL-2 may be necessary for schistosomula killing. The importance of CD4+ T cell presence for NK cell-mediated mechanisms has been demonstrated for other parasitic infections. NK cell responses targeting Leishmania major require IL-2 from primed antigen-specific CD4+ T cells (43). Similarly, NK cell targeting of Plasmodium falciparum infected red blood cells is dependent on IL-2 from antigen-specific CD4+ T cells (44). The data from this present study suggest that protection induced by Sm-Cathepsin B + Montanide immunizations involves the killing of schistosomula via ADCC mediated by NK cells that are activated by CD4+ T cells.

For the Sm-Cathepsin B + CpG group, the high larvicidal effect was entirely abolished upon the depletion of CD8+ T cells, suggesting a main protective effector role for this cell population. As previously mentioned, CpG dinucleotides are known to promote cellular responses such as those including CTLs. CTLs mediate killing of extracellular pathogens by direct recognition, and this function is most often associated with CD8+ cells (45). Granulysin has been described as the major effector molecule mediating CTL activity as it inserts into the target membrane and disrupts its permeability (46). CTLs can directly kill S. mansoni schistosomula in a contact-dependent manner (47) and can target extracellular Toxoplasma gondii in an antigen-specific manner (48). The data from this study suggests that CD8+ T cells are the main effectors mediating protection elicited by Sm-Cathepsin B + CpG immunizations. The increased larvicidal activity observed with the Sm-Cathepsin B + CpG group was also significantly decreased upon the depletion of NK cells. However, the parasite killing observed with this experimental group was still higher than the control groups. Therefore, although CD8+ T cells could be the main effectors mediating protection, the data suggest that NK cells play an important supportive role in the network of coordinated immune cells. NK cells are important in schistosomiasis progression and protection, and animal models have shown that NK cells activated during schistosome infection negatively regulate granuloma size as well as liver fibrosis (49–51). Furthermore, field studies in schistosomiasis endemic regions have shown that NK cells are linked to schistosomiasis protection in elderly individuals in Brazil (52), while in Sudan, impaired NK cell activity showed a direct relationship with patients’ parasite loads (53).

The importance of NK cells has also been investigated in the context of immunizations against schistosomiasis. It has been demonstrated that protective immune responses elicited by the immunization of mice with lung stage larval antigens + IL-12 depends upon the presence of NK cells (54). In the presented study, larvicidal activity with cells from the Sm-Cathepsin B + CpG group was significantly impaired by the depletion of NK cells. In both cases, the vaccine formulations elicited strong Th1 cellular responses (19, 54). NK cells likely represent the major source of early IFN-γ production. NK cell-derived IFN-γ is believed to regulate IL-12 expression in the context of schistosomiasis as the induction of this cytokine is completely blocked in animals depleted of either IFN-γ or NK cells (49). Since IL-12 is a potent stimulator of CD8+ cells, we suggest that early NK-derived IFN-γ triggers IL-12 expression, and together these cytokines prompt CD8+ CTL activity targeting schistosomula.

It has been shown that Sm-Cathepsin B has inbuilt adjuvant properties, and that immunizations with antigen alone are capable of significantly reducing parasite burden (18). However, these immunizations elicit low levels of antigen-specific total IgG (<3,500) (18). In the mouse model, the formulation of Sm-Cathepsin B alone stimulates a Th2-biased immune response characterized by increased secretion levels of IL-4, IL-5, and IL-13, but no detectable levels of antigen-specific IgE (18). In the present study, it was demonstrated that incubation of schistosomula with CD45+ lung cells from Sm-Cathepsin B immunized animals resulted in parasite killing levels that were significantly higher than those observed for the saline and CpG controls, but still lower than the Sm-Cathepsin B + CpG group. The larvicidal effect was independent of the presence of immune serum. These results suggest that immunizations with unadjuvanted Sm-Cathepsin B stimulate a cellular response capable of targeting the parasite larva. Depletion of CD4+ T cells abolished the larvicidal effect observed with the unadjuvanted Sm-Cathepsin B group. This observation suggests that CD4+ T cells are important effectors mediating protection elicited by unadjuvanted Sm-Cathepsin B immunizations. In their study, El Ridi and colleagues suggested that immunizations with unadjuvanted Sm-Cathepsin B boost early adaptive immune responses with CD4+ T cell help (18). CD4+ T cells could potentially be the major source contributing to the observed increase in Th2 cytokines (18). The same research group also suggested that schistosomula will succumb if met by a type 2 cytokine environment (55). One mechanism which they proposed involved the recruitment of eosinophils as well as basophils to the lungs, and their activation by type 2 cytokines (55). The presented study yielded an unexpected result upon the depletion of F4/80+ cells. Depleting these cells from the unadjuvanted Sm-Cathepsin B group led to a significant increase in schistosomula killing. This observation may indicate a function for macrophages in limiting effector cell-mediated parasite killing, or it may simply be a result of a significant change in cell population proportions in our in vitro assay. Interestingly, the interplay between alternatively activated macrophages and Th2 CD4+ T cells has been evaluated in the context of schistosomiasis. The Th2 cytokines IL-4 and IL-13 are known to initiate the alternative activation of macrophages. Arginase 1, a key marker of alternatively activated macrophages, converts L-arginine into L-ornithine and urea. Macrophages expressing this enzyme can successfully compete with Th2 CD4+ T cells for arginine; thus, limiting T cell proliferation (56, 57).

In the presented study, it was shown that three different formulations containing the same antigen elicit different protection mechanisms in a mouse model of schistosomiasis. Although the formulations generated similar protection levels, the immune responses they stimulated were different, and this is reflected in the diverse effectors that mediate protection in the immunized animals. In the future, the combination of the different adjuvants, CpG and Montanide ISA 720 VG, will be tested as this could significantly improve a vaccine’s protective potential. Therefore, understanding the underlying mechanisms of vaccine-induced protection will allow for the selection of a formulation that can stimulate the most optimal immune response.
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Current schistosomiasis control strategies are mainly based on chemotherapy, but the development of a vaccine against this parasitic disease would contribute to a long-lasting decrease in disease spectrum and transmission. When it comes to vaccine candidates, several genes encoding Schistosoma mansoni proteins expressed at the mammalian host–parasite interface have been tested. Among the most promising molecules are the proteins present on the tegument and digestive tract of the parasite. In this study, we evaluate the potential of SmKI-1, the first Kunitz-type protease inhibitor functionally characterized in S. mansoni, as a vaccine candidate. Bioinformatic analysis points to the C-terminal fragment as the main region of the molecule responsible for the development of a potential protective immune response induced by SmKI-1. Therefore, for the vaccine formulations, we produced the recombinant (r) SmKI-1 and two different fragments, its Kunitz (KI) domain and its C-terminal tail. First, we demonstrate that mice immunized with recombinant SmKI-1 (rSmKI-1) or its fragments, formulated with Freund’s adjuvant, induced the production of IgG-specific antibodies. Further, all vaccine formulations tested here also induced a Th1-type of immune response, as suggested by the production of IFN-γ and TNF-α by protein-stimulated cultured splenocytes. However, the protective effect conferred by vaccination was only observed in groups which received rSmKI-1 or C-terminal domain vaccines. Mice administered with rSmKI-1 demonstrated reduction of 47% in worm burden, 36% in egg number in mouse livers, and 33% in area of liver granulomas. Additionally, mice injected with C-terminal domain showed reduction of 28% in worm burden, 38% in egg number in liver, and 25% in area of liver granulomas. In contrast, KI domain immunization was unable to reduce worm burden and ameliorate liver pathology after challenge infection. Taken together, our data demonstrated that SmKI-1 is a potential candidate for use in a vaccine to control schistosomiasis, and its C-terminal tail seems to be the main region of the molecule responsible for protection conferred by this antigen.
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INTRODUCTION

Schistosomiasis is a disease caused by trematode worms of the genus Schistosoma that affects about 207 million people in 76 countries worldwide (1, 2). The main treatment of schistosomiasis is currently the use of anthelmintic drugs, being praziquantel (PZQ) the most widely drug used in chemotherapy. The treatment, although effective, is facing some limitations because the chemotherapy is active only against adult forms of the parasite (not acting on the larval form) and mass treatment does not prevent reinfection (3–5). The lack of new therapeutic drugs and preventive measures, as well as the high disease burden caused by the reinfection are justifications for developing a vaccine against schistosomiasis (4).

Many efforts have been accomplished for the development of an effective vaccine against schistosomiasis (4, 6). Most of the important vaccine targets described up to date are proteins located at the parasite/host interface, since they are commonly associated with mechanisms of escape from the host immune system or other adaptation to parasitism (7) and the two major interfaces are the outer tegument and the gastrodermis (6, 8).

In order to characterize new targets for vaccine development, we decided to perform a pre-clinical study using the recombinant protein SmKI-1. This protein is a Kunitz-type protease inhibitor (KI) recently characterized as an inhibitor for some serine proteases, with possible important functions in anti-coagulation processes (9) and in the parasite immune evasion, through the blockage of neutrophil recruitment (10). In this study, our main goal is to evaluate the vaccine potential of recombinant (r)SmKI-1, and its two fragments: KI domain and C-terminal region, since bioinformatic analysis predicts relevant epitope differences between the KI domain and C-terminal tail. Aiming to test such prediction, we performed vaccination experiments in mice with the whole recombinant protein and its fragments and evaluated the production of specific antibodies, cytokines, and the protection efficacy against schistosomiasis. Our data revealed that vaccination with whole recombinant SmKI-1 (rSmKI-1) and its C-terminal tail, but not its KI domain, induced reduction in worm burden and liver pathology in immunized mice.



MATERIALS AND METHODS


Ethics Statement

All experiments involving animals were conducted in accordance with the Brazilian Federal Law number 11,794, which regulates the scientific use of animals in Brazil, the Institutional Animal Care and Use Committees guidelines and the Animal Welfare Act and Regulations guidelines established by the American Veterinary Medical Association Panel on Euthanasia. Animals were fed, housed, and handled in strict agreement with these recommendations. All protocols were approved by the Committee for Ethics in Animal Experimentation (CETEA) at Universidade Federal de Minas Gerais (UFMG) under permit #185/2017.



Mice and Parasites

Female C57BL/6 mice aged 6–8 weeks were purchased from the UFMG animal facility. The number of mice used in each individual experiment was calculated taking into account a significance of 0.1%, a test power of 95%, and differences and SDs based on previous literature (11, 12). The number of mice demanded to calculate vaccine efficacy (n = 10), or cytokine production (n = 5), or antibody titers (n = 10), or liver analyses (n = 8) were approved by the CETEA at Universidade Federal de Minas Gerais (UFMG) under permit #185/2017. Schistosoma mansoni (LE strain) cercariae were routinely maintained in Biomphalaria glabrata snails at “Centro de Pesquisa René Rachou Fiocruz (CPqRR)” and prepared by exposing infected snails to light for 2 h to induce shedding of parasites. Cercariae numbers and viability were determined, prior to infection, using a light microscope. Schistosomula were obtained after separation from the tails by centrifugation using a 57% Percoll (Pharmacia, Uppsala, Sweden) solution. Parasites were cultured for at least 7 days in vitro as previously described (13).



Chemicals

All reagents were purchased from Sigma-Aldrich, Co. (St. Louis, MO, USA) unless otherwise specified.



Accession Number

SmKI-1 (Smp_147730) CCD77156.1.



Determination of Potential Epitopes for SmKI-1 Antigen

MHC binding was predicted using neural network (NN) ensembles trained to the LN ic50 (14) for over 200,000 binding reactions using the neural platform of JMP® (SAS Institute). This is an updated version of a prediction system described previously (15). Predicted MHC binding affinity was computed for each sequential 9-mer and 15-mer peptide in the protein for 37 MHC-I and 28 MHC-II alleles, including 16 DRB alleles. Binding affinities to inbred murine alleles were similarly determined. To estimate population behavior comprising multiple alleles with varying affinities for any peptide, the LN ic50 binding data estimates were transformed and standardized to a zero mean unit variance within each protein using a Johnson Sb distribution (16). To compute a permuted average across human alleles, the highest predicted binding affinity at each peptide position was determined for every possible haplotype pairing and averaged. B cell linear epitopes were predicted as previously described (17) based on NN predictions trained and cross-validated on the output of a large random peptide set submitted to BepiPred 1.0 (18). The NN provides a structurally based predictor of the probability that an amino acid (within a window ± 4 amino acids) is on the outside of a protein and a likely contact point for a binding antibody based on the biophysical properties of each peptide. The probability of cleavage of each protein by human cathepsin B, L, or S was determined. Both binding affinity and cleavage predictions were accomplished using previously described methods by NN predictors based on principal component analysis of amino acid physical properties (17). T cell exposed motif patterns were extracted from the complete proteomes and ranked as previously described for each of three amino acid recognition patterns which engage T cell receptors (15, 19). Frequencies of motif occurrence were determined with respect to the human immunoglobulinome, based on a data set of over 40 million immunoglobulin variable regions, the human proteome, and the gastrointestinal microbiome (20). To identify potentially suppressive motifs, very common T cell exposed motifs with high binding affinity, or the absence thereof, were identified.



Synthesis of Recombinant Proteins

The recombinant protein rSmKI-1 and its fragments, Kunitz (KI) domain (N-terminal Arg22–Thr82) and C-terminal tail (C-terminal Gli79–Glu146), were produced as previously described (10). Briefly, plasmids containing the sequence for rSmKI-1 or KI-domain or C-terminal tail from SmKI-1 were transformed into E. coli Rosetta™ (Merck KGaA, Darmstadt, Germany) competent cells. Cells transformed were cultured in selective medium and gene expression was induced by 1 mM isopropylthiogalactoside (IPTG). After induction, the bacterial cells were harvested and recombinant proteins were recovered as inclusion bodies and solubilized. Each protein was purified by affinity chromatography on a Ni-Sepharose column (Hitrap chelating 5 mL) using an AKTA prime Plus chromatography system (GE Healthcare, São Paulo, Brazil) according to the manufacturer’s protocol. Fractions containing proteins used in this study were determined through SDS/PAGE-20% and then, dialyzed against PBS pH 7.0. The recombinant proteins were quantified using the BCA kit (Pierce, Waltham, MA, USA). To evaluate the amount of endotoxin present, the samples were submitted to Limulus Amebocyte Lysate QCL-1000™ (Lonza) assay. Protein samples show less than 1 endotoxin unit (EU)/mg.



SDS-PAGE and Immunoblotting

Purified rSmKI-1 and its fragments were analyzed on prepared 12% polyacrylamide SDS-PAGE gels and run as previously described (21). Proteins were then transferred to a Hybond-P PVDF membrane (GE Healthcare, Pittsburgh, PA, USA) (22). The membrane was blocked with TBS-T (tris-buffered saline pH 7.5, 0.05% Tween 20) containing 5% dry non-fat milk powder for 16 h at 4°C. The membrane was then incubated with mouse polyclonal antibodies to rSmKI-1, or KI domain, or C-terminal (diluted 1:100) for 1 h at room temperature. After three washes with TBS-T, the membrane was incubated with goat anti-mouse IgG conjugated to horseradish peroxidase (HRP) (1:2,000) for 1 h at room temperature. After three washes, the membranes were developed using Immobilion™ Western HRP subtract (Millipore Corporation, Billerica, MA, USA) according to the manufacturer’s instructions and visualized in Amersham Imager 600 (GE Healthcare).



Immunolocalization of SmKI-1 in S. mansoni Schistosomula

To immunolocalize SmKI-1, 7-day cultured schistosomula were prepared in vitro as described (23). A whole-mount protocol was used, comprising of parasites fixed with −20°C pure acetone for 15 min and washed with saline. Then, schistosomula were blocked with 1% bovine serum albumin (BSA) in phosphate buffered saline (PBST pH 7.2, 0.05% Tween-20) for 1 h. The samples were incubated with anti-rSmKI-1 serum diluted 1:25 in blocking buffer for 1 h. Serum from non-immunized mice was used, in the same dilution, as a negative control. The samples were washed with PBST and incubated with an anti-mouse IgG antibody conjugated to FITC (Molecular Probes, Carlsbad, CA, USA) diluted 1:100 in blocking buffer. Finally, samples were washed, mounted, and viewed using a Nikon Eclipse Ti fluorescence microscope from the “Centro de Aquisição e Processamento de Imagens (CAPI-ICB/UFMG).”



Mice Immunization, Challenge Infection, and Parasite Burden Assessment

Six- to eight-week-old female C57BL/6 mice were divided into four groups of ten mice each. Mice received vaccine formulation subcutaneously, at the nape of the neck. Each vaccine was prepared with 25 μg of proteins (rSmKI-1, KI domain, or C-terminal) or with a similar volume of PBS (Adjuvant Control Group, ACG), on days 7, 22, and 37, as described in Figure S1A in Supplementary Material. All vaccine preparations, including the negative control (ACG), were formulated using Complete Freund’s Adjuvant (CFA) for the first immunization and Incomplete Freund’s Adjuvant (IFA) for the following two immunizations (Sigma-Aldrich, Co., St. Louis, MO, USA). Fifteen days after the final immunization, mice were anesthetized with 5% ketamine, 2% xylazine, and 0.9% NaCl and challenged with 100 cercariae (LE strain) through percutaneous exposure of the abdominal skin for 1 h. Forty-five days after challenge, adult worms were perfused from the portal veins of each animal and counted as described previously (24). The protection level was calculated by comparing the recovered total worm number, total female number, and total male number from each group in relation to the control group. Two independent experiments were performed.



Measurement of Specific Antibodies

Following immunization, sera were collected from mice in each experimental group at 2 week intervals. The levels of specific anti-rSmKI-1, anti-KI domain, or anti-C-terminal antibodies were measured by indirect ELISA, as previously described (25). Maxisorp 96-well microtiter plates were coated with 5 μg/mL of each protein in carbonate-bicarbonate buffer (pH 9.6) and then blocked for 2 h at room temperature with PBST (phosphate buffer saline, pH 7.2 with 0.05% Tween-20) plus 10% FBS (fetal bovine serum). Diluted serum (1:100) was added to each well, and plates were then incubated at room temperature. For antibody specificity tests, only samples collected at day 45 (last bleed before cercariae challenge) were used. For each serum, 20 dilutions were evaluated (starting at 1:20 and following a twofold serial dilution). Each dilution was added per well, and plates were then incubated at room temperature. The titer of each sample corresponds to the highest dilution factor that still yields a positive reading, which is the optical density (OD) of 0.010. Titers were expressed by their denominators. Plate-bound antibodies were detected using peroxidase-conjugated anti-mouse IgG, IgG1, or IgG2c (Southern Biotechnology, CA, USA) diluted 1:5,000, 1:10,000, and 1:2,000, respectively. Color reaction was induced by adding OPD (o-phenylenediamine) in citrate buffer (pH 5.0) plus H2O2 to each well. The color reaction was stopped by adding 5% sulfuric acid to each well. The plates were read at 492 nm in an ELISA plate reader (BioRad, Hercules, CA, USA).



Cytokine Analysis in Cell Supernatants

The cytokine experiments were performed using cultured splenocytes from individual C57BL/6 mice immunized three times with rSmKI-1, KI domain, C-terminal, or PBS (ACG) (n = 5/group). Ten days after the final immunization, mice were euthanized and spleens were collected for further analysis. The cytokine analysis protocol is demonstrated in Figure S1B in Supplementary Material. The splenocytes were maintained in culture with medium alone or stimulated with 5 μg/mL of proteins rSmKI-1, KI domain, or C-terminal. For positive controls, cells were stimulated with either concanavalin A (ConA) (5 μg/mL) or lipopolysaccharide (LPS) (1 μg/mL), as previously described (24). Culture supernatants were collected after 24 h to measure IL-4 and IL-5 levels, after 48 h to measure TNF-α levels, and after 72 h to measure IFN-γ and IL-10 levels. Cytokine measurement assays were performed using the DuoSet ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.



Egg Counts

To evaluate the effect of immunization with rSmKI-1 or its fragments on liver pathology, livers from eight mice per group were collected following perfusion for worm recovery. Liver fragments from each animal were weighed and digested with 10% KOH at 37°C. Released eggs were obtained by centrifugation at 900 g for 10 min and resuspended in 1 mL of saline. Egg numbers were counted using a light microscope. Quantification was obtained by calculating the number of eggs per gram of liver tissue.



Histopathological Analysis

Liver samples taken from the central part of the left lateral lobe were fixed with 10% buffered formaldehyde in PBS. Histological sections were performed using microtome at 6 μm and stained on a slide with haematoxylin-eosin (HE). For measurement of granuloma area, a microscope with 10× objective lens was used and images were obtained through a JVC TK-1270/RBG microcamera attached to the microscope. Twenty granulomas, containing a single well-defined egg were randomly selected in each liver section and the granuloma area was measured using the ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA, http://rsbweb.nih.gov/ij/index.html).



Statistical Analysis

Cytokine and antibody analysis were performed using two-way ANOVA and Bonferroni adjustments for comparisons between groups. The results from vaccination experiment (worm burden, egg count, and histopathology) were compared by paired Student’s t-test. The p-values obtained were considered significant if they were <0.05. Statistical analysis was performed using GraphPad Prism 6 (La Jolla, CA, USA).




RESULTS


S. mansoni SmKI-1 Epitope Mapping

Mapping of predicted B and T cell epitopes indicates that the most probable B cell epitopes are located in the region of amino acids 89–116 (Figure 1). In this region there are also peptides predicted to have a high affinity binding for many human MHC II DRB alleles, and for murine H2-I-Ab. Many of the predicted high binding peptides are also predicted to be excised by cathepsins. In contrast the Kunitz domain is lacking in strong B cell epitopes, although it has many peptides with predicted human DRB high affinity binding and some 15-mer peptides predicted to bind to H2-I-Ab. This indicates that the C-terminal half of the protein is most likely to elicit a strong antibody response.


[image: image1]
FIGURE 1 | SmKI-1 epitope mapping. (A) Representation of the overall epitope mapping of SmKI-1 as presented to a human host. X axis indicates sequential peptides with single amino acid displacement. Y axis indicates predicted binding affinity in SD units for the protein. Blue lines represent the permuted average of predicted binding of 16 human DRB, in the 15-mer starting at that index position. Red lines indicate the permuted average of predicted binding of 37 human HLA-A and HLA B alleles, in the 9-mer starting at that index position. Blue and red bars across the base line indicate the top 10% of predicted binding peptides. Orange bars indicate probability of a linear B cell epitope starting at that peptide index position. White background indicates signal peptide; yellow the secreted protein. (B) Predicted MHC II binding for C57BL/6 H-2-IAb alleles for sequential 15-mer peptides (blue), hashed bars show the peptides predicted to be excised by cathepsin B, L, or S, and probability of B cell linear epitopes (orange). The Y axis units for MHC binding are SD units below the mean of the natural log binding affinity (lnIC50) for that protein; and the SD of linear B cell epitope probability (inverted).




SmKI-1 Is Localized on the Surface of the Intestinal Tract of Schistosomula

In a recent study, SmKI-1 was found on the tegument of adult males and females (9). However, there is no information about SmKI-1 localization in schistosomula. Therefore, we stained whole 7-day cultured schistosomula with mouse polyclonal antibodies raised against rSmKI-1 to localize this protein in the larval stage of the parasite. The native SmKI-1 protein (green) was located exclusively in the posterior portion of gut lumen, possibly in the syncytial surface of the gastrodermis of S. mansoni schistosomula (Figure 2A). No specific fluorescent signal was detected in the gut or elsewhere when serum from naïve mice (pre-serum) was used in schistosomula from the same source (Figure 2B).


[image: image1]
FIGURE 2 | Immunolocalization of SmKI-1 in whole 7-day schistosomula. (A) Indirect immunofluorescent labeling of native SmKI-1 in whole fixed schistosomula using mouse polyclonal anti-recombinant SmKI-1 and a secondary anti-mouse conjugated to FITC (green). Arrows indicate clear intestinal staining. (B) As a control, serum from naive mice was used.




Vaccination With SmKI-1 and Its Fragments Induces High-Specific IgG Titers

Recombinant SmKI-1 was produced and tested as a vaccine candidate against schistosomiasis. Since bioinformatic analysis pointed to relevant differences between the KI domain and C-terminal tail, each fragment of SmKI-1 was also tested individually. C57BL/6 mice were immunized with 3 doses of each vaccine formulated as 25 μg of each protein (rSmKI-1, KI domain, or C-terminal), or PBS (ACG) in Freund’s adjuvant (CFA/IFA). Sera from 10 animals from each vaccination group were tested by ELISA to evaluate the levels of specific total IgG or IgG subclasses (IgG1 and IgG2c) antibodies to rSmKI-1, KI domain, or C-terminal. From day 30 onward, all groups immunized with the whole protein or its fragments were able to produce higher levels of specific IgG antibodies in comparison to ACG (Figure 3A). All mice vaccinated with rSmKI-1, KI domain and C-terminal, produced significant titers of specific IgG antibodies compared with the control group vaccinated with PBS (ACG) at day 45, pre-challenge with cercariae, and at day 90, before euthanasia as demonstrated in Figure S2 in Supplementary Material. No differences were found among mice which received SmKI-1, KI-domain, or C-terminal antigens. The measurement of IgG isotypes revealed that immunization induced the production of antigen-specific IgG1 (Figure 3B) and IgG2c (Figure 3C) after the second injection. When compared to mice immunized with SmKI-1, KI-domain-immunized animals produced lower levels of both IgG1 and IgG2c. Antibody binding to recombinant proteins was investigated using two different methodologies, ELISA (Figure 3D) and Western blot (Figure 3E). In both experiments, only 45-day serum was used. For ELISA, plates were first coated with rSmKI-1, KI domain, or C-terminal and serum from immunized mice (20 dilutions each) was then added to each well. The data show that antibodies from mice immunized with rSmKI-1, KI domain or C-terminal are able to bind to the whole rSmKI-1 (Figure 3D—top bars). Anti-KI domain antibodies recognize mostly rSmKI-1 and KI domain (Figure 3D—middle bars), while anti-C-terminal antibodies recognize predominantly rSmKI-1 and C-terminal fragment (Figure 3D—bottom bars). For Western blot analysis, purified rSmKI-1 as well as KI domain and C-terminal were resolved by SDS-PAGE (Figure 3E—control gel) and transferred to PVDF membranes. We prepared three replicate membranes. Next, each replicate was incubated with antibodies raised against rSmKI-1, KI domain, or C-terminal. Figure 3E reveals that anti-rSmKI-1 antibodies were able to recognize the whole protein and its fragments, while anti-KI domain and anti-C-terminal antibodies are more specific to its correspondent protein fragment, although they were able to bind rSmKI-1.
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FIGURE 3 | Humoral immune responses to recombinant SmKI-1 (rSmKI-1) or its fragments. Sera from rSmKI-1-vaccinated (black squares), or KI domain-vaccinated (black/gray squares), or from C-terminal-vaccinated (gray squares) and ACG (black circles) mice. Mouse sera (mean ± SD, n = 10) were tested by ELISA to evaluate the levels of total IgG antibodies (A) or specific IgG1 (B) or IgG2c (C) antibodies at the indicated time points during the vaccination trial. Asterisks indicate differences detected in protein-immunized group compared to ACG (***p < 0.005) and hashtag indicate differences detected in KI domain-vaccinated group compared to SmKI-1-vaccinated group (#p < 0.05). (D) ELISA plates were coated with rSmKI-1 or its fragments individually and wells were incubated with diluted serum from immunized mice. Anti-IgG from mice were used to detect antibody binding to proteins. The numbers in X-axis indicate the dilution factor in a logarithmic scale. Results are presented as the antibody titers (expressed by their denominators) for each group (mean ± SD, n = 10). An asterisk indicates differences detected among fragments-vaccinated mice and rSmKI-1-vaccinated group (*p < 0.05). (E) Detection by Western blot of rSmKI-1 and its fragments. Lanes contain (1) rSmKI-1, (2) KI domain, and (3) C-terminal proteins. A SDS-PAGE stained with Coomassie is shown as control gel, followed by Western blotting of purified proteins probed with mouse anti-SmKI-1, anti-KI domain, and anti-C-terminal polyclonal antibodies, respectively.




Th1 Cytokine Profile Induced by rSmKI-1, Kunitz Domain, or C-Terminal Fragment Vaccination

Following vaccination with SmKI-1, KI domain, or C-terminal, we measured the production of IFN-γ (Figure 4A), TNF-α (Figure 4B), IL-4, IL-5, and IL-10 (Figure 4C) in supernatants of spleen cells stimulated with purified proteins. In animals immunized with rSmKI-1, we detected higher levels of IFN-γ (764.5 ± 228.0 pg/mL), TNF-α (1288.8 ± 172.8 pg/mL), and IL-10 (2049 ± 243.9 pg/mL) compared to control group. Similarly, KI domain- or C-terminal-immunized mice also presented greater amounts of IFN-γ (613.4 ± 221.0 or 1285.7 ± 339.0 pg/mL, respectively), TNF-α (1506.0 ± 49.0 or 1395.0 ± 309.4 pg/mL), and IL-10 (492.11 ± 161.0 or 721.83 ± 178.3 pg/mL) in comparison to control group. Th2 cytokines, IL-4, and IL-5, were produced in very low levels with no statistically significant differences detected between vaccinated and control groups. ConA or LPS were used as positive controls to confirm that splenocytes were responsive to stimuli (Figure 4). Spleen cells stimulated with medium alone produced no, or negligible cytokine levels (Figure 4). Taken together, these findings suggest that SmKI, KI domain, or C-terminal induced a Th1 type of immune response in vaccinated animals.
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FIGURE 4 | Cytokine profile of splenocytes from recombinant SmKI-1 (rSmKI-1), Kunitz domain, or C-terminal-vaccinated mice. Ten days after the final immunization with rSmKI-1, KI domain, C-terminal, or adjuvant as control, splenocytes from five mice were isolated and assayed for their IFN-γ (A), TNF-α (B), and IL-10 (C) production (mean ± SD) in response to stimulation with purified protein (rSmKI-1, KI domain, or C-terminal) or ConA/LPS or medium. Significant differences between data from protein-immunized mice [SmKI-1 + Complete Freund’s Adjuvant (CFA)/Incomplete Freund’s Adjuvant (IFA), KI domain + CFA/IFA, or C-terminal + CFA/IFA] compared to adjuvant-administered (ACG) animals are denoted by *p < 0.05, **p < 0.01, and ***p < 0.005.




Immunization With rSmKI-1 or C-Terminal Tail, but Not KI Domain Induces Protective Immunity in Mice

Two independent vaccination trials with similar results were conducted using C57BL/6 mice and protective immunity was evaluated 45 days after challenge with 100 S. mansoni cercariae. The control group received adjuvant only in phosphate buffered saline (ACG). Mice vaccinated with rSmKI-1 showed 46.7% reduction in worm burden (Figure 5—black bars), and C-terminal fragment vaccination reduced in 27.8% of the worm burden (Figure 5—gridded bars), while the KI domain immunization did not induce reduction in recovered parasites (Figure 5—gray bars).
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FIGURE 5 | Vaccination with recombinant SmKI-1 (rSmKI-1) or C-terminal reduces the worm burden. Worm burden (mean ± SD) recovered from control mice injected with adjuvant versus mice immunized with rSmKI-1 (black bars) or KI domain (gridded bars) or C-terminal (gray bars) and challenged with Schistosoma mansoni cercariae (n = 10/group). Graphs represent data from one of two independent vaccine trials. Mice vaccinated with rSmKI-1 or C-terminal showed a 47 or 28% reduction in the adult worm burden, respectively, while mice vaccinated with KI domain showed no difference when compared to ACG. Asterisks indicate statistically significant differences between the protein-vaccinated mice and the control group (***p < 0.005, **p < 0.01, and *p < 0.05).


Regarding the presence of eggs in mouse livers, vaccination with rSmKI-1 reduced the number of eggs per gram of liver tissue by 36% (Figure 6A). A similar reduction, 38% in number of eggs, was also induced in the group vaccinated with the C-terminal. No difference was observed among KI domain-vaccinated mice or ACG. Additionally, analysis of the hepatic tissue demonstrated that SmKI-1 or C-terminal vaccination reduced liver pathology. Histopathological analysis demonstrated that granuloma area was reduced by 33 or 25% in mice which received formulations containing rSmKI-1 or C-terminal, respectively, when compared to mice which received adjuvant only (Figure 6B). For KI domain immunization, no difference to ACG immunization was observed. Figures 6C–F also shows representative images of granulomas from a liver section of ACG, rSmKI-1, KI domain, or C-terminal vaccinated mice.
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FIGURE 6 | Vaccination recombinant SmKI-1 (rSmKI-1) or C-terminal reduces liver pathology in mice. (A) Number of eggs per gram of liver tissue (mean ± SD) of mice (n = 8/group). Mice vaccinated with rSmKI-1 or C-terminal fragment showed 38 or 36% reduction in egg numbers, respectively. (B) Granuloma area (mean ± SD) in mouse liver sections. Reductions of 33 or 25% are observed after vaccination with rSmKI-1 or C-terminal tail, respectively. Asterisks indicate statistically significant differences between the protein-vaccinated animals compared to the control group (**p < 0.01). Representative images of granulomas detected in a hematoxylin and eosin-stained liver sections from a (C) ACG, (D) rSmKI-1-vaccinated, (E) KI domain-vaccinated, or (F) C-terminal-vaccinated animals. The bar represents 0.05 mm.





DISCUSSION

Recently, our group demonstrated that SmKI-1 is highly expressed in intravascular stages of life cycle, schistosomula, and adult. We also showed that expression of SmKI-1 is essential for parasite survival inside the host, since SmKI-1 siRNA suppression demonstrated a robust impact in schistosome development and survival in vivo (10). This protein also presents possible functions in host coagulation processes (9) and in parasite immune evasion (10). Considering that SmKI-1 plays a vital role in parasite survival, we decided to evaluate its potential as vaccine candidate against schistosomiasis.

Bioinformatic analysis of SmKI-1 indicated that the most dominant B cell epitopes are located in the C-terminal fragment of the protein, an observation predictive of the experimental results. Immunolocalization experiments using polyclonal anti-rSmKI-1 indicated that SmKI-1 is mainly present in the intestinal tract in larval stage schistosomula, although it has previously reported to be localized on the tegument in adult worms (9). The intestinal tract is made up of gastrodermis, which consists of a syncytial epithelial layer with many vacuolar compartments that project into the lumen (6, 11). During schistosome blood feeding, the gastrodermis is accessible to host macromolecules such as immunoglobulins (26, 27) which implies direct contact between the digestive epithelia and the host immune system. Gastrodermis proteins were previously tested as vaccines conferring partial protection to mice against schistosomiasis. Sm10.3 antigen and Syntenin partially reduced the worm burden and ameliorated liver pathology (11, 12) and the gut protease SmCB1 reduced significantly worm burden and eggs present in liver and intestine (28). In adult worms, SmKI-1 was localized on the tegument, which is also a major host–parasite interface (7, 8). Numerous tegument antigens have been assessed as vaccine and a previous work from our group achieved a 50% protection testing the antigen Sm29 in murine model (25). Taken together, SmKI-1 epitope mapping and immunolocalization of the protein provide evidence suggesting that SmKI-1 would make a potential vaccine target against schistosomiasis.

In our previous study, we were able to express and purify rSmKI-1, as well as two other protein fragments: KI domain and C-terminal tail (10). Herein, these three proteins were individually used in vaccine formulation associated with Freund’s adjuvant. Mice immunization with these vaccines induced high levels of specific IgG antibodies compared to adjuvant control group. Previous studies associate high levels of IgG isotypes with schistosomula death through antibody-dependent cell-mediated cytotoxicity and the activation of complement (29, 30). The lower levels of both IgG1 and IgG2c produced by KI-domain-immunized mice when compared to SmKI-1-immunized mice are probably related to lower protection against schistosomiasis in the previous group. Antibody production is also involved in long-term protective immunity and related to resistance to schistosomiasis reinfection (31–33). Regarding cytokine profile, supernatants of cultured splenocytes extracted from immunized mice and stimulated with correspondent purified protein yielded high levels of IFN-γ and TNF-α, indicating the development of a Th1-type of immune response. The majority of S. mansoni antigens tested as vaccine candidates that conferred partial protection against cercariae challenge induced a Th1-type immune response (24, 25, 34, 35). IFN-γ is a pro-inflammatory cytokine which augments the immune response to schistosome infection by promoting leukocyte activation (24, 36, 37). Macrophage recruitment and activation by IFN-γ is related to worm killing (38) and, together with TNF-α, this cytokine increases the levels of nitric oxide produced by these macrophages in the protective immune response against S. mansoni (39). Further, IFN-γ depletion renders mice unable to develop effective defense against schistosome infection (39, 40). Previous studies demonstrate that serine protease inhibitors, when tested as vaccine, are able to induce notable changes in immunological response. The Toxoplasma gondii serine protease inhibitor TgPI-1 elicited high titers of IgG antibodies and induced a mixed Th1/Th2 immunological response, with significant production of IFN-γ, when evaluated as a vaccine candidate (41, 42). Another serine protease inhibitor present in the intracellular bacteria Brucella abortus, the protein Omp-19, when evaluated as a vaccine candidate, elicited a Th1 immunological response when administrated intraperitoneally, and a mixed Th1/Th17 immunological profile but when administrated orally (43, 44). Finally, Ancylostoma ceylanicum Kunitz-type inhibitor (AceKI), also elicited significant titers of IgG in a murine model (45).

Despite high levels of pro-inflammatory cytokines, significant amounts of IL-10 were also produced in experimental-vaccinated groups. IL-10 is an important regulatory cytokine, essential to modulation of the immune response triggered by S. mansoni infection (37, 46, 47). This cytokine possibly regulates Th2-type response, reducing inflammation in liver pathology (46). Consistent with that, we detected reduced liver pathology in SmKI-vaccinated mice, group of animals with enhanced IL-10 production. Similarly, the T. gondii serine protease inhibitor TgPI-1, when formulated with Alum and CpG-ODN, also induced the production of high levels of IL-10 in a murine model of vaccination (42).

After describing the immune response generated by vaccinated mice, we next investigated whether rSmKI-1 or its fragments could induce protection in a murine model of S. mansoni infection. For each protein, two independent experiments were performed. rSmKI-1 conferred a partial protection to infection, resulting in 47% reduction in worm burden. Vaccination experiments using C-terminal region of SmKI-1 resulted in 28% reduction in worm burden, while KI domain trial did not engender protective immunity. Immunization with SmKI-1 or its C-terminal tail also ameliorated liver pathology, since their groups presented 36 and 38% reduction in eggs trapped in liver, respectively. The granuloma area around the eggs was also reduced, 33% upon SmKI-1 vaccination and 25% following C-terminal immunization. Comparatively, the Boophilus microplus trypsin inhibitors, containing one or two kunitz proteins, were also able to induce significant protection levels in immunized Bos indicus, reaching almost 70% in cattle tick reduction (48). Also, the recombinant serine protease inhibitors TgPI-1, Omp-19, and AceKI were able to induce significant protection levels in murine models of T. gondii, B. abortus, and A. ceylanicum infections, respectively (42–45).

Previous bioinformatics analysis predicted the C-terminal as a region of unstructured amino acid residues with no similarity with other proteins deposited in the databanks (10). This fragment calls our attention due to epitope prediction which revealed a high probability of recognition by MHC II alleles and significant B cell linear epitopes. Epitope prediction findings seem to corroborate to experimental data, since the best protection results were found in SmKI-1 fragment with higher probability for B and T cell epitopes. The KI domain is highly conserved among species and possesses the protease inhibitor function of SmKI-1 (10). Ranasinghe et al. reported no potential cross-reactivity among SmKI-1 and human TFPI, another Kunitz-type protease inhibitor (49). High identity between host and parasite proteins can be a problem in vaccine development. Despite high antibody titers and the induction of cytokine production, vaccination with KI domain failed to protect mice from schistosome infection, demonstrating no apparent correlation between the anti-KI immune response generated and vaccine protective efficacy.

In summary, the data presented here demonstrate that rSmKI-1 formulated with Freund’s adjuvant generates partial protection against schistosome infection in mice. The protein region correspondent to the C-terminal tail seems to be the region mainly responsible for host immune stimulation, since it seems to have the most important epitopes and generates partial protection against schistosome infection, while the KI domain failed to do so. Taken together, these results support further studies in which SmKI-1, or a fragment thereof, could be optimized and used as a promising vaccine candidate to control schistosomiasis.
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Intravascular Schistosoma mansoni Cleave the Host Immune and Hemostatic Signaling Molecule Sphingosine-1-Phosphate via Tegumental Alkaline Phosphatase
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Schistosomes are parasitic flatworms that infect the vasculature of >200 million people around the world. These long-lived parasites do not appear to provoke blood clot formation or obvious inflammation around them in vivo. Proteins expressed at the host–parasite interface (such as Schistosoma mansoni alkaline phosphatase, SmAP) are likely key to these abilities. SmAP is a glycoprotein that hydrolyses the artificial substrate p-nitrophenyl phosphate in a reaction that requires Mg2+ and at an optimal pH of 9. SmAP additionally cleaves the nucleoside monophosphates AMP, CMP, GMP, and TMP, all with a similar Km (~600–650 μM). Living adult worms, incubated in murine plasma for 1 h, alter the plasma metabolome; a decrease in sphingosine-1-phosphate (S1P) is accompanied by an increase in the levels of its component parts—sphingosine and phosphate. To test the hypothesis that schistosomes can hydrolyze S1P (and not merely recruit or activate a host plasma enzyme with this function), living intravascular life-stage parasites were incubated with commercially obtained S1P and cleavage of S1P was detected. Parasites whose SmAP gene was suppressed using RNAi were impaired in their ability to cleave S1P compared to controls. In addition, recombinant SmAP hydrolyzed S1P. Since extracellular S1P plays key roles in controlling inflammation and platelet aggregation, we hypothesize that schistosome SmAP, by degrading S1P, can regulate the level of this bioactive lipid in the environment of the parasites to control these processes in the worm’s local environment. This is the first report of any parasite being able to cleave S1P.
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INTRODUCTION

Schistosomiasis is a parasitic disease caused by platyhelminths of the genus Schistosoma. More than 200 million people are infected with these worms globally, with >800 million living at risk of infection (1, 2). There are three major species that infect humans; these are Schistosoma mansoni, S. japonicum, and S. haematobium. Infection occurs when cercariae (larval forms) emerge from an intermediate freshwater snail host and enter the skin of the final human host. Here, they transform into juvenile forms called schistosomula. Schistosomula migrate beneath the dermis to locate and enter a blood vessel. Once in the circulation, the young worms circulate to the liver. Here, they mature into adult males and females, mate, and migrate to the blood vessels around the intestines or the bladder (depending on the species) where egg laying commences. Disease arises largely as a result of the host’s inflammatory immune response to parasite eggs that do not exit the body but get trapped internally. The result is local and systemic pathological effects including anemia, growth stunting and impaired cognition, as well as organ-specific effects like hepatosplenomegaly, periportal fibrosis with portal hypertension, and urogenital inflammation.

Schistosomes possess mechanisms to avoid immune elimination and so can live for many years in the human blood stream (3, 4). Furthermore, the parasites appear not to provoke blood clot formation around them within the vasculature (5). Thus, the relatively large adult worms can be found in the bloodstream mostly unmolested by elements of the host’s immune and coagulation systems. Host-interactive proteins found in the parasite’s tegument (skin) have been hypothesized to be critical to the worm’s ability to dampen host immunity as well as to hamper thrombus formation (6, 7). For example, the worms express an adenosine triphosphate (ATP) diphosphohydrolase—SmATPDase1 (8, 9), detected in the adult tegument by immunolocalization (10, 11), which can cleave the proinflammatory mediator ATP (12). SmATPDase1 can also cleave adenosine diphosphate (ADP)—a potently pro-thrombotic molecule (12). The worms additionally possess an ectonucleotide pyrophosphatase/phosphodiesterase designated SmNPP5 that can cleave ADP (13). Like SmATPDase1, SmNPP5 is found in the adult tegument by immunolocalization (14, 15) and has been demonstrated to impede platelet aggregation in vitro (13). The genes encoding both SmNPP5 and SmATPDase1 are quickly turned on in the parasite’s blood stages, following invasion of the final host and the proteins are highly expressed in the host-interactive tegumental membranes (12, 14, 15). In this location, it is likely that these ecto-enzymes encounter and hydrolyze host proinflammatory substrates (like ATP) as well as pro-thrombotic substrates (like ADP). Controlling local ATP and ADP levels may help schistosomes to impede inflammation and blood clotting in their local environment and so prolong worm survival.

In this study, we focus on an additional S. mansoni enzyme—alkaline phosphatase (SmAP). This ~60 kDa, GPI-anchored protein is highly expressed in intravascular parasite life stages and localizes both at the parasite surface as well as internally (16, 17). It has been shown that live schistosomes can produce adenosine using exogenous AMP. This ability is effectively eliminated following SmAP gene suppression using RNAi (16). This result suggests that tegumental SmAP accesses exogenous AMP and cleaves it, thus generating adenosine. Extracellular adenosine is a powerful immunosuppressant that can dampen host immune responses (18–20) and can inhibit platelet activation and thrombus formation (21). Thus, SmAP (like SmATPDase1 and SmNPP5) may act to skew the immediate biochemical environment of schistosomes in an anti-inflammatory and antithrombotic direction.

In this work, we set out to express recombinant SmAP (rSmAP) and characterize the active enzyme; of particular interest is the identification of other host signaling molecules upon which SmAP may impinge. In this regard, we find that all intravascular life stages, as well as SmAP, can cleave sphingosine-1-phosphate (S1P). This compound is a bioactive metabolite of sphingolipid metabolism that influences a wide range of normal physiological functions, including cell survival, proliferation, migration, and differentiation (22, 23). S1P triggers a family of G-protein-coupled receptors to initiate signaling pathways that drive these processes (24). In the extracellular environment, S1P impacts vascular permeability, inflammation, and platelet aggregation (25–29). S1P signaling regulates key aspects of immune cell biology (25, 26, 30) including the trafficking of lymphocytes, dendritic cells, mast cells, monocytes/macrophages, and neutrophils; S1P can also affect immune cell degranulation and inflammatory mediator production (25, 31). By promoting innate lymphoid cell migration, S1P-mediated chemotaxis has been shown to be important in antihelminth defense (32). S1P signaling is additionally coupled with coagulation processes (33, 34). The molecule has been reported to regulate platelet function by inducing platelet shape change and aggregation (35, 36). This is the first report of any parasite possessing the ability to degrade this key signaling molecule. Regulating local levels of S1P by intravascular schistosomes using SmAP may help disrupt host immune and coagulation signaling pathways and so promote parasite survival.



MATERIALS AND METHODS


Parasites and Mice

Biomphalaria glabrata snails (strain NMRI), infected with S. mansoni were obtained from the Schistosomiasis Resource Center, Biomedical Research Institute (BRI), Rockville MD, USA. Cercariae (strain NMRI) were obtained from these snails and schistosomula were prepared as described (37). Female Swiss Webster mice were infected with ~100 S. mansoni cercariae and, about 6 weeks later, adult male and female parasites were recovered by perfusion. All parasites were cultured in complete DMEM/F12 medium containing 10% heat-inactivated fetal bovine serum, 200 μg/ml streptomycin, 200 U/ml penicillin, 1 μM serotonin, 0.2 μM Triiodo-L-thyronine, 8 μg/ml human insulin and were maintained at 37°C, in an atmosphere of 5% CO2 (38). All animal protocols were approved by the Institutional Animal Care and Use Committees (IACUC) of Tufts University under protocol G2015-113. All experimental procedures followed the approved guidelines of the IACUC.



Expression and Purification of rSmAP

The coding sequence of SmAP (accession number, EU040139), including the signal peptide and GPI anchoring domain, was synthesized commercially (Genscript USA Inc., Piscataway, NJ, USA) in codon optimized form (using hamster codon preferences) Next, the region encoding amino acids K29-R512 (i.e., lacking the amino terminal signal peptide and the carboxyl terminal GPI anchoring signal) was produced by PCR using the synthetic SmAP DNA and forward and reverse primers containing AscI and XhoI restriction sites, respectively. The purified PCR product was cloned into the pSecTag2A plasmid (ThermoFisher Scientific) at the AscI and XhoI sites in frame (at the 5′-end) with the Igκ leader sequence and (at the 3′-end) a myc tag and 6-histidine tag. Sequencing at the Tufts University Core Facility confirmed successful in-frame cloning.

To express rSmAP, suspension-adapted FreeStyle Chinese Hamster Ovary Cells (CHO-S cells, Invitrogen) were first grown in FreeStyle CHO Expression Medium containing 8 mM L-glutamine (Thermo Fisher Scientific) at 37°C and 8% CO2 with shaking. Next, cells were transfected using Free-Style Max Reagent following the manufacturer’s instructions (ThermoFisher Scientific). Transfected cells were grown as before and aliquots were recovered at different time points post-transfection to monitor viability (by Trypan Blue exclusion) and rSmAP expression (by western blotting). Optimal recombinant protein expression coupled with high cell viability was found 48–72 h after transfection.

Recombinant SmAP was recovered from 72-h cell culture medium by immobilized metal affinity chromatography (IMAC) using HisTrap™ Excel columns, according to the manufacturer’s instructions (GE Healthcare Life Sciences). Column fractions were evaluated by SDS-PAGE. Purified recombinant protein, eluted from the column, was dialyzed twice overnight at 4°C against 50 mM Tris–HCl (pH 7.4), 150 mM NaCl. The protein was then concentrated using ultrafiltration centrifugation (Pierce Protein Concentrators, 10K MWCO, ThermoFisher Scientific). A BCA Protein Assay Kit (Pierce) was used to determine the final protein concentration and an aliquot was resolved by SDS-PAGE and Biosafe Coomassie staining (BioRad) to assess purity. Western blot analysis was used (as described in the following section) to characterize rSmAP, using a commercially prepared anti-SmAP antibody (1:500) (16) or an anti-myc HRP-conjugated antibody (1:5,000; ThermoFisher Scientific).



Deglycosylation of SmAP

Peptide-N-Glycosidase F (PNGase F, New England Biolabs) was employed to N-deglycosylate recombinant and native SmAP proteins following the manufacturer’s instructions. In brief, 5 μg of rSmAP, or 50 μg of adult male worm lysate (generated by homogenizing adult worms in ice cold PBS with protease inhibitors), was denatured at 100°C for 10 min in the presence of 40 mM DTT and 0.5% SDS. Next, NP-40 was added to 1%. PNGase F and deglycosylation buffer were added and the mixture incubated at 37°C for 3 h. Following this, the PNGase F-treated, and untreated control protein samples were resolved by 4–20% SDS-PAGE (BioRad), transferred to PVDF membrane and probed by standard western blotting using an affinity purified, rabbit anti-SmAP antibody (16). In brief, the membrane was blocked with Tris-buffered saline, pH 7.5, 0.05% Tween 20 (TBST) with 5% dry, non-fat milk powder for 1 h at ambient temperature. The membrane was next incubated with anti-SmAP antibody (1:500) for 1 h at ambient temperature, washed with TBST buffer for 30 min, and incubated with horseradish peroxidase-labeled donkey anti-rabbit IgG (1:5,000) (GE Healthcare, NJ, USA) for 1 h at ambient temperature. Signals were monitored using ECL Western Blotting Detection Reagents (GE Healthcare) and a ChemiDoc Touch Imaging system (BioRad).



SmAP Activity Assay

To measure SmAP activity in living parasites, approximately 1,000 schistosomula or individual adult male or female worms (in replicate) were incubated in assay buffer [50 mM Tris–HCl (pH 9), 5 mM KCl, 135 mM NaCl, 10 mM glucose, 10 mM MgCl2] containing the substrate p-nitrophenyl phosphate (p-NPP, routinely at 2 mM) or nucleoside monophosphate (AMP, CMP, GMP, TMP, 0–2 mM) or sphingosine 1 phosphate (S1P, 0.5 mM) (16). S1P, obtained from Sigma-Aldrich, was prepared in methanol at 2.6 mM solution as recommended by the manufacturer. In some preparations, S1P was dissolved in 95% methanol, dried under nitrogen gas, and reconstituted in fatty acid-free bovine serum albumin (4 mg/ml). rSmAP was used at 0.5–5 μg/assay, as indicated, and with 0.5 mM S1P. To monitor p-nitrophenol generated following p-NPP substrate cleavage, changes in optical density at 405 nm over time were measured with a Synergy HT spectrophotometer (Bio-Tek Instruments, Winooski, VT, USA). Phosphate generated following substrate (nucleoside monophosphate or S1P) cleavage was measured using a Phosphate Colorimetric Assay Kit (BioVision), following the instructions of the manufacturer. Samples were recovered at selected time points from each reaction and substrate cleavage (phosphate generation) was monitored.



Biochemical Characterization of rSmAP

To measure the pH preference of rSmAP, cleavage of p-NPP was determined over a pH range from 5.5 to 12 in the following buffers: MES (pH 5–6.5), MOPS (pH 6.5–7.5), HEPES (pH 7.0–8.0), Tris–HCl (pH 7.5–9.0), Trizma (pH 9.0), glycine-NaOH (pH 9.0–12) buffers. The 200 μl reaction mixture contained 50 mM of the appropriate buffer, 10 mM MgCl2, 0.5 μg rSmAP, and 2 mM p-NPP.

To determine the need of rSmAP for divalent ions, the standard p-NPP cleavage assay was carried out as described above but with the 50 mM Tris–HCl (pH 9) buffer modified to contain different concentration of MgCl2, CaCl2, ZnCl2, or CuCl2 as indicated, or 5 mM ethylenediaminetetraacetic acid (EDTA). The Michaelis–Menten equation was applied to measure the enzyme’s Michaelis constant (Km) for selected substrates. Data were analyzed and plotted using GraphPad Prism 5.0.



Treatment of Parasites With siRNAs

Parasites were electroporated with 10 μg of either a synthetic siRNA targeting SmAP (SmAPsiRNA 1: 5′-AAGAAATCAGCAGATGAGAGATTTAAT-3′) or with a control siRNA targeting no sequence in the schistosome genome (Control: 5′-CTTCCTCTCTTTCTCTCCCTTGTGA-3′) following a protocol that yields robust suppression of SmAP gene expression (16).



S1P, Sphingosine and Phosphate Detection

Blood was recovered from the tail veins of 10 mice into heparinized tubes. Blood cells were pelleted by brief centrifugation, and the plasma generated was pooled and aliquoted. Adult schistosomes (~50 pairs) were incubated in one 500 μl murine plasma aliquot, which was incubated at 37°C. A control aliquot (without worms) was similarly treated. Samples, collected at baseline (0 min) and after 20 and 60 min incubation with or without parasites, were subjected to metabolomic analysis at Metabolon Inc. The relative levels of three metabolites [S1P, sphingosine, and phosphate] are described, and these are extracted from a global metabolomics analysis carried out using the pipeline developed by Metabolon. At least four samples per treatment/time point were tested. Briefly, each plasma sample was prepared by solvent extraction, and the resulting extract was applied to gas chromatography/mass spectrometry (GC/MS) and liquid chromatography tandem MS (LC/MS/MS) platforms (39). S1P, sphingosine, and phosphate were each identified by their retention time and mass by comparison to purified standards. Results are expressed relative to the baseline (0 min) measurement, set at 1.



Statistical Analysis

Data are presented as mean ± SD. Means were compared by: t-test (two-tailed, unpaired) for comparison of two groups; one-way ANOVA for comparison of more than two groups; repeated-measures ANOVA for comparison of more than two matched groups; and two-way ANOVA for comparison of different groups with different factors followed by a post hoc Bonferroni multiple comparison test using GraphPad Prism, v. 5 (GraphPad Software, Inc., San Diego, CA, USA). For metabolite comparisons, Welch’s two-sample t-test was used to identify biomolecules differing significantly between groups. p < 0.05 was considered significant.




RESULTS


Expression of rSmAP

Plasmid encoding a His-tagged, secreted form of SmAP was transfected into CHO-S cells and 72 h later, the culture supernatant was collected; rSmAP was recovered using standard IMAC. Figure 1A (“Gel” lane) shows purified rSmAP, eluted from the chromatography column. This protein is also detected by western blotting using an anti-myc tag antibody (Figure 1A, “Blot” lane). The arrowhead indicates rSmAP, running at ~60 kDa.
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FIGURE 1 | Analysis of Schistosoma mansoni alkaline phosphatase (SmAP) by SDS-PAGE and Western Blotting. (A) Following immobilized metal affinity chromatography, an aliquot of purified recombinant SmAP (rSmAP) was resolved by SDS-PAGE and the gel was stained with Coomassie Blue. A prominent band at ~60 kDa is seen (gel) that can also be detected by western blotting using an anti-myc tag antibody (blot), as indicated by the arrowhead. M indicates molecular size markers and the numbers given represent kDa. (B) Western blot analysis of SmAP glycosylation status. rSmAP or adult worm lysate (Sm) was resolved by SDS-PAGE following treatment with PNGase F (+) or after no treatment (−), as indicated. The native protein resolves as a prominent band at ~60 kDa (lane Sm −, right arrowhead). Following incubation of the worm extract with PNGase F, this larger band disappears and a slightly smaller band (at ~57 kDa) appears (lane Sm +, arrow). Incubation of rSmAP with PNGase F also leads to a notable shift in its migration profile; the broad band at ~60 kDa in the rSmAP “−” lane disappears and a band running at ~55 kDa is now seen (rSmAP+). Numbers represent kDa of molecular size markers (left lane).


Figure 1B compares rSmAP with the native schistosome protein by western blot analysis before (−) and after (+) treatment with PNGase F. The native protein resolves as a prominent band at ~60 kDa in extracts of adult male worms (Figure 1B, lane Sm −, arrowhead). After incubating the worm extract with PNGase F, this larger band disappears and a new, slightly smaller band appears (at ~57 kDa; Figure 1B, lane “Sm +” arrow). Incubating purified rSmAP with PNGase F similarly leads to a detectable shift in its migration profile; the broad band at ~60 kDa in the rSmAP (−) lane disappears and a band running at ~55 kDa is now seen (rSmAP+). These data show that both the native and recombinant protein are glycosylated.



Characterization of SmAP

Purified rSmAP displays clear enzymatic activity; in Figure 2A, the ability of 0.2 μg rSmAP to cleave the artificial substrate p-NPP over time is illustrated (the chemical structure of p-NPP is shown). It is clear that live schistosomula exhibit the same activity as do, to a greater degree, homogenates of schistosomula (Figure 2A, compare “Schistosomula lysate” versus “Live schistosomula”). Medium in which the parasites were cultured shows no enzyme activity (Figure 2A, “Medium control”).
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FIGURE 2 | (A) Schistosoma mansoni alkaline phosphatase (SmAP) activity (p-NPP cleavage, mean OD405 ± SD) exhibited by recombinant protein (rSmAP, filled triangles) or live schistosomula (groups of 1,000, circles) or total lysates of equivalent numbers of schistosomula (squares). Medium in which schistosomula had been incubated for 24 h displayed essentially no activity (open triangles, “Medium control”). The chemical structure of SmAP substrate para-nitrophenyl phosphate (p-NPP) is illustrated. (B) SmAP activity (p-NPP cleavage/h, mean OD405 ± SD) observed in individual live adult males (blue) or females (red) compared to that detected in total lysates of individual males or females. N ≥ 10 in each case. * indicates that lysates of male or female worms exhibit significantly greater substrate cleavage than live male or female worms; t-test, p < 0.01.


Figure 2B shows that individual live adult parasites also cleave p-NPP and lysates of individuals exhibit significantly greater substrate cleavage. This is the case for both male (blue) and female adult worms (red), p < 0.01. In these experiments, lysates cleave about double that of live parasites.

As shown in Figure 3A, adding Mg2+ (at 1 or 5 mM) to the assay buffer significantly enhances rSmAP activity. In contrast, other divalent cations (Ca2+, Zn2+, or Cu2+) do not promote rSmAP activity; indeed, at 5 mM, all of these significantly impair enzyme activity (p < 0.05). Removing cations from the reaction buffer by adding the divalent ion chelator EDTA (5 mM) eliminates rSmAP activity (Figure 3A, EDTA). The pH preference of rSmAP for p-NPP cleavage was assessed in the range of 5.5–12 and Figure 3B reveals that the enzyme exhibits optimal activity at pH 9. Figure 3C is a Michaelis–Menton plot, illustrating the kinetics of rSmAP-mediated p-NPP cleavage; the Km of rSmAP for p-NPP is 288 ± 12 μM.


[image: image1]
FIGURE 3 | Characterization of rSmAP. (A) Relative activity of rSmAP (p-NPP cleavage, mean OD405 ± SD) in the presence of 0, 1, or 5 mM of added metal cations (Mg2+, Ca2+, Cu2+, or Zn2+) or 5 mM ethylenediaminetetraacetic acid (EDTA), as indicated. Activity of rSmAP in buffer lacking added metal cations (0) is set at 100%. * indicates statistically significant difference compared to no additive (0; t-test, p < 0.05). (B) pH preference of rSmAP in the hydrolysis of p-NPP. (C) Michaelis–Menton plot of SmAP-mediated p-NPP cleavage kinetics; the Km of rSmAP for p-NPP is 288 ± 12 μM, derived from three independent experiments.


Figure 4 shows data relating to the ability of SmAP to cleave four common nucleoside monophosphates (NMPs). These are: AMP, CMP, GMP, and TMP. In one experiment, living parasites were first treated with an siRNA to suppress SmAP gene expression or with a control siRNA or with no siRNA. This treatment consistently results in more than 90% suppression of SmAP RNA (16). Next, the ability of all parasites to cleave the four NMPs was assessed 7 days post siRNA treatment. Figure 4A shows that living parasites that have had their SmAP gene suppressed are significantly impaired in their ability to cleave these NMPs compared to controls (p < 0.05, in all cases). Figure 4B shows that rSmAP alone can cleave AMP, CMP, GMP, and TMP; in each case, increasing amounts of cleaved phosphate are detected over time. Figure 4C gives the chemical structures of each NMP as well as Michaelis–Menton plots illustrating the similar Km values of rSmAP for these NMPs, which range from 595 μM (for TMP) to 650 μM (for AMP).
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FIGURE 4 | (A) Schistosoma mansoni alkaline phosphatase (SmAP) gene suppression by RNAi. Phosphate generation (μM, mean ± SD) by live schistosomula (groups of 1,000) 7 days after treatment with SmAP siRNA or an irrelevant siRNA (Control) or no siRNA (None) in the presence of different nucleoside monophosphates (NMPs) (AMP, CMP, GMP, or TMP, as indicated). In each case, parasites treated with SmAP siRNA generate significantly less phosphate compared to controls (*, one-way ANOVA, p < 0.05). (B) Phosphate generation (μM, mean ± SD) by rSmAP over time with AMP, CMP, GMP, or TMP (as indicated) as substrate. (C) Michaelis–Menton plots of SmAP-mediated AMP, CMP, GMP, or TMP (as indicated) cleavage kinetics, generated, and analyzed using GraphPad Prism 5.0; the chemical structures of each of the NMPs as well as the mean Km values of rSmAP for each is given. Km values were derived from three independent experiments.




Schistosomes Cleave S1P

To examine changes brought about by schistosomes on host plasma, adult worms were first incubated in murine plasma as described in Section “Materials and Methods.” 20 and 60 min later, samples were collected and changes to the plasma metabolome were measured. Figure 5 illustrates relative changes in three metabolites [S1P (top panel), sphingosine (middle panel), and phosphate (lower panel)] from murine plasma, which contained (+) or did not contain (−) adult schistosomes. Figure 5A shows that there is a significant drop in the level of S1P at the 60-min time point in the plasma sample that contained worms, and this is accompanied by a significant increase in plasma sphingosine (shown in Figure 5B) as well as a significant increase in free phosphate detected, as shown in Figure 5C (p < 0.05 in each case). Since these data suggest that the worms can cleave S1P to generate sphingosine and phosphate, we next examined the ability of the worms to hydrolyze commercially obtained S1P. Figure 6A shows that all intravascular schistosome life stages [schistosomula (gray bars in Figure 6A), adult females (red bars), and adult males (blue bars)] can indeed cleave S1P to release phosphate (which accumulates over time). The chemical structure of S1P is given. Next, we set out to test the hypothesis that tegumental SmAP is responsible for the S1P cleavage seen. Adult worms were first treated with siRNAs targeting SmAP or with control siRNAs or with no siRNA and the ability of all worms to hydrolyze S1P was compared 7 days later. Figure 6B shows the results of this experiment, and it is clear that worms whose SmAP gene has been suppressed cleave significantly less S1P compared to control worms treated either with the control siRNA or with no siRNA (p < 0.001). Finally, as shown in Figure 6C, rSmAP, tested at two different concentrations (1 and 5 μg/reaction) cleaves S1P.
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FIGURE 5 | Box plots showing relative differences in the levels of Sphingosine-1-Phosphate [(A), top], Sphingosine [(B), middle], and Phosphate [(C), bottom] in murine plasma that either contained adult schistosomes (+, red) or did not contain schistosomes (−, blue) for the indicated time periods. * indicates statistically significant difference compared to the same time point lacking parasites; Welch’s two-sample t-test, p < 0.05. Each box bounds the upper and lower quartile, the line in each box is the median value and “+” signifies the mean value for the sample; error bars indicate the maximum (upper) and minimum (lower) distribution. Values obtained at zero time (0) are set at 1.
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FIGURE 6 | (A) Phosphate generation (μM, mean ± SD) by live schistosomula (groups of 1,000, gray bars) or individual adult females (red bars) or individual adult males (blue bars) in the presence of sphingosine-1-phosphate (S1P). The chemical structure of S1P is shown. (B) Phosphate generation (μM, mean ± SD) by individual live adult male worms 7 days after treatment with Schistosoma mansoni alkaline phosphatase (SmAP) siRNA or an irrelevant siRNA (Control) or no siRNA (None) in the presence of S1P. Parasites treated with SmAP siRNA generate significantly less phosphate compared to controls (*, one-way ANOVA, p < 0.001). (C) Phosphate generation (μM, mean ± SD) by rSmAP (1 or 5 μg) over time with S1P as substrate.





DISCUSSION

In this work, rSmAP was generated and purified using a CHO cell expression system. The recombinant protein is of high purity as assessed by SDS-PAGE and Coomassie staining, and it is recognized by commercially generated anti-SmAP antibodies (as well as antibodies directed to the recombinant protein’s myc tag). Analysis of rSmAP by SDS-PAGE shows it to run at a slightly higher molecular weight protein than predicted (~60 versus 57 kDa). The difference may reflect glycosylation of the recombinant protein. Indeed, treatment of rSmAP with, PNGase F (an N-glycan cleaving enzyme), results in a small but discernable protein mobility shift following SDS-PAGE. Similarly, treatment of the native protein in worm extracts also leads to a mobility shift showing that SmAP is a glycosylated protein (17). This result is in agreement with earlier work in which the enzyme was purified from extracts of adult worms by lectin (Concanavalin A) agarose affinity chromatography (40). SmAP protein sequence analysis shows it to possess several potential N-linked glycosylation sites (16).

Here, we show that rSmAP can hydrolyze the artificial substrate p-NPP in a reaction that requires Mg2+ ions. Other cations (Ca2+, Cu2+, Zn2+) cannot substitute for Mg2+ and taking away cations by treating the protein extract with the chelator EDTA abolishes enzyme activity. These data are consistent with an earlier report in which the alkaline phosphatase activity of isolated S. mansoni tegumental material was stimulated by 10 mM Mg2+ but inhibited by >1 mM Ca2+ (41). Adding increasing amounts of non-Mg2+ cations to the reaction measured here diminishes enzyme activity, presumably by competing for efficient Mg2+ binding to the protein.

Like other schistosome ectoenzymes that are well expressed at the host–parasite interface [e.g., the nucleotide pyrophosphatase/phosphodiesterase SmNPP5 and the ATP diphosphohydrolase SmATPDase1 (12, 16, 41)], SmAP too displays highest activity under alkaline conditions. The enzyme’s pH optimum is 9. How enzymatically efficient alkaline-loving parasite ectoenzymes like SmAP are in the host vasculature is unclear given that blood, the habitat of the worms studied here, is strongly buffered and maintains a neutral pH. Additionally, the adult worms excrete large amounts of lactate (42, 43), which would serve to acidify the parasite’s local environment, potentially further dampening the activity of these tegumental ectoenzymes.

Early work revealed alkaline phosphatase activity in the parasite surface membranes (44, 45) and, almost certainly, the activity of SmAP was being measured. More recent tegument proteomic studies (46–48), as well as immunolocalization experiments (16, 17), confirm that SmAP is found in the parasite surface membranes. We show here that living schistosomes (schistosomula as well as adult male and female worms) can cleave the alkaline phosphatase substrate p-NPP. We have previously shown that live schistosomula whose SmAP gene is suppressed by RNAi are severely diminished in their ability to cleave this substrate (16). In this work, we provide direct evidence that rSmAP can cleave p-NPP.

Immunolocalization data reveal that SmAP, in addition to being in the tegument, is also found in the parasite’s internal tissues (16). This is consistent with our finding that parasite lysates (schistosomula as well as adult male and female worms) display greater p-NPP cleaving ability compared to the live worms. Activity displayed by living parasites represents the action of SmAP enzyme that is located at the host–parasite interface whereas lysates contain both surface and internal SmAP. The activity measured for individual males versus individual females is comparable. So, while individual females are considerably smaller than their male counterparts, they do display higher relative expression of the SmAP gene (16). Earlier work examining isolated adult tegumental material reported that >75% of total alkaline phosphatase activity was found in these “epidermis membranes” (49). Our experiments involving live worm alkaline phosphatase activity suggest that tegumental activity accounts for somewhat less (~50%) of that measured in total parasite lysates. This is true for schistosomula as well as adult males and females. Note that medium in which schistosomula were cultured for 24 h does not have SmAP activity showing that the protein has not been excreted or secreted from the parasites to any measurable extent during culture.

Living schistosomes can also cleave several NMPs: AMP, CMP, GMP, and TMP. We show here that parasites whose SmAP gene has been suppressed are substantially diminished in their ability to cleave these substrates. rSmAP also cleaves these NMPs and with a generally similar Km (~600–650 μM). SmAP-mediated cleavage of AMP leads to the generation of adenosine (16) which, by signaling through purinergic receptors, could dampen host immune responses (7, 50) as well as inhibit platelet aggregation and block thrombus growth (21, 51). Of course, adenosine generated by the SmAP-mediated dephosphorylation of AMP may additionally (or instead) be taken up by the parasites as a nutrient (16). Since schistosomes cannot make purines de novo (52), salvage of such metabolites from the host is vital. In a similar manner, SmAP-mediated dephosphorylation of CMP, GMP, and TMP may generate the nutrients cytosine, guanine, and thymine in the immediate environment of the parasites from where these might be conveniently and efficiently taken in.

Clues as to other biomolecules that might act as substrates for SmAP arose following our analysis of the metabolome of murine plasma in which adult schistosomes were incubated for 1 h. Such a plasma sample, compared to a control, shows a diminution in S1P levels along with a concomitant increase in sphingosine and phosphate. This suggests that schistosomes can cleave S1P to generate its component parts. The fold increase in sphingosine and phosphate is notably greater than the fold decrease in S1P, suggesting that sources other than S1P account for much of the accumulated sphingosine and phosphate. To test the hypothesis that schistosomes can indeed hydrolyze S1P (and not merely recruit or activate a host enzyme with this function), living intravascular life-stage parasites (schistosomula and adult males and females) were each incubated with commercially obtained S1P. At selected times thereafter, S1P cleavage was examined by monitoring the level of phosphate released. In each case, this was observed. Furthermore, parasites whose SmAP gene was suppressed using RNAi were significantly impaired in their ability to cleave S1P. Consistent with this finding is the observation that rSmAP can, itself, cleave S1P to liberate phosphate. This is the first report of any parasite possessing the ability to cleave this important bioreactive metabolite.

Sphingosine-1-phosphate is a lipid signaling molecule that plays a key role in the orchestration of immune responses. It binds to a collection of G-protein-coupled receptors (S1P receptors 1 to 5) leading to downstream cellular and signaling effects. S1P is enriched in blood and lymph, whereas it is found at much lower levels in the interstitial fluids of tissues, creating a steep S1P gradient (53) that is used to control the trafficking of immune cells like lymphocytes, dendritic cells, and neutrophils (54). S1P can be secreted by monocytes and vascular endothelial cells (22, 23) and during some inflammatory reactions, “a burst of S1P” is reported to become available to its receptors in the extravascular compartment likely leading to tissue responses (53). Elevated local S1P concentrations have been postulated to play an important role in guiding immune cells to sites of local injury (33). Processes like lymphocyte and innate lymphoid cell circulation, leukocyte recruitment and positioning, antigen presentation, and inflammation can all be impacted by local and systemic S1P levels and by S1P receptors on immune cells (22, 23, 32). By degrading S1P using SmAP, we hypothesize that schistosomes contain any S1P burst and dampen associated parasite-damaging host responses.

Recent studies have revealed that S1P signaling is not just involved in immune cell function but is also actively coupled with coagulation processes (33). During vascular injury, the coagulation proteases thrombin and activated factor X can enhance the synthesis and release of S1P from vascular smooth muscle cells (33). Platelets, which contain high concentrations of S1P, can release it during coagulation (55). In addition, S1P, acting on S1P receptor 1 expressed by platelets, can enable platelet aggregation in response to protease-activated receptor 4-peptide and ADP (36). For schistosomes, the action of tegumental SmAP would likely diminish the local concentration of S1P to ameliorate its downstream pro-coagulant effects. Finally, S1P has been shown to be critical for thrombopoiesis (56), and it is possible that schistosome mediated destruction of this metabolite could contribute to the decline in platelet numbers observed in infected vertebrate hosts (57).

This is the first report of an ability of any pathogen to target and degrade extracellular S1P. It has been reported that some pathogenic bacteria can subvert intracellular S1P pathways to promote survival. For instance, within macrophages, Burkholderia pseudomallei and B. thailandensis secrete S1P-cleaving enzymes (S1P lyases) that are required for replication and virulence (58). A Legionella pneumophila S1P lyase restrains autophagy within infected macrophages and contributes to bacterial virulence (59). In these examples, the pathogen enzymes target intracellular S1P; in the case of schistosomes, it is an ectoenzyme—tegumental SmAP—degrading extracellular S1P levels that may impede S1P signaling and promote parasite survival.

We are now developing a more complete understanding of the molecular capabilities of the intravascular S. mansoni tegument. The tegument is more than a surface for the uptake and exchange of metabolites (60). It contains a collection of proteins that can profoundly impact the biochemistry of the parasite’s local environment. For instance, host-interactive tegumental proteases can cleave key components of the coagulation cascade like fibronectin (61) and high molecular weight kininogen (62). Tegumental ATP diphosphohydrolase, SmATPDase1, can cleave the pro-inflammatory mediator ATP as well as the procoagulant ADP (12, 63). The ectonucleotide pyrophosphatase/phosphodiesterase SmNPP5 can additionally cleave ADP and has been shown to block platelet aggregation in vitro (13). In addition, the parasites express proteins at their surface (e.g., SmEnolase) that can act to recruit and enhance the activation of the thrombus-degrading enzyme plasminogen (64). The tegumental ectoenzyme under study here—SmAP—contributes to these capability’s by converting AMP to its anti-inflammatory, anti-thrombotic derivative adenosine (16) and, as shown in this report, by degrading the pro-inflammatory and pro-coagulant lipid mediator S1P. All of these molecular effects likely contribute to the known ability of living schistosomes to hamper blood coagulation in vitro (65), to remain overtly unmolested by immune and coagulation effectors in vivo (5) and to survive for many years within the vasculature of their hosts.
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Infection with Schistosoma mansoni causes a chronic parasitic disease that progress to severe liver and gastrointestinal damage, and eventually death. During its development into mammalian hosts, immature schistosomula transit through the lung vasculature before they reach the liver to mature into adult worms. A low grade inflammatory reaction is induced during this process. However, molecules that are required for efficient leukocyte accumulation in the lungs of S. mansoni-infected subjects are unknown. In addition, specific leukocyte subsets that mediate pulmonary response during S. mansoni migration through the lung remain to be elucidated. β2 integrins are fundamental regulators of leukocyte trans-endothelial migration and function. Therefore, we investigated their role during experimental schistosomiasis. Mice that express low levels of CD18 (the common β2 integrin subunit) and wild type C57BL/6 mice were subcutaneously infected with S. mansoni cercariae. Cellular profiles of lungs and livers were evaluated in different time points after infection by flow cytometry. Low levels of CD18 affected the accumulation of patrolling Ly6Clow, intermediate Ly6Cinter monocytes, monocyte-derived macrophages and monocyte-derived dendritic cells in the lungs 7 days after infection. This correlated with increased TNF-α levels. Strikingly, low CD18 expression resulted in monocytopenia both in the peripheral blood and bone marrow during acute infection. After 48 days, S. mansoni worm burdens were higher in the hepatic portal system of CD18low mice, which also displayed reduced hepatic accumulation of patrolling Ly6Clow and intermediate Ly6Cinter, but not inflammatory Ly6Chigh monocytes. Higher parasite burden resulted in increased granulomatous lesions in the liver, increased egg deposition and enhanced mortality. Overall, our data point for a fundamental role of CD18 for monocyte hematopoiesis during infection, which promotes an efficient host response against experimental schistosomiasis.

Keywords: β2 integrin, schistosomiasis, monocytes, hematopoiesis, immune regulation, resistance


INTRODUCTION

Schistosomiasis is a neglected helminthic disease caused by worms of the genus Schistosoma spp. (1). According to WHO, the disease affects millions of people in tropical and subtropical regions, and approximately 200,000 fatal outcomes per year have been estimated in the sub-Saharan Africa (2). After infective cercariae penetrate the host skin, they differentiate into endoparasitic larvae, the schistosomula. The parasites penetrate the skin within the first hours and migrate through systemic vasculature circuit, peaking in the lungs between 5 and 7 days of infection (3). Larvae that pass through the lung vasculature are delivered to the hepatoportal circulation, where they mature into adult worms and later migrate to mesenteric venules, mate, and begin egg deposition (4, 5).

During the acute phase of schistosomiasis, innate immune cells are activated and predominantly produce cytokines such as TNF-α, IL-2, IL-6, and IL-1β. When eggs are produced, this cytokine profile changes dramatically. Indeed, chronic schistosomiasis is characterized by the high levels of IL-4, IL-5, IL-13, and IL-10 which trigger type 2 granuloma responses (6, 7). The balance between cytokines during early and later disease stages can determine the clinical outcome. After infection with S. mansoni, IL-4 deficient mice produce higher amounts of IFN-γ and TNF-α, but develop a severe and fatal disease (8). Beyond cytokine production, specialized innate immune cells drive the activation and polarization of adaptive immune responses mediated by T and B lymphocytes. During S. japonica infection, monocyte-derived dendritic cells (MDCs) produce IL-4 to trigger Th2 responses in the liver (9). These cells are commonly known as inflammatory DCs, characterized by the surface expression of CD11b+, CD11c+, MHC-II+, CD40+, CD86+, and Ly6Chigh (10). Distinct murine blood monocyte subsets display different molecular programs, which will favor the differentiation of MDC or monocyte-derived macrophages (MDM) (11, 12). However, the trafficking of such cells to affected tissues depends on chemokines, bioactive lipids, and molecules involved in cellular adhesion (13, 14). Ly6Chigh monocytes give rise to alternatively activated macrophages in liver granulomas of S. mansoni-infected mice (15, 16), requiring the activity of CCL2/CCR2 axis (16). Seminal studies in mice lead to the important observation that lungs of S. mansoni-infected animals, and not the skin, promote the greatest obstacle for further parasite migration in the vasculature (3, 17). Schistosomula trapped in lung capillaries induce a low grade inflammatory response (3). Pulmonary endothelial cells (ECs) are activated after S. mansoni infection, increase the expression of the adhesion molecule ICAM-1 and facilitate leukocyte infiltration (18). Indeed, the lung has been proposed to function as a vascular filter and site for induction T cell responses to large blood-borne pathogens, such as helminths (19). However, the dynamics of innate immune cell responses during S. manoni migration through the lung and the possible implications for latter outcomes remain poorly understood.

Integrins are fundamental molecules for leukocyte adhesion and trans-endothelial migration. Their structures are formed by the non-covalent association of one α-subunit and one β-subunit. The functional β2 integrin subunit (CD18) partners with different α-subunits (αL—CD11a, αM—CD11b, αX—CD11c, and αD—CD11d) to form specific molecules. The interaction with different ligands triggers specific immune cell functions, such as adhesion to endothelium or even cell signaling promoted by anaphylatoxins of the complement cascade (20). CD18 is important for efficient adhesion of eosinophils and neutrophils in lung capillaries, and they are required to maintain macrophage effector functions after stimulus with protein extracts or eggs of S. mansoni (21, 22). However, the role of β2 integrins during acute or chronic schistosomiasis has not been investigated. Using a mice model that express low levels of CD18, we found that β2 integrin is important for lung accumulation of specific monocyte subsets, MDMs and MDCs after 7 days of infection with S. mansoni. Of importance, low CD18 expression results in monocytopenia in the peripheral blood and bone marrow early after infection, suggesting that proper CD18 expression is particularly required for monocyte hematopoiesis during an infectious process. After 48 days, CD18low mice exhibited reductions in the percentage of neutrophils and absolute numbers of MDMs, as for increased levels of IFN-γ, TNF-α, and IL-10 in the lung. Intermediate and patrolling monocyte subsets were also reduced in the liver during chronic infection, while CD18 was required for proper parasite elimination and resistance against fatal outcomes. These data provide important insights into the immunopathogenesis of schistosomiasis and demonstrate a critical role of CD18 for the development and tissue accumulation of monocytes during infection.



MATERIALS AND METHODS


Mice

Male 12–15-week-old (22–26 g) C57BL/6 (WT) and homozygous CD18low mice on the C57BL/6 background were obtained from the animal facilities of the Faculdade de Ciências Farmacêuticas de Ribeirão Preto – Universidade de São Paulo (FCFRP-USP), Brazil. The CD18low (B6.129S-Itgb2tm1bay) mice were purchased at The Jackson Laboratory. All experiments using animals were approved by the Comissão de Ética no Uso de Animais da Faculdade de Ciências Farmacêuticas de Ribeirão Preto (Protocol Number 14.1.607.53.9) and carried out in accordance to the ethical principles for animal research adopted by the Sociedade Brasileira de Ciência em Animais de Laboratório.



Parasite Maintenance and Experimental Infection

Schistosoma mansoni LE strain was maintained by routine passage through Biomphalaria glabrata snails and BALB/c mice (20–25 g) from the animal facilities of the Faculdade de Medicina de Ribeirão Preto – Universidade de São Paulo (FMRP-USP). The infected snails were induced to shed cercariae under light exposure in water for 2 h. The number of cercariae in suspension was determined and mice were subcutaneously inoculated with 80 or 200 cercariae/animal with a sterile syringe and 22 G × 1″ needle (BD Biosciences, Franklin Lakes, New Jersey, USA). After 3, 7, 14, and 48 days post infection (dpi) the animals were euthanized for posterior analyses. For analysis of mice survival, mice were inoculated with 200 cercariae/animal with a sterile syringe and 22 G × 1″ needle (BD Biosciences, Franklin Lakes, New Jersey, USA) and monitored daily up to 70 dpi.



Hepatic Parasite Burden, Intestinal Egg Viability and Fecal Eggs Quantification

Liver parasite burdens were assessed as previously described (23). Adult S. mansoni were collected from the hepatic portal system with PBS containing 0.02 U/ml heparin. The worms were washed and counted using a dissecting microscope. Intestinal egg viability was measured in fragments of the intestine (terminal ileum), as previously described (24). The fragments were examined with an optical microscope (100 ×), and 200 eggs/mouse were counted and classified according to the developmental stage as follows: (i) viable immature eggs (1st to 4th stage), (ii) viable mature eggs or (iii) dead eggs. The percentage of eggs in each egg stage was calculated. The Kato-Katz technique was used to quantify S. mansoni eggs in stool samples, as previously described (25).



Flow Cytometry of Lung, Liver, Blood, and Bone Marrow Cells

Lung cell suspensions were obtained after tissue digestion at 37°C for 45 min in 1 mL/lung digestion buffer [RPMI 1640, Liberase 0.05 mg/mL (Roche, Basel, Switzerland) and DNase 0.5 mg/mL (Sigma Aldrich, St. Louis, Missouri, USA)], as previously described (26). For analysis of liver cell populations, tissue fragment was collected and homogenized in 4 mL of digestion buffer [HBSS, 0.05% collagenase II (Sigma Aldrich, St. Louis, Missouri, USA) and 1 mg/mL DNase (Sigma Aldrich, St. Louis, Missouri, USA)] at 37°C for 45 min. The enzymatic digestion was stopped by adding 100 μL of FBS and the tissue fragments passed through a cell strainer 100 μm pore size (BD Biosciences, Franklin Lakes, New Jersey, USA). The resulting suspension was centrifuged at 1,300 rpm, 10 min, 4°C. The cellular pellet was resuspended in 40% of isotonic Percoll and centrifuged at room temperature for 30 min at 1,500 g. Next, red blood cells were lysed, and remaining cells were washed in PBS, centrifuged and resuspended in RPMI 1640 containing 5% FBS. Suspensions of 2 × 106 cells from lung or liver were used in further analysis. Peripheral blood was drawn from the retro-orbital plexus. Bone marrow was flushed out from two femurs using RPMI. The red blood cells present in blood or bone morrow were lysed, and remaining cells were washed in PBS containing 5% FBS, centrifuged and resuspended in RPMI 1640 containing 5% FBS. Cell suspensions were used in further analysis. The following antibodies were used: CD11b (clone: M1/70); CD11c (clone: HL3); CD45 (clone: 30-F11); Ly6C (clone: HK1.4); Ly6G (clone: RB6-8C5); MHC-II (clone:M5/144.15.2), F4/80 (clone: BM8), CCR2 (clone: 5A203611) and CX3CR1 (clone: SA011F11). In vivo intravascular staining was performed as described (27). Briefly, 3μg of anti-CD45 antibody (Pacific Blue clone: 30-F11) were injected intravenously 3 minutes before euthanasia. The lung was processed for flow cytometry using a second anti-CD45 (APCCY7 clone: 30-F11), CD11b (clone: M1/70); CD11c (clone: HL3); Ly6C (clone: HK1.4); Ly6G (clone: RB6-8C5) and CX3CR1 (clone: SA011F11). All antibodies used for flow cytometry were purchased from eBioscience (San Diego, CA) or BD Biosciences (Franklin Lakes, New Jersey, USA). Data acquisition was performed using a FACSCanto II flow cytometer and FACSDiva software (BD Biosciences, Franklin Lakes, New Jersey, USA). 100,000 events were acquired for samples from lung, bone marrow and liver, while 50,000 events were acquired for blood samples. Data were plotted and analyzed using FlowJo software v.10.0.7 (Tree Star, Inc, Ashland, OR, USA).



Cytokine Quantification

Lungs from WT and CD18low uninfected and S. mansoni-infected mice were removed, weighed, homogenized in H2O Milli-Q containing protease inhibitor (Complete, Roche, Basel, Switzerland) and centrifuged to remove cellular debris (1,500 rpm, 5 min, 4°C). Supernatants were collected and stored at −20°C. Levels of IFN-γ, IL-6, TNF-α, IL-4, IL-5, and IL-10 were measured by enzyme-linked immunosorbent assay (ELISA) according to the manufacturers' recommendations (R&D Systems, MN, USA and BD Pharmingen, San Jose, CA, USA).



Lipid Mediator Quantification by LC-MS/MS

The lipid mediators LTB4 and PGE2 were measured in lungs from WT and CD18low mice uninfected and infected with S. mansoni. The tissue was homogenized in methanol, centrifuged (800 g, 10 min, 4°C) and stored at −80°C. Supernatants were transferred to autosampler vials and 10 μL of each sample were injected on the liquid chromatography-tandem mass spectrometry (LC-MS/MS) system TripleTOF® 5600+ (AB Sciex - Foster, CA, USA), as previously described (28).



Histopathological Analysis

Animals from each experimental group were euthanized at 48 days post-infection (dpi). The liver was excised, fixed with 10% formalin for 24 h, and embedded in paraffin. The tissue sections (5μm) were stained with H&E coloration for histopathological evaluation. Images were captured with a digital video camera (Leica® Microsystems, Heebrugg, Switzerland) adapted to DMR microscope (Leica®, Microsystems GmbH, Wetzlar, Germany). The images were processed using the Leica QWin software (Leica Microsystems Image Solutions®, Cambridge, UK). The labeling area of granuloma was measured (around single eggs) in a horizontal plane using Image J software.



Statistical Analyses

The data are expressed as the medians ± interquartile range (IR). Significant differences between experimental groups along the course of the infection were evaluated with Kruskal-Wallis followed by Dunn's multi-comparison test and two tailed p-values are reported. Categorical comparisons between two experimental groups were performed with Mann-Whitney test and one-tailed p-values are reported. All analyses were performed with GraphPad Prism software v6.0 (GraphPad Software Inc., San Diego, CA, EUA). Statistical significance was set at p < 0.05.




RESULTS


Low CD18 Expression Affects CD11B, but Not CD11C Expression by Lung Leukocytes During Experimental Schistosomiasis

The common subunit of β2 integrins (CD18) partners with several α subunits, including CD11b or CD11c, to form functional adhesion molecules and receptors. To investigate whether β2 integrins play a role in lung response during S. mansoni infection, C57BL/6 (WT) mice were initially infected with 80 cercariae. Lung cells were isolated in different time points after infection, and leukocytes were evaluated for surface expression of the α subunits, CD11b or CD11c, using the flow cytometric gating hierarchy shown in Figure 1A. Lung leukocytes from naïve WT mice expressed higher levels of CD11b compared to CD11c, which were also significantly elevated 3 and 14 days after S. mansoni infection (Figure 1B). During 48 days of infection, CD11c expression remained unaltered in lung leukocytes, whereas CD11b expression was reduced at 3, 7, and 48 dpi compared to lung leukocytes from naïve mice (Figure 1B). Next, we evaluated whether low CD18 expression would alter the expression of α subunits in lung leukocytes during S. mansoni infection. WT or CD18low mice were infected with 80 cercariae and the expression of CD11b and CD11c was evaluated by flow cytometry. Compared to naïve WT mice, CD11b expression was significantly reduced in leukocytes isolated from lungs of naïve CD18low mice. After infection, cells from both experimental groups exhibited dynamic CD11b expression profiles throughout the 48 days of infection, but differences did not reach statistical significance (Figure 1C). CD11c expression was stable between the two groups until the 48th day of infection, when lung leukocytes from CD18low mice exhibited significant reduction of CD11c expression (Figure 1D). Taken together, these results suggest that β2 integrins might play an important role for the host response during S. mansoni migration through the lung vasculature.
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FIGURE 1. S. mansoni infection modulates the expression of integrin αM (CD11b) and αX (CD11c) subunits in lung leukocytes. Lungs of uninfected and S. mansoni-infected C57BL/6 and CD18low mice were analyzed by flow cytometry. (A) Contour plots show representative flow cytometric data and indicate gating hierarchy for quantification of CD11b and CD11c expression. (B) Line plots show expression kinetics of CD11b or CD11c measured by mean fluorescence intensity (MFI) in lung leukocytes from C57BL/6 mice before and along the course of 48 days of infection. (C,D) Line plots show expression kinetics of CD11b (C) or CD11c (D) measured by MFI in lung leukocytes from C57BL/6 and CD18low mice before and during 48 days of infection. Median with interquartile range are shown for representative data out of two independent experiments (n = 5–7 mice per group, at each time-point, in each experiment). *p < 0.05, **p < 0.01 compared between α subunits using Kruskal–Wallis followed by Dunn's multi-comparison test.





CD18 Promotes Innate Leukocyte Accumulation in the Lung During Acute S. Mansoni Infection

During an infectious process, circulating myeloid cells are recruited for sites of inflammation and tissue damage by the action of chemokines, bioactive lipids, complement anaphylatoxins and adhesion molecules (13, 14). To determine the role of the common β2 subunit during S. mansoni migration through the lung, we evaluated the accumulation of innate immune leukocytes of infected WT or CD18low mice early after infection. Along the course of 7 days of infection, there were no differences in the percentage or absolute number of neutrophils (Ly6G+) in the lungs (Figure 2A and Figure S1A). We also evaluated the accumulation of monocytes, which are subclassified by different levels of Ly6C expression: Ly6Chigh (inflammatory monocytes), Ly6Cinter (intermediate monocytes) and Ly6Clow (patrolling monocytes) (Figure 2B and Figure S1B). These monocyte subsets display differential expression of the chemokine receptor CCR2 (29). Consistently, we observed that Ly6C+ subsets express high levels of CCR2, whereas patrolling LyC6low monocytes express negligible levels of CCR2 (Figure 2C). We observed that both percentage and absolute number of inflammatory Ly6Chigh monocytes remained unaltered in lungs of WT or CD18low mice infected with S. mansoni (Figure 2D). However, the absolute number of intermediate Ly6Cinter monocytes was significantly reduced in the lungs of CD18low animals at 7 dpi (Figure 2D). Moreover, both percentage and absolute number of patrolling Ly6Clow monocytes were significantly reduced in the lungs of CD18low mice at 7 dpi (Figure 2D). These data suggest that CD18 regulates the accumulation of specific monocyte subsets in the lung early after S. mansoni infection. Inflammatory and patrolling monocytes also differ on the expression of the chemokine receptor CX3CR1, with patrolling monocytes expressing the highest levels (29). To gather further confidence that proper CD18 expression is required for patrolling monocyte accumulation in the lung early after S. mansoni infection, we evaluated these cells in the lungs of WT and CD18low mice infected with S. mansoni for 7 days but including the monocyte phenotypic marker CX3CR1 (Figure 2E and Figure S1C). Corroborating our previous analysis, inflammatory Ly6[image: image] monocytes remained unaltered in the lungs of WT and CD18low mice (Figure 2F). In contrast, both percentage and absolute numbers of patrolling Ly6[image: image] monocytes were reduced in the lungs of CD18low mice at 7dpi (Figure 2F).
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FIGURE 2. Low CD18 expression modulates specific monocyte subset accumulation in the lungs of S. mansoni-infected mice. Lungs of uninfected and S. mansoni-infected C57BL/6 and CD18low mice were analyzed by flow cytometry. (A) Line plots showing the kinetics of percentage and absolute numbers of CD45+ CD11b+ Ly6G+ neutrophils before and along the course of 7 days of infection. (B) Contour plots show representative flow cytometric data of CD45+ CD11c− Ly6G− CD11b+ Ly6C+ monocyte subsets. (C) Scatter plot with bar show CCR2 mean fluorescence intensity (MFI) in cells expression varying levels of Ly6C before and 7 days after infection. (D) Line plots show kinetics of percentage and absolute numbers of distinct monocyte subsets. Median with interquartile range are shown for representative data of 4-6 uninfected-controls and 11–13 infected mice at 3 and 7 dpi. Results are a pool of two independent experiments. Data were analyzed with Kruskal–Wallis followed by Dunn's multi-comparison test (*p < 0.05, **p < 0.01 compared to WT in each time-point). (E) Contour plots show representative flow cytometric data of distinct monocyte subsets, including the marker CX3CR1 (F) Scatter plot with bar show the percentage and absolute numbers of inflammatory Ly6Chigh CX3CR1low monocytes (upper gate) and patrolling Ly6Clow CX3CR1high monocytes (lower gate). (G) Contour plots show representative flow cytometric data of distinct monocyte subsets, including the marker CX3CR1. (H) Scatter plot with bar show the percentage and absolute numbers of inflammatory Ly6Chigh CX3CR1low monocytes (upper gate) and patrolling Ly6Clow CX3CR1high monocytes (lower gate) in the lung vasculature. Median with interquartile range are shown for data of 4-5 uninfected-controls and 6 infected mice at 7 dpi from one experiment. Data were analyzed with Mann-Whitney test (*p < 0.05, **p < 0.01 compared to WT in each time-point).



Patrolling Ly6Clow CX3CR1high monocytes actively survey the vascular endothelium in a CD18-dependent manner and rapid invade tissues upon sterile inflammation and infection (12). Although schistosomula circulate through the lung, they do not actively transmigrate to the parenchyma, but rather accumulate in capillaries where they cause tissue damage due their large size (30). Therefore, it is possible that patrolling monocytes were reduced in the lung capillaries instead of the lung parenchyma. To test this hypothesis, we performed intravascular staining using anti-CD45 to track leukocytes present in the lung capillaries of WT and CD18low mice infected with S. mansoni for 7 days (Figure 2G and Figure S1C). Interestingly, the percentage of inflammatory Ly6Chigh CX3CR1low monocytes from CD18low mice was reduced in the lung vasculature when compared to WT mice (Figure 2H). However, these cells were greatly underrepresented in lung vasculature of both mouse strains when compared to those that infiltrated the lung parenchyma (Figure 2F). This indicates that inflammatory monocytes have infiltrated the lung tissue. In contrast, patrolling Ly6Clow CX3CR1high monocytes were equally represented in the lung vasculature of WT and CD18low mice (Figure 2H), demonstrating that low CD18 expression affects the infiltration of specific monocyte subsets in the lung tissue early after infection with S. mansoni.

Once they infiltrate into inflammatory foci, monocytes can differentiate into MDMs or MDCs (10), which are characterized mainly by the expression of the surface markers F4/80 and CD11c, respectively (Figure 3A). Compared to naïve WT mice, absolute numbers of pulmonary MDMs were reduced in naïve CD18low animals, but similar at 7 dpi (Figure 3C). Despite of that, the percentage of pulmonary MDMs was significantly higher in WT mice compared to CD18low animals (Figures 3B,C), whose percentage and absolute numbers of MDMs were already low before infection and remained unchanged at 7 dpi (Figure 3C). Furthermore, we observed that the percentage of pulmonary MDCs were significantly reduced in CD18low mice, both before and after 7 days of infection with S. mansoni (Figures 3D,E). Taken together, these data suggest that impaired infiltration of specific monocyte subsets in the lungs of CD18low mice also impacts the accumulation of MDMs and MDCs early after infection with S. mansoni.
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FIGURE 3. Low CD18 expression reduces the frequency of monocyte-derived macrophages and dendritic cells in the lungs of S. mansoni-infected mice. (A) Contour plots show representative flow cytometric gating hierarchy for analysis of CD45+ CD11b+ F4/80+ MHC-II+ monocyte derived macrophage (MDMs) and CD45+ CD11c+ MHC-II+ CD11b+ monocyte derived dendritic cells (MDCs). (B) Contour plots show representative flow cytometric data of MDMs. (C) Line plots show kinetics of percentage and absolute numbers of MDMs. (D) Contour plots show representative flow cytometric data of MDCs. (E) Line plots show kinetics of percentage and absolute numbers of MDCs. Median with interquartile range are shown for representative data of 6 uninfected-controls and 11–13 infected mice at 7 dpi and result are a pool of two independent experiments. Data were analyzed with Kruskal–Wallis followed by Dunn's multi-comparison test (*p < 0.05, **p < 0.01, compared to WT in each time-point).





CD18 Regulates Monocyte Hematopoiesis During Acute S. mansoni Infection

Lower accumulation of specific monocyte subsets in lungs of CD18low mice suggest that they were unable to properly infiltrate the tissue, and thus would remain in the vasculature. Although the frequency of patrolling Ly6Clow monocytes was similar in lung vasculature of WT and CD18low mice infected with S. mansoni for 7 days, we hypothesized that these cells would thus increase in the peripheral circulation. Therefore, we analyzed the frequency of neutrophils and monocytes in the whole blood of WT and CD18low mice early after infection. Percentage and absolute number of neutrophils were similar between both mouse strains (Figure 4A). To investigate blood monocytes, we first applied the flow cytometric gating hierarchy shown in Figure 4B and Figure S1B, which also revealed monocyte subset-dependent CCR2 expression (Figure 4C). There were no significant differences in inflammatory Ly6Chigh monocytes between both mouse strains (Figure 4D). Surprisingly, we observed that absolute numbers of intermediate Ly6Cinter monocytes and both percentage and absolute numbers of patrolling Ly6Clow monocytes were also reduced in the blood of infected CD18low mice (Figure 4D). We thus proceeded with the analysis using a flow cytometric gating hierarchy to include the CX3CR1 marker (Figure 4E and Figure S1D). Interestingly, we confirmed that patrolling Ly6Clow CX3CR1high monocytes were indeed reduced in the peripheral blood at 7 dpi (Figure 4F). However, this analysis revealed that inflammatory Ly6high CX3CR1low were also reduced in the peripheral blood (Figure 4F). Since β2 integrins are major regulators of trans-endothelial migration, we sought to investigate whether CD18 was necessary for monocyte egress from the bone marrow. For that, we evaluated monocytes in the bone marrow of WT and CD18low mice after 7 days of infection with S. mansoni. Strikingly, both percentage and absolute numbers of all monocyte subsets were reduced in the bone marrow of CD18low mice at 7dpi (Figures 4G,H), a phenomenon that was also observed when monocytes were characterized by CX3CR1 expression (Figures 4I,J). Taken together, reductions of monocytes in the peripheral blood and bone marrow suggest that low CD18 expression impairs the monocytic hematopoietic compartment during S. mansoni infection.
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FIGURE 4. Low CD18 expression impacts monocytopoiesis during acute S. mansoni infection. Peripheral blood and bone marrow of uninfected and S. mansoni-infected C57BL/6 and CD18low mice were analyzed by flow cytometry. (A) Line plots show the percentage and absolute numbers of neutrophils before and after 7 days of infection. (B) Contour plots show representative flow cytometric data of CD45+ CD11c− Ly6G− CD11b+ Ly6C+ monocyte subsets in the peripheral blood. (C) Scatter plot with bar show CCR2 mean fluorescence intensity (MFI) in cells expression varying levels of Ly6C before and 7 days after infection. (D) Line plots show the percentage and absolute numbers of distinct monocyte subsets in the peripheral blood. (E) Contour plots show representative flow cytometric data of distinct monocyte subsets in the peripheral blood, including the marker CX3CR1. (F) Scatter plot with bar show the percentage and absolute numbers of inflammatory Ly6Chigh CX3CR1low monocytes (upper gate) and patrolling Ly6Clow CX3CR1high monocytes (lower gate) in the peripheral blood. Median with interquartile range are shown for representative data of 9 uninfected-controls and 15–17 infected mice at 7 dpi and results are a pool of two independent experiments. Data were analyzed with Kruskal-Wallis followed by Dunn's multi-comparison test or Mann-Whitney test (*p < 0.05, **p < 0.01, ***p < 0.001 compared to WT in each time-point). (G) Contour plots show representative flow cytometric data of CD45+ CD11c− Ly6G− CD11b+ Ly6C+ monocyte subsets in the bone marrow. (H) Line plots show the percentage and absolute numbers of distinct monocyte subsets in the bone marrow. (I) Contour plots show representative flow cytometric data of distinct monocyte subsets in the bone marrow, including the marker CX3CR1. (J) Scatter plot with bar show the percentage and absolute numbers of inflammatory Ly6Chigh CX3CR1low monocytes (upper gate) and patrolling Ly6Clow CX3CR1high monocytes (lower gate) in the bone marrow. Median with interquartile range are shown for representative data of one independent experiment (n = 2 uninfected-controls and 5-6 infected mice per group at 7 dpi). Data were analyzed with Kruskal–Wallis followed by Dunn's multi-comparison test or Mann-Whitney (*p < 0.05, **p < 0.01, compared to WT in each time-point).





Low CD18 Expression Impacts Innate Leukocyte Accumulation in the Lung and Liver During Chronic Schistosomiasis

During chronic stages of the disease, mature parasites release eggs that trigger the granulomatous response in affected tissues (31). We thus evaluated the accumulation of innate leukocytes in the lungs of WT and CD18low mice infected with S. mansoni for 48 days. We observed a slight reduction in the percentage of neutrophils (Figure 5A), as for a reduction of the absolute number of MDMs in the lungs of CD18low mice (Figure 5C). However, the remaining cellular populations were unaltered between mice strains (Figures 5B,D). Formation of granulomas around eggs requires leukocyte recruitment into the liver, including inflammatory Ly6Chigh and patrolling Ly6Clow monocytes (16). We thus sought to investigate whether CD18 is necessary for efficient accumulation of leukocytes in the liver after 48 days of infection with S. mansoni. We found that lower CD18 expression does not affect neither neutrophil nor MDM or MDC frequency or absolute numbers in livers of S. mansoni-infected mice (Figures 5E,G,H). However, the percentages of intermediate Ly6Cinter and patrolling Ly6Clow monocytes were reduced in the livers of CD18low mice, while inflammatory Ly6Chigh monocytes were not significantly altered compared to WT animals (Figure 5F). These results suggest that impaired monocyte hematopoiesis in CD18low mice affects the accumulation of specific monocyte subsets during chronic infection with S. mansoni.
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FIGURE 5. CD18 is required for accumulation of specific leukocyte subsets in the lungs and liver during chronic schistosomiasis. Lungs and Livers of S. mansoni-infected C57BL/6 and CD18low mice were analyzed by flow cytometry at 48 dpi. (A) Contour plots show representative flow cytometric data of CD45+ CD11b+ Ly6G+ neutrophils and scatter plots with bar show the percentage and absolute numbers of neutrophils in the lung. (B) Contour plots show representative flow cytometric data of CD45+ CD11c− Ly6G− CD11b+ Ly6C+ monocyte subsets and scatter plots with bar show the percentage and absolute numbers of distinct monocyte subsets in the lung. (C) Contour plots show representative flow cytometric data of MDMs and scatter plot with bar show the percentage and absolute numbers of these cells in the lung (D) Contour plots show representative flow cytometric data of MDCs and scatter plot with bar show of percentage and absolute numbers of these cells in the lung. Median with interquartile range are shown for representative data of 4-5 WT and CD18low infected mice at 48 dpi and results are from one independent experiment. Data were analyzed with Mann-Whitney test (*p < 0.05, **p < 0.01, compared to WT in each time-point). (E) Contour plots show representative flow cytometric data of CD45+ CD11b+ Ly6G+ neutrophils and scatter plot with bar show the percentage and absolute numbers of neutrophils in the liver. (F) Contour plots show representative flow cytometric data of CD45+ CD11c− Ly6G− CD11b+ Ly6C+ monocyte subsets and scatter plot with bar show the absolute numbers of distinct monocyte subsets in the liver. (G) Contour plots show representative flow cytometric data of MDMs and scatter plot with bar show the percentage and absolute numbers of these cells in the liver. (H) Contour plots show representative flow cytometric data of MDCs and scatter plot with bar show the percentage and absolute numbers of these cells in the liver. Data are from one experiment (n = 5 WT and CD18low infected mice at 48 dpi) and were analyzed with Mann-Whitney test (*p < 0.05 compared to WT in each time-point).





CD18 Regulates Cytokine Production in the Lung During S. mansoni Infection

The production of eicosanoids by monocytes, such as LTB4, induces β2 integrin-dependent adhesion (13), while 5-lipoxygenase, a rate limiting enzyme for the production of leukotrienes, is crucial for the efficient formation of lung granulomas induced by S. mansoni eggs (31). We thus quantified LTB4 and PGE2 in lungs WT and CD18low mice over the course of 48 days of S. mansoni infection. Of note, there were no significant differences on PGE2 or LTB4 levels between the experimental groups (Figures 6A,B).
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FIGURE 6. CD18 is required for regulated production of cytokines in lungs of S. mansoni-infected mice. Lungs of uninfected and S. mansoni-infected C57BL/6 and CD18low mice were analyzed by liquid-chromatography tandem mass spectrometry (LC-MS/MS) and immunoenzymatic assay (ELISA). (A) Line plots show kinetics of LTB4 quantification by LC-MS/MS. (B) Line plots show kinetics of PGE2 quantification by LC-MS/MS. Median with interquartile range are shown for one independent experiment (n = 3–5 mice per group at each time-point). Data were analyzed with Kruskal-Wallis followed by Dunn's multi-comparison test. (C,D) Scatter plots with bar show quantification of IFN-γ, IL-6, TNF-α, IL-4, IL-5, and IL-10 by ELISA at 7 dpi (C) and 48 dpi (D). Median with interquartile range are shown for one independent experiment (n = 4–6 WT and CD18low infected mice at 7 and 48 dpi) and were analyzed with Mann-Whitney test (*p < 0.05, **p < 0.01 compared to WT in each time-point).



During immature stages of S. mansoni on the mammalian host, immune cells recognize parasite antigens and initiate the production of cytokines such as IFN-γ, IL-6, TNF-α, but once parasites mature and lay eggs, this profile changes toward production of IL-4, IL-5, and IL-10 (7). To elucidate the impact of CD18 for lung cytokine profiles during early and later phases of the infection, WT and CD18low mice were infected with 80 cercariae and lungs were collected after 7 and 48 dpi. At an early stage of infection (7 dpi), only TNF-α levels were significantly increased in lungs of CD18low compared to WT mice (Figure 6C). Interestingly, even after the parasite passage through the lung and maturation in liver and gut, CD18low mice showed increased levels of IFN-γ, TNF-α, and IL-10 at 48 dpi (Figure 6D). These data indicate that CD18 impacts significantly the function of immune cells in the lungs during S. mansoni infection. They affect not only cellular accumulation but are also required for the balance in cytokine production during acute and chronic schistosomiasis.



CD18 Confers Resistance Against Experimental S. mansoni Infection

To assess the importance of CD18 during chronic stages of the infection, WT and CD18low mice were infected with 200 cercariae and survival was monitored for up to 70 dpi. Of note, lower CD18 expression resulted in enhanced fatal outcomes to S. mansoni infection, as 61.9% of the animals succumbed within 70 dpi, compared to 10% of WT mice (Figure 7A). To confirm that this effect was independent of the initial parasite inoculum, CD18low and WT mice were infected with two different parasite inoculums (80 or 200 cercariae) and 48 dpi the animals was euthanized to quantify the parasite burden in the hepatic portal system. Independently of the initial parasite inoculum, CD18low mice had increased worm burdens in the livers at 48 dpi when compared to WT animals (Figure 7B).
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FIGURE 7. Low CD18 expression promotes susceptibility to S. mansoni infection. (A) Line plots show survival of WT and CD18low mice were infected subcutaneously with 200 cercariae of S. mansoni and monitored daily for 70 days (n = 13 per group). ***p < 0.001 using log-rank test. (B) Scatter plot with bar show the parasite worm burden determined by perfusion of the hepatic portal system on the 48th day after infection with 80 (n = 5 per group) and 200 cercariae (n = 10 WT and 9 CD18low infected mice). (C) Photomicrographs of liver lesion by H&E coloration (original magnification, X100) from WT and CD18low mice infected with 80 and 200 cercariae at 48 dpi with S. mansoni. (D,E) Scatter plots with bar show the labeling area of liver granuloma at 48 dpi with 80 cercariae and 200 cercariae, respectively. (F) Bar plot show mean ± SEM of eggs/g of feces from WT and CD18low mice infected with 80 cercariae of S. mansoni at 48 dpi, quantified according to Kato-Katz technique (n = 4 WT and 3 CD18low infected mice). (G) Bar plots show the percentage of immature, mature or dead S. mansoni eggs in the intestinal tissue from C57BL/6 and CD18low mice infected with 80 cercariae of S. mansoni at 48 dpi (n = 3 per group). The intestinal eggs were identified using the oogram methodology. Median with interquartile range are shown for one representative experiment out of two independent experiments. Data were analyzed with Mann-Whitney test (*p < 0.05, **p < 0.01 compared to WT in each time-point).



During chronic infections with S. mansoni, granulomas develop in the lung and liver to contain eggs that reach the circulation and tissues (7, 32). To assess whether CD18 is important for the granulomatous response, livers from CD18low and WT mice were collected at 48 dpi, after infection with 80 or 200 cercariae. Tissue staining with hematoxylin & eosin (H&E) showed that CD18low mice presented greater number of granulomas around eggs that spread all over the tissue (Figure 7C). However, granuloma areas were similar between the experimental groups (Figures 7D,E). This result suggests higher egg deposition by mature S. mansoni in CD18low mice compared to WT animals. To validate these findings, we assessed eggs on feces of animals from both groups. Accordingly, CD18low mice displayed increased number of eggs in feces at 48 dpi (Figure 7F). However, there were no differences on egg maturation and viability (Figure 7G). Overall, these data demonstrate that CD18 is required for specific leukocyte accumulation, proper granuloma formation, and parasite clearance during chronic schistosomiasis. Overall, these data suggest that increased tissue pathology caused by unbalanced cellular and cytokine profile in the lung, as well greater numbers of liver granulomas and consequent tissue damage, culminates in higher susceptibility of CD18low mice to experimental schistosomiasis.




DISCUSSION

Schistosomiasis is a neglected parasitic disease caused by Schistosoma spp. worms, which affects mainly children of tropical and subtropical regions (33). Severe symptoms include liver damage, pulmonary hypertension and even pericarditis (4, 5, 34). During infection of mammalian hosts, schistosomula migrate through the pulmonary-systemic vasculature before they reach the hepatic portal system (3). While migrating through the lung, some schistosomula are blocked by infiltrating leukocytes or even disrupt blood vessels and enter the alveoli, from which they are unable of return to circulation (30). This results in a subtle inflammatory reaction, mostly considered as a tissue damage repair response. However, the dynamics of specific leukocyte accumulation in the lung during schistosomula migration is unknown. In this study, we identified a critical role of the common subunit of β2 integrins for efficient accumulation of intermediate and patrolling monocytes in the lung early after infection. Of note, patrolling Ly6Clow monocytes express high levels of lymphocyte function-associated antigen 1 (LFA-1 – CD11a/CD18) integrin and depend on this adhesion molecule to crawl on the endothelial wall in a steady state. Our study expands this knowledge by demonstrating that CD18 is also required for specific monocyte subset infiltration into the lung during an inflammatory process. Reduction of these monocyte subsets was associated with diminished percentage of MDMs and MDCs and increased levels of TNF-α, which remained elevated in the lung 48 days after infection. These data suggest that reduction of specific innate leukocytes in the lung early after infection might result in a deregulated inflammatory response that persists over time, even though the parasites are not there. This is plausible because acute infections can disrupt the communication between tissues and the immune system, impairing immune cell functions (35).

Strikingly, we found that low CD18 expression causes monocytopenia in the bone marrow and peripheral blood after 7 days of infection, which would explain the reduction of specific monocyte subsets in the lung. However, intravascular leukocyte staining demonstrated that while inflammatory Ly6Chigh monocytes do not depend on CD18 to exit lung capillaries and enter the lung tissue, patrolling Ly6Clow monocytes were unable to do so, suggesting that β2 integrin also controls trans-endothelial migration of these cells. Nevertheless, intermediate and patrolling monocytes were also reduced in the liver during chronic infection of CD18low mice. Their livers contained greater numbers of granulomatous lesions and increased parasite burden, suggesting that CD18low mice exhibit a defective monocytic hematopoietic compartment and possible dysfunction of protective effector and regulatory mechanisms. In line with this hypothesis, human intermediate CD14bright CD16+ monocytes present with an enhanced ability to bind to cercarial and egg excretory/secretory products, implicating these cells in Schistosoma recognition by the innate immune system (36). Inflammatory Ly6Chigh monocytes are recruited to the liver by the axis CCR2/CCL2 and favor a protective environment (15, 16). Indeed, these cells differentiate into alternatively activated macrophages (AAM) (15, 16), which protect from hepatocellular damage and mediate survival during experimental schistosomiasis (37). Of interest, differentiation of inflammatory Ly6Chigh monocytes into AAM seems to transition through a Ly6Clow state during chronic S. mansoni infection (16). Although we have not observed differences in the frequency of MDMs in the liver, these data suggest that CD18 could also be required for the differentiation of inflammatory Ly6Chigh monocytes into AAM and regulate the granulomatous response around eggs. Interestingly, a recent study demonstrated that patrolling Ly6Clow monocytes that developed from monocytic precursors in the bone marrow, give rise to AAM in the lung and protect from influenza-induced pathology (38). This highlights the potential of patrolling Ly6Clow monocytes to differentiate into AAM and protect from tissue damage caused by schistosomula migration through the lung. Future studies will be necessary to determine the molecular cues controlled by CD18 during monocytopoesis and further differentiation. Of importance, low CD18 expression has been shown to induce an expansion of hematopoietic stem cells (39), which could impact the development of monocytes during an inflammatory process.

Polymorphonuclear leukocytes, such as neutrophils, also express the β2 integrins CD11b/CD18 (Mac1 or CR3) and CD11a/CD18 (LFA-1) (40). Mac1/CR3 was associated with neutrophil and eosinophil recruitment after stimulus with extracts of S. mansoni larvae in guinea pig model (21). However, in the mouse model of S. mansoni infection, we show that neutrophils (Ly6G+) infiltrate the lung even in conditions of low CD18 expression. This indicates that neutrophils are activated and migrate to the affected tissues independently of β2 integrins. Beyond cell adhesion and trans-endothelial migration, β2 integrins display intracellular signaling capacities, which seem to be important during experimental schistosomiasis. This hypothesis arises from the observation that low CD18 expression has a significant impact on the production of TNF-α in the lung early after infection. TNF-α is important to induce expression of adhesion molecules by endothelial cells (41), thus increased TNF-α levels could reflect a compensatory mechanism due low CD18 expression. We observed increased levels of INF-γ, TNF-α, and IL-10 long after parasites passed through the lungs of CD18low mice, possibly due a deregulated T lymphocyte response. These results suggest that low CD18 expression may also affect T lymphocyte function and promote a systemic inflammatory imbalance due failures in parasite elimination.

The granulomatous response is crucial to protect against a diversity of pathogens such as the fungus Paracoccidioides brasiliensis (42), the intracellular parasite Leishmania donovani (23), and S. mansoni (31). We observed that low CD18 expression did not impair the formation of granulomas around eggs during chronic infection. However, CD18low mice displayed greater numbers of granulomatous lesions that were unable to eliminate parasites efficiently, reflected by increased worm burden and egg counts in the feces. Consistent with these data, we also observed higher mortality of CD18low mice at the end of 70 days of infection. Therefore, the common subunit of β2 integrins is crucial for resistance to S. mansoni infection. This could be determined during early schistosomula migration through the lung vasculature, where efficient parasite elimination would lower liver burden at later stages. Supporting this hypothesis, previous studies indicate that the lungs are the major site of worm elimination, both in normal and mice vaccinated with irradiated cercariae (30, 43). However, one limitation of our study is given by the route of parasite inoculation. Penetration of cercariae in the skin results in significant alterations in the larvae physiology and biochemistry. Skin-stage schistosomula are susceptible to the host immune response, but rapid develop resistance to humoral and cellular immunity (44), indicating that parasites inoculated by percutaneous or subcutaneous routes may induce distinct host responses. This is particularly relevant for our study, as autoradiographic analysis demonstrated that fewer parasites inoculated by percutaneuous route reach the lungs and decline faster when compared to the subcutaneous route (45). However, this does not seem to cause a significant difference on the recovery of parasites in the liver after chronic infection (46). Moreover, we believe our findings to be highly relevant to individuals with leukocyte adhesion deficiency type-I, a primary immunodeficiency caused by mutations on the ITGB2 gene which encodes the common β2 integrin subunit in humans (47). These individuals present recurrent infections (48), whereby data presented here also implicates in higher susceptibility to helminth infections.

In summary, this study demonstrates the critical role of β2 integrins during experimental S. mansoni infection, providing important insights into host responses promoted by these molecules during schistosomiasis. Further investigation is necessary to uncover the specific α subunits, and thus functional integrins, that are responsible for the phenomena describe herein. Importantly, our study raises novel perspectives about the role of specific monocyte subsets during acute and chronic schistosomiasis.
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Studies of the role of Schistosoma co-infections on plasma HIV-1 RNA (HIV-1 viral load) have yielded incongruent results. The role of duration of HIV-1 infection on the link between Schistosoma and HIV-1 viral load has not been previously investigated. We aimed to assess the impact of HIV-1/Schistosoma co-infections on viral load in Antiretroviral Treatment (ART)-naïve HIV-1 infected people taking into account the duration of HIV-1 infection. We describe 79 HIV-infected outpatients greater than 18 years of age who had never used ART in Mwanza, Tanzania. Schistosomiasis testing was done by urine and stool microscopy and by serum Schistosoma circulating anodic antigen (CAA) testing. Schistosoma positivity was defined as having either test positive. We conducted univariable and multivariable linear regressions to assess the relationship between Schistosoma infection and the log10 of viral load. Duration of HIV infection was calculated using the first measured CD4+ T-cell (CD4) count as a function of normal CD4 count decay per calendar year in drug naïve individuals. An active Schistosoma infection was demonstrated in 46.8% of the patients. The median log10 viral load was 4.5[3.4–4.9] log10 copies/mL in Schistosoma uninfected patients and 4.3[3.7–4.6] log10 copies/mL in Schistosoma infected patients. Schistosoma co-infection was negatively associated with the log10 of viral load after adjustment for Schistosoma intensity as measured by CAA, CD4 counts at time of testing, and duration of HIV-1 infection (β = −0.7[−1.3;−0.1], p = 0.022). Schistosoma co-infection was not associated with viral load in univariable analysis. There was also no interaction between Schistosoma positivity and duration of HIV-1 infection. Our study is the first, to our knowledge, to report adjustment for duration of HIV-1 infection when analyzing the relationship between HIV-1 viral load and Schistosoma spp. We found that time infected with HIV-1 has a major effect on the relationship between HIV-1 viral load and Schistosoma infection and may be a critical explanatory factor in the disparate findings of studies on HIV-1 viral load and schistosomiasis. The log10 viral load difference found indicates that Schistosoma co-infection does not make HIV progression worse, and could possibly lead to slower HIV disease progression.
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INTRODUCTION

Although Africa makes up just 15% of the worldwide population, it is burdened by 70% of the world's 36.7 million HIV infections and 91% of the world's 240 million Schistosoma infections (1, 2). The 2013 Global Burden of Disease Study estimated that schistosomiasis alone causes 2.6 million disability-adjusted life years (DALYs) lost annually, while HIV infection alone causes 66.7 million DALYs (3). Of note, DALY calculations for HIV and schistosomiasis account for each infection separately and do not consider impacts that they may have on one another.

A growing body of animal and human studies supports a complex relationship between HIV and schistosomiasis. Animal studies suggest that schistosomiasis may alter immune control of viral co-infections, facilitating viral reactivation and replication (4–6). However the role of Schistosoma spp. co-infections on plasma HIV-1 RNA (HIV-1 viral load) is still unclear, with various studies reporting higher, lower, or equivalent HIV-1 viral loads in those with Schistosoma co-infection (7–15). Within this body of evidence, the longest time that people with HIV and Schistosoma co-infection have been followed was approximately 24 months. Our group has recently documented an unexpected improved long-term HIV disease-free survival in those with HIV/Schistosoma co-infections at time of HIV-1 seroconversion (16). This suggests that chronic Schistosoma infection may downregulate HIV-1 viral replication even though the opposite has been observed during acute infection (6, 15), or that time infected with HIV may have been a confounder in studies that examine the link between Schistosoma spp. and HIV-1 viral load.

We thus aimed to assess the impact of HIV-1/Schistosoma spp. co-infections on viral load in Antiretroviral Treatment (ART)-naïve HIV-1 infected people taking into account the duration of HIV-1 infection. To investigate this question, we designed a study situated within an outpatient HIV clinic at which approximately 30% of individuals are Schistosoma -infected (17, 18), and enrolled patients who would shortly be starting ART.



METHODS


Study Participants and Enrollment

This study was conducted in April and May 2015 in an HIV outpatient clinic at Bugando Medical Centre (BMC) in Mwanza. The participants were HIV-infected adults greater than 18 years of age who had never used ART according to clinic records and patient report.

Eligible patients provided a single urine and stool sample for schistosomiasis testing by microscopy in order to determine which species of schistosomes were present, as well as serum for quantitation of Schistosoma Circulating Anodic Antigen (CAA), which measures the intensity of infection (19). Plasma was also collected for viral load measurement. Additional information was extracted from the HIV clinic database and the patient's chart.



Laboratory Methods

Microscopic testing was performed on 10 mL of urine by the filtration technique and on feces following the Kato Katz method. Testing was performed by parasitologists at the National Institute of Medical Research (NIMR) in Mwanza, Tanzania. Five Kato Katz slides using 41.7 mg of stool per slide were used, which has been shown to have a sensitivity comparable to collecting three stool samples on different days (20). CAA testing was performed at NIMR in Mwanza as previously described, using a positivity threshold of 30 pg/mL (dry reagent SCAA20 assay format) (19). In order to maximize sensitivity of testing for Schistosoma infections in this HIV-infected population, we used a composite score in which we defined Schistosoma infection as having either a microscopy or CAA positive test. Plasma viral load was quantified using the COBAS® AmpliPrep/COBAS® TaqMan® HIV-1 Test (Roche Molecular Systems Inc., Pleasanton, California, USA) at the BMC clinical laboratory, with a lower limit of detection of 20 copies/mL.



Statistical Analysis

Data was double entered, verified and cleaned using Microsoft Excel 2013 and analysis was performed using STATA version 13. Categorical data were described with proportions and continuous data were described with median and interquartile range. Chi-square tests and t-tests were used to compare presence of demographic and clinical factors between those co-infected with Schistosoma/HIV-1 and those infected with HIV-1 only. Both viral loads and CAA values had extreme outliers and were skewed to the right. We thus used the log10 of viral load and natural log of CAA, by convention. Univariable and multivariable linear regressions were used to assess the relationship between Schistosoma infection and the log10 of viral load. We also assessed the association between Schistosoma infection and CD4 counts. All variables significantly associated with the outcome in the univariable analysis were included in the multivariable analysis. A stepwise analysis was conducted for the multivariable analysis. A quantile regression was used to assess the interaction between Schistosoma infection and duration of HIV-1 infection and its impact on the difference in median of the log10 of viral load.

Time infected with HIV was defined using the first CD4+ T-cell counts (CD4 counts) reported at the clinic. This method has been previously used with some variation (21–25). Due to similarity in the available data and study setting, we used the method of Forbi et al. (23). The CD4 counts at time of enrollment at the clinic were used to approximate the time delay between HIV infection and enrollment as a function of normal CD4 decay per calendar year in drug naïve individuals. The normal reference values of CD4 counts in healthy Tanzanians have been estimated at a median of 596.5 [291.2–1278.9] cells/μL for men and 764.5 [288.5–1406.8] cells/μL for women (26). In addition, the most prevalent HIV infecting clade in the Lake Zone in Tanzania is clade A (27) and in Mwanza, Tanzania, Clade A and D viruses make up the majority (34 and 28% respectively) of HIV infections (28). This is similar to proportions found on the Ugandan side of the lake, in Rakai (29) and Entebbe (30) and the overall normal CD4 decay per calendar year, across all clades, has been shown to be approximately 34.5 cells/μL per year in Rakai (29).

Starting from the upper range of the normal reference values for CD4 counts, we modeled decay by the square-root function as suggested by Kiwanuka et al. (29), which meant we subtracted 5.87 cells1/2/μL1/2 from 35.76 cells1/2/μL1/2 for men and 37.51 cells1/2/μL1/2 for women per calendar year period until the square root of the first CD4 count reported at the clinic was reached. The time period for this to happen was considered to be the estimated period between HIV-1 acquisition and enrollment at the clinic. The time between the first CD4 count reported at the clinic and the date of viral load testing was then added to this variable to obtain the duration of HIV-1 infection. This led to an estimated median time from seroconversion to enrollment of 2.5[1.7–3.0] years, which is similar to the median time from seroconversion to enrollment estimated by our group within the Kisesa Lake region cohort using mid-dates between two serosurveys as date of seroconversion (manuscript submitted). Finally, to look at the interaction between Schistosoma infection and time infected with HIV, we categorized the latter using tertiles.



Ethical Considerations

All participants were recruited after providing written informed consent in accordance with the declaration of Helsinki. Clearance was obtained from the joint CUHAS/BMC Research Ethics Committee, the National Institute for Medical Research in Dar es Salaam, Tanzania, and Weill Cornell Medical College, New York. All clinical data were made available immediately to clinicians and recorded in the patient's medical record. All patients with Schistosoma infection received praziquantel 40 mg/kg free of charge.




RESULTS

We enrolled 83 HIV-infected patients who presented at the clinic and had never initiated ART. Thirty-seven out of seventy-nine (46.8%) were positive for Schistosoma spp. either by CAA or microscopy test. 33/81 (40.7%) were positive by CAA and the median CAA was 18.3[5.6–517.2] pg/mL. The distribution of CAA values was skewed to the right. Therefore we log-transformed it and the median ln CAA was 3.0[1.9–6.3] ln pg/mL. None had a positive urine microcopy and among those with positive stool microscopy (20/81–24.7%), the median of the mean egg count was 21.6[4.8–52.8] eggs/gram. Seventeen patients were CAA positive but urine and stool negative, while 4 patients were stool positive but CAA negative. Patients had a median age of 36[29-41] years, and 67/83 (80.7%) were female. Median CD4 counts at enrollment was 504[395-749] cells/μL and median CD4 counts at time of viral load testing was 455[328-614] cells/μL.

Patients had enrolled in the HIV clinic a median of 2.5[1.7–3.0] years after acquiring HIV, and provided viral loads for this study a median of 3.7[3.0–5.7] (minimum = 1.7, maximum = 12.0) years after acquiring HIV. The median viral load was 21,670.5[2,852.0–56,160.0] copies/mL, or 4.3[3.5–4.7] log10 copies/mL. The median log10 viral load was 4.5[3.4–4.9] log10 copies/mL in Schistosoma uninfected patients and 4.3[3.7–4.6] log10 copies/mL in Schistosoma infected patients. The main variables are presented in Table 1 by Schistosoma infection status.



Table 1. Characteristics of the 79 HIV-1 infected patients tested for Schistosoma infection who had never initiated ART.
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After univariable linear regression, female sex, higher CD4 counts and longer time infected with HIV-1, were all significantly associated with lower log10 of the viral load. Schistosoma positivity and ln of CAA were not associated with log10 of the viral load (Table 2).



Table 2. Results of the univariable analysis with log10 of viral load as a continuous outcome.
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Our unadjusted data shows a typical relationship between viral load and time infected with HIV-1, as described by other studies (Figure 1A) (31).


[image: image]

FIGURE 1. Relationship between log10 of the viral load and time infected with HIV (A) Unadjusted, (B) Adjusted for Schistosoma status, ln of CAA and CD4 counts. (A) shows the crude relationship between log10 of viral load and duration of HIV-1 infection. A fractional polynomial was fitted to the data. The black line represents the predicted log10 of viral load after applying the resulting function to the data. The grey area represents the 95% confidence limits around the fitted values. The black dots represent the residuals. (B) shows the relationship between log10 of viral load and duration of HIV-1 infection after adjustment for Schistosoma infection status, ln of CAA and CD4 counts using a fractional polynomial. The black line represents the predicted log10 of viral load after applying the resulting function to the data. The grey area represents the 95% confidence limits around the fitted values. The black dots represent the residuals.



After stepwise multivariable analysis, the best-fit model for log10 viral load included Schistosoma positivity, ln of CAA, CD4 counts at time of study enrollment and time infected with HIV-1. Schistosoma positivity was negatively associated with the log10 of viral load after adjustment (−0.7[−1.3;−0.1], p = 0.022). Sex and age were not part of the best-fit model. The best-fit model is presented in Table 3. Of note, this model includes both the Schistosoma infection status as a binary variable and also the natural log of the CAA value to assess whether the intensity of the Schistosoma infection impacted the viral load. The relationship between duration of HIV-1 infection and log10 of viral load adjusted for Schistosoma status, ln of CAA, and CD4 counts is shown in Figure 1B.



Table 3. Results of the multivariable linear regression with log10 of viral load as a continuous outcome.
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When looking at whether the difference in median log10 of viral load between Schistosoma infected and uninfected patients changed over time, we found no statistical significance. Figure 2 assesses the difference in median of log10 viral load between Schistosoma infected and uninfected patients within each HIV-1 infected time category.
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FIGURE 2. Comparison between median viral loads by time infected with HIV-1 and by Schistosoma-infection status. Panel shows the median log10 of viral load in Schistosoma-free and Schistosoma-infected patients, by category of duration of HIV-1 infection. The difference in median log10 of viral load was assessed by rank-sum test. There was no difference in median log10 of viral load between Schistosoma-free and Schistosoma-infected, regardless of the duration of HIV-1 infection.



We assessed the impact of time on the difference in median of log10 viral load between Schistosoma infected and uninfected patients using a quantile regression with an interaction term between Schistosoma status and duration of HIV-1 infection. In other words, we assessed whether the difference in viral loads between Schistosoma infected and uninfected patients seen in people HIV infected for 3–5 years is significantly different from the difference seen in people HIV infected for <3 years, and again for >5 vs. <3 years. The quantile regression showed no significant interactions between Schistosoma status and time infected with HIV-1.

In our cohort, Schistosoma status was not associated with CD4 counts (slope coefficient = −48.2 [−184.8; 88.4], p = 0.48).



DISCUSSION

Our study showed that current infection with Schistosoma spp. was associated with significantly lower HIV-1 viral loads after adjusting for CD4 counts and time infected with HIV-1. The viral load difference of 0.7 log10 copies/mL would be expected to lead to over a 60% decrease in risk of HIV transmission and of reaching AIDS-related death for Schistosoma -co-infected patients compared to Schistosoma -free patients (32). This is in close alignment with the 82% decrease in risk of reaching lower CD4 counts and/or death found by our group (16) using a different analysis technique and in a different population. Taken together, these findings suggest the possibility that long-term HIV outcomes may be positively affected by Schistosoma infection.

Our study is the first, to our knowledge, to report adjusting for duration of HIV-1 infection when studying the relationship between HIV-1 viral load and Schistosoma spp. Time infected with HIV-1 was a main confounder of the relationship between HIV-1 viral load and Schistosoma infection. It is well known that CD4 counts and viral load in HIV-1 infected individuals, and the rates at which they change, differ over time (33–35), which makes it difficult to compare changes in these parameters between two individuals at different periods of their HIV-1 infection (36). Duration of HIV-1 infection may thus be a critical explanatory factor in the disparate findings of studies on HIV-1 viral load and Schistosoma infections (7–15), as suggested by Walson et al. (36). Other studies' lack of control for duration of HIV-1 infection may have hindered accurate analysis of the relationship between HIV-1 and Schistosoma infections. This may also be true for most studies looking at the relationship between other helminths and HIV-1 infections.

In addition, the control for ART initiation has been inconsistent in most studies. Many investigators have either assumed that all participants were ART naïve due to past limited availability of ART, or have not mentioned ART intake at all in their studies (7, 8, 10, 11, 15). Importantly, given the drastic effect of ART on CD4 counts and HIV-1 viral load (31), failure to account for ART intake in even a few individuals could have biased the results. By choosing patients who had been followed in the HIV outpatient clinic and would be beginning ART in the near future, and by measuring their viral load before initiation of ART, we avoided having the relationship between Schistosoma spp. and HIV-1 viral load distorted by the effect of ART on viral loads.

The association between sex and viral load on univariable analysis is unsurprising. Male sex has previously been shown to be associated with higher viral loads (37–39). The decrease in viral load with increasing CD4 counts has also been previously documented in sub-Saharan Africa (40, 41). The overall decrease in viral load over time infected with HIV-1 is logical, as too few of our patients have been infected with HIV-1 for over 10 years to see the late-stage re-increase in viral loads.

Our results are to be interpreted in light of some limitations. The sample size was small due to the expense and relative unavailability of viral load testing at a time when viral load testing was just becoming available at our clinic. In addition, despite not being significant in our study or in a study in South Africa (42), others have shown an impact of Schistosoma spp on CD4 counts (8, 10, 11, 16, 43–45), potentially biasing our calculation of the duration of HIV infection. Assessing this relationship using other methods to determine the length of HIV infection would be useful. Nonetheless, the facts that significance is still attained and that variables expected to impact viral load do impact it strengthen confidence in the quality and accuracy of our analysis. Larger, longitudinal studies would be useful in order to investigate the potential interactions between duration of HIV-1 infection and Schistosoma infection and its effect on HIV-1 viral load. Investigating the effect of praziquantel treatment would also be of interest given studies that suggest that tissue lesions may not regress after treatment (46).

In conclusion, our work demonstrates that individuals with HIV-1 and Schistosoma co-infections had lower viral loads than those with HIV-1 alone, when accounting for time infected with HIV-1. The difference in viral load suggests that Schistosoma infection may not lead to worse HIV-1 outcomes nor higher HIV-1 transmission. Future studies of interactions between HIV-1 and Schistosoma spp. should account for the duration of HIV-1 infection in their analyses.
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In chronic schistosomiasis, liver fibrosis is linked to portal hypertension, which is a condition associated with high mortality and morbidity. High mobility group box 1 (HMGB1) was originally described as a nuclear protein that functions as a structural co-factor in transcriptional regulation. However, HMGB1 can also be secreted into the extracellular milieu under appropriate signal stimulation. Extracellular HMGB1 acts as a multifunctional cytokine that contributes to infection, injury, inflammation, and immune responses by binding to specific cell-surface receptors. HMGB1 is involved in fibrotic diseases. From a clinical perspective, HMGB1 inhibition may represent a promising therapeutic approach for treating tissue fibrosis. In this study, we demonstrate elevated levels of HMGB1 in the sera in experimental mice or in patients with schistosomiasis. Using immunohistochemistry, we demonstrated that HMGB1 trafficking in the hepatocytes of mice suffering from acute schistosomiasis was inhibited by Glycyrrhizin, a well-known HMGB1 direct inhibitor, as well as by DIC, a novel and potential anti-HMGB1 compound. HMGB1 inhibition led to significant downregulation of IL-6, IL4, IL-5, IL-13, IL-17A, which are involved in the exacerbation of the immune response and liver fibrogenesis. Importantly, infected mice that were treated with DIC or GZR to inhibit HMGB1 pro-inflammatory activity showed a significant increase in survival and a reduction of over 50% in the area of liver fibrosis. Taken together, our findings indicate that HMGB1 is a key mediator of schistosomotic granuloma formation and liver fibrosis and may represent an outstanding target for the treatment of schistosomiasis.
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INTRODUCTION

Schistosomiasis mansoni is a chronic hepatic disease caused by the trematode S. mansoni (1, 2). The disease remains a major public health problem, affecting millions of people in tropical countries, but it is endemic in Africa (3–5). Adult schistosomes inhabit the mesenteric veins, where they lay hundreds of eggs daily. A portion of these eggs is retained in the liver tissue. Given the high immunogenicity of the eggs, the pathology of schistosomiasis is largely attributed to the intense granulomatous inflammation and subsequent fibrosis induced by egg antigens (4).

Schistosoma mansoni egg-induced granuloma formation is primarily dependent on CD4+ T cell responses, and interleukin (IL)-4 and IL-13 are the main cytokines driving this reaction (6). Due to continuous antigenic stimulation from the trapped egg, inflammatory, and immune cells are sequentially recruited to sites of infection, leading to the formation of periovular granulomas, and chronic liver fibrosis in infected individuals. This condition results in portal hypertension and variceal bleeding, which are the primary causes of mortality from schistosomiasis (1, 3, 7–9).

Liver fibrosis represents an intense wound-healing process characterized by excessive deposition of extracellular matrix (ECM) in response to chronic injury, which is frequently driven by inflammation (10–12). Some soluble factors produced by invading inflammatory cells, such as pro-inflammatory and pro-fibrogenic cytokines and chemokines, including IL-13, play a pivotal role in the activation and transformation process of hepatic stellate cells (HSCs) (13, 14). HSCs are located in the space of Disse between the hepatocytes and the sinusoidal endothelium and play a central role in the progression of ECM deposition and liver fibrosis by the transformation of HSCs into proliferative and fibrogenic myofibroblast-like cells (6, 14–16).

High mobility group box 1 (HMGB1) was originally described as a chromosomal protein playing a role in nearly all DNA transactions (17–19). HMGB1 was later discovered also to play an extracellular role (20). HMGB1 is released from necrotic cells (21) or actively secreted under appropriate stimuli (22) and acts as a multifunctional alarmin (23–27). HMGB1, which under physiological conditions is an abundant chromosome-bound protein (18), under cell damage, can be acetylated, released from the nucleus to the cytoplasm and secreted to the extracellular milieu. Extracellular HMGB1 will bind to TLR4/9 and/or RAGE (28–30) of the host target cells. The HMGB1-receptor complex will then trigger cell activation to release inflammatory mediators. Thus, HMGB1 has a broad repertoire of immunological activities, such as induction of cytokine production, cell proliferation, chemotaxis, and differentiation (31–35).

Recently, emerging studies have indicated that HMGB1 is closely associated with fibrotic disorders, including liver fibrosis (36). A recent study confirmed that HMGB1 up-regulates alpha-smooth muscle actin (α-SMA) expression in HSCs. Moreover, HMGB1 activates HSCs and exhibits pro-fibrogenic effects on liver grafts, either by increasing the HSC population and ECM content in liver grafts or by transforming HSCs into myofibroblasts (37). HMGB1 serum levels are significantly increased in patients with liver fibrosis, which is a non-invasive, repeatable, and convenient marker of infection with the hepatitis B virus (38). Curcumin is effective in preventing liver fibrosis, partly due to downregulation of HMGB1, TLR2, and TLR4 via the inhibition of pro-inflammatory mediators and HSC activation (39). In this regard, from a clinical perspective, HMGB1 may represent a new target to better understand reparative liver injuries (36).

Synthetic compounds containing isoxazole (or isoxazoline) rings possess strong immunomodulatory activities (40–42). We previously demonstrated that a synthetic 3-chloro-5-(4-pyridyl)-4,5-dihydroisoxazole compound (named DIC) effectively decreased TNF-α and IL-6 released from LPS-stimulated macrophages. Importantly, DIC completely prevented HMGB1 nuclear translocation and inhibited the NF-kB and MAPK pathways (42). Another well-known inhibitor of HMGB1 is Glycyrrhizin (GZR), a natural triterpene found in the roots and rhizomes of licorice with anti-inflammatory properties. Glycyrrhizin binds directly to both HMG boxes of HMGB1 and inhibits its pro-inflammatory activities (43, 44).

In this work, we describe for the first time an increase in HMGB1 in the sera of mice and patients infected with S. mansoni. Moreover, we show that inhibition of HMGB1 by DIC culminated in healthier hepatic parenchyma with reduced fibrosis, and small and individualized granulomas in murine schistosomiasis. Importantly, DIC treatment promoted the significant survival of animals infected with S. mansoni. Together, our findings indicate that HMGB1 is a key mediator of schistosomotic granuloma formation and liver fibrosis and may represent a useful target for the treatment of schistosomiasis.



MATERIALS AND METHODS


Determination of HMGB1 Levels in the Plasma of Patients With Schistosomiasis

Samples from patients with acute (11 donors) and chronic schistosomiasis (100 donors) were collected on different days after the onset of symptoms and from patients experiencing primary or secondary infection. The patients were selected from Caju and São Pedro at a village endemic for S. mansoni, located in Minas Gerais, Brazil. Circulating HMGB1 concentrations were measured in healthy blood donors (87 donors) and donors with schistosomiasis using a quantitative capture ELISA assay (43).



Schistosoma mansoni Infection in Mice

Four-week-old BALB/c male mice (CECAL / FIOCRUZ, Rio de Janeiro, Brazil) were housed in an animal facility with a 12:12-h light/dark cycle, with ad libitum water and free access to standard chow (BIOBASE, Santa Catarina, Brazil). The mice were exposed to parasites for 40 min by sitting in a water bath enriched with ~80 S. mansoni cercariae (strain BH), which were kindly provided by Dr. Silvana Thiengo (Laboratório de Malacologia, FIOCRUZ, Rio de Janeiro, Brazil).



Experimental Design

The 3-chloro-5-(4-pyridyl)-4,5-dihydroisoxazole (DIC) compound was synthesized as described in our previous work (42). Glycyrrhizin (Glycyrrhizic acid ammonium) (GZR) was purchased from Sigma (Sigma Aldrich, Missouri USA), and DIC was suspended in 4% of propylene glycol (Sigma Aldrich, Missouri USA), in 1X PBS. Treatment with GZR, DIC (10 mg/kg), or the vehicle was started 21 days post-infection and continued until the end of the experiment at 56 or 112 days post-infection for comparisons of different times of infection. The experiment was divided into 5 groups: uninfected mice (UI), infected, and untreated mice (IUT), infected mice administered the vehicle (VEH) and infected mice treated with GZR or DIC.



Parasitological Parameters

The intestines were digested as described previously by Cheever (45). Briefly, tissues were maintained in 4% KOH at room temperature for ~12 h, followed by 1 h of incubation at 37°C. The results are expressed as eggs per gram of intestine. Eight independent samples were counted.



Estimation of Hepatic Enzymes Activities

Enzymatic assays for the detection of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) (Enzipharma, Rio de Janeiro, Brazil) were performed according to the manufacturer's recommendations using the plate reader SpectraMax M5®.



Immunohistochemistry

Immunohistochemical staining (IHC) for histological sections of hepatic tissue (right lobe of the liver) was performed using monoclonal anti-HMGB1 (Abcam, Cambridge, UK, Ab79823), anti-collagen 1α (anti-Col1α-Ab34710), anti-collagen 3 (anti-Col3-Ab7778), and anti-alpha smooth muscle actin (anti-αSMA-Ab15734) antibodies. Sections of the right liver lobe were collected, fixed in 4% buffered para-formaldehyde solution (Sigma-Aldrich, Missouri, USA) and embedded in paraffin. Briefly, paraffin-embedded sections were de-waxed and hydrated and the antigen retrieval was performed by heating the sections with sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0–Merck, Germany) for 30 min at 95°C. After endogenous peroxidases were inhibited in the sections (3% H2O2 in methanol for 30 min–Sigma Aldrich, Missouri, USA), the sections were incubated for 1 h with blocking buffer containing 3% BSA in 1x PBS. The primary monoclonal antibodies were 1/100 diluted in 1% BSA in 0.25% PBS-T and were applied to the sections and incubated overnight at 4°C in a humid chamber. Horseradish peroxidase labeled secondary anti-rabbit (KPL, Maryland, USA) antibody (1/100 dilution) was applied to the sections and incubated for 2 h at room temperature. The presence of proteins of interest was visualized by DAB staining (Agilent, California, USA). The sections were counterstained with hematoxylin (Sigma-Aldrich, Missouri, USA). Entellan (Merck, New Jersey, USA) was used as a mounting medium for cover slips. Bright-field pictures were acquired using a digital camera (Leica, Wetzlar, Germany) fitted on an Olympus model microscope. As negative control, liver sections were incubated with blocking buffer instead of monoclonal antibodies and then with secondary anti-rabbit antibodies for all analyses (Figure S1).



Preparation of Soluble Egg Antigens (SEA)

Schistosoma mansoni soluble egg antigens (SEA) were prepared with eggs taken from mice 8 weeks after they had been infected. Livers were removed and kept in saline solution (1.7%) at 4°C overnight in order to better isolate eggs. Eggs were harvested from the homogenized livers by differential centrifugation, after clarification of the homogenate. The absence of contaminating mice tissue fragments in the egg preparation was checked by microscopic analysis. Purified eggs were homogenized on ice in PBS with Polymyxin B (15 μg/mL) to neutralize lipopolysaccharide contamination. After repeated freezing and thawing, the homogenate was centrifuged at 14,000 g, 4°C for 20 min, and the supernatant was used as S. mansoni soluble egg antigen.



Cytokine Analysis

A Cytometric Bead Array (CBA) Mouse Th1/Th2/Th17 Cytokine Kit® (BD Company, California, USA) was used to detect the expression levels of IL-10, IL-17A, TNF-α, IFN-γ, IL-6, and IL-4 in the serum of all groups following the manufacturer's instructions. Six standard curves were obtained from one set of calibrators. Flow cytometry LSR II (BD Company, California, USA) was used to read the data, and cytokine concentrations were calculated according to the standard curve. Enzyme-linked immunosorbent assays (ELISA) for IL-5 and IL-13 were performed using specific ELISA-kits (IL-5 and 13, Peprotech, New Jersey, USA) to detect the presence of these cytokine in mouse serum obtained after euthanasia. According to the manufacturers' guidelines, standard curves were prepared to calculate protein concentrations from standard optical densities vs. concentrations. Protein levels were expressed as pg/mL ± standard errors of the mean (SEMs) of two technical replicates. A modified ELISA for HMGB1 determination was established in our laboratory and was described previously (46). The standard curve calculation was performed using the mass value of the serial dilution of the rHMGB1 (47) protein against its respective optical density (O.D.) measurement. The calculated concentrations were consistent with the reported values of commercially available HMGB1 quantification kits.



Histopathology

Sections of the right liver lobe were collected, fixed in 4% buffered para-formaldehyde solution (Sigma-Aldrich, Missouri, USA) and embedded in paraffin. Five micrometer sections of fixed liver slices were stained with hematoxylin and eosin (H&E) and were read by bright field microscopy. The areas of hepatic granulomas were determined in histological sections from 200 granulomas per group containing central viable eggs that were randomly chosen. The granuloma areas were manually delimited in H&E images using ImageJ software (NIH, Maryland, USA). The collagen content in the liver slices was assessed and quantified by Masson Trichome and Sirius red staining. The stained images obtained from separate fields of the samples (n = 5) were analyzed by using ImageJ. All images were captured by a digital camera (Leica, Wetzlar, Germany) using bright field microscopy. All evaluations were performed by two different observers in a blind fashion.



Determination of IL-13, TGF-β, Col-1, and Col-3 Levels in Liver Extracts

Protein extracts were obtained by homogenizing a piece of the right lobe of the liver in lysis buffer containing 0.32 M sucrose, 1 mM EDTA, 1 mM EGTA, 10 mM Tris pH 7.4 and protease inhibitor cocktail (Sigma-Aldrich, Missouri, USA) in a proportion of 100 mg of tissue per 1 mL of lysis buffer. After 30 min on ice, the samples were centrifuged at 4°C for 20 min at 20,000 g, to pellet the cellular debris, followed by a quick freeze of the supernatants. Protein concentration was determined using the Bradford (Sigma-Aldrich, Missouri, USA) protein assay reagent according to the manufacturer's instructions. All samples of liver extracts were diluted 20x for determination of IL-13 (Peprotech), TGF-β (R&D System, Minneapolis, USA), Col-1 and Col-3 (Cloud-Clone, Houston, USA) by ELISA.



Statistical Analysis

The results are expressed as the mean ± SEM. Differences between groups were assessed using the ANOVA Tukey's multiple comparisons analysis. P-values for each comparison are available in Table S3. Animal survival data were evaluated using the Kaplan-Meier method and were compared with the log-rank test. P < 0.05 was considered to be statistically significant.




RESULTS


HMGB1 Plasma Levels Are Increased in Patients With Acute and Chronic Schistosomiasis

The presence of HMGB1 in human sera is implicated in the pathogenesis of many acute and chronic inflammatory conditions (26, 48–50). Thus, we quantified the levels of HMGB1 in the sera of human patients suffering from acute or chronic schistosomiasis. Importantly, high levels of HMGB1 were detected in the plasma of both acute and chronic schistosomotic patients when compared with the sera of healthy donors (Figure 1; Table S1).
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FIGURE 1. HMGB1 plasma levels are increased in patients with acute and chronic schistosomiasis. Significantly higher levels of HMGB1 were found in the sera of patients with acute (AS) or chronic schistosomiasis (CS) than in healthy donors (HD). Data are presented as the mean with SEM of 87 individuals from the HD group, 11 from the AS group and 100 from the CS group. All values were tested by ANOVA Tukey's multiple comparisons test. P < 0.0001 was considered statistically significant (P < 0.0001 HD vs. AS or CS).





Pathophysiological Parameters of Schistosomiasis

To investigate the role of HMGB1 during the course of schistosomiasis in a more controlled fashion, we infected BALB/c mice with 80 S. mansoni cercariae for 56 and 112 days to establish an acute and chronic disease, respectively (Figure 2A). A direct involvement of HMGB1 signaling in the pathogenesis of schistosomiasis could be evoked with the use of a well-known HMGB1 direct inhibitor, Glycyrrhizin (GZR) (43). In addition, and importantly, a potential novel HMGB1 inhibitor, the 3-chloro-5-(4-pyridyl)-4,5-dihydroisoxazole (DIC) was tested in the model of schistosomiasis. We have previously shown that, in vitro, DIC was able to inhibit the secretion of HMGB1 from macrophages through the NF-kb and MAPK pathways (42). In this work, we compared the HMGB1 inhibitory effect of DIC with that of GZR in animals infected with S. mansoni. For the evaluation of toxicity, non-infected animals were treated with DIC for 56 and 112 days (mimicking the times of acute and chronic schistosomiasis; Table S2). Of note, the prolonged treatment of DIC did not alter the relative liver or spleen weights, the level of creatinine or the activity of hepatic enzymes (Table S2).
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FIGURE 2. Experimental design, relative organs weights and liver enzyme activities. (A) BALB/c mice were infected with 80 S. mansoni cercariae. Mice with acute or chronic schistosomiasis were treated with daily doses of vehicle (4% propylene-glycol), or anti-HMGB1 inhibitors, Glycyrrhizin (GZR) and 3-chloro-5-(4-pyridyl)-4,5-dihydroisoxazole (DIC), both at a dose of 10 mg/kg, starting on day 21 post-infection and proceeding until day 56 in the case of acute schistosomiasis or day 112 in chronic schistosomiasis. Mice were divided into five groups as follows: uninfected mice (UI), infected and untreated mice (IUT), infected mice that received vehicle (VEH), GZR or DIC. The analyses were conducted with 40 animals per group for acute schistosomiasis and 15 animals per group for chronic schistosomiasis. (B) Measurements of the relative weight of the organs in acute and chronic schistosomiasis. The relative weights were calculated with the following equation: Relative organ weight = (absolute organ weight / body weight) × 100. (C) Determination of the activities of alanine aminotransferase (ALT) and aspartate amino transferase (AST) in the sera of acute and chronic schistosomiasis. All results (from 40 animals for acute and 15 for chronic infections) are presented as the mean ± SEM and were tested by ANOVA Tukey's multiple comparisons test. *P < 0.05 or **P < 0.0001 was considered statistically significant; ns—not significant. The P-values for all comparisons are available in Table S3.



To evaluate the effect of HMGB1 inhibition on S. mansoni-induced hepatomegaly and splenomegaly, livers, and spleens were excised from mice after euthanasia and were weighed and the relative organ-to-body weight percentages were calculated. Mice that experienced the acute or chronic phases of the disease developed hepatosplenomegaly characteristic of schistosomiasis, regardless the treatments of GZR or DIC (Figure 2B). In addition, when we analyzed the intestinal egg loads of all groups of mice (Figure S2), no significant differences were observed, suggesting that neither GZR nor DIC has schistosomicidal activity. In fact, when we cultured adult worms (in vitro) in the presence of DIC, the viability of the worms was not affected (Figure S3). To evaluate the ameliorative effect of DIC treatment on the liver pathology induced by S. mansoni infection, the activities of ALT and AST were measured in the sera at 56 or 112 weeks post-infection. The activities of ALT and AST were significantly increased in all groups of mice with acute schistosomiasis (Figure 2C). Importantly, in mice with chronic schistosomiasis that were treated with GZR or DIC, ALT, and AST activities were significantly decreased (Figure 2C). For GZR, this result is not surprising since it is already known that this compound is hepatoprotective (43, 44).



HMGB1 Behaves Differentially Between Acute and Chronic Schistosomiasis

Immunostaining of livers from the uninfected (UI) group revealed that HMGB1 was localized predominantly in the nucleus of hepatocytes (Figures 3A,B). Alternatively, after 56 days of infection, which characterizes the acute phase of schistosomiasis, an increased HMGB1 immunoreactivity was observed in the cytoplasm of hepatocytes around the granulomas of the infected untreated (IUT) and vehicle (VEH) control groups (Figures 3A,C). In mice that were treated with HMGB1 inhibitors (GZR or DIC), HMGB1 translocation from the nucleus to the cytoplasm was reduced, as shown by a significant decrease of staining in the cytoplasm of hepatocytes (Figures 3A,C). The specificity of the immunoreactivity of HMGB1 was confirmed by the lack of immunostaining using the secondary anti-rabbit control (Figure S1).
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FIGURE 3. Secretion of HMGB1 is restricted in the acute phase of schistosomiasis. (A,B) Representative photographs of immunohistochemistry (from 5 animals per group) of HMGB1 in hepatic tissues after acute or chronic schistosomiasis. Insets show nuclear or cytoplasmic HMGB1 in an amplified manner. Photographs presented at 40x magnification. Scale bar = 50 μm. Note that both inhibitors prevented HMGB1 secretion only in the acute schistosomiasis (A, GZR and DIC). (C,E) Quantification of the immunohistochemistry, showing the percentage of hepatocytes with HMGB1 in the nucleus (blue) or cytoplasm (brown). (D,F) Sera levels of HMGB1 of mice with acute (40 animals) or chronic (15 animals) schistosomiasis. The results were presented as the mean ± SEM and were tested by ANOVA Tukey's multiple comparisons test. *P < 0.05 was considered statistically significant; ns—not significant. The P-values for all comparisons are available in Table S3. Legends of the experimental groups are as depicted in Figure 2.



If our hypothesis that HMGB1 is secreted due to infection were correct, we would then expect to identify high levels of the protein in the sera of infected mice. Thus, mice with acute schistosomiasis (IUT or VEH groups) exhibited high levels of HMGB1 in their plasma, ~15-fold higher than that of uninfected mice (Figure 3D). Importantly, GZR or DIC groups exhibited a significant reduction (~50%) in the levels of HMGB1 in their sera (Figure 3D). These data confirm the effect of GRZ and DIC in inhibiting the cellular trafficking of HMGB1, as previously shown in vitro (42). When we analyzed the HMGB1 trafficking profile in chronically infected mice, the protein was detected mainly in the nuclei of hepatocytes (Figures 3B,E), independent of treatments. When we analyzed the levels of HMGB1 in the sera of chronically infected mice, we observed high levels of the protein in IUT and VEH groups (Figure 3F), although the levels were considerably reduced compared with the levels observed in acute infection. Animals that were treated with GZR or DIC revealed significant lower levels of HMGB1 in their sera when compared to those of control groups (Figure 3F).

To further confirm that HMGB1 indeed responds to egg-induced inflammation, we performed in vitro culture of primary hepatocytes treated with soluble-egg antigens (SEA) and looked at the trafficking of HMGB1. Our immunofluorescence analysis showed that SEA was able to promote HMGB1 secretion (Figure S4A, panel SEA; note high levels of HMGB1 in the cytoplasm of the cells). GZR or DIC treatments inhibited the exit of HMGB1 from the nucleus to the cytoplasm (Figure S4A, panel SEA + GZR/DIC; note the complete retention of HMGB1 in the nuclei). Therefore, our in vitro immunofluorescence data agree with our in vivo immunohistochemistry data. In addition, we showed by Western blot analysis that higher levels of extracellular HMGB1 was observed in the supernatant of the hepatocyte culture stimulated with SEA, when compared with unstimulated cells (Figure S4C). Importantly, the hepatocytes that were stimulated with SEA and treated with GZR or DIC revealed significant reductions in the levels of extracellular HMGB1 (Figure S4C). The cell viability of the hepatocytes under SEA stimuli and treatment was >80% (Figure S4D). The small amount of the hepatocyte deaths (>20%) could be explained by the stress of the cells under antigen presentation.



HMGB1 Participates in the Modulation of Key Cytokines That Are Involved in Granuloma Formation and Liver Fibrosis

Because cytokine dysregulation is associated with increased mortality during schistosomiasis (51), we investigated whether GZR- or DIC-mediated inhibition of HMGB1 trafficking interfered with the cytokine expression profile during acute or chronic schistosomiasis. The cytokine levels of TNF-α, IFN-γ, IL-6, IL-4, IL-5, IL-10, IL-13, and IL-17A in the sera of acute phase schistosomiasis were all significantly increased in the IUT and VEH groups compared with the UI group (Figures 4A-H). However, the cytokine levels in the sera of animals treated with GZR or DIC were markedly decreased for IL-6, IL-4, IL-5, IL-10, and IL-13 (Figures 4C-G). Of note, the levels of IL-17A were only reduced in the sera of animals treated with GZR (Figures 4H). However, during the chronic phase of schistosomiasis, the levels of TNF-α, IFN-γ, IL-6, IL-4, IL-10, and IL-17A remained increased in the IUT and VEH groups (Figures 4 I–L,N,P). As expected (52, 53), IL-5, and IL-13 levels were not detected during the chronic phase of schistosomiasis (Figures 4M,O). Importantly, inhibition of HMGB1 led to a significant increase in the anti-inflammatory cytokine IL-10 (Figure 4N). In addition, in the sera of animals treated with GZR or DIC, the levels of TNF-α, IL-6, IL-4, and IL-17A were significantly decreased (Figures 4 I,K,L,P).
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FIGURE 4. HMGB1 modulates the inflammatory responses of key cytokines involved in granuloma formation and liver fibrosis. (A–P) Quantification of Th1/Th2/Th17 cytokines in the sera of mice with acute and chronic schistosomiasis. In the chronic phase of schistosomiasis, IL-5 and IL-13 were not detected (n.d.). The results (from 40 animals for acute and 15 for chronic infections) were presented as the mean ± SEM and were tested by ANOVA Tukey's multiple comparisons test. *P < 0.05 or **P < 0.0001 was considered statistically significant; ns—nt significant. The P-values for all comparisons are available in Table S3. Legends of the experimental groups are as depicted in Figure 2.





Granuloma Area Reduction by HMGB1 Inhibition

To investigate the role of HMGB1 down-regulation on granulomatous inflammation, hepatic granuloma areas of animals that were treated with GZR or DIC were measured at 56 or 112 days post-infection. Morphometric analysis of liver slices demonstrated a significant reduction in granuloma size after GZR or DIC treatments during both the acute and chronic phases of schistosomiasis (Figures 5A,B). Quantification of the granuloma areas revealed a reduction of 50% in the livers of animals treated with GZR or DIC (Figures 5C,D). Given that HMGB1 is involved in cell recruitment (32, 34), our data suggest a possible role of HMGB1 in egg-induced granuloma formation. It is worth noting that in the chronic phase of schistosomiasis, significantly fewer isolated granulomas were observed in the IUT and VEH groups (Figure 5D). We believe that it was difficult to identify isolated granulomas given the extensive fibrotic areas distributed across the hepatic parenchyma. In mice where the secretion of HMGB1 was inhibited, significantly more isolated granulomas were noted, and these granulomas were smaller (Figure 5D).
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FIGURE 5. Inhibition of HMGB1 reduces schistosomotic granuloma size. (A,B) Representative photographs of hematoxylin and eosin-stained sections of livers. Yellow dashed lines depict the granuloma sizes. Photographs are at a magnification of 20x. Scale bars = 20 μm. (C,D) Quantification of the granuloma areas in the livers. Two hundred granulomas were measured for each group in acute schistosomiasis. Of note, in chronic schistosomiasis, only 50 isolated granulomas were identified and measured in IUT and VEH groups. The granuloma areas were measured using ImageJ software. The results were presented as the mean ± SEM and were tested by ANOVA Tukey's multiple comparisons test. *P < 0.0001 was considered statistically significant; ns—not significant. The P-values for all comparisons are available in the Table S3. Legends of the experimental groups are as depicted in Figure 2.





HMGB1 Is Involved in Egg-Induced Liver Fibrogenesis

Since GZR- or DIC-mediated inhibition of HMGB1 culminated in the downregulation of IL-13 (Figure 4G), a cytokine known to be involved in liver fibrosis regulation, we decided to investigate the role of HMGB1 in the pro-fibrotic processes of murine schistosomiasis. Our ELISA showed that the levels of TGF-β and IL-13 were increased in the liver of mice with acute schistosomiasis (Figure 6A, panels a and b). However, mice that were treated with GZR and DIC to inhibit HMGB1 revealed a significant reduction of TGF-β and IL-13 (Figure 6A, panels a and b). In mice with chronic schistosomiasis, inhibition of HMGB1 resulted in lower levels of TGF-β (Figure 6A, panel c). With regard to IL-13, only very low levels of this cytokine were detected in the liver of chronically infected mice, and no significant differences were observed after treatments (Figure 6A, panel d). It is worth noting that the undetectable levels of IL-13 in the sera of mice with chronic schistosomiasis (shown in Figure 4O) could be associated with the lack of IL-13 in the liver extracts of these mice. Because the expression of most of the components of the extracellular matrix depends on TGF-β and IL-13 signaling activation, we investigated the levels of collagen in the liver of acutely or chronically infected mice (Figure 6B). Our data indeed showed that schistosome infections exacerbate the production of collagen 1 (Col-1) and collagen 3 (Col-3), Figure 6B, panels e–h; compare the UT group with the IUT and VEH groups. Because HMGB1 inhibition down-regulated the expression of pro-fibrotic cytokines (Figure 6A), a reduction in collagen levels in the liver of acutely and chronically infected mice was expected. Indeed, our data confirmed that the levels of Col-1 and Col-3 were decreased upon treatments (Figure 6, panels e–h, compare the VEH group with the GZR and DIC groups), except for collagen 1 in mice with acute infections that were treated with DIC (Figure 6B, panel e).
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FIGURE 6. HMGB1 plays a role in egg-induced liver fibrogenesis. (A,B) ELISA of liver extracts for TGF-β, IL-13, collagen 1 and 3, in acute and chronic schistosomiasis. The results were presented as the mean ± SEM and were tested by ANOVA Tukey's multiple comparisons test. *P < 0.05 was considered statistically significant; ns—not significant. The P-values for all comparisons are available in Table S3. (C) Representative photographs of immunohistochemistry (from 5 animals per group) of Col-1, Col-3, and α-SMA in hepatic tissues of animals with acute or chronic schistosomiasis. In acute schistosomiasis, Col-1 and α-SMA were detected intracellularly (b,f, yellow arrows), whereas in chronic schistosomiasis, Col-1 and α-SMA were deposited extracellularly (c,g, red arrows). Col-3 was stained inside the granuloma. Photographs are at a magnification of 40x. Scale bars = 50 μm. The graphs (b–g) represent the quantification of positive staining areas for Col-1, Col-3, and α-SMA in acute and chronic schistosomiasis. Legends of the experimental groups are as depicted in Figure 2.



In order to better assess the levels of liver fibrosis, we also used Masson Trichome and Sirius Red staining. With these staining techniques, we confirmed an intense collagen deposition in animals with acute or chronic schistosomiasis that were not treated (IUT) or treated with vehicle (VEH) only (Figure S5). Of note, in the liver of chronically infected mice (lower panels), we could observe extensive areas of fibrosis within several fused isolated granulomas (Figure S5A). Importantly, livers of acutely or chronically infected mice that we treated with HMGB1 inhibitors revealed a significant reduction in collagen deposition, and showing better preserved parenchyma areas (Figure S5A; compare IUT and VEH with GZR and DIC panels of both acute and chronic schistosomiasis). Collagen quantifications are shown in Figure S5B.

We next performed immunohistochemistry of liver slices from infected mice with acute schistosomiasis that were treated with GZR or DIC (Figure 6C). With regard to collagen expression, the livers of mice with acute schistosomiasis in the IUT, VEH, and DIC groups overexpressed Col-1 (Figure 6C, panel a). In the GZR treated-group only, we observed a reduction in the positive staining area for Col-1, which confirmed our ELISA data above (Figure 6B, panel e). Of note, Col-1 was also expressed in uninfected mice, but at reduced levels (Figure 6C, panel a). The immunohistochemistry of chronic schistosomiasis revealed that treatment with GZR or DIC attenuated the extracellular deposition of Col-1 (Figure 6C, panel b, compare the IUT and VEH groups with the GZR and DIC groups).

In regard to Col-3 and another important pro-fibrotic marker, α-smooth muscle actin (α-SMA), our immunohistochemistry revealed high staining of both molecules in the livers of mice with acute and chronic schistosomiasis in the IUT and VEH groups (Figure 6C, panels c and d for Col-3, and Figure 6C, panels e and f for α-SMA), but showed much less reactivity in the livers of mice treated with GZR or DIC (Figure 6C, panels c and d), indicating that HMGB1 modulates key fibrotic factors. The specificity of the immunoreactivity of Col-1, Col-3, and α-SMA was proved by the lack of immunostaining using the secondary anti-rabbit control (Figure S1). All graphics next to the immunohistochemistry panels correspond to the quantification of positive staining areas.



HMGB1 Inhibition Ameliorates Liver Fibrosis and Improves the Survival of Mice With Chronic Schistosomiasis

We next investigated the role of HMGB1 in the pathogenesis of schistosomiasis. Morphometric analysis of the livers of animals with chronic schistosomiasis revealed extensive fibrosis around the eggs of controlled animals (Figure 7A, IUT, and VEH) whereas in animals that were treated with both HMGB1 inhibitors (GZR or DIC), a healthier hepatic parenchyma with fewer fibrotic areas were observed (Figures 7A,B).
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FIGURE 7. HMGB1 modulates liver fibrosis in chronic schistosomiasis and HMGB1 inhibition improves mouse survival. (A) Representative photographs of hematoxylin and eosin-stained sections of livers. Yellow dashed lines depict the areas of liver fibrosis. Photographs are at a magnification of 20x. Scale bars = 20 μm. (B) Quantification of the area of liver fibrosis from 15 animals. The measurements were performed using ImageJ software. The results were presented as the mean ± SEM and were tested by ANOVA Tukey's multiple comparisons test. *P < 0.05 was considered statistically significant; ns—not significant. The P-values for all comparisons are available in Table S3. (C) Survival curve of S. mansoni-infected mice (20 per group infected with 80 cercariae) treated with DIC. The survival curve was monitored during the 16 weeks (112 days) of infection. Analysis of the survival curve was performed via a Kaplan-Meier plot, and P-values (P < 0.0001) were calculated by the log-rank (Mantel-Cox) test. Legends of the experimental groups are as depicted in Figure 2.



To further confirm the role of HMGB1 in the development of schistosomiasis, we chose to establish a survival curve of infected animals, but we treated the animals only with DIC (and not GZR) due to its ability to inhibit HMGB1 secretion but also because of its novelty in vivo experiments [the anti-HMGB1 activity of GZR has been previously tested in animals with different inflammatory diseases (54)]. Thus, animals that were treated with DIC to inhibit HMGB1 pro-inflammatory activity survived longer (40% of survival; blue line with inverted triangle) than animals that received the vehicle alone (10% of survival; red line with squares; Figure 7C).




DISCUSSION

Schistosoma mansoni infection invariably results in liver fibrosis of the host. This fibrosis may be represented by small focal areas of chronic inflammation and excess extracellular matrix deposited in periovular granulomas that are distributed in variable numbers at the periphery of the portal vein system. This condition is noted in 90% of the infected population in endemic areas. Conversely, a minority of infected individuals develops extensive disease with numerous granulomas along the entire extension of the portal space. This latter situation is mainly dependent on special hemodynamic changes created by a heavy worm load with the subsequent production of numerous eggs and represents a severe form of a peculiar chronic hepatopathy. Intestinal schistosomiasis is another well-defined form of chronic schistosomiasis (55) but its relationship with HMGB1 activity was not addressed in this paper.

In this study, we observed high levels of HMGB1 in the sera of mice with acute or chronic schistosomiasis, and the levels were slightly higher in the acute phase. Of note, high levels of HMGB1 were previously detected in the sera of patients suffering from hepatic fibrosis, thus suggesting that HMGB1 is an important and reliable non-invasive marker of the level of fibrosis in patients with hepatitis B (38). In this context, we also observed high levels of HMGB1 in the sera of patients from an endemic area in the State of Minas Gerais, Brazil, who suffer from acute or chronic schistosomiasis.

Based on immunohistochemistry, HMGB1 was predominantly localized in the cytoplasm of hepatocytes surrounding the schistosomotic granuloma in the livers of mice with acute schistosomiasis. However, during chronic infections, HMGB1 was mainly found in the nuclei of hepatocytes. These data suggest that during acute schistosomiasis, hepatocytes were exposed to an intense cellular injury caused by toxins and immunogenic molecules that are released from the eggs (56–58), which culminated in the HMGB1 nuclear-cytoplasm translocation and its subsequent secretion into the sera of infected animals. While the hepatocytes of mice with acute schistosomiasis are certainly the main source of extracellular HMGB1, HMGB1 from the eggs trapped in the liver can also be released (59), and could then, contribute to a lesser extent, to liver fibrosis. Therefore, HMGB1 may play a key role in the regulation of the immune response during the formation of the schistosomotic granuloma.

Previous studies have strongly suggested a role for HMGB1 as a mediator of inflammation in hepatic disorders, and hepatocytes have been considered the main source of extracellular HMGB1 associated with the immune response during acute hepatic failure. In this regard, HMGB1 was localized in the cytoplasm of hepatocytes in models of hepatic fibrosis induced by concanavalin A or carbon tetrachloride (39, 60). Because schistosomiasis is considered an inflammatory hepatic disease and given that hepatocytes are the first liver cells to recognize the presence of S. mansoni eggs, we believe that hepatocytes are key players in the formation of the granuloma. Thus, the HMGB1 released by these hepatocytes may act as a major regulatory cytokine in this process by recruiting neutrophils, macrophages, dendritic cells, lymphocytes, and hepatic stellate cells to the areas surrounding the eggs.

To confirm the involvement of HMGB1 in the process of granuloma formation, infected mice were treated with two inhibitors of HMGB1: 1. GZR, a natural triterpene glycoconjugate derived from the root of licorice that physically interacts with HMGB1 and inhibits its chemotactic and mitogenic functions (43); 2. DIC, a five-membered heterocyclic synthetic compound containing a N-O bond that inhibits HMGB1 translocation (42). In the livers of mice under acute infection that received GZR or DIC treatments, HMGB1 was mainly localized in the nuclei of the hepatocytes. These data indicate that both compounds inhibited HMGB1 translocation in vivo despite continuous stimulation from the egg toxins and antigens. Importantly, animals treated with GZR or DIC also presented a significant reduction in the area of the granuloma and a decrease in serum cytokine levels. Of note, GZR, or DIC significantly reduced the levels of IL-13, a known pro-fibrotic cytokine involved in the differentiation of hepatic stellate cells into myofibroblasts. Myofibroblasts are key cells in the process of fibrosis that secrete collagen and α-smooth muscle actin (10, 14, 16). In this regard, it is worth pointing out that IL-13 and IFN-γ-double deficient mice showed a greater reduction in fibrosis in animals infected with S. mansoni (61). Our data suggest that HMGB1 is secreted by hepatocytes, and that it possibly activates immune cells through TLR4/9 and/or RAGE (28–30), leading to an increase release of IL-13 and other cytokines into the sera of infected mice.

Survival experiments in animals infected with S. mansoni revealed a significant role for HMGB1 in mediating pro-inflammatory responses against the eggs, thereby culminating in the process of fibrogenesis. In this context, the hepatic parenchyma of control animals exhibited wide areas of fibrosis, while the inhibition of HMGB1 release resulted in animals with healthier livers and higher survival rates. We believe that this healthier condition of the mice was due to the effect of three main conditions: 1. down-modulation of the two main pro-fibrotic cytokines in the liver: IL-13 and TGF-β; 2. up-regulation of the main anti-inflammatory cytokine IL-10 in the chronic phase. In this context, a protective effect of IL-10 up-regulation has been previously observed in schistosomiasis (62); 3. down-regulation of IL-17A in the chronic phase. Of note, IL-17A plays a major role for full deployment of inflammation and for the development of severe schistosome egg-induced immunopathology (63, 64). To date, efficacious treatment of schistosomiasis relies exclusively on the use of Praziquantel (PZQ) (65), a drug that eliminates adult worms. In clinics, when an individual initiates treatment with PZQ, the liver disease is often previously established due to the presence of eggs. Moreover, despite PZQ treatment, the disease persists due the presence of eggs previously deposited in the liver. These data reinforce the importance of adopting a new approach to treat schistosomiasis that does not exclusively rely on the elimination of adult worms but also interferes with the enhanced immune responses directed against laid eggs. In this respect, the understanding of key determinants of immunomodulation in human schistosomiasis could lead to the development of new drugs to control the disease. Therefore, it would come as no surprise if HMGB1 was elicited as a target. Indeed, our animal survival curves showed an increased survival rate in mice under DIC administration, supporting the potential of HMGB1 inhibitors to treat schistosomiasis. In this regard, it is worth pointing out that several therapeutic agents that target extracellular HMGB1 in several inflammatory diseases are currently in preclinical or clinical development (66).

We envision a model (Figure 8) where anti-HMGB1 drugs would lead to an efficacious control of schistosomotic liver fibrosis, as follows: during acute schistosomiasis, secreted egg toxins, and antigens trigger a potent immune reaction and inflammatory response that lead to hepatic tissue damage. HMGB1, which under physiological conditions is an abundant chromosome-bound protein (18), under hepatic damage, can be released from chromatin and secreted to the extracellular milieu. Extracellular HMGB1 will bind to TLR4/9 and/or RAGE (28–30) of the host target cells. The HMGB1-receptor complex will then trigger cell activation to release inflammatory mediators and pro-fibrotic cytokines that lead to cell recruitment to the liver, culminating with the development of granulomatous reaction and fibrosis.
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FIGURE 8. Proposed model of the role of HMGB1 in S. mansoni egg-induced liver fibrogenesis. Our hypothesis is that S. mansoni egg-induced inflammation triggers the hepatocytes to release HMGB1 from chromatin, likely through acetylation. Modified HMGB1 follows the secretory pathway and in the extracellular milieu, signals for the production of molecules involved in inflammation and components of the extracellular matrix, which ultimately leads to liver fibrosis. HMGB1 seems to play a role in the transition from acute to chronic schistosomiasis. Thus, inhibition of HMGB1 secretion by GZR or DIC improved disease outcomes. It is important to point out that at this stage, we cannot rule out the possibility that GZR or DIC might also interfere with the activity of other alarmins during egg-induced inflammation.



Although we cannot describe at present the exact molecular mechanism by which hepatocyte HMGB1 signals for the pathogenesis of schistosomotic liver fibrosis, the alarmin activity of HMGB1 seems to be a key factor for the typical exacerbation of the immune responses against the eggs.
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Figure S1. Negative control of the immunohistochemistry analyses. Liver slices from control and infected mice that were incubated with secondary anti-rabbit antibodies exhibited no immunostaining. Photomicrographs are presented at 40x magnification. Scale bars = 50 μm.

Figure S2. Egg burden in animals with acute or chronic schistosomiasis. No differences were identified among the groups. The results were presented as the mean ± SEM and were tested by ANOVA Tukey's multiple comparisons test.

Figure S3. S. mansoni adult worm viability after DIC treatment. Adult worms were recovered from mice via perfusion of the mesenteric veins (67) after 6 weeks of infection. Five pairs of worms were cultured in the presence or absence of vehicle (propylene-glycol 0.025%) or DIC (150 μM) for 72 h. Worm viability was measured by adenosine triphosphate (ATP) dosage, as previously described (68), using CellTiter-Glo®reagent (Promega, Wisconsin, USA). Three independent experiments were performed. The results were presented as the mean ± SEM and were tested by ANOVA Tukey's multiple comparisons test. No differences were identified among the groups.

Figure S4. Primary hepatocytes release HMGB1 in the presence of SEA. Mice were perfused through the portal vein with HANKS A and then HANKS B medium containing 0.05% collagenase (Roche Applied Science, Indianapolis, IN) and the perfused liver tissue was passed through a 40-μm nylon mesh filter (69, 70). Primary hepatocytes were cultured at 37°C in 5% CO2/95% O2 in Williams' medium E (Sigma-Aldrich, Missouri, USA) containing 10% fetal bovine serum (Gibco), 50 units/mL penicillin, 50 g/mL streptomycin (Sigma-Aldrich, Missouri, USA) were plated on collagen-coated coverslips (50 μg/mL) (BD Biosciences, San Jose, CA). Primary hepatocytes were treated with DIC or GZR at 200 μM and were challenged with 10 μg/mL of soluble-egg antigens (SEA) for 24 h. (A) Intracellular HMGB1 was visualized with green immunofluorescence FITC-staining. Nuclei were stained with DAPI. BF: bright field. Scale bar 50 μm. (B) Negative control of the above experiment. (C) Detection of HMGB1 in the supernatant of the hepatocyte's culture by Western blot. Membrane stained with Ponceau S was used as our loading control. (D) The cell viability was measured by MTT assay.

Figure S5. HMGB1 inhibition reduces collagen deposition in the liver of mice with schistosomiasis. (A) Masson Trichome and Sirius Red staining were used to determine the collagen content and distribution. For Masson staining the collagen fibers are represented by the cyan color and the cell nuclei by purple. For Sirius red staining, the red color represents the collagen fibers. Photographs are at a magnification of 10x. Scale bars = 50 μm. (B) Quantifications of the collagen content in liver slices. The results were presented as the mean ± SEM and were tested by ANOVA Tukey's multiple comparisons test. P < 0.05 was considered statistically significant; ns—not significant.

Table S1. Demographic data of patients with schistosomiasis. Sera from schistosomotic patients were kindly donated by Instituto René Rachou—Fiocruz Minas. Sera from healthy donors were collected in a blood bank of the Laboratório Central Noel Nutels (LACEN - Rio de Janeiro), with their agreement for research use. Blood from healthy donors were tested and were negative for HIV and hepatitis.

Table S2. Effect of DIC treatment on body weight, relative organs weights, ALT, AST and creatinine in healthy mice. At the end of 56 and 112 days post-treatment, healthy untreated (UT) mice and healthy mice with treated with DIC (DIC) were weighed before sacrifice. Relative liver and spleen weights were calculated as following: Relative organ weight = (absolute weight / body weight) × 100. No significant differences (p > 0.05) were observed with relative liver and spleen weights between the UI and DIC groups. Activities of alanine aminotransferase (ALT), aspartate aminotransferase (AST) and creatinine levels were measured in the sera of UT and DIC healthy mice at days 56 and 112 post-treatment. a ALT values were only significantly different (p < 0.05) between UT and DIC groups at day 112 post-treatment. AST and creatinine values did not show significant differences in both treatments. Data are expressed as the mean ± SD of 20 mice per group. The results were tested by Student's t-test.

Table S3. P-values of the statistical analyses of all data presented in this work using one-way ANOVA test.
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Infection with schistosomes is accompanied by the induction of antibodies against the parasite. Despite having IgG against both protein and glycan antigens, infected individuals remain chronically infected until treated, and re-infection is common in endemic areas as immunity does not develop effectively. Parasite specific IgG subclasses may differ in functionality and effectivity with respect to effector functions that contribute to parasite killing and immunity. In this study, we investigated if specific IgG subclasses target specific antigenic schistosome glycan motifs during human infection. Sera from 41 S. mansoni infected individuals from an endemic area in Uganda were incubated on two glycan microarrays, one consisting of a large repertoire of schistosome glycoprotein- and glycolipid- derived glycans and the other consisting of chemically synthesized core xylosylated and fucosylated N-glycans also expressed by schistosomes. Our results show that highly antigenic glycan motifs, such as multi-fucosylated terminal GalNAc(β1-4)GlcNAc (LDN) can be recognized by all IgG subclasses of infection sera, however with highly variable intensities. Detailed examination of core-modified N-glycan targets revealed individual antibody responses specific for core-xylosylated and core α3-fucosylated glycan motifs that are life stage specifically expressed by schistosomes. IgG1 and IgG3 were detected against a range of N-glycan core structures, but IgG2 and IgG4, when present, were specific for the core α3-fucose and xylose motifs that were previously found to be IgE targets in schistosomiasis, and in allergies. This study is the first to address IgG subclass responses to defined helminth glycans.
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INTRODUCTION

Schistosomiasis is a parasitic infection of humans and mammals contracted by exposure to schistosome cercariae shed by infected aquatic snails. Once the parasite establishes itself in a human host, the infection which is associated with debilitating pathology due to tissue-deposition of eggs remains chronic until treated. In the schistosomiasis endemic areas in Africa, South-America, and South-East Asia, reinfection after treatment is common. Longitudinal studies have shown that resistance to re-infection with schistosomes develops very slowly. Many years of exposure to schistosomes and multiple treatments are required for the immune response to become effective (1–3). Various studies have shown that anti-schistosome antibodies are pivotal for anti-parasite immunity. Passive immunization with serum or monoclonal antibodies against schistosome antigens (4–7) were shown to reduce worm burden and egg production in previously unexposed mice upon challenge with schistosomes. Moreover, transfer of sera and of purified IgG from animals immunized with the protective Sm-p80 antigen conferred resistance to challenge infection, and it has been shown that the level of protection induced by immunization with Sm-p80 is reduced in antibody deficient mice (8).

As schistosomes are highly glycosylated organisms that express many glycan motifs different from mammals, it is not surprising that an abundance of antibodies are generated against schistosomal protein- and lipid-linked glycans exposed to the host (9–14). It is becoming increasingly clear that glycan antigens play an important role in helminth infection immunology, but it remains ambiguous whether anti-glycan antibodies contribute positively or negatively to protection.

Previously we have studied the anti-glycan IgG and IgM responses in schistosome infected rhesus macaques that are able to expel the worms (15), in order to identify glycan targets of antibodies that might be involved in the self-cure mechanism. We showed that serum IgG antibodies against highly fucosylated schistosome glycoproteins and glycolipids formed during infection were sustained when the macaques cleared the infection, indicating that these antibodies are present in a protective context and possibly play a role in the killing of adult worms in the host. Additionally, sera from macaques containing high titres of IgG against highly fucosylated motifs were able to kill schistosomula in vitro (15) and it has been shown that a monoclonal antibody specific for the fucosylated LeX antigen was protective in a mouse model of S. mansoni infection (6). On the other hand, humans that are generally susceptible to reinfection also have high titres of IgG antibodies against highly fucosylated motifs (16), indicating that anti-glycan antibodies are not necessarily protective. Indeed, some studies have regarded schistosome glycans to form a smokescreen that diverts the host immune system from attacking vulnerable peptide epitopes that could mediate protective responses (17–19). It has however been appreciated that protective glycan epitopes may also occur, but these could be under-represented and masked by irrelevant or “smokescreen” epitopes (20). As a consequence, protective anti-schistosome glycan responses may be difficult to identify. These observations called for investigations into differential recognition of specific schistosome glycan motifs in different models and cohorts such as reported in several recent glycan microarray-assisted studies (12–16, 21).

Alternatively, research into the IgG subclass-specific response toward defined glycan antigens may shed light on the role of anti-glycan antibodies in infection. Perhaps the key to associate glycan antigens with immunity is not in the antigen itself, but rather by the type of antibody response generated. Particular IgG subclasses have been found to correlate with resistance or susceptibility to schistosome infection: IgG1 against schistosome surface antigens were observed in putatively resistant individuals in a Brazilian cohort (22), while individuals that were chronically infected lacked high IgG1 against the same antigens, but mounted high IgG4 toward various schistosome antigens instead. IgG4, as well as IgG2 have been found to correlate with susceptibility of schistosome reinfection (23, 24). On the other hand, human serum IgG1 and IgG3, as well as IgE have been found to be potent inducers of eosinophil-mediated cytotoxicity, while IgG4 antibodies were found to be inhibiting cytotoxicity (25) and compete with IgE to prevent antigen cross-linking and IgE mediated effector function (26). So far, studies on IgG subclass response against schistosome antigens have focused on schistosome surface proteins (22) or complex ill-defined schistosome antigen mixtures such as SEA or AWA (27). Little is known however about IgG subclass reactivity to defined schistosome glycan antigens. Interestingly, a recent study has shown that anti-glycan IgE responses are highly restricted toward only a few specific epitopes out of the many glycan antigens expressed by schistosomes, in particular N-glycan core-xylose or core α3-fucose, motifs that are often associated with plant glycans and allergens (28).

In the current study, we address the question whether specific serum IgG subclass responses to defined antigenic glycans occur during human schistosome infection, and whether these might be restricted to certain motifs or not. To this end, we tested the IgG subclass responses in a selection of 41 serum samples from a relatively homogeneous population in terms of exposure and infection intensity (16, 29) toward a large collection of schistosome glycan antigens. Using two glycan microarrays, one comprising a large set of native glycans isolated from different schistosome life-stages (14–16), the other comprising a set of synthetic N-glycans with different core and branch modifications previously described (21) we determined for each of the IgG subclasses which glycan motifs are targeted during infection, and evaluated whether these are different or not for IgG1-4. Our results indicate that in schistosomiasis sera, each of the IgG subclasses can be directed against a variety of antigenic glycan motifs, but with different patterns for the different individuals tested. To our knowledge, this is the first study that addresses IgG subclass responses to defined glycans and glycan motifs in a helminth infection.



MATERIALS AND METHODS


Sera

Sera used in this study were described in an earlier publication (16) where 41 schistosome infected individuals were selected from an original cohort study in a highly prevalent S. mansoni endemic area (29). The cohort study obtained ethical approval from the Uganda National Council for Science and Technology (UNCST) and was supported by the Cambridge Local Research Ethics Committee. Selected subjects had an age range of 5 to 46 years old, all with patent S. mansoni infection. The geometric mean of the intensity of infection measured by egg per gram feces was 560.65 (CI95%: 343.88, 914.05).



Glycan Microarray Construction and Incubation

A glycan microarray constructed of glycans derived from S. mansoni cercariae (75 N-glycan fractions and 102 O-glycan fractions), adult worms (77 N-glycan fractions and 31 O-glycan fractions) and eggs (57 egg N-glycan fractions and 98 soluble egg antigen O-glycan fractions), and 30 glycans derived from glycosphingolipids representing multiple life stage, was described previously (14, 16). Twenty-four blank spots with spot buffer were included for array background control. Each glycan fraction was immobilized on a glass slide in triplicate. The synthetic glycan microarray containing a collection of core-xylosylated and core-α3 and -α6 fucosylated N-glycans with various core extensions has been described previously (21).

Binding assays of individual or pooled sera on both arrays were conducted following the protocol as described previously (14–16). Briefly, the microarray slide was blocked with 2% BSA, 50 mM ethanolamine in PBS. Serum samples were diluted 1:100 in PBS-0.01% Tween20 with 1% BSA. All four mouse anti-human isotype antibodies were purchased from Invitrogen. IgG1 and IgG3 were labeled with the Promokine PF-647 labeling kit; IgG2 and IgG4 were labeled with the PF-555 labeling kit following the manufacturer's protocol. All anti-human IgG subclass antibodies were diluted 1:200 in PBS-0.01 Tween20 to detect bound serum antibodies on the slide. All washing steps were performed with successive rinses with PBS-0.05% Tween20 and with PBS. The last washing step was finished by an additional wash with milliQ water and the slides were dried and kept in the dark until scanning.



Scanning and Data Analysis

A G2565BA scanner (Agilent Technologies, Santa Clara, CA) was used to scan the slides for fluorescence at 10 μm resolution using lasers at 532 and 633 nm. Anti-IgG2 and anti-IgG4 antibodies were detected at 532 nm and anti-IgG1 and anti-IgG3 antibodies at 633 nm. Data and image analysis was performed with GenePix Pro 7.0 software (Molecular Devices, Sunnyvale, CA). Spots were aligned and re-sized using round features with no CPI threshold. Background-subtracted median intensities were averaged per time point and processed as described by Oyelaran et al. (30). Datasets were log2 transformed to remove the basic trends of variance. A hierarchical clustering analysis (HCA, complete linkage clustering using Euclidean distance metric) was performed to group associated glycan fractions using MultiExperiment Viewer v4.5.




RESULTS


Serum IgG Subclass Response Against Glycans Expressed by Schistosomes in Infected Individuals

To investigate whether IgG subclasses in sera from a schistosome-infected cohort react with specific motifs or subsets of parasite-associated glycans, we determined IgG1, IgG2, IgG3. and IgG4 binding intensities against a large variety of glycans in pooled sera of 41 infected individuals using glycan microarrays. These sera were from a relatively homogeneous population in terms of exposure and infection intensity). All individuals had patent S. mansoni infection (geometric mean infection intensity (epg) was 560.65 (CI95%: 343.88, 914.05). We found that in the pool IgG of all four subclasses are present against a wide range of schistosome-derived N-, O-, and glycosphingolipid glycans printed on the array (Figure 1A). IgG1 and IgG2 bound to the various glycans with similar high intensities, while anti-glycan IgG4 binding intensities were lowest out of the four subclasses. Glycan targets for each of the IgG subclasses consisted mainly of highly fucosylated LDN epitopes, abundantly expressed on glycolipid-derived glycans and cercarial O-glycans (31). Interestingly, IgG subclass binding of N-glycan core xylose (abundant on glycans from cercariae and miracidia) and core α3-fucose epitopes (abundant on glycans from eggs and miracidia), as determined by use of the synthetic glycan array, were rather different across the four subclasses (Figure 1B). IgG1, IgG3, and IgG4 in pooled infection serum showed higher binding intensities to core α3-fucose containing structures than to structures containing only core-xylose, with IgG4 being restricted to different subsets of the α3-fucose containing structures. In contrast, IgG2 response in this pool was mainly directed toward core xylose containing N-glycans. Core α3-fucose has been shown to be an antigenic target in schistosome-infected humans, mice and rhesus macaques (12, 15). Interestingly, alone or in combination with core xylose, core α3-fucose also forms the major cross-reactive carbohydrate epitopes that are IgE targets on a variety of plant-derived allergens (28, 32, 33). To further analyse the differential reaction of specific IgG subclasses with core-modified N-glycans, we investigated the IgG subclass response in each infected individual on the synthetic glycan array.
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FIGURE 1. Schistosome infected individuals produce IgG subclass antibodies to schistosome glycans. Averaged serum IgG subclass response from schistosome-infected individuals to (A) complex N-, O-, and glycoshingolipid glycans isolated from different life stages of schistosomes and (B) core modified N-glycans synthesized chemically. The horizontal axis indicates different glycan structures. Each bar corresponds to antibody binding to individual glycan fractions printed on the glycan microarray. Schistosome GSL glycans are shown as a group irrespective of the life stage. N, N-glycans; O, O-glycans; GSL, Glycoshingolipid derived glycans.





Schistosome Infected Individuals Differentially Express IgG Subclass Antibodies Toward Schistosome Glycans

Among the individual sera incubated on the synthetic glycan array a striking variability in IgG subclass response toward the core-modified glycans was observed (Figure S1). Most sera contained antibodies binding to core α3-fucose and core xylose modified N-glycans. However, this was not a universal response and no clear correlation between IgG subclass and glycan motifs was observed.



IgG Subclass Response Profile of Schistosome Infected Individuals

In view of the variations in IgG subclass responses to the core-modified N-glycans between individuals, we performed a hierarchical clustering analysis and grouped the individuals based on response patterns for each IgG subclass (Figure 2A). We observed a cluster of individuals that had specific and high IgG1, 2, 3, or 4 binding to core α3-fucose (cluster red). Another cluster of individuals had high IgG binding to core xylose containing structures (cluster blue), while the third cluster, with the highest number of individuals, only had lower amounts of IgG binding to either core α3-fucose or core xylose (cluster yellow). When comparing the IgG subclass distribution for each motif within each serum, we saw that some individuals had high binding to core α3-fucose with all four IgG subclasses (cluster red in all subclasses) (Figure 2B), while other individuals responded strongly to core α3-fucose structures with only one or two subclasses that were variably of the IgG1, 2, 3, or 4 type. Similarly, two individuals of the 41 individuals responded strongly to core xylose containing N-glycans with all IgG subclasses (cluster blue in all subclasses), while other individuals responded only with one or two subclasses, variably of the IgG2, IgG3, or IgG4 class. These observations indicate that IgG subclass responses toward these glycan antigens are not restricted by the nature of the antigen, but rather appear to be related to each individual response to the infection. One interesting observation was that most of the individuals that had high IgG subclass response toward either core xylose or core α3-fucose were children aged 12 or younger (Figure 2B).
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FIGURE 2. Hierarchical clustering analysis of anti-glycan antibody responses in schistosome infected individuals. (A) Heatmap showing IgG subclass response of schistosome infected subjects (columns) to core modified N-glycan fractions (rows) that have been synthesized and described by Brzezicka et al. Median fluorescence intensity was corrected for baseline and log2 transformed; increase in antibody binding is indicated by the red color intensity. Three major clusters of subjects were identified for each IgG subclass based on antibody binding intensity to glycans: one cluster of individuals had high IgG binding to core α3-fucose (red), another cluster of individuals to core xylose (blue), and one cluster of individuals without specific binding to core α3-fucose or core xylose (yellow). Core xylosylated and core α-3 fucosylated structures are indicated. Within core-xylose containing structures, those that have additional monosaccharides on the α-3mannose (Δ) and those that miss the core α-6mannose (*) are indicated. (B) IgG subclass response profile of each schistosome infected individual. Red: high response against core α3-fucose; blue: high response against core xylose; yellow: low response against other glycans. Filled circles (•): age 12 and under. Open circles (°): age 20 and older.





Structural Motifs Bound by IgG1−4

Next, to gain more insight in the structural determinants that are recognized specifically by the different IgG subclasses, we examined in detail how the binding of IgG1, IgG2, IgG3, and IgG4 to core α3-fucose and core xylose is influenced by adjacent structural elements. Comparison of the signal intensities of four sets of structurally related synthetic glycan structures first revealed that moderate levels of IgG1 and IgG3 reactive with the unsubstituted trimannosyl core glycan (Man3GlcNAc2) (G42) were detected in most sera tested (Figures 3A–C). In contrast, IgG2 and IgG4 to the N-glycan core were only detected when either a xylose (G34) or an α3-fucose (G73) residue were present (Figures 3A,C). Interestingly, IgG1 and IgG3 in general did not become more reactive upon addition of core xylose to the trimannosyl core, but signal intensities did increase significantly upon α3-fucosylation while core α6-fucose addition (G64) had the opposite effect of lowering the IgG1 and IgG3 response to the otherwise unsubstituted trimannosyl core. The addition of α6-fucose had no effect on the reactivity of any of the four IgG subclasses to the α3-fucosylated core however (G64) (Figure 3C). Regarding the combination of both the antigenic core xylose and core α3-fucose modifications it appears that sera where IgG2 and IgG4 reactivity is negative against core α3-fucose becomes positive upon addition of the xylose (G37) (Figure 3D). Since reactivity is also observed to core-xylosylated glycans without fucose, it appears that α3-fucose and xylose form independent antigenic motifs. Finally, IgG2 and IgG4, but not IgG1 and IgG3 reactivity against core xylose are hindered by the addition of a GlcNAc branch to the 3-linked Man (G5), but removal of the 3-linked Man (G1) enhances reactivity, indicating that reactivity to xylose depends on its spatial accessibility (Figures 3A,B). Together these data suggested that IgG2 and IgG4 reactivity to N-glycan core structures in schistosomiasis sera are either against the core xylose and core α3-fucose motifs, whereas IgG1 and IgG3 are less specific and restricted.


[image: image]

FIGURE 3. IgG subclass response of schistosome infected individuals to core xylose (A,B) and core α3 fucose (C,D) in the presence or absence of adjacent structural elements. Median fluorescence intensity was corrected for baseline and log2 transformed. The code for each structure as described in the original publication (21) is indicated.






DISCUSSION

In this study we have investigated the IgG subclass responses against defined parasite-derived glycans in schistosome-infected individuals. Detailed glycan microarray analysis indicated that IgG1, 2, 3, and 4 in schistosome infection sera are variably present against a wide range of antigenic parasite glycans. Interestingly, individuals infected with schistosomes respond with particularly high variability to the antigenic α3-fucose and β2-xylose core modifications of N-glycans with respect to the different IgG subclasses. This variability in antibody response was not a reflection of the intensity of infection as all sera included this study were from heavily infected individuals living in a schistosome endemic area. The sera used in this study were selected from a larger study (29), where selected individuals had an age range between 5 to 46 years old, all with patent S. mansoni infection, with fecal egg counts between 343.88 and 914.05 epg (CI95% of geometric mean). Previously, we have used this set of sera to compare the anti-glycan (total) IgG and IgM in schistosome infected children and adults (16) and found that although there were anti-glycan antibody differences between children and adults, other factors apart from age also played a role in shaping anti-glycan antibody response profiles. It is well-known that the overall serum IgG subclass distribution is generally different between adults and children. IgG1 and IgG3 development is faster and reaches around 75% of the adult serum levels at the age of five, while IgG2 and IgG4 levels rise much slower, reaching 70% of adult serum levels at the age of 14. Nevertheless, large inter-individual variations were observed previously for IgG subclass development (34), as corroborated by our study. Although most individuals with responses of any subclass toward core modified glycans were children, many children did not produce antibodies against core modified N-glycans, raising the question which other factors, possibly cross-reactive antigens, determine the induction of these schistosome-reactive antibodies.

The sample selection used here to study the glycan specificity of IgG subclasses in schistosomiasis infection serum is not suitable for addressing immunoepidemiological questions. Nonetheless, the variable subclass responses to specific glycan antigens observed in this study may have the potential to reflect the immune profile of infected individuals and act as markers for infection with respect to intensity, exposure, chronicity, immunopathology or resistance to infection. High IgG1 titers against a specific set of schistosome tegument protein antigens for instance have been observed in putatively resistant individuals in a Brazilian cohort but not in chronically infected individuals, where high IgG4 antibodies against the same schistosome antigens were observed instead (22). In addition, IgG1 and IgG3 against protective schistosome antigens has also been found in naturally resistant individuals but not in chronically infected or unexposed individuals (35). These studies indicate the importance of IgG1 against protective antigens in developing immunity. In contrast, susceptibility to reinfection in humans has been associated with high levels of IgM, IgG2, and IgG4 (23, 24, 26, 27). The presence of IgM, IgG2, and IgG4, purified from serum of infected individuals, prevented eosinophil mediated killing of schistosomula by other IgG subclasses present in human infection sera (25). The IgG4 subclass is usually produced after repeated, long-term antigenic stimulation, and has minimal effector functions. Literature describes highly elevated IgG4 toward schistosome antigens (26) that may compete with IgE and prevent antigen cross-linking and IgE mediated effector functions. Interestingly, although we have not observed very high IgG4 binding intensities against schistosome glycans, precisely the core α3-fucose and core xylose motifs that form the cross-reactive carbohydrate determinants for IgE in plant allergens as well as helminths (28, 33, 36) are also the only IgG4 reactive glycan elements in the tested N-glycans in the current study. It should be noted that expression of core α3-fucose and core xylose motifs during the schistosome life cycles appears to be highly specific. By mass spectrometric glycomics approaches it has been shown that core xylose is abundant on N-glycans of cercariae and miracidia (31), whereas core α3-fucose has been detected in abundance in N-glycans on the secretory egg glycoproteins IPSE/α1 (37) and omega-1 (together with core α6-fucose) (38) and on N-glycans derived from the miracidia (31) and the egg glycoprotein kappa-5 (together with α6-fucose and core xylose) (39). Both core xylose and core α3-fucose are expressed by plant glycoproteins (33, 40) and in a small subset of other helminths (36). The specific IgG determined in our study may therefore also have been triggered by other antigen sources other than schistosomes. It would be interesting to investigate the IgG subclass response of infected individuals toward more complex glycan antigens that are schistosome specific, such as highly fucosylated LDN epitopes on glycoproteins and glycosphingolipids of the parasite and its secretions. Such complex schistosome antigens, induce higher total IgG binding in schistosome infected rhesus macaques compared to core modified epitopes (15). Given that highly fucosylated motif such as Fucα1-2Fucα1-3 on LDN have not been found in organisms other than schistosomes, it would be interesting to see if different individuals would have a less variable IgG subclass distribution to these complex, more parasite-specific glycan antigens, when these would become available as synthetic, defined antigens.

In this study we have for the first time investigated the IgG subclass response against schistosome glycans in infected individuals. The complex interplay between how antigens trigger IgG subclass response calls for analysis with a larger human cohort with better defined resistant and susceptible immune profiles, to be able to understand whether particular subclasses against particular glycan epitopes are associated with a disease state. Although high inter-individual antibody variation was observed against core modified N-glycans expressed by schistosomes, IgG subclass response against complex antennae schistosome glycans remain to be elucidated.
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Background and Methods: Schistosomiasis is debilitating and reported to impair immune responsiveness of infected hosts. In Cameroon, mass drug administration (MDA) is used in schoolchildren to reduce transmission of S. haematobium and S. mansoni. The effects of MDA and the impact of schistosomiasis on the titers of antibodies in vaccinated children have been poorly studied. We therefore assessed the prevalence of schistosomiasis in schoolchildren, eight months after MDA, in two locations: Barombi Koto (BK), endemic for S. haematobium (N = 169) and Yoro (Y), endemic for S. mansoni (N = 356). Age, gender, residence time and frequency of contact with river water were assessed as risk factors for infection and morbidity in both localities. In 70 schoolchildren from BK and 83 from Y, ultrasound was used to assess morbidity according to the WHO guidelines. Evaluation of measles antibodies was performed in previously vaccinated schoolchildren (14 with S. haematobium and 12 egg-negative controls from BK and 47 with S. mansoni and12 egg-negative controls from Y).

Principal Findings and conclusions: The prevalence of S. haematobium was 25. 4% in BK (43/169) and 34.8% for S. mansoni in Y (124/356), indicating the persistent transmission of schistosomiasis despite MDA. Older age (AOR 1.31; 95%CI 1.12–1.54) and higher frequencies of exposure to river water (AOR 1.99; 95%CI 1.03–3.86) were identified as risks for infection in BK whereas only older age (OR 1.15; 95%CI 1.04–1.27) was a risk for infection in Y. Bladder pathology (score 2 to 5) was observed in 29.2% (7/24) of egg-positive children in BK and liver pathology (pattern C) in 31.1% (19/61) of egg-positive children in Y. There was a positive correlation between S. haematobium egg burden and bladder pathology (AOR 1.01; 95% CI 0.99–1.02) and positive correlation between S. mansoni-driven liver pathology and female gender (AOR 3.01; 95% CI 0.88–10.26). Anti-measles antibodies in vaccinated children were significantly lower in S. mansoni-infected when compared to egg-negative controls (p = 0.001), which was not observed in the S. haematobium-infected group from BK. Our results demonstrate a questionable efficacy of MDA alone in halting schistosomiasis transmission and confirm a possible immunomodulatory effect of S. mansoni on response to vaccines.

Keywords: schistosomiasis, Cameroon, risk factors, infection, fibrosis, vaccine responses, measles


SUMMARY

Close to 50 years after the discovery and establishment of praziquantel as an anti-parasitic drug to treat human schistosomiasis, the disease persists and is still a public health concern for hundreds of millions of individuals worldwide. Although the wide implementation of mass drug administration campaigns in endemic areas has considerably helped to reduce the prevalence and burden of the disease encouraging a change of narrative from infection control to elimination, the lack of regular monitoring studies in endemic areas has crippled the development of adequately tailored strategies to ensure the site-specific interruption of the disease transmission. Here, we screened 525 schoolchildren including the most affected age groups in two sites in rural Cameroon, a country of close to 20 million inhabitants with 2 million infected individuals and more than 5 million living in rural areas infested with S. mansoni and S. haematobium causing hepatointestinal and urogenital schistosomiasis, respectively. In the studied sites, praziquantel has been administered for the past decade once annually to schoolchildren via a well sustained national control program. We found that just 8 months following the last mass drug treatment, prevalence of infection persisted at alarming levels with older children being more at risk of infection, unveiling the inadequacy of limiting drug treatment to young schoolchildren rather than including the whole community with older individuals. Abnormalities of the urinary bladder were more severe when compared to liver lesions arguing for a more frequent regimen of drug administration on the S. haematobium site in particular. Females presented with a higher risk of infection in the S. mansoni site while contact with the surrounding river waters favored infection at both sites. Overall, a need for further education of the population on the debilitating risk of poor hygienic practices and contact with infested river was identified. Intriguingly, analyses on the S. mansoni site revealed a negative association of schistosomiasis on measles vaccine elicited-responses, further reinstating the morbid nature of schistosomiasis on our communities. Our survey, while appraising the extent of disease distribution and impact in two endemic areas also provides guidelines to ameliorate the fight against schistosomiasis, gearing towards more informed approaches for the elimination and not just the control of the disease.



INTRODUCTION

Previous mapping studies have defined that more than two million people have schistosomiasis infection in Cameroon and an additional five million live in high transmission areas within the country (1), a country with a population estimate of just over 20 million people (1). Annual mass drug administration (MDA) of praziquantel to schoolchildren in endemic areas represents the country primary control strategy against the disease (2). The country is home to S. mansoni (3–7) and S. haematobium (1, 3, 4, 8) causing the hepatointestinal and urogenital forms of the disease respectively.

Overall, the prevalence of schistosomiasis in Cameroon in particular and Africa in general has been reduced over the last decades as a result of mapping of endemic areas and sustained MDA campaigns with praziquantel (9). This has not been sufficient in interrupting the transmission cycle of the parasite and eliminate the disease. Elimination clearly requires more adequate efforts to complement MDA campaigns as we now realize that MDA alone might just be a stopgap measure (9–11). In addition to sustained MDA campaigns, long term planning, intersectoral government coordination, health education and improved sanitation are required, on the long term for the elimination of schistosomiasis (2, 9–11).

Generally MDA campaigns are performed annually in endemic areas like Cameroon which did considerably reduce the egg-patent prevalence of the disease at first, but poorly so after several rounds of localized MDA campaigns (5–7). This reported plateau of the disease prevalence further argues for the inadequacy of MDA campaigns alone (9, 11), as presently implemented, to eliminate schistosomiasis and the burden associated with the disease in an endemic site (9, 12). Clearly, in-depth screenings of endemic areas for determinants of persistent transmission and burden are needed in countries like Cameroon (2, 9, 12).

The mapping of the disease prevalence and associated burden has reliably guided anti-schistosomiasis intervention strategies during the control phase of the national anti-schistosomiasis programs (13–15). Defining the prevalence of infection and disease and the biosocial factors that foster the infection and the disease have considerably helped MDA campaigns (1, 2, 5–8, 13, 14). At present, schistosomiasis elimination in endemic areas like Cameroon requires tractable approaches for the mapping of risks of prevalence and burden as this will considerably help ameliorate the current control strategies into elimination tools (9, 11, 12, 14, 16).

Utzinger's and Raso's groups (16–18) elegantly reported on the reduction of schistosomiasis transmission in regions of northern and central Cote d'Ivoire where the MDA campaigns were complemented with health education and community-led pro-sanitary practices tailored to these sites. These studies had initially mapped the determinants of schistosomiasis prevalence and disease in the targeted regions of Cote d'Ivoire (17) revealing a critical lack on the means of stopping schistosomiasis transmission and the overlooked community-led sanitary habits that might help prevent transmission. Upon implementation of health education campaigns and community-led pro-sanitary measures to correct the identified gaps (16), the prevalence and burden of schistosomiasis dropped considerably compared to MDA campaigns alone. This illustrates the added value of regular mapping of endemic areas to identify potential complements for MDA campaigns to aid, not only in controlling, but possibly in totally eliminating schistosomiasis.

Moreover, with numerous reports on outbreaks of preventable diseases in parasite-infested areas, a concern for the presence of a highly immunomodulatory disease such as schistosomiasis on the efficiency of vaccination campaigns is suggested (19–21) but still warrants further investigation. In Cameroon, measles vaccination coverage is still at a sub-standard level with an overall 80% coverage rate. Several measles outbreaks have been reported in 2015 (Center, Far North and North-West regions particularly) and in 2016 (Adamawa, Far North, North and South-West regions) (22) which are all schistosomiasis-diseased areas (1–3, 5–7, 23). Intriguingly, a recent study in western Kenya elegantly described a crippling effect of mothers diseased with schistosomiasis during pregnancy on their children responsiveness to measles vaccination (19). We therefore hypothesize for a negative role of schistosomiasis on measles vaccine responses that, if proven real, could further impair the already sub-optimal attempts of the national vaccination campaigns against measles.

In our present study, we enrolled, questioned and screened 525 schoolchildren from two sites of rural Cameroon endemic, Barombi Kotto (BK) and Yoro (Y), preferentially endemic for S. haematobium and S. mansoni, respectively. We determined the egg-patency in the populations 8 months following MDA and defined the risk factors and clinical signs of infection and morbidity. We show that annual MDA campaigns are minimally effective in halting the disease transmission in both sites. We denote the differential influence of biosocial determinants in predisposing to schistosomiasis infection and morbidity. Specifically, we report on the strong tissue destructive nature of urogenital schistosomiasis; we present a positive correlation between the burdens of S. haematobium eggs and bladder morbidity on one of our study sites whereas S. mansoni egg burden did not appear to be associated with the development of liver pathology on another site. We finally report on the negative association of hepatointestinal schistosomiasis with anti-measles vaccine responses. Overall, a framework for a tailored intervention in two sites endemic for schistosomiasis in rural Cameroon and a case for the impairment of measles vaccination by schistosomiasis are provided.



MATERIALS AND METHODS


Ethics Statement

The Ministry of Public Health of Cameroon through the National Ethics committee for Human Health Research granted ethical approval for this study (No 2017/03/881/CE/CNERSH/SP). Children and legal guardians were informed on the scope of the study by a physician assisted by school teachers. At each school, written informed assents and consents were given by legal guardians and pupils. All data obtained and herein reported were treated anonymously by the investigators. All schools involved in the study, as well as other schools from the areas were subsequently treated by the National control program for schistosomiasis irrespectively of their parasitological status.



Study Areas and Populations

The data were collected in May 2017 in the village of Barombi Kotto (n = 169) and the village of Yoro (n = 356). The survey took place in two schools in Barombi Kotto (Primary and secondary school of Barombi Kotto) and two schools in Yoro (Public school of Yoro I and public school of Yoro II) surrounding the infested rivers in the villages. As the risk factors of infection and morbidity following MDA had never been determined previously in these sites, sample size was not pre-determined and was dependent on schoolchildren (and legal guardian) willingness to participate. A subsample of the enrolled children, which came back for ultrasonography (70 from BK and 83 from Y), was further screened for bladder morbidity in Barombi Kotto and liver morbidity in Yoro. The details on the study areas have been previously described (1, 3, 23, 24).



Interview Questionnaire

Each child was interviewed by a member of staff of our team, assisted by the class teacher and the legal guardian. The questionnaire recorded demographic data (age, sex), social habits (frequency of encounters with surrounding river) and general self-reported or legal guardian indicated health conditions (rectal pain, frequent tiredness, diarrhea, abdominal pain, vomiting, any pain, vaccination status) and is available upon request.



Parasitological and Morbidity Survey

In Barombi Kotto, gross hematuria was assessed visually from the presence or absence of red/brown coloration. From samples of urine (single urine sample per child), 10 ml were syringed through a filter for detection of S haematobium eggs, as previously described (6, 23, 25). In Yoro, feces samples were collected from each participant for microscopic analysis (single stool sample per child). Per feces sample, two Kato-Katz slides of 25 mg fecal material each were prepared and microscopically examined for S. mansoni species as previously described (3).



Ultrasound

In Barombi Kotto, a clinician performed ultrasound assessments of the bladder, ureters and kidneys on children and urinary bladder morbidity scores was determined. In Yoro, abdominal echographic scans were performed on participants. In both sites, participants were examined using a portable ultrasonography with transducer of 3.5 MHz. All examinations were performed by the same clinician who was unaware of the infection status of the examined participants. Morbidity scores were defined according to the WHO protocol on the assessment and quantification of schistosomiasis morbidity as recently described (25). Ultrasound examination was complemented by serum rapid diagnostic tests of tissue debilitating diseases and individuals with diseases likely to affect tissue morbidity (hepatitis, HIV) were excluded using Diaspot HBsAg / HCVAb (manufactured by DiaSpot Diagnostics, USA) and Alere HIV RDT (from Abbott Diagnostic, USA), for hepatitis and HIV respectively. Positives cases (2 for Hepatitis B and 3 for hepatitis C) were referred to the local health Centre for follow-up.



Anti-measles IgG ELISA

Serum samples from examined participants vaccinated against measles, were prepared from whole blood aseptically drawn by venipuncture inside tubes without anti-coagulant. After clotting and centrifugation at 3,500 rpm during 5 mins, serum was separated in new 2.0 ml cryotubes and frozen at −20°C until analyses.

Total anti-measles IgGs was probed by sandwich ELISA using a commercial kit (Demeditec Diagnostics GmbH, Kiel, Germany) as per the manufacturer's instructions with a threshold for positivity at 12 U/ml. Two Cut-Off standards, 2 negative controls and 2 positive controls, provided with the commercial kit, were included during the assay for internal quality control as per the manufacturer's instructions.



Statistical Analyses

Statistical analyses were conducted using GraphPad Prism 6.0 software (http://www.prism-software.com) and STATA version 13 (StataCorp, College Station, TX, USA). Fisher's exact test compared proportions; the non-parametric Mann-Whitney U test was used to compare sample medians (26). Descriptive measures (mean, geometric means, standards deviation, frequencies, and percentages) were used to summarize data. Sensitivity, specificity, 95% confidence intervals and p-values assessed the predictive accuracy of differences and lack thereof). Univariate and multivariate analyses were carried out using logistic regression or Spearman correlations to assess for possible statistical associations. Adjusted odds ratios (AOR) were reported for variables and 95% CI and p-values were determined. A p-value <0.05 was considered indicative of statistical significance.




RESULTS


Characteristics of the Recruited Children

Complete parasitological data and answers to questionnaires were obtained from 525 schoolchildren (Figure 1 and Table 1) from two endemic sites in rural Cameroon. This included 169 schoolchildren from the S. haematobium-infested site of Barombi-Kotto (BK; Mean age of 11.2 years, range 6–20 years) and 356 school-children from the S. mansoni-infested site of Yoro (Y; Mean age of 9.5 years, range 4–16 years). Gender distribution of the recruited children was differentially skewed in the two studied sites (40% males in BK and 57% males in Y; p < 0.0001, Table 1). All recruited children had received their last praziquantel treatment 8 months prior to enrolment. Children from BK had resided in the endemic site significantly longer than children from Y (mean residence time of 8.6 vs. 6.9 years in BK and Y, respectively; p < 0.0001). The residence time was determined by our questionnaire and was defined as the number of years the participant spent in the endemic areas (BK or Y at large) and was validated by the legal guardians before consideration. Overall, a considerable percentage of children enrolled had lived their entire lives in the studied areas with no migration out of the endemic area (93/169 in BK and 166/356 in Y).
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FIGURE 1. Study flow diagrams. (A). Barombi-Kotto. (B). Yoro.





Table 1. Schistosomiasis prevalence in recruited children around Barombi Kotto Lake and Yoro village 8 months after MDA. Distribution of children by age groups and infection status.
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Egg screening in the children excreta (urine for BK and stool for Y) revealed that 43 children (25.4%) from BK excreted S. haematobium eggs in their urines whereas 124 children (34.8%) from Y excreted S. mansoni eggs in their stools (Table 1).

The most abundant cases of egg positivity in excreta were found in children aged 10–16 (mode at 11 years old) in BK and 7–13 in Y (mode at 12 years old) even though prevalence of egg positive excreta kept increasing with age in both sites (Figure 2).
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FIGURE 2. Age distribution & schistosomiasis prevalence in the two endemic communities studied. (A). Distribution of children by infection status and age in Barombi-Kotto. (B). Distribution of children by infection status and age in Yoro. (C). Prevalence of infected children in Barombi-Kotto. (D). Prevalence of infected children in Yoro.





Risk Factors of Infection

Multivariable logistic regression analyses showed that age was associated with infection in both areas (AOR 1.32; 95% CI 1.13–1.54 in BK and AOR 1.15; 95% CI 1.04–1.27 in Y) whereas contact with the surrounding water (AOR 2; 95% CI 1.03–3.9) and gender (AOR 2; 95% CI 1.03–3.86) were associated with infection only in children from BK (summarized in Table 2).



Table 2. Risks factors for schistosomiasis infection in schoolchildren around Barombi kotto and Yoro river.
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Clinical Correlates of Infection

Clinical signs were analyzed to determine their suitability as symptoms of the diseases in our two study sites. In BK, 22/43 (51.2%) of infected children presented gross hematuria, that was present only in 6/126 (4.8%) of egg-negative children (sensitivity of 51.2%, specificity of 95.2% and positive predictive value of 78.5% for gross hematuria in predicting S. haematobium infection in BK). In Y village, abdominal pain, diarrhea, recurrent tiredness, and rectal pain occurred with low positive predictive values individually (ranging from 28.1 to 30.7%) or in combination (positive predictive value of 31.4%) with relation to S. mansoni infections.



Burden of Infection: Egg Burden

Overall, the burden of eggs (Table 3) in the urines of egg-positive children from BK was heavy in average with a geometric mean of 78 eggs per 10 ml of urine (95% CI 62.9–96.6) whereas the egg burden in Y was light in average with a geometric mean of 82 eggs per g of stool (95% CI 68.5–97.6). In Y, females were more represented in higher egg burden categories than males (X2 = 6.6; p = 0.036).



Table 3. Infection intensity in all egg-positive children recruited from Barombi Kotto and around Yoro river.
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Tissue Morbidity

Ultrasound data were collected from 70 children (mean age 12 year, range 9–15 year) in Barombi-Kotto lake and from 78 children (mean age 10 year, range 7–12 year) in Yoro village.

S. haematobium-specific bladder morbidity was observed in 17.1% (12/70) of the examined children in BK (Table 4). Most common lesions concerned wall thickening (n = 18), wall irregularity (n = 59) and polyps (n = 4). In children with higher bladder morbidity, gross hematuria was more frequent, and the mean geometric egg burden was higher (Table 4).



Table 4. Urinary bladder morbidity in schoolchildren from BK according to gross hematuria and presence or absence of S. haematobium eggs in urine.
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S. mansoni-specific liver lesions were present in 36% (30/83) of the examined children in Y (Table 5). Liver image patterns were from A to C, with the most affected of the examined children in Y classified as C (30/83), indicative of echogenic livers with possible fibrosis.



Table 5. Schistosoma mansoni-associated liver image pattern and S. mansoni infection in children examined (ultrasonography) in Yoro village.
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Risk Factors of Tissue Morbidity

Multivariable logistic regression analyses showed egg burden to positively associate, (AOR = 1.016; CI = 0.999–1.003) with the onset of bladder morbidity in BK whereas a risk was associated to females in Y (AOR = 3.02; CI = 0.89–10.3). Intriguingly, we could not show that age constitutes a risk factor for tissue morbidity in our examined study participants from both sites, nor did the length of residence in the endemic areas.



Measles Vaccine Responses

To determine the effect of schistosomiasis on measles vaccine responses in our sites, serum levels of anti-measles IgG were determined in a subset of previously vaccinated children from our study sites. The latter included 26 children in BK (14 egg-negative and 12 egg-positive) and 59 children in Y (12 egg-negative and 47 egg-positive). Vaccination cards were requested from all children's parents/guardians and all participants included for this part of the study were vaccinated at 9 months of age as recommended by the Cameroon extended program of vaccination using the live attenuated measles vaccine manufactured by Serum Institute of India LTD. We noted that S. haematobium infection did not significantly associate with altered anti-measles IgG antibodies levels in the serum of vaccinated children in BK (p = 0.157, Figure 3A). We also confirmed a similar age distribution between egg-negative and egg-positive children from BK (Figure 3B), ruling out a confounding effect from the age between both groups. Intriguingly, however, previously vaccinated children presenting an egg-patent S. mansoni infection in Y had significantly lower levels of anti-measles (p = 0.001) IgG antibodies in their serum (Figure 3C) and this did not associate with a differential age distribution between egg-negative and egg-positive children whose samples were used in this assay (Figure 3D). As shown in Figure 3E, we further noted that these lower IgG levels in the serum of S. mansoni-infected children from Y negatively correlated with stool egg burdens (Spearman r = −0.4; p = 0.005). Importantly, a trend for higher egg burden was observed in Y children with low or equivocal production of IgG antibodies against measles (titers < 12 U/ml) when compared to children with clearly positive antibodies titers (titers ≥ 12 U/ml) (Figure 3F), as defined by the ELISA kit manufacturer (Demeditec Diagnostics GmbH, Kiel, Germany).


[image: image]

FIGURE 3. Effect of Schistosomiasis infections on vaccine-induced anti-measles responses in schoolchildren from Barombi Kotto and around Yoro river. (A) Influence of S. haematobium (BK) infection on serum anti-measles IgG levels. N = 26 with 14 egg (–) and 12 egg (+) (B) Age distribution in children tested for vaccine responses in BK. (C) Influence of S. mansoni (Y) infection on serum anti-measles IgG levels. N = 59 with 12 egg (–) and 47 egg (+). (D). Age distribution in children tested for vaccine responses in Y. (E) Correlation between S. mansoni egg burdens and serum anti-measles IgG levels in Yoro. (F) Egg burdens and anti-measles antibody titers in examined children from Yoro. Low / equivocal (< 12 U/ml); positive titers (≥12 U/ml). Bars represent the medians and vertical lines represent the interquartile ranges.






DISCUSSION

Our study further characterizes the burden of schistosomiasis in rural Cameroon, particularly in the S. haematobium infested area of Barombi Kotto (1, 23, 24) and the S. mansoni infested area of Yoro (3). Our investigations focused predominantly on affected schoolchildren in the areas and report on the infection burdens, the risks of infection, the tissue morbidity profiles and the effect of infection on measles vaccine-elicited serum antibody responses.

Although being subjected to MDA interventions currently operating at treatment cycles of single annual provision, schoolchildren enrolled at both studied sites had a considerable level of infection with schistosomiasis (>20%) just 8 months after last treatment. This, according to WHO programmatic guidelines (27), still warrants regular MDA campaigns on these sites in rural Cameroon. The need for such MDA campaigns is further strengthened by the limitation of our parasitological assessment approach in this study which relied on the observation of a single sample of excreta (stool or urine) from the children. Such an approach will clearly miss lightly infected children where discontinued elimination of eggs in the excreta is rather common, pointing overall to a higher prevalence of infected children than presently defined in our study sites. From initial appraisals reporting prevalence as high as 76% in Barombi Kotto (23), the current report of the egg-positive prevalence of 25.4% in excreta from schoolchildren of this area is encouraging and denotes an effective progress of the National Control program. In Yoro, however, the situation is different with a prevalence of 19% for egg-positive stools in 2001 (3) to a current prevalence of 34.8% in schoolchildren of the site, the village appears to be a “dramatically persistent hotspot” of schistosomiasis (28). In fact, the sustained prevalence of schistosomiasis amid regular MDA is far from uncommon as recently observed in rural Kenya (29). This clearly suggests the inadequacy of current schemes of single annual MDA in endemic regions such as Yoro and warrants a more aggressive approach on such sites. Importantly, a better appraisal of risk factors of infection on such sites remains paramount.

Risk factors of infection (reinfection and/or persistent infection) in these sites were similar to those previously reported (1, 8, 17, 25) i.e. age, gender, frequency of contact with infested water (25, 30–32). We also confirmed a link between hematuria and S. haematobium infection on the Barombi Kotto site whereby children with hematuria were more likely to be egg-positive than egg-negative (50 vs. 5%, respectively). This is consistent with several previous studies that have unequivocally established the association between S. haematobium infection and hematuria (1, 8, 17, 25). Surprisingly, however, clinical signs usually associated with hepatointestinal schistosomiasis (17, 25) such as abdominal pain, diarrhea, tiredness or rectal pain did not reliably associate with S. mansoni infection in Yoro. Clearly, these symptoms are not particular to S. mansoni infection. As such, and considering the limited stringency of our study in excluding children with other conditions (bacterial infections, infections with salmonella spp., hemorrhoids or malnutrition for example), and the small sample size of our enrolled schoolchildren, the present distribution of these observed symptoms could well reflect other underlying infections in these children and/or a lack of power. A complementary explanation could be the relatively short span of S. mansoni infection these children might have undergone just 8 months after the last MDA on the site in the context of reinfection, rather than persistent infection. This would support the absence of symptoms in recently infected children. In fact, our stool analyses revealed a light burden of infection in most schoolchildren from Yoro arguing in favor of our explanation. It would therefore be desirable to screen for these clinical indicators in the whole community, including those excluded from the MDA programs and more likely to present with heavy infections, to comprehensively address their potential as tools for clinical diagnosis of hepatointestinal schistosomiasis in Yoro.

We also noted that the presence S. haematobium eggs strongly translated into pathology as evidenced by a significant association between the egg burden and bladder pathology in Barombi Kotto. However, schoolchildren from Yoro presented with minimal pathology and egg burdens with an absence of association between S. mansoni egg burden and liver lesions. This either results from the limited sample size of children enrolled at our sites or could simply further supports the idea of a differential immunogenicity of S. mansoni and S. haematobium eggs (25, 33) and therefore strongly argues for a parasite-independent regulation of liver lesions during S. mansoni infection. In fact, for the latter, our study identified the female gender as a risk factor of liver pathology during S. mansoni in Yoro. This is in agreement with previous clinical studies on S. mansoni (25, 34). The implication for schistosomiasis control could be considerable if validated in larger studies. As of yet, our findings support that S. haematobium infection and the associated bladder morbidity are significantly inter-regulated and can be addressed via MDA. On the contrary, our studied cohort in the village of Yoro suggests that S. mansoni infection and morbidity do not appear to be strongly dependent and as such might not be adequately tackled by simply controlling infection and egg burden via MDA. A possible confounder in such a liver lesion profile in the children of Yoro could be malaria. In fact, our study did not specifically screen for and exclude malaria cases. Understandably, the presence of this liver-affecting disease in most rural areas of Cameroon would suggest a possible and herein unappreciated role of this infection in the hepato-pathological profile of our examined schoolchildren. Larger studies on this site incorporating such a confounding disease and striving for the identification of parasite-independent factors that promote liver lesions and the onset of fibrosis during S. mansoni infections would therefore be needed. Such a knowledge will surely facilitate the elimination of S. mansoni-mediated schistosomiasis and control the S. mansoni-driven morbidity in a mono- or multi-infection setting.

A quite intriguing finding in our study was the negative association of S. mansoni infections with the robustness of serum vaccine responses. Since, we only recorded a single case of co-infection with geohelminths (Ankylostoma spp.) in our sub-cohort tested for measles vaccine responses, we rule out the confounding effect of geohelminths in our present analyses. S. mansoni infection appeared to significantly associate with lower levels of vaccine-elicited antibodies. Our findings therefore suggest that S. mansoni might systemically impair the host ability to mount/sustain humoral responses elicited by protective vaccines. This is not uncommon as the immunoregulation of the host vaccine responses by helminth parasites in general has been widely suggested (20, 35–37). The observed lower responses in S. mansoni infected children could be explained by a strong immunoregulatory cascade that has been previously described in infection with S. mansoni (38–40) and/or the previously reported ability of this infection to directly impair/deplete memory/vaccine responses (20, 21, 41). Further studies are clearly needed to assess causality in this observed reduction of vaccine-elicited responses in S. mansoni infected children and to define the mechanisms of immunoregulation involved. As of yet, our findings align with a recent report in western Kenya that demonstrated a reduced ability of children from mother diseased with schistosomiasis during pregnancy to efficiently mount an anti-measles vaccine response (19). The negative association of S. mansoni with anti-measles IgG antibodies in schoolchildren observed in Yoro in rural Cameroon therefore also strongly argue in favor of a more crippling burden of schistosomiasis than currently appreciated. The introduction of measles vaccination has led to longer interepidemic periods and a shift in the age distribution of remaining cases toward older children and adults (42). Our present data indicate a possible negative contribution of parasitic diseases such as schistosomiasis in lowering vaccinated children from measles vaccine-induced responses and possibly protection thus exposing them at older ages to susceptibility to measles infections/outbreaks. Of note, also, the inability of our present experimental design to dissociate between persistently infected and/or newly infected/re-infected children in our sub-cohort used for assessing anti-measles vaccine responses further indicates the distinct but herein poorly defined influence of either long term, short term or multiple term infections on children anti-measles antibody titers. Critically, however, the higher anti-measles titers in vaccinated children found not to be excreting eggs, as per our analyses, indirectly suggest a potential for MDA—which is known to change egg-positive into egg-negative individuals by means of the antiparasitic effect—in ensuring high anti-measles vaccine responses. Mechanistic studies to address the ability of S. mansoni infections to strip murine hosts from measles vaccine induced memory B-cell responses and the potential corrective effect of treatment with praziquantel are currently underway in our laboratory and should provide more clarification on the matter.

In conclusion, our study provides an update on the burden of schistosomiasis in two endemic sites in rural Cameroon. We emphasize the clear added value of MDA in the S. haematobium-infested site of Barombi Kotto but this strongly advocates for more aggressive and better tailored control strategies for the S. mansoni-infested site of Yoro. Our findings, although exploratory, reveal clear differences in the pathogenesis and overall burden of S. mansoni and S. haematobium that would warrant tailored approaches rather than one-works-for-all current control strategies against human schistosomiases. In as much as larger studies are further needed on the present sites, a case is sufficiently made for an added burden of schistosomiasis whereby S. mansoni-infected children have lower anti-measles vaccine responses.
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Schistosomes control inflammation in their hosts via highly effective mechanisms such as induction of Tregs, Bregs, and alternatively activated macrophages (AAMs). Notably, IPSE/alpha-1, the major secretory product from Schistosoma mansoni eggs, triggers basophils to release interleukin (IL)-4 and IL-13. Both cytokines are essential for AAM induction, suggesting an important role for IPSE/alpha-1 in inflammation control. Here, we show by in vitro co-culture experiments that IPSE/alpha-1-induced basophil IL-4/IL-13 inhibited pro-inflammatory cytokine release from human LPS-activated monocytes. This effect was cell/cell contact-independent but dependent on IL-4, since it was abrogated in the presence of anti-IL-4 antibodies. Importantly, the IPSE/alpha-1-induced IL-4/IL-13 release from basophils was amplified in the presence of LPS. Moreover, monocytes co-cultured in the presence of LPS with IPSE/alpha-1-stimulated basophils adopted an AAM-like phenotype as assessed by elevated expression of CD206 and CD209. The putative in vivo relevance of these findings was supported by immunohistological staining of S. mansoni-infected murine tissue revealing close physical contact between IPSE/alpha-1 and basophils in schistosome egg granulomas. Taken together, we found that IPSE/alpha-1 dampens inflammatory cytokine responses by triggering basophil IL-4/IL-13, in particular in the context of TLR activation, thereby turning inflammatory monocytes into anti-inflammatory AAMs. This might represent a mechanism used by schistosomes to control inflammation in the host.
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INTRODUCTION

Helminths have strong modulatory effects on the immune system of their hosts (1). For example, epidemiological studies and animal experiments have shown that helminth infections can protect against asthma, allergies and autoimmune diseases (2). In particular, the trematode Schistosoma mansoni is a potent immunoregulator. Each schistosome couple produces approximately 300 eggs per day, which are laid in the mesenteric veins. About 50% of the eggs are carried away with the blood stream and embolize in the liver, where they induce granulomatous inflammation. The other 50% migrate from the blood vessels through the intestinal tissue toward the gut lumen. In the process they induce mucosal granulomatous inflammation, leaving behind phlegmonous migration channels (3, 4). The inflammation permits egg egress, maintaining the life cycle of the parasite (5, 6). However, the perforation channels enable bacteria to enter the gut wall. Given the high number of eggs (and consequent perforation channels), one would expect extensive intestinal inflammation (and subsequent symptoms) in infected individuals. However, most infected individuals develop only moderate intestinal symptoms, such as intermittent abdominal pain and diarrhea (3), suggesting that inflammation is kept tightly under control. Experiments with S. mansoni-infected mice revealed that IL-4 and intact IL-4 receptor signaling is essential for the protection of mice from intestinal inflammation, presumably via induction of alternatively activated macrophages (AAMs) (7–9). As a major source of IL-4 in helminth infections, including schistosomiasis, basophils have been identified (10–12).

Schistosome eggs have been shown to secrete proteins with putative immunomodulatory functions (13). The major secreted product is the glycoprotein IPSE/alpha-1, representing 80% of the egg secretions (14). Previously, we found that IPSE/alpha-1 triggers the release of IL-4 and IL-13 from human and murine basophils (15, 16), suggesting that this molecule is involved in inflammation control in schistosomiasis. IPSE/alpha-1 is a general immunoglobulin-binding factor that binds with highest affinity to the IgE isotype (17). Upon interaction with IgE bound to the FcεRI receptor on the surface of basophils, IPSE/alpha-1 activates basophils to release IL-4 and IL-13. Removal of IgE from the receptor (IgE stripping) abrogates the activation, while resensitization with IgE restores the cytokine releasing activity of IPSE/alpha-1 on basophils (16, 18). Noteworthy binding of IPSE/alpha-1 to IgE is independent of the IgE specificity (17). Structure analysis revealed that IPSE/alpha-1 belongs to the beta-gamma crystallin family (17). Moreover, IPSE/alpha-1 has a C-terminal functional nuclear localization sequence (NLS) for translocation into the nucleus (19). Natural IPSE/alpha-1 is N-glycosylated and contains Lewis X-motifs (20). Glycosylation is essential for binding to and uptake from monocyte-derived dendritic cells, presumably via lectin receptors (19). However, induction of IL-4 and IL-13 from basophils does not require uptake of IPSE/alpha-1 into the basophils and is independent of NLS and glycosylation (16, 19).

Recently, further immunomodulatory functions of IPSE/alpha-1 have been described: IPSE/alpha-1 was shown to be able to induce development of regulatory B cells (21). A mutant of IPSE/alpha-1, called SmCKBP (S. mansoni chemokine binding protein) was found to bind to chemokines (IL-8), thus neutralizing pro-inflammatory cytokines (22). Noteworthy, SmCKBP is not able to activate basophils. This is due to one of two amino acid exchanges (T92Y and R127L). T92 was mapped by NMR titrations in the putative IgE binding site of IPSE/alpha-1, which is important for interaction and subsequent activation of basophils (17).

Finally, an IPSE/alpha-1 homolog (named H-IPSE) was identified in S. haematobium (23). Also H-IPSE is able to translocate into the nucleus of cells via a functional nuclear localization sequence and to induce IL-4 release from murine basophils (24).

Given the importance of IL-4 and IL-4 signaling for host protection, and knowing that basophils are a source of IL-4, we asked in this study whether IPSE/alpha-1, as a potent inducer of basophil IL-4/IL-13, might be involved in the control of inflammation in schistosomiasis.



MATERIALS AND METHODS


Recombinant IPSE/alpha-1

IPSE/alpha-1 was expressed in E. coli and refolded as described in detail by Schramm et al. (16) The LPS content of the recombinant E. coli-expressed IPSE/alpha-1 preparation was 98 ng/mg protein as determined by Limulus amebocyte lysate (LAL) assay (Haemochrom). E. coli-expressed IPSE/alpha-1 is not glycosylated in contrast to the natural protein. However, the glycosylation is not involved in the basophil IL-4-inducing function. Natural and E. coli-expressed unglycosylated IPSE/alpha-1 induced comparable amounts of cytokines from human basophils (16).



Isolation of Human Peripheral Blood Cells

Co-cultures were performed with monocytes and basophils obtained from the same donor (autologous system). Monocytes and basophils were isolated from 250 ml of peripheral blood from healthy donors. Ethylene diamine tetra-acetic acid (EDTA) blood was divided into two parts and separated via density gradient centrifugation, one half for isolation of monocytes via Ficoll (density 1.077 g/l), and the other half for isolation of basophils via Ficoll / Percoll (100/6, density 1.080 g/l). At a density of 1.080 g/l the interphase contains both mononuclear cells and basophilic granulocytes. The respective cell populations were then enriched via counter flow elutriation. Basophils were further purified by magnetic cell sorting (MACS) using the basophil isolation kit II for negative selection of basophils (Miltenyi-Biotech). The whole three-step protocol for basophil isolation was described by Haisch et al. (21). Across the samples, ≥98% purity was achieved. Purity was determined by microscopic assessment of May-Gruenwald-stained cytospins.



Ethics Statement

Peripheral blood was taken from adult healthy donors. All donors provided written informed consent (Ethics approval by the Ethics Committee of the University of Luebeck; AZ-12-202A). Experiments that used mice for obtaining mouse tissue for immunofluorescence stainings were approved by the Ethical Review Committee of the University of Nottingham in which these materials were produced and the work was carried out in strict accordance with UK government regulations for animal welfare and amelioration of suffering in force at the time. The work was licensed under legislation specified by the UK Animals (Scientific Procedures) Act 1986, (project license numbers PPL 40/3024 and 40/3595). Animals were killed by administration of a lethal dose of pentobarbitone anesthetic.

Experiments that used mice for obtaining mouse tissue for immunohistochemical stainings were performed according to the Danish Act on Animal Experimentation (LBK no. 474 of 15/05/2014). The study was approved by the Animal Experimentation Inspectorate, Ministry of Environment and Food, Denmark (license no. 2015-15-0201-00694).



Cell Culture and Stimulation

Cell culture was performed in Iscove's Modified Dulbecco's Media (IMDM; PAA) containing 2 mM glutamine (PAA), 5 μg/ml insulin (Gibco), 50 μg/ml apo-transferrin (Sigma-Aldrich), 100 μg/ml Pen/Strep (PAA), 10% heat-inactivated Fetal Calf Serum (FCS-Gold; PAA) and 2.5 ng/ml IL-3 (kind gift of Kirin Brewery, Japan). IL-3 was added to all cultures containing basophils as a survival factor for basophils (25). For co-culture, autologous monocytes and basophils were incubated in a 1:1 ratio, i.e., 250,000 monocytes and 250,000 basophils in 1 ml culture medium per well in 24-well flat-bottom culture plates. Following purification, basophils were pre-incubated for regeneration for 30 min at 37°C, 6% CO2 before they were added to the monocytes. Stimuli were added to a final concentration as follows: 10 ng/ml LPS (Salmonella friedenau, kind gift of Prof. H. Brade, RCB), 120 pg/ml recombinant human IL-4 (rhIL-4) (Immunotools), 100 ng/ml recombinant IPSE/alpha-1. Cells were co-cultured for 24 h, unless specified otherwise, and were harvested and analyzed at the flow cytometer LSR II (BD Biosciences). Stimulation of basophils was additionally performed with 50 ng/ml goat anti-human IgE (Dianova) as positive control for IgE receptor-mediated stimulation, and with 2 μM ionomycin for induction of maximal cytokine release. All stimulations of basophils, except with ionomycin, were performed in the presence of IL-3 at a concentration of 2.5 ng/ml for induction of IL-4 release and at a concentration of 0.1 ng/ml for induction of IL-13 release, since higher concentrations of IL-3 per se induce IL-13 release from basophils. Supernatants were kept at −80°C until analyzed for cytokine production by the respective cytokine-specific ELISAs: IL-1β and IL-6 from monocytes (BD Biosciences); IL-4 and IL-13 from basophils (Diaclone). Measurement was performed using the ELISA-Reader SunRise (Tecan).



Analysis of Expression of Surface Markers on Monocytes and TLR on Basophils by Flow Cytometry (LSRII)

Expression of the surface markers CD206 and CD209 on monocytes and TLR1, 2, 4, and 6 on basophils was analyzed by flow cytometry following staining with specific fluorescent-labeled antibodies. Monocytes were stained with FITC-anti-human CD206 and PE-anti-human CD209, obtained from BD Biosciences. Basophils were stained with biotin-labeled-anti-TLR1 followed by PerCP-streptavidin, AF647-labeled anti-TLR2, BV421-labeled anti-TLR4, and PE-labeled-anti-TLR6, respectively, obtained from Biolegend. Staining was performed in 96-well V-bottom plates with 50,000 monocytes or 125,000 basophils per well in 20 μl of the respective antibodies diluted 1:20 in FACS staining buffer (10% FCS, 1% HS, 0.5% BSA in PBS). For control, cells were left unstained, and single stained (CD206, CD209). For compensation controls, we used compensation beads (BD CompBead Plus, BD Biosciences). Measurement was performed on the BD LSRII cytometer and data were analyzed with DIVA 8.0 software (BD Biosciences).



Immunohistology

Sections of S. mansoni-infected or uninfected paraffin-embedded mouse tissues [liver and intestine/ileum from random-bred CD1 mice (Charles River, UK)] were stained for basophils with the basophil-specific rat anti-mMCP-8 antibody (clone TUG8, Biolegend), either by immunofluorescence or immunohistochemically. For immunofluorescence, anti-mMCP-8 was diluted 1:500. Binding was detected by AF-633-labeled secondary rabbit anti-rat IgG (Invitrogen), dilution 1:1000. Nuclei were counterstained by DAPI (Invitrogen; dilution 1:1,000), and pictures were taken with an Olympus IX-81 inverse fluorescence microscope (Olympus). Sections of S. mansoni-infected paraffin-embedded mouse liver tissue from female C57BL/6-NTAC mice (Taconic, Denmark) were immunohistochemically stained the anti-mMCP-8 and the secondary biotinylated rabbit anti-rat antibody were diluted 1:100, and detection was performed using the Vectastain Kit (Vector Laboratories). For detection of IPSE/alpha-1 the monoclonal antibody anti-IPSE/alpha-1 (clone 74 1G2) (16), was biotinylated according to standard protocols and diluted 1:100. To prevent non-specific binding to the mouse tissue, the M.O.M. Peroxidase kit (Vector laboratories) was applied. Mayer‘s hematoxylin (Merck) was used for counter staining. Pictures were taken at the Olympus BX51 microscope.



Isolation of RNA From Basophils and Analysis of TLR Expression by RT-PCR With TLR-Specific Primers

RNA was isolated from basophils with a purity ≥99% using the “Direct-zol RNA MiniPrep Kit” from Zymo Research and reversely transcribed into cDNA using the “RevertAid H Minus First Strand cDNA synthesis Kit” (Thermo Scientific). A minimum of 5 × 106 basophils was required to obtain sufficient amount of RNA. The RNA was either stored at −80°C or subjected immediately to the reverse transcription reaction. DNA concentration and quality was controlled with the Nanodrop photometer (Peqlab). Specific TLR cDNA was amplified by the following PCR protocol: pre-denaturation step at 95°C for 15 min followed by 40 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 60 s, followed by a final extension step at 72°C for 10 min before cooling to 4°C. Amplification was performed using the Maxima Hot Start DNA Polymerase (Thermo Scientific). Table 1 shows the sequences of the applied TLR-specific primers. A negative control reaction was performed without cDNA template and a positive control using specific primers for the housekeeping gene GAPDH. PCR products were analyzed on 1% agarose gels together with the “MassRuler DNA Ladder Mix” from Thermo Scientific (marker 1) and the “100 bp ladder” from Promega (marker 2).



Table 1. GAPDH and TLR-specific primer sequences.
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Statistical Analysis

Statistical analysis was performed using the Graph Pad Prism6 software (GraphPad Software, San Diego, CA). Since human primary immune cells have a highly variable individual reactivity, the co-culture data were normalized and analyzed using Wilcoxon matched-pairs signed rank test or paired t-test. To determine significance between three or more data sets, the two way ANOVA multiple comparison test was performed as indicated in the figure legends. A p-value smaller than 0.05 was considered statistically significant. Data are presented as ±SEM and sample sizes are given in the figure legends.




RESULTS


IPSE/alpha-1-Induced Basophil IL-4 and IL-13 Inhibited Pro-inflammatory Cytokine Release From LPS-Activated Monocytes in vitro

Human monocytes were isolated from peripheral blood of healthy donors, and were co-cultured with autologous basophils in a ratio of 1:1 in the presence of LPS, with or without IPSE/alpha-1. As control, monocytes were cultured without basophils in medium alone, and stimulated with LPS ± recombinant human IL-4 (rhIL-4). Figure 1 shows the results of 14 individual experiments. Monocytes released large amounts of the pro-inflammatory cytokines IL-1β and IL-6 upon activation with LPS. Since monocytes from individual human blood donors exhibited high variability in cytokine release, values were normalized by defining maximum LPS-induced cytokine release as 100%. The pro-inflammatory cytokine production of monocytes was significantly inhibited when exogenous recombinant human IL-4 was added. Co-culture with basophils alone without additional stimuli led to an inhibition in the production of IL-1β and IL-6. This inhibition was significantly enhanced when IPSE/alpha-1 was added to the co-culture (Figures 1A,B). Notably, the inhibitory effect significantly correlated with the amount of IL-4 and IL-13 released from the basophils (Wilcoxon matched-pairs signed rank test p < 0.001; Figures 1C,D). Since IPSE/alpha-1 is a general immunoglobulin-binding factor (17), with the potential to bind to receptors with immunoglobulin-like domains on the surface of cells and thus, could activate or inhibit their functions, we investigated the effect of IPSE/alpha-1 by itself (i.e., in the absence of basophils) on monocytes. We found that IPSE/alpha-1 did not inhibit, but—on the contrary—slightly induce pro-inflammatory cytokine release. This may be due to small amounts of contaminating LPS impurities in the recombinant IPSE/alpha-1 preparations from E. coli (Figure 2).
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FIGURE 1. IPSE/alpha-1-triggered basophil IL-4 inhibited the release of IL-1β and IL-6 from human LPS-activated monocytes. Release of IL-1β (A) and IL-6 (B) from monocytes, and IL-4 (C) and IL-13 (D) from basophils. Monocyte-derived cytokine release (A,B) was normalized to the maximum release following LPS activation (100%). Note, rhIL-4 was only very poorly detected by the IL-4 ELISA (Diaclone), because the monoclonal antibodies in this ELISA are directed against natural IL-4 and do not bind properly to the recombinant IL-4. Data are presented as mean ± SEM, IL-1β and IL-6: n = 14; IL-4: n = 13; IL-13: n = 11. Statistics were performed with the Wilcoxon matched-pairs signed rank test (A,B) or paired t-test (C,D); * = significance “LPS + additions (IL-4, basophils, basophils + IPSE)” vs. “LPS without additions”; **p < 0.01, ***p < 0.001, ****p < 0.0001; # = significance “basophils with IPSE/alpha-1” vs. “without IPSE/alpha-1”; ##p < 0.01, ###p < 0.001, ####p < 0.0001.
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FIGURE 2. IPSE/alpha-1 had limited direct effect on the pro-inflammatory cytokine release of monocytes. IL-1β (A) and IL-6 (B) released from human monocytes stimulated with LPS, rhIL-4, IPSE/alpha-1 or combinations thereof. While rhuIL-4 had a significant inhibitory effect on the LPS-induced IL-1-β and IL-6 release from monocytes, IPSE/alpha-1 alone had only very little (IL-1β) or virtually no (IL-6) direct effect on LPS-activated monocytes with respect to inhibition of cytokine release. Pro-inflammatory cytokine release directly induced by IPSE/alpha-1 is the result of small amounts of LPS in E. coli-expressed IPSE/alpha-1. Data are presented as mean ± SEM, n = 7. Statistics were performed with the paired t-test; ns, not significant, *p < 0.05, ***p < 0.001, ****p < 0.0001.





Inhibition of Pro-inflammatory Cytokine Release From LPS-Activated Monocytes by IPSE/alpha-1-Stimulated Basophils Depended on Soluble IL-4 and Led to an “Alternatively Activated” Phenotype of the Monocytes

To demonstrate that basophil-derived IL-4 was responsible for the inhibition of pro-inflammatory cytokine release from LPS-activated monocytes, the co-culture described in the previous section was repeated in the presence of anti-IL-4 antibody and, as a negative control, an anti-IgG/M antibody with irrelevant specificity. Inhibition was completely abrogated in the presence of anti-IL-4, whereas addition of anti-IgG/M had no effect (Figure 3). Moreover, pro-inflammatory cytokine release was inhibited by culturing LPS-activated monocytes in basophil supernatant (BaSN), with the basophils stimulated before with IPSE/alpha-1 or anti-IgE (Figures 4A,B). Likewise, addition of anti-IL-4 antibodies abrogated also the inhibitory effect of supernatant of IPSE/alpha-1-stimulated basophils (data not shown). Taken together, these experiments confirm that inhibition of pro-inflammatory cytokine release from LPS-activated monocytes was IL-4-dependent, but cell/cell contact-independent.
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FIGURE 3. Anti-IL-4 abrogated the inhibitory effect of IPSE/alpha-1-triggered basophil-derived IL-4. Release of IL-1β (A) and IL-6 (B) from monocytes co-cultured with autologous basophils without (black bars) or with anti-IL-4 antibodies (gray bars) or with anti-IgG/M (bars with pattern) as control antibody. Inhibition of both IL-1β and IL-6 from LPS-activated monocytes was abrogated by anti-IL-4, while anti-IgG/M had no effect on the inhibition. Data were normalized to the maximum release following LPS activation (100%). Data are presented as mean ± SEM, n = 4 for anti-IL-4 and n = 2 for anti-IgG/M. Statistics were performed by two way ANOVA multiple comparison test; * = significance “LPS + additions (IL-4, basophils, basophils + IPSE)” vs. “LPS alone”; *p < 0.05, **p < 0.01, ****p < 0.0001.
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FIGURE 4. Culture of LPS-activated monocytes in supernatant from IPSE/alpha-1-stimulated basophils resulted in inhibition of pro-inflammatory cytokine release and increased numbers of CD206- and CD209-positive monocytes. IL-1β (A) and IL-6 (B) release from monocytes, and CD206 (C) and CD209 (D) expression on monocytes cultured with supernatant from basophils (BaSN). Monocyte-derived cytokine release was normalized to the maximum release following LPS activation (100%). Data are presented as mean ± SEM, n = 9 (anti-IgE: n = 5). Statistics were performed by paired t-test; significance was shown for “LPS with BaSN” vs. “LPS without BaSN” (black bar); *p < 0.05, ***p < 0.001, ****p < 0.0001.



Since IL-4 and IL-13 induce AAMs, we investigated the monocytes cultured in basophil-conditioned medium for the expression of CD206 (mannose receptor) and CD209 (DC-SIGN). Human monocytes freshly isolated from peripheral blood did not express CD206 or CD209 (not shown). Figures 4C,D show, that following culture in medium for 24 h, the percentage of CD206- and CD209-expressing monocytes increased to 22 and 12%, respectively. In the presence of LPS, only slight increase in CD206 or CD209 expression was observed (up to 1.9 and 0.8%, respectively). However, culturing LPS-activated monocytes in the supernatant of IPSE/alpha-1- or anti-IgE-stimulated basophils, elevated the expression of CD206 and CD209 up to 5 and 11%, respectively (Figures 4C,D). These results indicate that IPSE/alpha-1-induced IL-4 from basophils induced an alternatively activated-like phenotype in human monocytes.



Basophils and IPSE/alpha-1 Were Detected in S. Mansoni Egg Granulomas

Schistosome eggs deposited in host tissue attract a variety of immune cells, resulting in the formation of a granuloma around the eggs (4). The granuloma provides a defined area for close contact and interaction between egg-secreted products and host immune cells. Typically, schistosome eggs induce a Th2-granuloma, containing Th2 cells, B cells, eosinophils and AAMs (4). The amounts of IL-4 needed to create such a Th2-polarized immune response and induce AAMs might be provided by stimulation of basophils by egg-secreted IPSE/alpha-1. Thus, we investigated whether basophils are present in the granuloma, and whether they are in close contact with IPSE/alpha-1.

Sections of S. mansoni-infected mouse liver and gut (ileum) were stained with the basophil-specific antibody rat anti-mouse mast cell protease (mMCP)-8 and detected by fluorescence microscopy following incubation with the detection antibody AF633-labeled rabbit anti-rat IgG (Figure 5). Basophils (stained in magenta) could be clearly detected in the granulomas around the eggs, but not in the other areas of the infected tissues or in tissue of uninfected mice.
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FIGURE 5. Basophils were detected in the egg granulomas in tissue of S. mansoni-infected mice. Liver (A,C,E) and gut (ileum) (B,D,F) of S. mansoni-infected mice (A,B,E,F) and uninfected control mice (C,D); Nuclei are shown stained in blue; basophils (stained in magenta) were detected exclusively in S. mansoni-infected mouse tissue, i.e., in the granulomas. Note the autofluorescence of the schistosome egg shell (green). (E,F) are negative controls without the primary antibody anti-mMCP-8. Scale bars are 200 μm.



IPSE-alpha-1 is the major excretory/secretory product from mature eggs of S. mansoni (14). Thus, it would be expected to come into close contact with immune cells, i.e., with basophils in the granuloma surrounding the egg during its migration through the tissue. We stained sections of liver from S. mansoni-infected mice with the biotinylated anti-IPSE/alpha-1 monoclonal antibody 74-1G2 for IPSE/alpha-1 (Figure 6A) or with the anti-mMCP-8 antibody and a biotinylated rabbit anti-rat IgG for basophils (Figure 6B). Detection was performed immunohistochemically by streptavidin-labeled peroxidase. Both, IPSE/alpha-1 and basophils were detected in the granulomas. Eggs differed in their expression of IPSE/alpha-1, presumably representing different maturation stages (i.e., times after egg deposition). Figures 6Aa, left box and Ab show eggs, which do not express IPSE/alpha-1, presumably freshly deposited eggs in early granulomas, while Figures 6Ac, right box and Ad show advanced granulomas with pronounced IPSE/alpha-1 staining in the subshell area and outside the eggs.
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FIGURE 6. Detection of IPSE/alpha-1 and basophils in schistosome egg granulomas. Sections of S. mansoni-infected murine liver were stained for IPSE/alpha-1 (anti-IPSE/alpha-1; A) and basophils (anti-mMCP-8; B). Depicted are two magnification, each. Scale bars are 200 μm for 100x magnification and 50 μm for 400x magnification. (a,b) Show small granulomas with presumably immature eggs without IPSE/alpha-1 production (Aa, left box, Ab) and with basophils detected near the egg (Ba,Bb). (c,d) Show advanced granulomas with strong IPSE/alpha-1 staining in the subshell area and outside the eggs (Ac right box, Ad) and with basophils detected mainly in the outer rim of the granuloma (Bc,d). (e,f) Show negative controls without the respective primary antibodies.



Basophils were detected in small granulomas close to the eggs (Figures 6Ba,Bb), but in large granulomas mainly in the outer rim (Figures 6Bc,Bd).



IgE-Dependent Cytokine Release From Basophils Was Boosted by Simultaneous TLR Ligation

Upon release of schistosome eggs into the gut lumen, granuloma cells come into contact with bacteria and bacterial products, and thus ligands for Toll-like receptors (TLRs). To assess the effect of LPS on basophils present in the granuloma, we investigated the expression of TLRs on basophils, and the release of IL-4 and IL-13 following simultaneous activation of basophils via the TLR and Fcε receptor (FcεRI).

To analyze the expression of TLR by basophils, we isolated mRNA from human basophils purified from peripheral blood of 12 individual healthy donors, and performed reverse transcription-polymerase chain reaction (RT-PCR) with TLR-specific primers.

TLR expression differed in individual donors (see Figure 7A for expression of TLR1 to TLR10 mRNA in basophils of four out of 12 investigated donors as examples of distinct TLR expression patterns, and Table 2 for TLR expression of all investigated donors). We did not observe differences between allergic and non-allergic individuals or so-called “releasers” and “non-releasers” (donors whose basophils release or do not release histamine upon stimulation with anti-IgE).
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FIGURE 7. Individual TLR expression on human basophils as assessed by RT-PCR and surface staining followed by flow cytometry. (A) Expression of TLR1−10 cDNA as assessed by RT-PCR of four individual donors shown as an example for distinct expression patterns. The full set of donors are listed in Table 2. (B) Expression of the surface-exposed TLR1, 2, 4, and 6 on basophils of donor 29 measured by flow cytometry. Depicted are the histogram overlays of unstained (light gray) and with the respective fluorescently-labeled antibody stained (dark gray) basophils.





Table 2. Individual TLR expression on human basophils as assessed by RT-PCR with TLR-specific primers.
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To verify these results in terms of the effect on protein levels, we stained basophils of one example donor 29 with fluorescence-labeled antibodies against the surface-expressed TLR1, 2, 4, and 6, with analysis performed by flow cytometry (Figure 7B). Consistent with the RT-PCR results, basophils of this donor expressed TLR2 and TLR6 but only little TLR1 and TLR4.

To investigate the influence of LPS on IgE-receptor-mediated cytokine release from basophils, purified basophils were stimulated with LPS, anti-IgE or IPSE/alpha-1 alone, or anti-IgE or IPSE/alpha-1 in the presence of LPS. Basophils were cultured in the presence of IL-3, a survival factor for these cells. Intact functionality of the basophils was controlled by stimulation with ionomycin that induces maximal cytokine release. LPS differentially affected basophil IL-4 and IL-13 release: The IL-4 release induced by LPS was low compared to that induced by anti-IgE, while the IL-13 release induced by LPS was comparable to that induced by anti-IgE (Figures 8A,B). Simultaneous stimulation of basophils with LPS (via TLR4) and anti-IgE or IPSE/alpha-1 (via FcεRI-bound IgE) enhanced both the IL-4 and IL-13 release induced by anti-IgE or IPSE/alpha-1 alone (Figures 9A–D). Boosted IL-4 and IL-13 release from anti-IgE-stimulated basophils—although to a lesser extent—was also observed when basophils were co-stimulated with the TLR2/6 agonist di-acyl lipopeptide FSL-1 (Pam2CGDPKHPKSF) (data not shown). This suggests that basophils stimulated simultaneously by both, FcεRI and TLR, can provide very high local IL-4 and IL-13 concentrations.
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FIGURE 8. IL-4 and IL-13 release from basophils following stimulation with LPS. IL-4 (A) and IL-13 (B) release from basophils stimulated with different concentrations of LPS in comparison to anti-IgE. All stimulations were performed in the presence of IL-3. Data are presented as mean ± SEM; (A) n = 7, (B) n = 5.
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FIGURE 9. Enhanced FcεRI-dependent IL-4 and IL-13 release from basophils by simultaneous stimulation with LPS (via TLR4). IL-4 (A,C) and IL-13 (B,D) release from basophils stimulated anti-IgE ± LPS (A,B), or IPSE/alpha-1 ± LPS (C,D). Data are presented as mean ± SEM; (A) n = 7; (B) n = 5; (C) n = 9; (D) n = 4. Statistics data were performed by ratio paired t-test; significance is shown as with vs. without LPS; ***p < 0.001, ****p < 0.0001.





IPSE/alpha-1-Induced Basophil IL-4 and IL-13 Inhibited Pro-inflammatory Cytokine Release From LPS-Activated Monocytes in the Context of Whole PBMC

In vivo schistosome egg granulomas consist of a variety of immune cells that are also found in whole peripheral blood mononuclear cells (PBMC), specifically B cells, T cells, and eosinophils (4). We therefore investigated whether IPSE/alpha-1-triggered basophil IL-4/IL-13 inhibits pro-inflammatory cytokine release (IL-1β, IL-6 and TNF-α) from monocytes in the context of PBMC. We found that, similar to the monocyte-basophil co-culture, pro-inflammatory cytokine production was significantly inhibited in the presence of IPSE/alpha-1 and basophils. The inhibitory capacity correlated with IL-4/IL-13 release from IPSE/alpha-1-triggered basophils (Figure 10). Thus, IPSE/alpha-1 has the potential to control inflammation during S. mansoni infection via basophil-IL-4 both in the context of isolated monocytes and whole human PBMC.
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FIGURE 10. IPSE/alpha-1-triggered basophil IL-4 inhibited the release of IL-1β (A), IL-6 (B), and TNF-α (C) from LPS-activated monocytes in the context of whole PBMC. Inhibition correlated with IL-4 (D) and IL-13 (E) release from basophils. The experiment shown in Figure 1 was repeated with PBMC instead of purified monocytes. Data for PBMC are presented as mean ± SEM, n = 4; (TNF-α: n = 3). Statistics were performed with the paired t-test; significance was shown vs. LPS without additions; ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.






DISCUSSION

Here, we demonstrated that IL-4/IL-13 produced by IPSE/alpha-1-stimulated basophils inhibited the release of the pro-inflammatory cytokines IL-1β, IL-6 and TNF-α from LPS-activated monocytes. LPS-activated monocytes cultured in the presence of IPSE/alpha-1-stimulated basophils or their supernatants developed a phenotype similar to AAMs, with elevated expression of CD206 (mannose receptor) and CD209 (DC-SIGN). Using specific antibodies, both IPSE/alpha-1 and basophils were detected in the granuloma around schistosome eggs in sections of liver and gut of infected mice, indicating that basophils come into close contact with IPSE/alpha-1. Importantly, TLR ligation (which occurs when bacterial products enter the host via egg-induced gut lesions) boosted the IPSE/alpha-1-induced IL-4/IL-13 release from basophils, thus providing high local IL-4/IL-13 concentrations. Finally, IPSE/alpha-1 also had an anti-inflammatory effect when basophils were co-cultured with whole PBMC instead of purified monocytes.

The eggs of S. mansoni are responsible for the clinical impact of schistosomiasis by inducing granulomatous inflammation in liver and intestinal tissues (3). While migrating through the tissue to reach the gut lumen, the eggs exert both pro- and anti-inflammatory effects. Inflammation is necessary to get the eggs out of the host to complete the life cycle of this parasite (5, 26). However, open migration channels left by eggs that penetrate the gut wall are invaded by gut microbiota (and their products), resulting in excessive inflammation if not strictly controlled. The hallmark of the immune response toward schistosomes is the induction of a Th2 response during acute schistosomiasis, which shifts during the chronic infection phase toward a modified or regulated Th2 response characterized by regulatory T and B cells and AAMs (27). Responsible for Th2 induction as well as subsequent immunosuppression are the schistosome eggs, which secrete immunomodulatory factors (4). There are varying informations on the number of excretory/secretory products of schistosome eggs in the literature ranging from 188 to five (28). According to Mathieson et al. (14) and our own unpublished findings, schistosome eggs release only few excretory/secretory proteins with different isoforms at notable amounts—these include the glycoproteins IPSE/alpha-1 and omega-1. IPSE/alpha-1 had been shown to induce IL-4 and IL-13 release from basophils (16), while omega-1 conditions dendritic cells to polarize naïve T helper cells toward Th2 (22). Notably, IPSE/alpha-1 represents more than 80% of the egg secretions (14) underlining its importance for host parasite interaction. Depletion experiments with antibodies to IPSE/alpha-1 have shown, that IPSE/alpha-1 is the only compound in egg secretions and even in whole extract of schistosome eggs (SmEA) able to trigger basophils for IL-4 and IL-13 release (16, 17).

IL-4 and IL-13 are well known as Th2 key cytokines, and naïve T helper cells develop in the presence of IL-4 into Th2 cells (29, 30). Thus, the basophil IL-4-inducing activity of IPSE/alpha-1 makes this molecule a very likely candidate for Th2 induction in schistosome infection (31). Indeed, recently, a number of studies have demonstrated that basophils are able to induce Th2 responses (32–34). However, the Th2-inducing ability of basophils could not be confirmed by others (35), and also the basophil IL-4/IL-13 production triggered by IPSE/alpha-1 failed to induce a Th2 response in vitro or in vivo (15, 36). In contrast, omega-1, the second well characterized egg-secreted glycoprotein, has been shown to initiate an IL-4-independent Th2 response via conditioning of dendritic cells in vitro and in vivo, while IPSE/alpha-1 did not (36, 37). These data suggest that IPSE/alpha-1-triggered basophil IL-4 production is not involved in Th2 induction.

Thus, we asked, what could be the function of IPSE/alpha-1-induced basophil-derived IL-4 and IL-13? Several studies have demonstrated the protective role of AAMs in schistosomiasis (38, 39), and that they are induced by IL-4 and IL-13 (40). However, the source of these two cytokines is still a matter of debate. A recent study reported that Th2 cells are sufficient, and that basophils are not needed for protection during schistosome infection (41). However, other studies have shown that IL-4 from FcεRI+, non-B, non-T cells are responsible for protection (42) and that basophils are the major source for IL-4 (11, 12). These contradictory outcomes might result from different knock-out mouse models in combination with different parasite infection models (intestinal vs. tissue-dwelling parasites).

The relevance of basophil-derived IL-4 in inflammation control got further support by a recent in vitro study showing that basophil IL-4 and IL-13 promote alternative activation of human monocytes (43). Moreover, in a mouse model of chronic IgE-mediated skin allergy, IL-4 from basophils recruited to inflamed skin converted inflammatory into anti-inflammatory M2-macrophages (44, 45), while depletion of basophils exaggerated disease in mouse models for autoimmune colitis (46) as well as for multiple sclerosis [experimental autoimmune encephalomyelitis (EAE)] (47).

The traditional view of basophils as pro-inflammatory effector cells providing mediators (histamine) and cytokines (IL-4/IL-13) to induce and/or amplify a Th2 response in parasite infection and allergy has been further questioned recently by studies showing that after binding to the H2 receptor, histamine enhanced anti-inflammatory IL-10 production by dendritic cells (48). Moreover, depending on the cytokine environment (IL-3 vs. TSLP), basophils have been shown to preferentially release either histamine or IL-4 (49), and that TLR-activated basophils release Th2 cytokines but do not degranulate (50). Together, the data imply a new role for basophils as potential source of IL-4/IL-13 for induction of an anti-inflammatory immune response and, thus, a paradigm shift from basophils as purely inflammatory effector cells to anti-inflammatory, wound-healing, resolution phase cells.

The glycoprotein IPSE/alpha-1, secreted from live schistosome eggs, triggers the release of IL-4/IL-13 from basophils, suggesting that this molecule is the link between schistosome eggs and basophil-released IL-4/IL-13 for the induction of AAMs and inflammation control in schistosome infection. A recent study supported a potential anti-inflammatory role of IPSE/alpha-1. H-IPSE, a homologous molecule in S. haematobium (23), was used for treatment of ifosfamide-induced hemorrhagic cystitis (IHC) in mice (24). Administration of H-IPSE reduced IHC-induced bladder hemorrhage in an IL-4-dependent manner. Thus, the basophil IL-4-inducing activity of IPSE/alpha-1 and homologs in other schistosome species might open up new directions for therapy of inflammatory diseases.

The capacity of IL-4 to activate anti-inflammatory macrophages (that possess wound-healing and resolution phase properties) has been used to enhance repair and functional recovery after spinal cord injury by a single intraspinal injection of IL-4 (51, 52) and to improve integration of implants coated with an IL-4-eluting matrix (52). Noteworthy, IL-4 and IL-13 exert a number of anti-inflammatory functions, in addition to alternative activation of macrophages (53, 54), including inhibition of pro-inflammatory cytokine release from LPS-activated monocytes, such as IL-1β, IL-6 and TNF-α (55) and inhibition of Th17 responses (55–57).

In the present study we showed that IPSE/alpha-1-induced basophil IL-4 inhibited pro-inflammatory cytokine release from LPS-activated monocytes, and moreover, that monocytes co-cultured with IPSE/alpha-stimulated basophils developed an AAM-like phenotype. For human AAMs, especially in the context of schistosome granulomas, the mannose receptor CD206 has been proposed as a characteristic marker (58, 59). This was supported by our data: culturing human LPS-activated monocytes in the presence of IL-4-containing basophil supernatant increased the expression of CD206-positive monocytes from two to 11%. Similarly, the percentage of CD209 (DC-SIGN)-positive monocytes increased from 0.8 up to 22%, suggesting CD209 is also a suitable marker for human AAMs. We did not detect other proposed surface markers for human AAMs on in vitro-generated human AAMs, such as CD163 and CD200R (although CD200R was clearly detectable on the surface of basophils) (60–62).

Immunohistology was performed on schistosome-infected tissue to address the question whether IPSE/alpha-1 meets basophils in vivo, i.e., in the granuloma. Since samples from infected humans were not available, immunohistology with specific antibodies to IPSE/alpha-1 and basophils, respectively, was performed on liver and gut from infected mice. Although there are differences in the pathology of schistosomiasis between humans and mice (a. o. due to the difference in host/parasite size ratio and, thus, the relative worm load), the mouse model is widely used and accepted as a model for investigation of immunology of schistosomiasis (63).

Expression of IPSE/alpha-1 correlated with the maturation stage of the eggs: immature, freshly embolized eggs surrounded by only few recruited inflammatory cells and intact liver parenchyma (early granuloma formation) did usually not yet stain for IPSE/alpha-1, while IPSE/alpha-1 was detected in larger further developed eggs/granulomas in the typical subshell location. Secreted IPSE/alpha-1 was detected mainly in full-blown granulomas in the immediate vicinity of the eggs. The subshell area of the eggs consists of the von Lichtenberg's envelope, which surrounds the miracidium and contains large amounts of rough endoplasmic reticulum, and the so-called Reynolds' Layer, where excretory/secretory proteins are produced and stored, respectively (23). In the subshell area also omega-1, another egg-secreted glycoprotein, which interacts with dendritic cells, has been located earlier (64).

While the basophil to monocyte ratio of 1:1 in our culture does not reflect the situation in peripheral blood, where basophils represent 0.5–1% and monocytes 2–8% of the leukocytes, we expected that basophils are attracted to and, thus, concentrated in the egg granulomas. Indeed, immunohistology revealed a striking enrichment of basophils in the granulomatous lesions, whereas only few basophils were observed in the residual liver or gut tissue. Of note: control tissue from non-infected mice was nearly void of basophils. In small granulomas basophils were detected close to the eggs, but in large granulomas mainly in the outer rim of the inflammatory lesions and less frequently near the eggs. Noteworthy, the antibody used for basophil staining is directed to mMCP-8, a granule compound of murine basophils that is released during degranulation. Therefore, we think that basophils in close vicinity to mature IPSE/alpha-1-secreting eggs are degranulated upon contact with IPSE/alpha-1 and are, thus, no longer identified as basophils (ghost cells) with the released material being eliminated by diffusion and/or degradation.

Nevertheless the question remained, whether basophils produce enough IL-4 and IL-13 to induce alternative activation of macrophages. Although Th2 cells are present in much higher numbers in blood and tissue, basophils release more IL-4 than Th2 cells on a cellular level (65). Recently, it was reported that basophils express TLRs, and co-stimulation of TLR and FcεRI resulted in higher histamine release compared to FcεRI stimulation alone (66, 67). By RT-PCR and flow cytometry, we confirmed TLR expression on basophils and found that the expression patterns varied between individuals. We, therefore, asked whether TLR activation might likewise enhance IgE/FcεRI-mediated IL-4 and IL-13 release from basophils. Indeed simultaneous stimulation by LPS (or the TLR2/6 agonist FSL-1) boosted the release of IL-4 and IL-13 two- and five-fold, respectively. This suggests that the high number of basophils within schistosome egg granulomas together with the boosted IL-4 and IL-13 release in the context of TLR activation will result in a local IL-4 and IL-13 concentration high enough to induce AAMs.

In conclusion, the results of our study led us to the following hypothetical model for inflammation control in schistosome infection: Basophils attracted to schistosome eggs in the gut are stimulated by both IPSE/alpha-1 via IgE/FcεRI and by bacterial products via TLR. Combined stimulation boosts basophil cytokine release to provide local IL-4/IL-13 concentrations high enough to turn pro-inflammatory monocytes/macrophages into anti-inflammatory AAMs, thereby ensuring survival of the hosts.
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Schistosomiasis is a major cause of morbidity in humans invoked by chronic infection with parasitic trematodes of the genus Schistosoma. Schistosomes have a complex life-cycle involving infections of an aquatic snail intermediate host and a definitive mammalian host. In humans, adult male and female worms lie within the vasculature. Here, they propagate and eggs are laid. These eggs must then be released from the host to continue the life cycle. Schistosoma mansoni and Schistosoma japonicum reside in the mesenteric circulation of the intestines with egg excreted in the feces. In contrast, S. haematobium are present in the venus plexus of the bladder, expelling eggs in the urine. In an impressive case of exploitation of the host immune system, this process of Schistosome “eggs-iting” the host is immune dependent. In this article, we review the formation of the egg granuloma and explore how S. mansoni eggs laid in vasculature must usurp immunity to induce regulated inflammation, to facilitate extravasation through the intestinal wall and to be expelled in the feces. We highlight the roles of immune cell populations, stromal factors, and egg secretions in the process of egg excretion to provide a comprehensive overview of the current state of knowledge regarding a vastly unexplored mechanism.
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INTRODUCTION

Schistosomiasis (Bilharzia) is one of the worlds most common parasitic infections with over 200 million people requiring preventive treatment in 2016 (1, 2). While the majority of people at risk live in the endemic regions of Africa, Schistosoma species are also prevalent in the Middle East, the Caribbean, South America, and South East Asia. Autochthonous transmission of schistosomes has also been reported in Corsica, France (3, 4). Using novel, more sensitive diagnostic techniques to reveal “egg-negative/worm-positive schistosomiasis,” Colley et al. highlighted that the global prevalence of schistosomiasis may actually exceed current estimates (5). The main human pathogenic species causing intestinal schistosomiasis are Schistosoma mansoni, Schistosoma japonicum, Schistosoma mekongi, Schistosoma intercalatum, and Schistosoma guineensis. with Schistosoma haematobium causing urogenital schistosomiasis. While S. haematobium is a major cause of mortality, frequently causing renal failure, chronic morbidity is the major health concern with schistosome infection causing 3.3 million disability-adjusted life years (6). For the purpose of this review we will concentrate on the most prevalent species causing intestinal schistosomiasis, S. mansoni.

S. mansoni is well-adapted to chronically infect humans as a result of ~200,000 years of co-evolution with modern humans (7). This is reflected by the life-span of S. mansoni worms estimated to be 5.7–10.5 years in human hosts (8). Evidently, successful adaptation has established a host-parasite relation such that asymptomatic infection are present in more than 90% of individuals, however, some infected develop hepatic fibrosis, severe hepatosplenomegaly, and portal hypertension (9). Immunopathology during schistosome infection of humans is predominately caused by granulomatous inflammation around parasite eggs that are trapped in various organs. In this review, we will focus on S. mansoni and the immune-dependent process of egg granuloma formation, which facilitates the parasite egg excretion from the mammalian host and completetion of the trematodes life cycle.



LIFE CYCLE OF SCHISTOSOMA SPP.

Schistosoma species have complex life-cycles involving infection of a freshwater snail intermediate host as well as a mammalian definitive host, such as humans. The S. mansoni egg stages are excreted from the human host within fecal material (or urine in case of S. haematobium). Under optimal conditions the eggs hatch in fresh water and–via asexual replication in the intermediate snail host, Biomphalaria genus for S. mansoni–thousands of free-swimming infective cercariae are released into the water. The cercariae locate a mammalian host and penetrate the skin, and then transform to the now so-called schistosomulae stage. The schistosomulae remain in the skin for several days, after which they enter the circulation via the lymphatics and venules to reach the lung 5–7 days after skin penetration. After >2 weeks, they re-enter the circulation and reach the hepatoportal circulation. Here, they remain and sexually mature into adult male or females worms after encountering a partner of the opposite sex. The monogamous pair migrate to the mesenteric veins, mate and begin egg production after ~28 days. Adult S. mansoni worms are predominantly found in the small inferior mesenteric blood vessels that surround the colon and caecum. Eggs laid by female worms are deposited onto the endothelial lining of the capillary walls. From here, the eggs are either disseminated through the blood flow into other organs or they translocate through the intestinal epithelia into the intestinal lumen. The eggs are metabolically active and highly antigenic–they evoke inflammation that leads to the formation of a granuloma around the egg necessary for the translocation through the lamina propria. Excretion of eggs within the fecal material then completes the parasites life cycle.

Acute clinical symptoms may include the development of a light rash, commonly referred to as “swimmers itch.” “Katayama fever” is characterized by fever, fatigue, and dry cough–among other symptoms–and may occur 2–12 weeks after infection resulting from a systemic reaction against the migrating schistosomulae. During chronic stages of infection, half to two thirds of the eggs deposited in mesenteric venules are swept away in the circulation to multiple organs, with the majority ending up in the liver (10). In the liver, granulomatous inflammation around eggs and the subsequent fibrosis lead to the major pathologies associated with schistosomiasis mansoni. Fibrosis in the liver portal tract often leads to obstructive portal lesions and portal hypertension, and may result in gastrointestinal bleeding, hepatic encephalopathy and liver failure. Interestingly, despite the constant translocation of eggs from the vasculature into the intestinal lumen, cases of S. mansoni-associated sepsis are rare, reinforcing the highly adapted process of egg excretion (11).



SCHISTOSOME ANIMAL MODELS ARE REQUIRED TO STUDY THE EGG EXCRETION PROCESS

Human studies are generally undertaken in endemic settings and commonly are based on observations before and after drug treatment for schistosomiasis. While analysis of human material (blood, tissue, stool) are definitely required to translate findings from animal experiments to the human system (12), these samples come with some caveats: heterogenic background, medical history, co-infections, environmental factors, etc. Perhaps these may be overcome someday by the growing computational power and the use of high throughput “omics.” More intriguingly, the ongoing studies involving controlled human infection with S. mansoni will provide new insight to most aspects of infection of humans (13). However, to formally address the egg excretion process in humans the deliberate experimental chronic infection with mixed sex cercariae, resulting in egg producing male and female worm infections and egg associated tissue immunopathology leading to morbidity and the risk of mortality, may pose ethical concerns. Alternatively, longitudinal studies in endemic areas are logistically demanding as they would require colonoscopy to access the intestinal epithelium.

Animal models have greatly advanced our understanding of the pathophysiology of schistosome infection. While chimpanzees and baboons are the most faithful models recapitulating all features of human schistosomiasis including peri-portal fibrosis and intestinal lesions (14–18), today the most frequently used species is the mouse, although not all findings are translatable. This suitability of mice as a model, must be considered in the context that S. mansoni may have adapted some 125,000 years ago to humans from the rodent trematode S. rodhaini (19). While the mouse shows differences in hepatic fibrosis and pathology, which is more associated with the granulomatous response to trapped parasite eggs in the liver and intestine (20), the development of granulomas adequately reflects human disease. As the process of egg excretion is dependent on the immune-dependent formation of granulomatous inflammation mice are a well-suited model to mechanistically study egg translocation, which is facilitated by the availability of reagents and transgenic mice ultimately guiding the studies on infected humans. In this review, we will rely mostly on data generated in mice as a model of S. mansoni infection and immunopathology.



DIFFERENCES IN GRANULOMATOUS INFLAMMATION OF LIVER AND INTESTINE


Immune Response to S. mansoni

Following infection, schistosomulae migrate through the host body and a type 1 immune dominated response is elicited, persisting for ~5 weeks. This response is characterized by increased release of Interleukin (IL)-12 and interferon (IFN)-γ and is mainly targeted at worm antigens. However, as the parasite matures and starts to produce eggs (~5–6 weeks postinfection), a shift toward a type 2-biased immune response occurs. Consequently, IFN-γ production decreases, while CD4+ T helper (Th) 2 cell polarization is induced. The switch from type 1 to type 2 is elicited by the eggs released by adult female worms. Indeed, whole S. mansoni eggs or their soluble egg antigens (SEA) potently induce type 2 responses when injected into naïve mice (21). Importantly, a defect in switching the type of immune response leads to aberrant intestinal inflammation and fatal disease (22, 23). The protective type 2 immune response is characterized by expansion of Th2 cells, eosinophils, and basophils, increased production of IL-4, IL-5, and IL-13, an isotype switch toward IgG1 and IgE, as well as polarization of macrophages toward the M2 phenotype (24, 25). During the chronic phase of infection (>3 months), the magnitude of the Th2 response decreases, coincident with a reduction in granulomatous inflammation around eggs, and regulatory T and B cells emerge leading to a state of immune hyporesponsiveness.

Granuloma formation around eggs trapped within hepatic and intestinal tissue is a hallmark of schistosome infection and the major cause of pathology in infected hosts. However, the egg granuloma functions for both the host and parasite (26): (a) intestinal granulomatous inflammation facilitates the translocation process for the egg into the gastrointestinal lumen, (b) it ameliorates bacterial translocation from the intestine into the circulation of the host, (c) it protects host tissues from exaggerated immune responses against the antigenic eggs, and (d) it ultimately benefits the adult parasites to keep the host intact.



Intestinal Granulomas

Female S. mansoni worms deposit their eggs close to the vasculature surrounding the intestines and exploit the host protective mechanism to facilitate egg transgression in order to get them transported through the endothelium and intestinal wall into the gut lumen. It has been estimated that S. mansoni eggs are viable for ~3 weeks indicating that eggs complete the transition through the intestinal wall well within that time frame but in no less than 6 days (27). Therefore, the intestinal granulomas will have characteristics of what is seen in early stage liver granulomas (Figure 1). Moreover, histological analysis has shown that colon granuloma composition differs from liver granulomas harboring more macrophages but less eosinophils, T and B cells (28). However, to date, a comprehensive in-depth characterization of the composition of the intestinal granuloma remains to be published. Due to the longevity of infection and constant egg deposition, assessing the temporal order of events during granuloma formation in the intestine is challenging. Recently, a novel approach has been published, in which S. mansoni eggs are surgically implanted into the sub-serosal tissue of small intestine or colon of mice (29), facilitating the direct and kinetic analysis of egg priming of the immune system in the intestine and within the local draining mesenteric lymph nodes.
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FIGURE 1. Differences in hepatic and intestinal granuloma composition. Cellular granuloma composition in the liver (left) and the intestine (right). While early (upper half) granulomas may appear similar, intestinal granulomas harbor less eosinophils, T cells, and B cells than hepatic granulomas, more macrophages are present. Only few neutrophils and basophils can be observed in both sites. During later stages (lower half) eggs in the liver become trapped and fibrosis develops. In contrast, eggs deposited in the gut must be released to the intestinal lumen by yet to define mechanisms. However, they may also become trapped and may resemble chronic liver granulomas in shape and collagen content. Illustrations modified from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Unported License.





Hepatic Granulomas

The formation of granulomas around eggs disseminated into the liver is better understood (Figure 1). In contrast to intestinal granulomas, the liver granuloma cannot be shed and becomes fibrotic over time. Recently, a histological analysis of granulomas revealed that the majority of productive, collagen rich granulomas during natural and experimental S. mansoni infection develop in the liver, probably as eggs are trapped in the hepatic tissue as opposed to intestinal granulomas, which appear more organized and with fewer, circumferal collagen fibers (30). Interestingly, hepatic granuloma size decreases from weeks 8 to 20 post-infection, at which point it stabilizes for at least another 32 weeks (10). This down modulation of egg granuloma size reflects the hyporesponsive state of immunity that develops as the infection progresses to chronicity. While normal lobular liver architecture is retained, angiogenesis occurs and contributes both to the genesis of schistosomal portal fibrosis and to fibrotic degradation (31). Indeed, experimentally infected and treated mice showed significant remodeling of hepatic schistosomal lesions over time. A notable feature of the granuloma surrounding the the liver is its protective function to encapsulate hepatotoxic secretions from the egg (26)–in particular omega-1 (ω1) (32).



The Egg-Immune Interface

It is important to highlight that the egg is a live and biologically active organism that proactively interacts with the host to manipulate immunity and achieve its successful excretion from the host. The shell of the egg itself, aided by factors released from maturing eggs, likely contributes to the initial attachment of the egg to the endothelium. This activating process facilitates granuloma formation and ultimately egg excretion. Indeed, these egg secretions (ES) are the active interface between the egg and the host (33, 34). The egg shell and its ES bear a number of molecules with potential immunomodulatory (IM) activity. The two major secreted egg IM are described in more detail here as they may play an excretion-promoting role in the intestinal granuloma.

Alpha-1 (α1)/IPSE/smCKBP

Alpha-1 (α1) is a dimeric glycoprotein that was first described by Dunne and Doenhoff (35, 36). Haas and colleagues identified that native α1 induced IL-4 release from basophils and cloned the recombinant molecule; subsequently termed IL-4-inducing principle of S. mansoni eggs (IPSE) (37, 38). Furthermore, IPSE has a nuclear localization signal in the C-terminus that conveys “infiltrin” activity, an ability to infiltrate through the cell membrane and cytoplasm and translocate to the nucleus (39, 40). Importantly, IPSE/α1 further contributes to the enlargement of hepatic granulomas (41). In many pathogens, host subversion strategies utilize immunomodulators to interact with and manipulate chemokines and alter local cellular recruitment and activation–termed chemokine binding proteins (CKBP) (42). A screen of homogenates or ES from the S. mansoni life cycle stages that infect the mammalian hosts identified a CKBP (SmCKBP), within only SEA (~10 μg per mg), that was enriched in ES (~150 mg per mg). SmCKBP selectively bound certain chemokines and when recombinant SmCKBP was administered to mice, it blocked chemokine activity and inflammation (43). SmCKBP has an active role in granuloma formation around live eggs and is released from the maturing egg. This has been evidenced in vitro by circumoval precipitation and in vivo by detection within hepatic as well as intestinal granulomas (43) (Figures 2A,B). The vastly different biological properties of α1/IPSE/smCKBP–inducing release of IL-4, binding chemokines, infiltrin activity, and enlargement of granulomas–highlight the dynamism and duality of functions for helminth IM. Indeed, the immunomodulating activity of the molecule extends beyond helminths, with recombinant forms shown to suppress inflammation and pathology in models of skin inflammation as well-bladder disease (43, 45).
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FIGURE 2. Release of smCKBP from S.mansoni live eggs under in vitro conditions and detection in vivo adjacent to eggs within granulomas in the liver and intestine of infected mice. (A) Live eggs were cultured in vitro with anti-smCKBP rabbit sera or normal rabbit sera (NRS), with SmCKBP-antibody precipitate formation (arrows) when cultured with anti-smCKBP sera. (B) Immohistochemistry detection of smCKBP (brown stain) within the granulomas surrounding eggs in liver or intestines of infected mice. Bar, 50 μm. 2015 Smith et al. Originally published in The Journal of Experimental Medicine. https://doi.org/10.1084/jem.20050955. (C) Smaller granulomas forming around eggs within intestines of S. mansoni-infected mice treated with anti-CD4 mAb compared to control mice, as described (44). H&E-stained sections. Bar, 100 μm.



Omega-1 (ω1)

The initial identification of Omega-1, a hepatotoxic egg glycoprotein, is also attributed to Dunne and Doenhoff (32, 36). ω1 possesses both T2 RNase activity (46) and potent Th2 inducing activity (47, 48). The ability of ω1 to prime dendritic cells to elicit Th2 cell expansion is mTOR-independent. Rather, it is dependent on ω1 RNase activity in addition to its native glycosylation, enabling the molecule to bind to the mannose receptor on dendritic cells and be internalized (49, 50). It is noteworthy that both α1 and ω1 within SEA are glycoproteins, with many functional activities of such egg molecules being glycan dependent, requiring interactions with selected C-type lectin receptors on immune cells (51–54).

Recombinant ω1 has been shown to have therapeutic activity in reducing the incidence and development of diabetes in NOD mice (55), modulating inflammasome-dependent IL-1β release (56) and inducing FoxP3 expression in CD4+ cell to drive Treg development (57, 58). Regarding metabolic effects, ω1 binds to mouse and human adipocytes and, in mouse models of diet-induced obesity, was shown to induce release of IL-33 resulting in weight loss (59). Further studies are required to investigate whether ω1-induced IL-33-release is responsible for DC modulation and Th2/Treg induction. These immunomodulatory effects may play an important role in regulating optimal granuloma formation and transition through the lamina propria.




MECHANISM OF “EGGS-CRETION”

While the S. mansoni egg excretion process still remains ill-defined to date, it can be broadly divided into four stages (Figure 3):

I Egg release into the bloodstream and attachment to the endothelium

II Immune-dependent granuloma formation

III Transition between endothelium and epithelium

IV Release into the intestinal lumen
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FIGURE 3. Proposed four-stage process of intestinal egg excretion. I: Adult schistosomes deposit eggs into the vasculature close to the lamina propria. Platelets and fibrinogen adhere to the eggs and activate the endothelium. Endothelial cells actively grow over the egg supporting its extravasation. Eggs that do not cross the endothelial border are disseminated by the blood flow and become trapped mostly in the liver portal system. II + III: Immune cells, such as macrophages, T cells and eosinophils start to encapsulate the egg. Granuloma formation occurs around the egg and together with other processes, such as fibrinolysis, egg secretions-induced necrosis, leads to the passage of the egg toward the intestinal lumen. IV: Entrapped eggs become fibrotic and calcified. Interaction with the microbiome, epithelial cell death and remodeling may lead to the active release of eggs, which are then released to the environment with host feces. Illustrations modified from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Unported License.




Stage I. Egg Release Into the Bloodstream and Attachment to the Endothelium Is Triggered by Adult Worm and Egg Secretions

Within the mesenteric vasculature, adult male and female schistosomes reside. Here, they move against the blood toward the endothelium facing the intestinal epithelium as a response to a nutrient gradient. Female S. mansoni worms release roughly 300 eggs per day–equalling approx. one egg every 5 min–a rate that stays constant for at least 1 year (10). Although female worms flex backwards during oviposition (thereby releasing the egg in close proximity to the endothelium), active penetration of eggs through the endothelium is unlikely (34). The metabolic enzymes enolase (phosphopyruvate hydratase) and glyceraldehyde-3-P-dehydrogenase (GAPDH) have been identified as parts of the eggshell and act as surface receptors to bind plasminogen (60, 61) increasing the fibrinolytic activity of the egg. Further, lack of enolase has been shown to decrease binding of other pathogens to the endothelium (62, 63). Although both enolase and GAPDH are present in exosome-like vesicles (ELVs) produced by adult S. mansoni worms (61), it is not known if ELVs are also released from the egg stage. The release of such metabolic enzymes within the surrounding egg milieu induces a localized metabolic niche that modulates local cell functions to achieve egg excretion.

Indeed, human enolase has been shown to activate pulmonary endothelial cells and to increase surface expression of the cellular adhesion molecule ICAM-1 (64). It has been reported that endothelial cells actively migrate over freshly deposited eggs in vitro (65), a process enhanced in the presence of sera. Furthermore, eggs can bind to and activate platelets, which may subsequently activate endothelial cells (66). This process also seems to contribute to extravasation, with thrombocytopenia impairing egg excretion (67). Interestingly, schistosome eggs also bind other host plasma proteins, including von-Willebrand factor, which may assist in the initial attachment to the damaged or activated endothelium (68). Enolase, present in the egg shell, can also act as a plasminogen receptor and induce plasminogen activation and plasmin generation (69). Plasmin can subsequently contribute to blood clot lysis (important for adult worms) and may induce monocyte recruitment (70).

The initial recruitment of immune cells to the site of granuloma formation is dependent on cellular adhesion molecules, such as ICAM-1. ICAM-1 is upregulated by SEA and high expression can be observed within hepatic granulomas (71). Here, it is essential for granuloma formation, especially during early acute stages (72–74). Ileal and colonic granulomas also showed high expression of ICAM-1 as well as LFA-1 and VLA-4 in acute and chronic infection (75). In ICAM-1-deficient mice, VCAM-1 was upregulated in hepatic granulomas, whereas no expression of ICAM-2 or PeCAM was observed (71). Interestingly, close correlation has been identified between soluble ICAM-1 and fecal egg counts from infected patients feces (73) where it was proposed to function as a negative regulator by inhibiting leukocyte recruitment and downmodulation of granuloma formation.

It has been suggested that the presence of the characteristic lateral spine of the eggs may facilitate attachment to the endothelium, perhaps causing cell damage to elicit a danger signal and while intestinal peristalsis may also contribute to the extravasation process, its actual function remains unclear. However, a study published in 2013 showed that the location of egg deposition within the intestinal tract may contribute to efficient egress of eggs (76). S. mansoni eggs are significantly more abundant in areas with Peyer's patches, where egg secretions cause loss of cellularity facilitating transition. Indeed, in support of this, mice without Peyer's patches excrete fewer eggs (76).



Stage II. Immune-Dependent Granuloma Formation Is Driving Egg Excretion

The main mechanism that facilitates egg excretion is the formation of the granuloma around the egg. As most findings concerning granulomatous inflammation have been found in hepatic granulomas, the following events have to be treated with caution as experimental data for the formation of intestinal granulomas is largely missing.

It has been noted earlier that the process of S. mansoni egg excretion is an exquisite, immune-dependent process (Figure 3) as illustrated by significant reduction in fecal egg excretion in T cell- (44, 77, 78) and nude mice (79). Severe combined immunodeficient mice were almost incapable of passing parasite eggs in the first weeks of oviposition (80, 81). Indeed, S. mansoni-infected HIV+ patients with acquired immunodeficiency syndrome had fewer eggs in their feces than HIV seronegative patients with the same levels of S. mansoni infection (82, 83), which correlated with CD4 T cell counts after anti-retroviral therapy (84). However, the role for CD4+ cells in schistosome egg excretion of humans was not evident in studies on other HIV+ patient cohorts (85, 86).

Strikingly, mice deficient in the Th2-associated cytokines IL-4 and IL-13 passed almost no eggs in their feces (23). IL-4-deficient mice display significantly impaired granuloma formation and increased mortality associated with intestinal pathology (22). This is also observed in mice with a combined deficiency in IL-4 and IL-13 (23) which also develop fatal endotoxemia. Furthermore, IL-4-deficient mice show a significant accumulation of eggs in the intestinal wall, a finding supportive of the function of the granuloma in facilitating egg excretion (23). Similarly, mice with specific deficiency in IL-4 and IL-13 within T cells succumb to acute S. mansoni infection (25). Also, IL-4Rα−/− mice may develop fatal hemorrhaging following S. mansoni indicative of a protective role of the granuloma from exacerbated immunopathology in the intestine (87). IL-4Rα-signaling involves both IL-4- and IL-13-mediated receptor engagement and the particular role of IL-13 was revealed to drive hepatic fibrosis (23, 88).

While there has been a focus on T cells, other immune cells also contribute to both granuloma formation and the excretion of eggs. Indeed, eosinophils are a major constituent of intestinal granulomas (89). Although their precise role remains unclear, it has been reported that eosinophils may promote egg excretion (90). However, studies using anti-IL-5 antibody-mediated eosinophil blockade found normal numbers of eggs passed in the feces (91, 92), with no marked alterations in hepatic granuloma formation noted in transgenic mouse models of eosinophil deficiency (93). Another possible function of granuloma eosinophils may be the destruction of miracidia within the surrounded (trapped) egg (94), in part explaining the higher abundance of eosinophils in hepatic granulomas (28, 30) and the occurrence of eosinophil pyroptosis in vivo (95).

Basophils can be directly activated by IPSE/α1 to release IL-4 (38) and are present in intestinal granulomas (96). Additionally, a new molecular mechanism of action has been revealed whereby IPSE, a member of the βγ-crystallin superfamily, can bind IgE through the IPSEs crystallin fold thereby activating basophils independently of formal IgE cross-linking (97). Although basophils have been shown to drive Th2 polarization in other helminth infection models (98, 99), whether or not they contribute to intestinal granuloma formation and egg excretion is unclear to this date (25, 100).

While neutrophils are found to acquire a pro-inflammatory phenotype during S. japonicum infection (101), they do not seem to participate in the granuloma formation in S. mansoni infection (87), which may be in part due the presence of the kunitz-type protease inhibitor SmKI-1, capable of inhibiting neutrophil function (102).

The more recently described group of innate lymphoid cells (ILC) have gained a lot of attention as they are capable of initiating type 2 immune responses against certain helminths and during allergic responses (group 2), maintaining intestinal homeostasis (group 3), and enhancing type 1 responses via IFN-γ release [group 1; reviewed in (103, 104)]. To date, only limited data is available on the contribution of ILC, and in particular ILC2, during S. mansoni infection toward granuloma formation and egg excretion. In a pulmonary model of schistosome egg injection we have shown that ILC2 can contribute to pulmonary fibrosis (105). Because ILC2 are abundant in the intestine and they can directly interact with CD4 T cells to enhance polarization toward Th2, they may play non-redundant roles in the excretion process by instructing T cell responses. ILC2 are mainly activated by the alarmin cytokines IL-33, IL-25, and TSLP to produce IL-5 and IL-13. While individual ablation of each of these cytokines did not impair hepatic granuloma formation in chronic schistosomiasis, the combinatorial targeting of all three cytokines led to reduced hepatic fibrosis, impaired eosinophil recruitment and fewer numbers of IL-13-producing ILC2 (106). Thus, while the impact on early intestinal granuloma formation and egg excretion remains obscure, the marked effect of alarmins is highly likely to impact on intestinal granuloma formation. Omega-1 released from eggs within the intestines may–in addition to cytotoxic effects–increase the release of IL-33 and therefore the activation of ILC2. Additionally, ILC3 might exert similar functions as they have been shown to be involved in the maintenance of tolerance toward commensal microbiota through the interaction with CD4 T cells in the gut (107). Interestingly, altered numbers of ILC2 have been detected in the circulation of S. haematobium-infected patients (108). However, further investigation is required to fully elucidate the role of ILC populations in schistosoma infection and granulomatous inflammation.

Dendritic cells (DCs) are capable of processing and presenting schistosome egg antigens (109) and depletion of DCs during an ongoing S. mansoni infection severely disrupts the generation of the Th2-polarized immune response (110). While hepatic conventional DCs act in an immunogenic, rather than tolerogenic, capacity, their function in the intestine may be different (111). Using an injection model for the direct delivery of schistosome eggs into the subserosal intestinal tissue revealed that IRF4-expressing CD11b+ DCs promote Th2 responses in the intestine (29). It further has been shown that Omega-1 is the major component conditioning DCs for Th2 polarization (48).

Macrophages are the most abundant cell population in intestinal granulomas (28). During S. mansoni infection of immunocompetent mice macrophages acquire a protective alternatively activated phenotype through IL-4- and IL-13-mediated IL-4Rα-signaling. The M2 phenotype is associated with the increased expression of Arginase-1, an enzyme converting L-arginine to L-orthinine, which is further converted to proline–a critical amino acid for the production of collagen, and therefore, the development of fibrosis (112). While this process is detrimental to host survival through fibrotic liver damage, it might not be as critical in the intestinal granulomatous response as the surrounding granulomas are overall more temporarily restricted. Therefore, other properties of IL-4Rα-mediated M2-polarized macrophages, such as IL-10 production, PD-L2 and Relmα expression, may be more crucial to prevent aberrant inflammation.

When macrophages are unable to respond to IL-4 and IL-13 cytokine signals in IL4RαLysMCre mice the hosts succumb to endotoxemia, which can be in part rescued by antibiotic treatment (87). More inflammatory cells were observed surrounding intestinal granulomas suggesting that M2 macrophages are specifically required to prevent excessive damage to the intestinal wall and promote the efficient transport of eggs into the intestinal lumen. In contrast, Arginase-1-expressing macrophages were shown to limit Th2 responses (113) and prevent the formation of exacerbated granulomas in the liver. Later, it was found that Lyz2lo macrophages were able to escape LysMCre-mediated IL-4Rα-deletion and acquire M2 properties in response to S. mansoni egg injection, which may account for some of the observed differences between studies (114). It was further shown that during S. mansoni infection macrophages require IL-4/IL-13 released from Th2 cells to acquire an M2 phenotype (25). Importantly, granuloma formation was significantly impaired in mice with T cell-derived IL-4/IL-13-deficiency and egg excretion in the feces was compromised, although it did not reach statistical significance. These results suggest that while M2 macrophages contribute to the increased fibrosis surrounding the trapped eggs in the liver, they also promote efficient shielding of the eggs in their transition through the intestinal tissue in order to prevent excessive damage. Macrophage phenotype and granuloma formation is ultimately determined by Th cell polarization.

T cells are the most important cells for successful egg excretion in the intestine. Antibody-mediated depletion of T cells was shown decades ago to lead to impaired granuloma formation, egg retention and exacerbated disease resulting in increased mortality (78). Later targeting of L3T4 (CD4) T cells phenocopied anti-CD3 mediated depletion highlighting the role of the T helper subset (115). In S. mansoni infected mice subjected to anti-CD4 mAb-depletion the size of the granuloma is significantly reduced in liver and intestines [Figure 2C, (116)]. Furthermore, the cellular granuloma composition in CD4-depleted mice consists of fewer eosinophils and more neutrophils, which are virtually absent in the eosinophil-rich granulomas of immunocompetent mice. Similarly, the absence of T cell-derived IL-4/IL-13, e.g., the functional absence of Th2 cells, impairs granuloma formation and egg excretion, and was found to increase mortality (25).

The critical role of Th2 cells for the protection of host tissue from cytotoxic effects and correct granuloma formation is further substantiated by studies showing that injection of the Th1 cytokine IFNγ interferes with granuloma formation and IL-12- deficiency–in fact Th1-ablation–increases granuloma size and Th2-mediated inflammation (117, 118). Although Th1 cells seem to be required for the early release of IFNγ and IL-2 facilitating granuloma formation as part of a delayed type hypersensitivity response, prolongation of the Th1 response led to increased pathology and mortality (44, 117, 119, 120). Furthermore, it was shown that hepatosplenic schistosomiasis in human patients is associated with increased levels of TNFα and IFNγ, while type 2 cytokines are reduced (121).

IL-17-producing Th17 cells have also been implicated in schistosome granuloma formation as IL-17 levels in susceptible and resistant mouse strains correlated with granuloma formation (122). This has been shown to be a direct effect on the IL-23 and IL-1 release of DCs in response to SEA (123, 124). In the context of the roles of egg glycans in immune priming, theses pathological effects are mediated through the C-type lectin receptor CD209a (125).

In the absence of Th1 cells (Tbet−/−) Th17 cells drive exaggerated inflammation with an increase of neutrophil infiltration into the granuloma, while the combined absence of Th1 and Th17 cells led to smaller granulomas with increased type 2 biased infiltration of M2 macrophages and eosinophils (126).

Regulatory T cells expand during the chronic stage of S. mansoni murine infection and are present in S. mansoni infected patients (127–129). It has speculated that immunosuppression by Treg cell by the release of IL-10 and TGFβ may limit tissue pathology toward trapped eggs during infection (130–132).

The role of B cells and antibodies in S. mansoni infection of mice has been extensively investigated. While B cells were found to be involved in the development of Th2 polarization, their role in granuloma formation is still not entirely clear (133–135). Antibodies specific for SEA arise after egg deposition and expand throughout infection (136) and multiple studies have shown regulatory roles of antibodies in granuloma formation (137–139). Interestingly, immune complexes of chronically infected patients were capable to inhibit granuloma formation in vitro (140). Indeed, infection of Fc-receptor deficient mice (γ or ε) led to the formation of larger and collagen-rich granulomas (138, 139), suggesting regulatory potential of Fc-bearing effector cells within the granuloma or sequestration of egg antigens. Whether this process is involved in the maintenance of intestinal granulomas remains to be investigated.

Identification of regulatory B (Breg) cells in response to schistosome eggs (141) and their production of IL-10 in response to the schistosome glycan LNFPIII (142, 143) led to subsequent studies using live S. mansoni infections (144–146). Indeed, α1 drives the expansion of Breg cells (147). Because Bregs arise late during chronic infection it seems unlikely that they contribute to the natural intestinal granuloma formation facilitating egg excretion and rather may contribute to limit chronic intestinal inflammation.

The functions of the tuft cell as IL-4Rα-expressing IL-13-responsive cell type in the intestine has been described during gastrointestinal nematode infections (148–150). Whether these cells contribute to the intestinal granuloma formation by their IL-25 release or facilitate the egg excretion process during S. mansoni infection has not been investigated.

Taken together, egg excretion through the intestinal wall can only be achieved in the presence of a Th2-biased granulomatous inflammation. All cells described here take part in the shaping of the intestinal granuloma and may therefore influence Th2 polarization, toxicity protection and promote or inhibit egg excretion. While the roles of CD4+ T cells and macrophages is well-understood, more research is required focusing on other immune cells function in intestinal granulomas.

Yet, the question remains: What drives the egg+granuloma to transit from the endothelium toward the epithelium?



Stage III. Transition Through the Lamina Propria Is Achieved by Toxic Effects and Displacement

The mechanism of how the viable egg transits through the intestinal lamina remains elusive, however, some findings suggest a role for the developing granuloma, extracellular matrix degradation, and schistosome egg antigens.

Recently, the collagen, fibronectin and plasmin contents of intestinal granulomas have been investigated (151). After extravasation, fibrinolysis can be observed around the biologically successful eggs, i.e., those that will achieve egg excretion, in contrast to trapped eggs that are not excreted (Figure 3). Plasma fibronectin is part of the blood clotting and wound healing response and it was recently found that S. mansoni is able to express extracellular tegumental calpains that cleave fibronectin (152). Fibronectin was also found in early granulomas, while chronic granulomas are collagen-rich (30, 153). Eggs also express SmCalp1 and may actively contribute to the fibronectin degradation (152). Further, SmEnolase, is highly expressed by eggs, and is able to promote plasminogen activation (69). Plasmin degrades fibrin and fibronectin–among other targets–and thereby contributes to the degradation of extracellular matrix proteins. Indeed, a striking difference exists between hepatic and intestinal granulomas with regard to perioval fibrin and fibronectin deposition (151). While they were found in 23 and 77% in hepatic granulomas, respectively, only 3 and 11% were positive in the intestine. Viable eggs actively degrade fibrin and fibronectin, therefore the increase of these ECM components in hepatic eggs might stem from the increased proportion of dead eggs. However, as the data set is limited, in-depth investigation of the plasmin, fibrin, fibronection, and collagen content of intestinal granulomas is warranted. Fibrinolysis and plasmin around eggs could be a result of macrophage invasion or proteolytic activity of the eggs. At the moment, it remains unclear what the exact order of events in fibrin and collagen deposition, plasminogen activation and fibrinolysis is and thus a more detailed investigation is required.

While collagen deposition leads to immunopathology in the liver, collagen degradation may be more important in intestinal granulomas. Eight weeks after infection the collagen content in hepatic granulomas is already significantly increased but only minimal deposition is observed in the small intestine and even less in the colon (154). While collagen content increased over time in all three organs, in intestinal granulomas collagen marks chronic granulomas–and therefore trapped eggs (153). Furthermore, collagen structure appeared concentric in the liver while a discontinuous deposition was observed in the intestine (154). While eggs themselves were not able to degrade collagen in vitro (155), egg-activated plasmin may contribute to collagen degradation. Furthermore, M2-like macrophages can degrade collagen in a mannose receptor-dependent manner (156). Additionlly, many matrix metalloproteinases are expressed during S. mansoni infection with elevated expression of MMP-2, MMP-3, and MMP-8 transcripts in the colon of chronically infected mice (157), all of which possess collagenase activity.

While this array of ECM-degrading mechanisms may promote the movement through the lamina propria–but where does directionality come from? One possibility is that the influx of immune cells follows the egg through the initial crossing of the endothelium. Therefore, the granuloma first develops basally at the egg. The first cells may shield from the cytotoxic effects of the SEA, while SmEnolase and calpains exert their effects apically and degrade the ECM in front of the egg. Over time, macrophages will surround the egg and become activated by IL-4 and SEA to promote collagen degradation. It was shown that excretion is a relatively quick process compared to the development of liver fibrosis (158), therefore collagen deposition may occur only at the rim or basally of the granuloma to maintain the surrounding tissue architecture, while the apical ECM is degraded and more cells and fluid infiltrates from the basal side displacing the egg forward toward the epithelium. Simultaneously, cells around the egg succumb to the cytotoxic effects of IPSE/α1 and ω1. If the cells infiltrate from the basal side of the granuloma the cells at the apical side are more exposed to the cytotoxic molecules and therefore the first to die from necrosis. Further studies using intravital microscopy approaches are required to get more insight into the mechanisms by which the granulomas move the egg through the intestinal wall.

Another possibility is that because eggs are more or less deposited at the same site in the vasculature and often more than one egg is found in a granuloma, the intestinal tissue may develop an ill-defined “tunnel” structure with more collagen, fibrin and fibronectin deposition at the “tunnel wall,” while the inner tissue has a less rigid composition from repeated ECM degradation. Peristaltic movement of the bowel may also play a supportive role in moving the egg+granuloma along the beaten path. However, to date there is no experimental data available to support this theory, mainly because the larger granulomas surrounding unsuccessful eggs trapped in the intestinal wall may gain more attention and are more similar to what we expect from the research on hepatic granulomas than smaller successful egg granulomas.



Stage IV. Release Into the Intestinal Lumen

The process of actual release of the egg after transit through the intestinal wall into the gastrointestinal lumen has not–to our knowledge–been addressed in detail experimentally. The parasite eggs that are found in the feces of infected humans, as well as experimental mice, are devoid of an encapsulating granuloma suggesting that the egg leaves the granuloma as it enters the fecal matter. This poses the questions: How does it leave the granuloma? What happens to the remaining granulomatous tissue in the intestinal epithelia? A possible mechanism of granuloma resolution may be interaction of microbiota and the immune cells at the outer rim of the granuloma that come in direct contact with the mucous layer and get successively destroyed concomitant to the cytotoxic and fibrinolytic effects mediated by the egg and its secretions. Whether the composition of the mucus layer affects the survival of schistosome eggs is currently unclear. After the egg is released the remaining cells in the granuloma will likely be resolved as part of the intestinal wound healing response, where the already present macrophages may contribute to (Figure 3). Clinically, the colonic mucosa becomes atrophic and acquires a granular yellowish appearance (159), which are probably macrophages from the granulomas shed with tissue remodeling.

One complication observed in patients is the occurrence of colon polyps that are shed and cause intestinal bleeding (160). Probably this may happen when unsuccessful trapped eggs become calcified, losing their fibrinolytic potential and leading to chronic granulomas as seen in the liver.

Microbiome Influences on Egg Excretion

In recent years it became increasingly understood that the microbiome composition will impact on the outcome of most immune responses (161) and perturbations of this complex system may lead to detrimental consequences for the hosts health (162–164). A significant alteration of the microbial communities that impacts on the hosts immune response has been shown for gastrointestinal helminth infections with Heligmosomoides polygyrus (165), Trichuris muris (166), and Trichinella spiralis (167).

With respect to S. mansoni infection one study found that the absence of gut microbiota through the administration of antibiotics alters the immune response against S. mansoni (168). Further, intestinal inflammation was significantly reduced in antibiotics treated mice and fecal egg secretion was impaired. As the microbial translocation in immunocompromised mice will only occur after the first eggs have traversed the intestine–or at least entered it to compromise the integrity of the gut barrier–the importance of the microbiome composition for egg secretion itself becomes evident. In infected humans, while one study failed to find statistically significant differences (albeit a relatively small cohort size) between the microbiome composition of non-infected, S. mansoni-infected and praziquantel-treated children (169), it has to be noted that another study found significant differences in S. heamatobium-infected children (170).

For future studies it would be interesting to infect germ free or gnotobiotic mice to further investigate the impact of the microbiome during schistosome infection on the immune response or to comprehensively analyze the microbiome composition of infected mice and perform fecal transplantation experiments.




CONCLUSION AND FUTURE DIRECTIONS

Research over the past decades has uncovered many fascinating facets of Schistosoma mansoni biology and the host immune response against both worms and eggs. The immunology of egg granuloma formation has been extensively investigated due to its central role in S. mansoni infection-associated immunopathologies. We previously posited on helminth immunobiology that despite such discoveries, there are many unknown unknowns yet to be not only identified but also to be experimentally investigated (171). Indeed, the processes involved in the granulomas evolutionary role in facilitating egg transit through the intestinal wall is still relatively unclear. With more sophisticated approaches, lessons learned from studying the hepatic granulomas, and ever more transgenic mouse models together with translational studies, the mechanism of egg transit may finally be unveiled.

Novel techniques, such as the injection directly into the epithelium will greatly improve our understanding of the intimate processes happening in the formation of a functional egg granuloma within the intestine (29). However, the initial interaction of the egg with the immune system–when it is deposited in the blood stream–will not be accessible by this system. High-resolution ultrasonography has been recently shown to be applicable for noninvasive time-course observations of hepatic lesions in S. japonicum infection in mice (172). Furthermore, the development of other noninvasive techniques, such as small-animal PET-MRI or intravital 2-photon microscopy may be helpful tools to study early events of granuloma formation, as undertaken in the liver (173). Furthermore, the manipulation of S. mansoni eggs by lentiviral transduction, as it has been shown for ω-1 knockdown (174), will make noninvasive observation techniques more powerful. Identification of immune-modulation egg products has also been facilitated by the fact that the cost and availability of core facilities for transcriptome sequencing became feasible (175) and “omics” data is made available at WormBase ParaSite (176). Using the lentiviral knockdown model or schistosome egg-antigen coated beads (177, 178) either in vivo or in in vitro models, such as intestine-on-a-chip (179), intestinal organoid cultures (180), or other novel models (181, 182), are potential approaches to provide new insights.

Future studies on this unique S. mansoni immune dependent “eggs-cretion” process will reveal novel insights on the host-pathogen-interface that will impact on our understanding of fundamental functions of the immune system in both health and disease.
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Following initial invasion of Schistosoma mansoni cercariae, schistosomula reside in the skin for several days during which they can interact with the dermal immune system. While murine experiments have indicated that exposure to radiation-attenuated (RA) cercariae can generate protective immunity which is initiated in the skin stage, contrasting non-attenuated cercariae, such data is missing for the human model. Since murine skin does not form a reliable marker for immune responses in human skin, we used human skin explants to study the interaction with non-attenuated and RA cercariae with dermal innate antigen presenting cells (APCs) and the subsequent immunological responses. We exposed human skin explants to cercariae and visualized their invasion in real time (initial 30 min) using novel imaging technologies. Subsequently, we studied dermal immune responses and found an enhanced production of regulatory cytokine interleukin (IL)-10, pro-inflammatory cytokine IL-6 and macrophage inflammatory protein (MIP)-1α within 3 days of exposure. Analysis of dermal dendritic cells (DDCs) for their phenotype revealed an increased expression of immune modulators programmed death ligand (PD-L) 1 and 2, and increased IL-10 production. Ex vivo primed DDCs suppress Th1 polarization of naïve T-cells and increase T-cell IL-10 production, indicating their regulatory potential. These immune responses were absent or decreased after exposure to RA parasites. Using transwells, we show that direct contact between APCs and cercariae is required to induce their regulatory phenotype. To the best of our knowledge this is the first study that attempts to provide insight in the human dermal S. mansoni cercariae invasion and subsequent immune responses comparing non-attenuated with RA parasites. We reveal that cercariae induce a predominantly regulatory immune response whereas RA cercariae fail to achieve this. This initial understanding of the dermal immune suppressive capacity of S. mansoni cercariae in humans provides a first step toward the development of an effective schistosome vaccine.
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INTRODUCTION

After penetrating the skin, larvae of the Schistosoma mansoni (S. mansoni) parasite, termed cercariae, transform into schistosomula and reside locally for several days, during which they penetrate the epidermal-dermal junction and eventually continue onward migration (1–3). Until now, the dynamic aspects of this invasion into human skin remain largely unknown. As the skin is an immune-competent organ containing various immune cells (4), it provides the first opportunity for host immune cells to recognize parasite antigens. This interaction could be important as it can drive an adaptive immune response against S. mansoni (5). Although it is widely accepted that schistosomes are able to direct immune responses via egg-induced immune modulation at late stages of infection, the modulatory effects during the initial stages are less well-defined.

Although human dermal immune responses to S. mansoni have not been studied to date, mouse models reveal a mixed immune response to cercariae. In mice, S. mansoni invasion induces inflammation, shown by a dermal infiltrate, which peaks by day 4 post infection (6, 7). From the reports on acute schistosomiasis syndromes it is clear that there is considerable inter-individual variability in the human immune responses to schistosome infection, reflected by variation in cercarial dermatitis and onset of Katayama fever (8–10). Analysis of murine dermal immune responses to S. mansoni larvae revealed an enhanced migration of innate antigen presenting cells (APCs) of such as macrophages (Mϕ) and dendritic cells (DCs), to the skin draining lymph node as well as an increase in their activation markers, MCH class II and CD86 (5, 7, 11–13). Nonetheless, exposure to cercariae does not readily induce protective immunity. This may be due to counteracting regulatory cytokine responses in the form of IL-10 and IL-1ra which are mounted in the dermis within 2 days post infection (7, 11, 14). Together these early innate responses in the dermis culminate in a short-lived mixed Th1/Th2 cytokine response in the skin draining lymph node which rapidly declines to baseline (7, 15) resulting in a failure to induce protective immunity against a subsequent infection. One possible way by which S. mansoni cercariae are suggested to achieve immune regulation is by the production of excretory/secretory (ES) products upon transformation into schistosomula, which can suppress (dermal) immune responses (7, 11, 12, 16–20). Proteomic analysis of skin invasion identified a variety of secreted enzymes and factors that are able to degrade host immune defense molecules (20).

APCs orchestrate the adaptive immune response to antigens and one molecular mechanism by which APCs are able to inhibit an adaptive immune response is the PD-1/PD-L1 (Programmed Death-1/Programmed Death Ligand-1) interaction. PD-L1 has been described as a regulatory marker on APCs and is linked to the induction of immunological tolerance (21–23). In tumor immunology, PD-L1 up regulation leads to immune-escape and T-cell anergy upon ligation with PD-1 (24–26), and PD-L1 has been shown to play a pivotal role in the polarization of naïve CD4+ T cells to regulatory T cells (Tregs) (27). The role of PD-L2, the other known PD-1 ligand, is less clear. In addition to cancer cells, many pathogens have been shown to exploit the PD-1 pathway in order to escape the host's immune response (26, 28–31). We aimed to determine whether this immune regulation pathway could potentially play a role in S. mansoni infection.

In contrast to non-attenuated cercariae, repeated exposure to radiation-attenuated (RA) cercariae induces protective immunity in animal models. RA cercariae yield a sustained IL12p40 mediated protective Th1 response, which has the capacity to kill migrating parasites in the host lungs (7, 32–37). It has been reasoned that delayed dermal migration of RA cercariae, and thus prolonged antigen exposure, leads to an enhanced and sustained pro-inflammatory dermal cytokine response (5, 38). Interestingly, in contrast to their non-attenuated counterparts, RA cercariae either induced delayed IL-10 responses (7) or failed to induce IL-10 at all (18). Corroborating this, IL-10 deficient mice mounted higher protective immunity after vaccination with RA cercariae (39). They also showed massive accumulation of inflammatory cells around invaded parasites, and a delay in schistosomula migration (18). Taken together, these findings illustrate the importance of IL-10 in the down-regulation of the dermal immune response used by S. mansoni for the continuation of the parasite life cycle in mice.

Despite the numerous studies of the interaction between S. mansoni larvae and murine skin, human dermal APC responses in ex vivo skin have not been studied. There are, however, substantial differences between murine and human skin; human skin is anatomically [thickness, muscle layers, dermal papillae, and hair follicle density (40, 41)], as well as immunologically distinct from murine skin and consequentially has different immune cell subsets (42) and differential expression of receptors on dermal APCs (43). These features may limit the clinical relevance of findings in mice and demand a set-up that enables immune studies in human skin.

In this study we have used imaging technologies to monitor the human skin invasion of laboratory-reared S. mansoni (RA) cercariae ex vivo. We analyzed the ensuing human immune response characterizing the phenotype and PD-L1 expression on DDCs and their functional effects on CD4+ T cell polarization (Figure 1).
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FIGURE 1. General presentation of the skin invasion set up and immunological markers studied. Skin invasion imaging setup: S. mansoni (RA) cercariae are irradiated or kept at RT. Human skin explant pieces are mounted on confocal microscopy dishes and cercariae are added to the epidermal side. Explants are imaged with a confocal microscope. (A) Skin explants are exposed to (RA) cercariae in water and cultured to harvest emigrating DDCs (B). DDCs are co-cultured with naïve T cells to assess functional effects (C). Monocyte derived dendritic cells (D) (MoDCs) are differentiated from human monocytes. Three hour ES products are generated from (RA) schistosomula. Stimulation of MoDCs with (RA) cercariae or their ES products in presence or absence of a transwell.





MATERIALS AND METHODS


Parasite Materials

S. mansoni cercariae from the Puerto Rican-strain were shed from Biomphalaria glabrata watersnails for 2.5 h at 30°C in water. Radiation attenuation was performed by irradiating cercariae at room temperature to a total dose of 20krad using a Cesium radiation source.

For the production of cercarial excretory/secretory products (ES), (RA) cercariae were transformed into schistosomula in vitro by centrifugation of 100,000–300,000 cercariae at 1600 rpm for 5 min, after which supernatant was removed and replaced by 12.5 mL of pre-warmed (37°C) RPMI (Invitrogen, Carlsbad, CA, USA) supplemented with Penicillin, Streptomycin, 20 μM pyruvate and 20 μM L-glutamine (Sigma-Aldrich, Zwijndrecht, The Netherlands). Cercariae were incubated at 37°C and 5% CO2 for 20 min to induce transformation. Tails were separated from schistosomula bodies using an orbital shaker and schistosomula were collected and cultured for 3h at 37°C and 5% CO2 in a 96-wells plate (4000 schistosomula/mL at 100 μl per well). After the culture period, supernatant containing cercarial ES was collected and pooled.



Skin Explants

Human skin explants were obtained from collaborating hospitals immediately after abdominal skin reduction surgery (ERB number B18.009, see ethics statement) and kept at 4°C until use (within 6 h). Subcutaneous fat was removed and the epidermal side thoroughly cleaned with 70% ethanol. Skin pieces were wrapped around an electrically heated pad and placed upon petri dishes filled with either 15 ml water or 15 ml water containing (RA) cercariae. Twelve thousand (RA) cercariae were allowed to penetrate a circular skin piece with a diameter of 5 cm (surface area 19.6 cm2) for 30 min, after which the sample was removed, cleaned and biopsied using 6 mm punch biopsies. Biopsies were rinsed in RPMI supplemented with 0.1% fetal calf serum (FCS, Bodinco, Alkmaar, The Netherlands) and transferred to a 48 wells plate containing 1 ml RPMI 10% FCS per well supplemented with 500 U/ml GM-CSF. Emigrated immune cells were collected from the supernatant after 3 days, washed, filtered and stained for Flow Cytometric analysis or irradiated to a total dose of 3000 rad and brought into culture for co-culture assays.



Visualization of Cercarial Invasion of Human Skin Explants

Small skin explant pieces (4 × 8 mm) were placed into a confocal dish (ø35mm; MatTek Corporation). To enable imaging, the cercariae were labeled with the fluorescent cyanine dye Cy5-methyl-methyl [500 nM; Interventional molecular imaging group LUMC, Leiden, The Netherlands (Winkel et al., submitted)]. The labeled cercariae were added to the epidermal side of the skin piece and invasion was imaged using the time-lapse function of the Leica TCS (true confocal scanning) SP8X WLL (white light laser) microscope (Leica Microsystems, Wetzlar, Germany; 10x objective). Cy5-methyl-methyl was excited at 633 nm and emission was collected between 650 and 700 nm. The UV-laser (excitation: 405 nm, emission: 420–470 nm) was used to visualize skin structures (epidermis, epidermal-dermal junction, dermis) based on its auto fluorescence. The cercariae invasion was analyzed using the Leica Application Suite X software (Leica Microsystems, Wetzlar, Germany).



Flow Cytometric Analysis

Emigrated dermal dendritic cells (DDCs) were distinguished from other immune cells by their forward and side scatter properties, in addition to high expression of CD11c and HLA-DR. The different DDC subsets were determined using the expression of CD1a, CD14 and CD141: CD141+CD14− (referred to as CD141+ DDCs), CD1ahighCD14− (referred to as LCs), CD1aintCD14− (referred to as CD1a+ DDCs) and CD1a−CD14+ (referred to as CD14+ DDCs). Antibodies used were HLA-DR-PerCP-ef710 (L243, eBioscience), CD11c-PE-Cy7 (B-Ly6, BD Pharmingen), CD80-BV650 (L307.4, BD Biosciences), CD1a-AF700 (HI149), CD141-BV421 (M80), lineage cocktail-APC (CD3/19/20/56; Biolegend), CD14-PE-Texas Red (Tuk4, Life Technologies), PDL1-APC (MIH1) and PDL2-PE or PECy7 (MIH18; eBioscience). All conditions were incubated with CD16/32 Fc receptor inhibitor (eBioscience) and Aqua live/dead staining (Invitrogen). Samples were measured using a FACS canto-II (BD Bioscience Franklin Lakes, NJ, USA) and analyzed in FlowJoTM (FlowJo LLC, Ashland, OR, USA).



Naïve CD4+ T Cell Co-Culture

For analysis of T cell polarization, 5 × 103 emigrated DDCs were irradiated (3000 rad) and co-cultured with 2 × 104 allogeneic naïve CD4+ T cells isolated from buffy coat (Sanquin, Amsterdam, The Netherlands). Co-cultures were performed in the presence of staphylococcal enterotoxin B (10 pg/ml). On days 6 and 8, recombinant human IL2 (10 U/ml; R&D Systems) was added and the T cells were expanded until day 11. Intracellular cytokine production was analyzed after polyclonal restimulation with 100 ng/ml phorbol myristate acetate (PMA) and 1 μg/ml ionomycin (Sigma Aldrich) for 6 h. Brefaldin A (10 μg/ml; Sigma Aldrich) was added for the last 4 h of restimulation. Cells were fixed in 3.7% paraformaldehyde (Sigma Aldrich), permeabilized with permeabilization buffer (eBioscience), stained with antibodies against IL-4 and IFNγ (BD bioscience) and analyzed with flow cytometry.

In addition, 105 expanded CD4 T cells were restimulated with antibodies against CD3 and CD28 for 24 h in a 96-wells plate. Supernatants were harvested and analyzed for IL-10 secretion using standard ELISA (Sanquin, Amsterdam, The Netherlands).



J558-CD40L Co-Culture

DDCs were co-cultured with a CD40L expressing J558 myeloma line at a 1:1 ratio in a round bottom 96-wells plate. After 24 h supernatants were harvested and kept at −20 until analyzed for cytokine production by standard ELISA.



Monocyte Derived Dendritic Cells (MoDCs)

Monocytes were isolated from venous whole blood from healthy volunteers and differentiated as described previously (44). On Day 5, MoDCs were harvested, counted and re-cultured at 35 × 104 cells/well in a 24 wells plate and rested for 24 h. On day 6 the immature MoDCs were stimulated with S. mansoni cercariae or RA cercariae or their ES products (in water, 100 cercariae/well), water control (equivalent volume to cercarial stimulation), LPS (100 ng/ml) or medium. For transwell experiments, transwell inserts with 8 μm pore size were used (Costar, Corning NY, USA).




RESULTS


Invasion of Cercariae into Human Skin Explants

Using our fluorescence-based S. mansoni cercariae imaging technique, we were able to monitor the invasion in human skin in real-time (Figure 2; Supplementary Videos 1, 2). The infectious potential of non-attenuated as well as RA cercariae was confirmed by microscopically imaging the skin interaction. Larvae were seen to attach to the epidermal surface with their tails thrashing, after which they invaded deeper into the epidermis with gliding motion. Twenty-three of the forty-five non-attenuated and 18 of the 35 RA cercariae studied (51%) entered the human skin within 30 min (non-attenuated cercariae median: 8.5 min, range: 5–10 min Inter Quartile Range (IQR) 2.13 min; RA cercariae median 7.5 min, range 6.5–30 min, IQR 1.5 min) (Figure 2A; Table 1). This invasion time roughly corresponds with previous data in which the authors self-infected with RA cercariae [mean penetration time 6.58 min, 1.57–13.13 min (45)]. In general we recorded three different ways of invasion; (1) cercariae penetrated with their heads, remain intact and stay lodged in the epidermis, (2) intact cercariae penetrated the full thickness of the epidermis, and (3) cercariae penetrated with their heads, shedding their tail on the surface, continuing on as schistosomula (Figure 2B; Table 1). These different ways of invasion were seen for both non-attenuated as well as RA cercariae, although RA cercaria seemed to shed their tail more readily. It is interesting to note that all cercariae which penetrated the epidermis halted migration at the epidermal-dermal junction (time frame 30 min).


[image: image]

FIGURE 2. Visualization of cercarial invasion into a human skin explant. Cercariae attach and penetrate the epidermis of the human skin explant. Cercariae depicted in red, the dermis in blue, the epidermal surface as a white solid line and the basal membrane as a green dashed line T = 0–7 min. Gray arrowheads: cercarial heads/schistosomula. Top panels: non-attenuated cercariae, lower panels: RA cercariae (A). Cercariae penetrate the skin in different ways. White arrowheads: cercariae/tails (B). Scale bar: 200 μm.





Table 1. Skin invasion by cercariae.
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Non-Attenuated Cercariae Induce Regulatory Dermal Immune Responses

To start addressing the innate immunological responses to cercarial exposure in ex vivo exposed human skin biopsies, we determined the subset distribution of the various crawl-out DC populations. Neither exposure of human skin to S. mansoni non-attenuated or RA cercariae induced migration of skin APCs or altered their subset distribution (Figure 3; Supplementary Figure 1). However, analysis of the whole biopsy cytokine environment exposed to non-attenuated cercariae revealed an average 2.7-fold increase in the regulatory cytokine IL-10, a 1.4-fold increase in the pro-inflammatory cytokine IL6 and a 3.7-fold increase in inflammatory chemokine of the innate immune response, macrophage inflammatory protein (MIP)1α (Figure 4A) compared to water exposed controls. These cytokine responses were less pronounced (1.7-fold for IL-10 and 1.6-fold for MIP1 α) or absent (IL-6) in tissue exposed to RA cercariae (Figure 4A). Additionally, we measured chemokines and cytokines previously reported in murine dermal S. mansoni models (MIP-1β, IL-4, IL-12p40, IL-18, IL-23, and IFNγ, (7, 11, 12, 46). However, IL-4, IL-12p40, IL-18, IL-23, and IFNγ were not detectable in our model. A trend similar to MIP-1α was seen for MIP-1β (data not shown). Next we studied whether skin APCs could be the source of IL-10 by co-culturing crawl-out DDCs with a CD40L–expressing B cell myeloma line, mimicking T cell interaction. We found that DDCs increased their IL-10 production upon exposure to non-attenuated cercariae, which was not seen in DDCs exposed to RA cercariae (Figure 4B).


[image: image]

FIGURE 3. S. mansoni cercariae do not induce DDC emigration from the skin. DDC gating strategy. Antigen presenting cells are selected by forward scatter (FSC) and side scatter (SSC) characteristics. Doublets are excluded (not shown). Live cells are gated and selected for the lack of lineage markers (CD56, CD3, CD19, CD20). APCs are selected on the expression of HLA-DR as well as intermediate to high levels of CD11c. HLA-DR+, CD11c+ cells can be divided into the different DDC populations: CD141+, LC, CD1a+ and CD14+ (A). Total emigrated HLA-DR+, CD11c+ antigen presenting cells from dermal biopsies at 3 days post exposure to S. mansoni cercariae or water control. Mean ± SEM, n = 7 (B). Subset distribution of emigrated cells (C).
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FIGURE 4. Increased production of IL-6 and IL-10 and MIP1α in skin exposed to cercariae. Whole biopsy cytokine analysis at 3 days post exposure to non-attenuated Sm cercariae show an increase in IL-6, IL-10 and MIP1α. The effect is less pronounced in radiation attenuated cercariae. (A). IL-10 production by DDCs after co-culture of emigrated DDCs with CD40L expressing cell line, 7 donors. (B). Data shown in pg/ml, mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 using paired Student's T-test on log transformed data.



We continued to investigate the phenotype of the exposed crawl-out DDCs in more detail and found an increased expression of immune-modulatory molecules programmed death ligand (PD-L) 1 and 2 (1.9- and 2-fold, respectively; Figure 5A) after exposure to non-attenuated cercariae. PD-L1 was primarily upregulated in the CD1a+ DDC population, whereas PD-L2 was overall more prominent in the CD14+ subset and in Langerhans cells (LCs; Figure 5B). For RA cercariae, this upregulation was less pronounced (1.3-fold increase for PD-L1) or absent (PD-L2; Figure 5A). Crawl-out DDCs did not up regulate activation markers CD80 and HLA-DR after (RA) cercariae exposure (Figure 5C).
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FIGURE 5. DDCs do not increase activation markers upon cercaria exposure but do show a trend of increased levels of immunoregulatory markers PD-L1 and PD-L2. Immunoregulatory markers PD-L1 and 2 are up regulated in DDCs when exposed to Cercariae but not RA Cercariae (n = 3) (A). PD-L1 expression primarily occurs in CD1a+ DDCs. (n = 3) (B). CD80 and HLA-DR expression in total emigrated HLA-DR+, CD11c+ antigen presenting cells from dermal biopsy at 84 h post exposure to S. mansoni cercariae or water control (n = 7) (C). Mean ± SEM. *p < 0.05.



To assess the ensuing T cell responses we performed a co-culture assay of allogeneic naïve CD4+ T cells with (RA) cercariae exposed craw-lout DDCs. After co-culture with DDCs exposed to non-attenuated cercariae, CD4+ T cells produced less IFNγ and showed a trend of increased IL-10 production (Figure 6), suggesting regulatory potential of these DDCs. In line with our phenotypic analysis, this functional regulatory potential was not seen for RA cercariae exposed DDCs (Figure 6). A summary of the detected dermal immune responses can be found in Table 2.
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FIGURE 6. Stimulation with cercariae reduces pro-inflammatory potential of DDCs. Emigrated DDCs were co-cultured with CD4+ T cells to assess immunomodulatory potential. Data shown as percentages IFNγ or IL4 producing CD4+ T cells cultured with ex vivo stimulated DDCs relative to CD4+ T cells cultured with DDCs from untreated skin after PMA/ionomycin stimulation. Mean ± SEM. *p < 0.05, using paired Student's T-test (A). IL-10 production by CD4+ T cells after co-culture with DDCs. ELISA on culture supernatants after 24 h stimulation with anti CD3/28 (B). Data shown in pg/ml. Mean ± SEM.





Table 2. Immune phenotype of (RA) cercariae stimulated DDCs.
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Direct Contact With (RA) Cercariae is Necessary to Induce a Regulatory Phenotype in Monocyte-Derived Dendritic Cells

To further investigate APC phenotype in response to S. mansoni antigens, we generated monocyte-derived dendritic cells (moDCs) isolated from healthy volunteers and incubated these cells with (RA) cercariae. We found increased expression of activation markers CD80, CD86, and CD40, but not HLA-DR, (Figure 7A) in stimulated MoDCs. However, similar to their DDC counterparts, MoDCs strongly up regulated expression of immune regulatory molecules PD-L1 and PD-L2 (Figure 7B). Complementing these findings, MoDCs give an increased production of IL-10 upon stimulation with (RA) cercariae (Figure 7C). In contrast to exposure in skin, there was no significant difference between non-attenuated and RA cercariae in this in vitro setup. Table 3 summarizes the MoDC phenotype findings.
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FIGURE 7. Cercaria stimulation activates MoDCs but also induces up regulation of immunoregulatory markers PD-L1 and 2 and regulatory cytokine IL-10 production. Stimulation of MoDCs with (RA) cercariae up regulates activation markers CD80, CD86 and CD40. (A). PD-L1 and PD-L2 up regulation after cercaria stimulation. (B) IL-10 production by MoDCs after 48 h stimulation, data shown as pg/ml (C) Mean ± SEM. *p < 0.05, **p < 0.005, ***P < 0.0005, ****p < 0.0001 using paired student's T-test (on log transformed data for IL-10).





Table 3. Immune phenotype of (RA) cercariae stimulated Monocyte derived DCs.
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In order to dissect whether the immunosuppressive phenotype of DCs was induced by direct interaction of the APC with S. mansoni or a response to their ES products, we performed a transwell assay which physically separates the MoDCs from the (RA) cercariae. Interestingly, PD-L1 and PD-L2 upregulation was partly dependent on the direct contact of cells with (RA) cercariae (Figure 8A). And indeed, incubation of MoDCs with ES products of transformed (RA) cercariae alone did not induce PD-L1 and PD-L2 expression (Figure 8B). In addition to PD-L1 and PD-L2 up regulation, MoDCs increased their production of IL-10 only when allowed direct contact with (RA) cercariae, whereas transwell stimulation or ES stimulation did not induce IL-10 production (Figure 8C).


[image: image]

FIGURE 8. Direct contact with cercariae but not cercarial ES products increases immunoregulatory markers PD-L1 and 2 and IL-10 secretion. PD-L1 and PD-L2 up regulation after cercaria stimulation in presence or absence of direct contact (TW = transwell) (A). PD-L1 expression after stimulation with cercariae or cercarial ES alone. The ES dose was matched to the number of cercariae used for stimulation (B). IL-10 production of MoDCs after stimulation with cercariae or their products (C). Mean ± SEM. *p < 0.05, **p < 0.005, ***P < 0.0005, ****p < 0.0001 using paired student's T-test (on log transformed data for IL-10).






DISCUSSION

For the first time we visualized human skin invasion by S. mansoni cercariae and show that these larvae subsequently drive expression of PD-L1 and 2 and IL-10 by human DDCs, indicative of a regulatory phenotype. In line with their regulatory phenotype, these DDCs suppress Th1 priming, and favor the induction of regulatory cytokine IL-10 by T cells. RA cercariae were less capable of inducing skin immune suppression. These findings may help to explain why, in contrast to RA cercariae, exposure to non-attenuated cercariae fails to initiate a protective immune response. The early differences in the immune responses to non-attenuated and RA cercariae imply that priming of the protective immune response against RA S. mansoni, is initiated immediately after invasion, by APCs of the dermis. Whether immune priming in the skin draining lymph node alone is sufficient to establish protective immunity remains a long-standing matter of debate (47–49).

Previously published epidemiological data revealed that individuals infected with parasitic worms (helminths) such as S. mansoni show elevated serum levels of IL-10 (50, 51, 52, 53). Taken together, our results support the hypothesis that active suppression of immune responses is initiated immediately after infection, at the dermal stages of S. mansoni infection. This propensity of S. mansoni larvae to promote T-cell hyporesponsiveness may, in part, explain why cercarial dermatitis is a subtle clinical phenomenon (10, 18).

The human skin cytokine responses to S. mansoni correspond with data in murine models, which also show a dermal invasion site rich in IL-10 and a less pronounced increase in pro-inflammatory cytokines IL6 and MIP-α and β (7, 11, 12, 46). The source of IL-10 in the skin is still unclear. Several dermal cell-types, such as lymphocytes and keratinocytes have been shown to produce IL-10 in response to S. mansoni larvae (18, 54). Additionally, dermal mast cells are a known source of IL-10 in a variety of skin diseases (54) and cercarial ES products have been shown to affect these cells by triggering their degranulation. Our data, however, suggests that dermal APCs are an important source of dermal IL-10 enrichment in response to cercariae. In addition, we observed a small increase in the levels of pro-inflammatory cytokine IL-6 and innate inflammatory chemokine MIP-1α. These results are in line with previous reports using murine dermal S. mansoni models (7) and highlight that the cumulative dermal immune response to S. mansoni is a delicate balance between innate pro-inflammatory signals and a modulatory IL-10 response. In RA cercariae, this immune suppression is less pronounced, corroborating murine skin data (7). Also in line with murine data (46), our research shows increased IL-10 production by naïve CD4+ T cells after co-culture with cercariae-exposed DDCs. However, contrary to what has previously been found in the murine skin draining lymph node (55) we detected a significant reduction in Th1 priming of CD4+ T cells in response to non-attenuated cercariae, highlighting differences between human and mouse skin responses in S. mansoni infection. Despite the fact that the ex vivo human skin explant model lacks blood flow, excellent viability of dermal cells in cultured skin biopsies is maintained for a long period of time (56, 57), making this model a valuable method which can aid in understanding human immune responses during natural infections in a three dimensional organization.

A potential mechanism by which S. mansoni is able to regulate immune activation is the excretion of ES products, which have been described to exhibit regulatory potential (19, 58–60). However, we find that direct contact of the parasite with immune cells is needed to induce the immunosuppressive effects on human MoDCs. Interestingly, immune-modulatory markers PD-L1 and 2 were primarily induced by non-attenuated cercariae in the skin explant model, while in vitro MoDCs up regulated these markers in response to direct contact with both non-attenuated as well as RA cercariae. This may indicate that dermal migratory behavior of (RA) cercariae may influence DDC-cercarial contact and thus alter the ensuing immune responses as has been previously suggested (5, 38). Because migration does not affect the cellular contacts in the in vitro assay, this effect may be lost in vitro. Using a cell-labeling dye we visualized S. mansoni cercarial penetration in human skin and confirmed cercarial penetration. Using this technique we could clearly visualize the fate of the tail in the skin. A previous study applying confocal imaging to investigate cercarial invasion into mouse ear pinnae showed comparable invasion behavior, although all cercariae imaged in this study displayed tail loss upon entry (61). Tail loss at the moment of skin entry has been assumed previously, but contradicted by some authors (45, 62, 63). It has been suggested that delayed tail loss might be a mechanism by which the host immune response is diverged away from targeting adult worms (62). RA cercaria seem to be less capable of doing so. Potentially, differences in the timing of tail shedding between non-attenuated and RA cercariae may be responsible for the differential immunological effect in skin. After penetration, S. mansoni cercariae shed their surrounding glycocalyx, which protects them during the aquatic stage of the life cycle. This shedding exposes the cercarial membrane and its molecules and therefore timing may be critical to the ensuing immune response. Although phagocytosis of cercarial ES products by APCs in the dermis results in their activation and the production of pro-inflammatory cytokines (61), surprisingly little is known about membrane-bound molecules on cercariae and/or schistosomula and the DDC receptors that recognize them during direct contact. Further research is needed to fully understand the molecular basis through which S. mansoni modifies APC function at this stage of the life cycle.

Our finding that S. mansoni cercariae induce upregulation of PD-L1/2 in both DDCs as well as MoDCs suggests that, similar to cancer cells, S. mansoni may exploit the PD-1 pathway to inhibit the adaptive immune response starting in the human dermis. Recently, PD-L1 and PD-L2 upregulation has been demonstrated in monocytes exposed to Brugia malayi, the causative parasitic agent for filariasis (64), indicating that the effect on PD-L1/2 in phagocytic APCs may be part of an immune-regulatory pathway employed by different parasites. This suggests PD-1 or PD-L1/2 targets could potentially be used in the development of vaccines against parasitic diseases.

In conclusion, we visualized cercarial invasion into human skin and demonstrate that, similarly to rodent models, S. mansoni cercariae are able to induce a regulatory dermal immune response. In our human model, this response is characterized by expression of PD-L1/2, excretion of IL-10 and the suppression of IFNγ producing CD4+ T cells. This process is less well mastered by RA cercariae, which may explain, in part, why they are superior immunogens. An understanding of the immune suppressive capacity of S. mansoni in human skin may give clues toward the development of novel therapies, or directly impact the development of an effective schistosome vaccine.
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Clarice Carvalho Alves1, Neusa Araujo2, Wilma Patrícia de Oliveira Santos Bernardes1, Mariana Moreira Mendes1, Sergio Costa Oliveira3,4 and Cristina Toscano Fonseca1*


1Laboratório de Biologia e Imunologia de Doenças Infeciosas e Parasitárias, Instituto René Rachou, Fundação Oswaldo Cruz, Belo Horizonte, Brazil

2Laboratório de Esquistossomose, Instituto René Rachou, Fundação Oswaldo Cruz, Belo Horizonte, Brazil

3Laboratório de Imunologia de doenças Infeciosas, Instituto de Ciências Biológicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil

4Instituto Nacional de Ciências e Tecnologia em Doenças Tropicais, CNPq, MCT, Salvador, Brazil

Edited by:
Thiago Almeida Pereira, Stanford University, United States

Reviewed by:
Donald McManus, QIMR Berghofer Medical Research Institute, Australia
 Alessandra Ricciardi, National Institutes of Health (NIH), United States

* Correspondence: Cristina Toscano Fonseca, ctoscano@minas.fiocruz.br

Specialty section: This article was submitted to Microbial Immunology, a section of the journal Frontiers in Immunology

Received: 14 May 2018
 Accepted: 08 October 2018
 Published: 02 November 2018

Citation: Alves CC, Araujo N, Bernardes WPdOS, Mendes MM, Oliveira SC and Fonseca CT (2018) A Strong Humoral Immune Response Induced by a Vaccine Formulation Containing rSm29 Adsorbed to Alum Is Associated With Protection Against Schistosoma mansoni Reinfection in Mice. Front. Immunol. 9:2488. doi: 10.3389/fimmu.2018.02488



The helminth Schistosoma mansoni is one of main causes of human schistosomiasis, a health and economic concern in some of the world's poorest countries. Current treatment regimens can lead to serious side effects and are not suitable for breastfeeding mothers. As such, efforts have been undertaken to develop a vaccine to prevent infection. Of these, Sm29 is a promising candidate that has been associated with resistance to infection/reinfection in humans and mice. Its ability to induce resistance to reinfection has also been recently demonstrated using a vaccine formulation containing Freund's adjuvant. However, Freund's adjuvant is unsuitable for use in human vaccines. We therefore evaluated the ability of Sm29 to induce protection against S. mansoni reinfection when formulated with either alum or MPLA as an adjuvant, both approved for human use. Our data demonstrate that, in contrast to Sm29 with MPLA, Sm29 with alum reduced parasite burden after reinfection compared to a control. We next investigated whether the immune response was involved in creating the differences between the protective (Sm29Alum) and non-protective (Sm29MPLA) vaccine formulations. We observed that both formulations induced a similar mixed-profile immune response, however, the Sm29 with alum formulation raised the levels of antibodies against Sm29. This suggests that there is an association between a reduction in worm burden and parasite-specific antibodies. In summary, our data show that Sm29 with an alum adjuvant can successfully protect against S. mansoni reinfection in mice, indicating a potentially effective vaccine formulation that could be applied in humans.
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INTRODUCTION

Schistosomiasis is one of the most important global helminthic infection, in terms of disability-adjusted life years (DALYs) (1, 2). Due to large effects on public health and productivity, a considerable amount of effort has been applied to finding candidates that could serve as an anti-schistosomiasis vaccine (3). One such promising vaccine candidate is the Schistosoma mansoni tegument protein Sm29. In areas endemic for schistosomiasis, high levels of circulating anti-Sm29 IgG1 and IgG3 have been associated with resistance to infection (4). Sm29 has also been tested using several experimental immunization protocols, consistently showing an ability to reduce worm burden. The first study that evaluated Sm29 with an experimental immunization protocol was published in 2008 and demonstrated a significant reduction in the number of adult worms after challenge (5). There was also an accompanying immune response that was defined by the production of high levels of IFN-γ and IgG1. Later, the protein was tested in combination with SmTSP-2 as a recombinant chimeric protein in order to more effectively potentiate the isolated antigens (6). Immunization with this chimeric protein also resulted in a significant reduction in parasite burden. In this case however, protection associated with high levels of specific IgG1 and IgG2a antibodies and a Th1 polarized immune profile, with significant production of IFN-γ and TNF-α. Finally, another chimeric protein consisting of Sm29 and Sm14 was also tested, showing protection against S. mansoni that was accompanied by significant production of IgG1 antibodies (7).

To further evaluate Sm29 as a vaccine candidate, we have recently tested this antigen in mice that were previously infected with S. mansoni and treated with praziquantel (8). Such pre-sensitization more accurately mimics the situation found in endemic areas in which the population is constantly being reinfected with the parasite. This study demonstrated that Sm29 with Freund's adjuvant provided protection against reinfection in these pre-sensitized animals (26–48%). Vaccination also induced an increase in overall antibody levels and a mixed cellular immune response (8). However, Freund's adjuvant is not recommended for use in humans due to high toxicity. Alternatively, alum adjuvants are widely used in human vaccine formulations (9), although only recently its mechanism of action begun to be elucidated. In 2008, two groups demonstrated that alum activates inflammasomes through a NLRP3 dependent-pathway (10, 11). Alum induces tissue damage that leads to uric acid release, enhancing the uptake of antigens by antigen presenting cells (APCs) (12). However, a more recent study has suggested that the effects of alum on the adaptive response may not involve NLRP3, but rather IL-2 production by dendritic cells (DCs). In the study, IL-2 released by DCs was dependent on phagocytosis, Syk, and NFAT activation. In the absence of IL-2-producing DCs, alum inoculation resulted in decreased proliferation of CD4+ T cells and decreased antibody production (13). Nevertheless, alum induces a Th2 type of immune response, irrespective of the exact signaling pathways involved in alum-mediated activation (12, 14, 15). In addition to alum, monophosphoryl lipid A (MPLA) is also used as an adjuvant in human vaccines (16). It is a derivate of lipid A from LPS that lacks toxicity but remains immunogenic (17, 18). The adjuvant is an agonist of TLR4, activating APCs through a TRIF-dependent signaling pathway (19). APC activation induced by MPLA results in increased production of TNF-a, IL-10, and IL-12 by APCs (20). MPLA as an adjuvant has been demonstrated to activate both the humoral and cellular arms of the immune response (21, 22).

As Freund's adjuvant is not licensed to be used in human vaccines, this study tested whether recombinant Sm29 antigen with MPLA or alum as an adjuvant could be effective in an animal model of S. mansoni reinfection. In addition, the immunological profiles induced by the vaccines were assessed. Our data show that immunization with Sm29 and alum was indeed able to induce partial protection against reinfection, reducing parasite burden by 29–37% in immunized mice. The Sm29 with MPLA formulation was unable to induce a reduction in worm burden, providing a powerful tool to understand why the Sm29 with alum formulation was effective. Further study comparing the two formulations suggested antibody production was important to the protective effect and higher antibody levels were observed in Sm29 and alum immunized animals. Although further investigation concerning the relationship between protection and antibody production is required, our data indicate that a vaccination formulation containing Sm29 and alum could potentially be used to control human schistosomiasis.



MATERIALS AND METHODS


Mice and Parasites

Female BALB/c mice aged 6–8 weeks were obtained from the Centro de Pesquisas René Rachou (CPqRR)-FIOCRUZ (Fundação Oswaldo Cruz) animal facility, Brazil. LE strain S. mansoni cercariae were obtained by exposing infected Biomphalaria glabrata snails to light for 1–2 h to induce shedding. This S. mansoni strain is routinely maintained at the Lobato Paraense, CPqRR. The Ethics Committee of Animal Use (CEUA) of FIOCRUZ approved the protocols involving animals in this study under license number LW12/12.



Antigen Preparation

Recombinant Sm29 (rSm29) was produced and purified as previously described (4). Briefly, the protein was expressed in Escherichia coli BL21 bacteria carrying a pET21 expression vector containing the Sm29 cDNA. Expression was induced using 1 mM IPTG. After bacterial lysis, rSm29 was purified by affinity chromatography on nickel columns. The protein was then dialyzed against phosphate buffered saline (PBS) pH 7.2 and its concentration determined using a BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, United States).



Vaccination Protocol

Before immunization, mice were sensitized using a prior S. mansoni infection with approximately 30 LE-strain cercariae. Forty-five days after infection, mice were treated with two doses of 800 mg/Kg Praziquantel as previously described (8). Fifteen days after treatment, mice were immunized (10 animals/group) with rSm29 (25 μg/animal) plus alum adjuvant -Alhydrogel (InvivoGen, San Diego, CA, United States) (1 mg/mouse/dose) or MPLA-SM VacciGrade (InvivoGen, San Diego, CA, United States) adjuvant (10 μg/mouse/dose). The control groups were inoculated with saline and either alum or MPLA-SM VacciGrade, respectively. Mice received three doses of each vaccine over the 15-d interval regimen, applied subcutaneously in the nape of the neck.



Challenge Infection and Worm Burden Recovery

Animals were challenged by percutaneous infection with 100 cercariae (LE strain) 30 days after the final vaccine booster. Mice abdominal skin was shaved and exposed for 1 h to the cercariae. Fifty days after infection, adult worms were recovered from the portal veins as described by Pellegrino and Siqueira (23). The levels of protection were calculated as previously described (8). Fragments from the liver and intestine from control and experimental groups were collected after perfusion. These organs were weighted, digested in a solution of 10% KOH. The eggs were obtained and it number determined as previously described (8).



Antibody Assessment

The sera from the mice of each vaccinated group were obtained 15 days after each immunization dose. Enzyme-linked immunosorbent assays (ELISAs) were performed using the sera to evaluate the production of IgG, IgG1, IgG2a, and IgE antibodies specific to rSm29. Briefly, MaxiSorp 96-well microtiter plates (Nunc, Rochester, NY, United States) were coated with rSm29 at a concentration of 5 μg/mL (for IgG, IgG1, and IgG2a) or 1 μg/mL (for IgE) in carbonate-bicarbonate buffer (pH 9.6). These were left overnight at 4°C and were then blocked with 300 μL/well of phosphate-buffered saline (pH 7.2) with 0.05% Tween-20 (PBST) and 3% fetal bovine serum (FBS; GIBCO, Gaithersburg, MD, United States), for 2 h at 25°C (for IgG, IgG1, and IgG2a), or PBST plus 3% skim milk overnight at 4°C (for IgE). One hundred microliters of each serum sample was diluted 1:1,000 (for IgG, IgG1, and IgG2a) or 1:40 (for IgE) and added to the plates for 1 h. Finally, the plates were incubated with peroxidase-conjugated anti-mouse IgG (1:10,000), IgG1, (1:10,000), or IgG2a (1:8,000) (Southern Biotech, Birmingham, AL, United States), for 1 h at 25°C. For the IgE measurements, an anti-mouse biotin IgE (BD Biosciences, Franklin Lakes, NJ, United States) diluted to 1:250 was used. After incubation for 1 h at 25°C., an avidin conjugated to peroxidase (1:250) was added for 30 min. For all ELISAs, a TMB incubation was used to visualize antibody concentrations and was stopped with 5% sulfuric acid. Finally, the plates were read at 450 nm using an ELISA plate reader (Bio-Rad, Hercules, CA, United States). Endpoint antibody titers were determined using pool of sera samples from each group and a serial dilution range from 1:20 to 1:1,310,720.



Cellular Immune Response and Immunophenotypic Analysis

To assess cytokine production, the spleens from at least five mice per group were collected 7 days after the final immunization dose. Red blood cells were lysed using ACK lysing buffer and the remaining splenic cells were washed twice with apyrogenic saline before being adjusted to 1 × 106 cells/well. Cells were cultured in 5% CO2 at 37°C without stimulation (negative control), stimulated with anti-CD3 (1 μg/mL) as a positive control, or rSm29 (25 μg/mL). Culture supernatants were collected 24 or 72 h post stimulation to access the levels of IL-2 (24 h), IL-4 (24 h), IL-6 (24 h), IL-10 (72 h), IL-17 (72 h), IFN-γ (72 h), and TNF-α (24 h). Cytokine measurements were performed using an anti-mouse Th1/Th2/Th17 Cytometric Bead Array (CBA) Kit (BD Biosciences, Franklin Lakes, NJ, United States) following the manufacturer's protocol. The beads were quantified using a FACScalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, United States) and the data analyzed using FCAP Array Software (BD Biosciences, Franklin Lakes, NJ, United States).

The proportions of CD4+ lymphocytes producing IL-4, IFN-γ, or IL-10 were also evaluated via intracytoplasmic staining. Cells were initially processed as previously described, but were adjusted to 0.5 × 106 cells per well and cultured for 18 h in the absence of polyclonal or antigen specific stimulation. To prevent cytokine secretion in the last 4 h, brefeldin A (1 μg/mL) was added to the culture. The cells were then blocked with either anti-CD16 or CD32 mAbs (clone 2.4G2; BD Biosciences, Franklin Lakes, NJ, United States). Surface molecules were stained by incubating the cells for 15 min with anti-CD4 conjugated to FITC (clone GK1.5; BD Biosciences, Franklin Lakes, NJ, United States) and anti-CD3 conjugated to biotin (clone 500A2; BD Biosciences, Franklin Lakes, NJ, United States). The cells were then washed with PBS (0.15 M) containing BSA (0.5%) and NaN3 (2 mM). Streptavidin PeCF594 (BD Biosciences, Franklin Lakes, NJ, United States) was then added. The cells were left for an additional 15 min at 4°C, washed with PBS and then fixed and permeabilized using Cytofix/Cytoperm fixation/permeabilization solution (BD Biosciences, Franklin Lakes, NJ, United States) for 20 min at 4°C. The cells were next incubated for 30 min with specific to anti-IL-4 conjugated to PE (clone 11B11; BD Biosciences, Franklin Lakes, NJ, United States), anti-IFN-γ conjugated to eFluor450 (clone XMG1.2; eBioscience, San Diego, CA, United States), and anti-IL-10 conjugated to APC (clone JES5-16E3; BD Biosciences, Franklin Lakes, NJ, United States) monoclonal antibodies. They were then washed with the same Cytofix/Cytoperm buffer (BD Biosciences, Franklin Lakes, NJ, United States) and sorted using an LSRFortessa BD flow cytometer (BD Biosciences, Franklin Lakes, NJ, United States). For the ex vivo analyses, splenocytes were incubated with CD16/CD32 and then anti-CD3 (clone 500A2; BD Biosciences, Franklin Lakes, NJ, USA), anti-CD4 (clone GK1.5; BD Biosciences, Franklin Lakes, NJ, United States), anti-CD11c (clone N418; eBioscience, San Diego, CA, United States), or anti-F4/80 conjugated to FITC (clone BM8; eBioscience, San Diego, CA, United States); anti-CD86 conjugated to PE (Accurate Chemical and Scientific Corporation, Westbury, NY, United States); anti-CD3 (clone 500A2; BD Biosciences, Franklin Lakes, NJ, United States), anti-CD27 (clone LG.7F9; Bioscience, San Diego, CA, United States), anti-F4/80 (clone BM8; Bioscience, San Diego, CA, United States), or anti-CD40 conjugated to biotin (eBioscience, clone 1C10); anti-CD62L conjugated to APC-Cy7 (clone MEL-14; BD Biosciences, Franklin Lakes, NJ, United States); anti-CD19 (clone 1D3; BD Biosciences, Franklin Lakes, NJ, United States), anti-CD127 (clone A7R34; BD Biosciences, Franklin Lakes, NJ, United States), or anti-CD11b conjugated to PE-Cy7 (clone M1/70; BD Biosciences, Franklin Lakes, NJ, United States); anti-I-A/I-E conjugated to Alexa 647 (clone M5/114.15.2; BD Biosciences, Franklin Lakes, NJ, United States); and anti-CD44 conjugated to Alexa 700 (clone IM7; eBioscience, San Diego, CA, United States) monoclonal antibodies. Then, cells were washed and incubated for 20 min with streptavidin APC-Cy7 or PeCF594. Finally, cells were fixed with 2% formaldehyde solution and acquired using an LSRFortessa (BD Biosciences, Franklin Lakes, NJ, United States). The data were analyzed using FlowJo software 7.6.3 (FlowJo LLC, Ashland, OR, United States). During analysis, sample acquisition that presented reduced number of acquired events, interruption of flow during acquisition or excessive number of doublets were excluded from the analysis. The staining panel used for each cell characterization is described in Supplementary Table 1.



Statistical Analysis

Data normality was tested using D'Agostino-Pearson omnibus tests. Based on a Grubbs' test, outliers were identified and eliminated. Statistical analyses were performed using ANOVA and Tukey‘s multiple comparison for the cytokine measurements and ex vivo analyses, or Student's t-tests for the parasitological analyses and antibody measurements. All calculations were performed using GraphPad Prism 7.02 (Graph-Pad Software, La Jolla, CA, United States).




RESULTS


rSm29 Formulated with Alum Induces Partial Protection Against S. Mansoni Infection in Pre-sensitized Mice

Animals immunized with the vaccine formulation containing alum as an adjuvant (Sm29Alum) showed a protection level between 29 and 37%. A significant reduction in worm burden (25 ± 8; 26 ± 13 and 27 ± 10-trials 1, 2 and 3, respectively) after S. mansoni challenge was observed in these animals in comparison to PBS alum group (35± 9; 41 ± 8 and 38 ± 6-trials 1, 2, and 3, respectively). In contrast, immunization with the MPLA adjuvant (Sm29MPLA) did not confer any protection against reinfection challenge (Table 1). Sm29MPLA group presented 26 ± 11; 34 ± 15 and 33 ± 10 mean worm burdens and PBS/MPLA group presented 27 ± 12; 38 ± 16 and 31 ± 8 mean worm burdens after the first, second and third trials, respectively. In addition to the determination of the number of worms recovered, the number of parasite eggs trapped in the liver or crossing the intestine wall was determined. Agreeing with the significative reduction of the parasite burden, significantly fewer parasite eggs were observed in the liver of animals immunized with Sm29alum. But, any significant differences in the number of eggs per gram of intestine were observed between experimental and control groups, regardless the vaccine formulation.



Table 1. Worm recovery and protection level in Sm29 immunized groups.
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Alum and MPLA Adjuvants Induce Similar APC Activation Profiles

To evaluate how the adjuvants impact APC activation, we analyzed CD86 expression by DCs, and MHC II and CD40 expression by macrophages, isolated from the spleens of immunized, adjuvant control and infected and treated (IT) animals 7 d after the last immunization dose. No differences were found in the expression of CD86 on DCs, or in MHC II and CD40 expression on macrophages, between the groups (Figure 1). Although Alum Sm29 trigger a protective immune response, nor alum, neither MPLA presented an additional effect in activating DC and macrophages in mice that have been sensitized by a previous S. mansoni infection, suggesting that alum-induced protective mechanism is acting further upstream of the immune response.


[image: image]

FIGURE 1. Activation status of dendritic cells (DC) and macrophages. Spleen from 5 to 6 animals was obtained for each group. Dendritic cells and macrophages were labeled to evaluate the expression of activation markers. For dendritic cells analysis, CD11c+ and MHC+ double positive cells were selected and the mean fluorescence intensity (MFI) of CD86 was determinate (A). For macrophages, F4/80 and CD11b double positive cells were selected and the mean fluorescence intensity of MHCII and CD40 were evaluated (C). Data of CD86 MFI in dendritic cells (B), MHCII MFI (D) and CD40 MFI (E) in macrophages from animals of MPLA (closed triangles), Sm29 MPLA (closed circles), Alum (open triangles), Sm29 Alum (open circles) and infected/treated (gray circles) groups are represented on graphics. Results are representative of one from two independent experiments.





Both Sm29Alum and Sm29MPLA Vaccine Formulations Induce a Mixed Th1/Th2/Th17 Type Immune Response

Next, the cellular immune responses triggered by Sm29Alum, Sm29MPLA immunization and their respective adjuvant controls were assessed to understand the cytokine profiles involved in the protective (Sm29Alum) and non-protective vaccine formulation (Sm29MPLA). The impact of APC activation in T cell differentiation was also evaluated by intracellular staining using flow cytometry. We found that similar proportions of CD4+ cells producing IL-4, IFN-γ, and IL-10 were observed in the spleens of mice immunized with Sm29MPLA or Sm29Alum and their adjuvant control groups (Figure 2). Also, no differences in the proportion of CD4+ cells producing cytokine was observed in infected and treated group in comparison to other groups. Regarding cytokine production by spleen cells, Sm29 in vitro stimulation leaded to an increased production of TNF-α and IL-6 in all groups. IL-10 and IFN-γ production was also increased in all groups, except MPLA (Figure 3). Sm29MPLA immunization significantly increased IFN-γ production in comparison to MPLA inoculated animals (Figure 3E). Significant IL-17 production was only observed in the groups of animals that received Sm29 immunization. IL-6 levels were significantly higher in Sm29MPLA group in comparison to Sm29Alum and infected and treated groups (Figures 3B,D). Cytokine production under antigen specific recall was expected in the adjuvant control groups and in infected and treated mice (IT), since those animals were sensitized by a previous infection. However, as rSm29 was produced in bacteria, endotoxin contamination might also have contributed to increase the production of LPS-induced cytokines in stimulated cells. IL-4 and IL-2 levels were below CBA detection levels and could not be determined. Together, these results indicate that Sm29 immunization in association with Alum or MPLA does not significantly alter the immune profile induced by a previous infection with S. mansoni, and induces a Th1/Th2/Th17 mixed type of immune response.
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FIGURE 2. Profile of TCD4 subsets in animals immunized with Sm29 Alum and Sm29 MPL immunization. The percentage of CD4+IL-4+, CD4+IFN-γ+ and CD4+IL-10+ cytokines was evaluated by TCD4 intracellular staining in spleen cells from 5 to 6 animals of each group. Intracellular cytokine staining was performed in the absence of polyclonal or antigen specific stimulated to assesses differentiation induced by the vaccine formulation in vivo. Data analysis was carried out as demonstrated in (A) within singlet cells/lymphocyte region, cells expressing CD4 and CD3 molecules were selected and the percentage of CD4+ cells producing IL-4 (B), IL-10 (C) and IFN-γ (D) was evaluated in MPLA (closed triangles), Sm29 MPLA (closed circles), Alum (open triangles), Sm29 Alum (open circles) and infected/treated (gray circles) groups. Results are representative of one from two independent experiments. No significant differences between groups were observed.
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FIGURE 3. Cytokine production by spleen cells culture of immunized mice. Spleen from animals of MPLA (n = 11); Sm29 MPLA (n = 14); Alum (n = 11), Sm29 Alum (n = 15) and Infected and treated (n = 11) groups were obtained. Spleen cells cultured with (black bars) or without (open bars) rSm29 (25 μg/mL) stimulation was assessed to determine cytokine production. The levels of TNF-a (A), IL-6 (B), IL-10 (C), IL-17 (D), and IFN-γ (E) were measured by the CBA Th1/Th2/Th17 Kit. Statistically significant differences are denoted on the graphics. Bars represents the mean + SD values of three independent experiments.





Mice Immunization With Sm29 Decreases the Percentage of B Cells in Spleen, but Fails to Increase the Percentage of Memory Cells

The percentage of B and T memory cells was determined as demonstrated in Figures 4A, 5A. A decrease in the percentage and absolute number of B cells in spleen was observed in mice immunized with Sm29 MPLA in comparison to Sm29 Alum and IT groups (Figures 4B,D). Significant decrease in the proportions and number of memory B cells, characterized as CD3−CD19+CD27+ cells was observed in all groups in comparison to IT group (Figures 4C,E). Nevertheless, any difference in the proportions of CD4+ central memory T cells (CD3+CD4+CD44hiCD127+CD62L+) or effector memory T cells (CD3+CD4+CD44hiCD127+CD62L−) was observed between groups (Figures 5B,C). Although a significant reduction in the number of CD4+ central memory cells was observed in Sm29 immunized mice in comparison to IT group (Figure 5D). No significant reduction in the number of CD4+ effector memory cells was observed (Figure 5E).
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FIGURE 4. Frequency of B memory cells in immunized mice. Spleen from 5 to 6 animals was obtained for each group to determine the frequency of B memory cells. Data analysis was carried out as demonstrated (A): within singlet cells/lymphocyte population, CD19+ and CD3− cells were selected and the percentage of B cells was determined. B memory cells were assessed by determining CD19+CD27+cell frequency. Data represents percentage and number of B Cells (B,D) and B memory cells (C,E) in animals from MPLA (closed triangles), Sm29 MPLA (closed circles), Alum (open triangles), Sm29 Alum (open circles) and infected/treated (gray circles) groups. Statistically significant differences are denoted on the graphics. Results are representative of one from two independent experiments.
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FIGURE 5. Frequency of T memory cells in immunized mice. Spleen from 5 to 6 animals was obtained for each group to determine the frequency of T memory cells. Data analysis was carried out as demonstrated (A): within singlet cells/lymphocyte population, CD4+CD44high cells were selected and, within that population, the percentage of CD127+CD62low cells representing CD4+ T effector memory cells, CD127+CD62high population representing the CD4+ T central memory cells were determined. Data represents percentage and number of CD4+ T central memory cells (B,D) effector memory cells (C,E) in animals from MPLA (closed triangles), Sm29 MPLA (closed circles), Alum (open triangles), Sm29 Alum (open circles) and infected/treated (gray circles) groups. Results are representative of one from two independent experiments.





The Sm29Alum Vaccine Formulation Promotes Higher Titers of Anti-Sm29 Antibodies

To more fully establish the role of antibody production in protection against S. mansoni reinfection, we examined the humoral response in more detail for Sm29Alum and Sm29MPLA. Both formulations induced increased production of IgG, IgG1, IgG2a, and IgE antibodies specific for rSm29 relative to adjuvant control groups. In particular, mice immunized with the Sm29Alum formulation showed higher production of IgG, IgG1, and IgE after all immunization doses when compared to PBS/Alum group. However, increased IgG2a production was only observed after the second immunization dose. The Sm29MPLA formulation also promoted increased production of anti-Sm29 IgG, IgG1, IgG2a, and IgE antibodies after each of the three vaccine doses relative to the PBS/MPLA group. Further vaccination boost increased the levels of Sm29-specific IgG and IgG1 antibodies in the Sm29Alum group and IgG, IgG1, and IgE antibodies in the Sm29MPLA group. No increases in antibody levels were observed after the second vaccine boost (third vaccine dose) in either group, except for IgG levels in Sm29MPLA immunized animals (Figure 6). Importantly, while both formulations were able to induce the production of anti-Sm29 antibodies, antibody levels were much higher in the Sm29Alum group compared to the Sm29MPLA group (Figure 6). As an indicative of immune response profile, we also evaluated the IgG1 and IgG2a ratio over the immunization protocol (Supplementary Figure 1). At the beginning of the immunization protocol, the IgG1/IgG2a ratio suggests a Th2 type of immune response in animals immunized with Sm29 alum formulation, however following vaccine boosts, a decrease IgG1/IgG2a ratio is observed in these animals and no significant differences between Sm29 Alum and Sm29MPLA groups are observed. These data corroborate the observation of a mixed Th1/Th2/Th17 immune profile observed after the third immunization dose in response to both vaccine formulations. Finally, we also assessed overall endpoint antibody titers between the groups (Supplementary Figure 2). Animals immunized with Sm29Alum had IgG, IgG1, IgG2a, and IgE endpoint titers of 81,920; 327,680; 5,120, and 640, respectively. This endpoint antibody titers were at least twice as high as the endpoint titers observed in Sm29MPLA immunized mice which was 20,480; 81,920; 2,560 and 320 for IgG, IgG1, IgG2a, and IgE, respectively. Due to a previous infection with S. mansoni, animals from PBS/alum or PBS/MPLA presented antibodies specific for the recombinant Sm29 in their sera. PBS/Alum group presented 2,560(IgG), 2,560 (IgG1), 5,120 (IgG2a), and 20 (IgE) Sm29-specific endpoint antibody titers. Sm29-specific endpoint titers in PBS/MPLA were 320 (IgG), 2560 (IgG1), 320 (IgG2a), and 40 (IgE). Altogether, these results suggest that the effectiveness of the Sm29Alum vaccine formulation may be due to increased antibody production that lead to more Sm29-specific Ig.
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FIGURE 6. Production of Sm29-specific antibodies in immunized mice. Sera from mice were obtained 15 days after each immunization dose and were assessed to determine the levels of IgG (A), IgG1 (B), IgG2a (C), and IgE (D) antibodies against rSm29 in the animals inoculated with alum (open bars), MPLA (bright-gray bars), Sm29Alum (black bars) or Sm29/MPLA (dark-gray bar). Significant differences between adjuvant control and experimental groups are indicated by an asterisk (p < 0.05). Significant difference between Sm29/Alum and Sm29/MPLA groups are denoted by the letter a (p < 0.05). Significant differences compared to the first and are second immunization dose are denoted by letters b and c, respectively. Results are representative of one from two independent experiments.






DISCUSSION

The Sm29 tegument protein from S. mansoni (5) has been considered a promising candidate that could serve as a vaccine against schistosomiasis. This is primarily due to its ability to reduce parasite burden across a range of vaccine strategies and formulations (5, 24, 25). The ability of Sm29 to induce protection against reinfection has recently been described, reinforcing its potential as a vaccine candidate (8). Here, we have built on this initial study that used Freund's adjuvant to induce protective immunity by testing vaccines containing Sm29 with two adjuvants approved for use in humans, alum and MPLA. Our study has shown that the Sm29Alum formulation elicited partial protection, whereas Sm29MPLA did not. This has provided a valuable tool to investigate the immune responses associated with successful vaccine protection against S. mansoni.

Adjuvants are important components of vaccine formulation and are responsible for inducing local inflammation that favors APC activation and differentiation (26). However, alum and MPLA belong to different classes of adjuvants, with MPLA acting as a TLR4 agonist (19). Alum is not recognized by any known innate sensor and instead leads to tissue damage and the release of uric acid that is detected by cells of the innate immune system (12). Despite using different mechanisms that can be either direct or indirect, these adjuvants activate innate cells, including professional antigen presenting cells, linking the innate response to adaptive response. This is essential for immunity induced by vaccines (10–13). Under our immunization protocol, both alum and MPLA showed no additional effect in activating DCs and macrophages, since the level of expression of activation markers in both cell types are similar to the ones observed in not immunized infected and treated mice. In addition to a role in activating APCs, the induction of a cytokine profile capable of eliciting protective effector function is also critical. Our cytokine measurements using the supernatants of cultured splenocytes isolated from animals of each groups, demonstrates a significant production of IL-6, IL-10 and TNF-a in response to rSm29 stimulation in all groups. Endotoxin contamination in the rSm29 might have contributed to increase the production of these cytokines in vitro. But it was previously demonstrated that Sm29 itself stimulate the production of LPS-induced cytokines, in TLR4KO mice (5). In addition, no differences were found in the proportions of IFN-γ, IL-4, or IL-10 producing CD4+ T cells. But Sm29 immunization regardless the adjuvant used induces a significant production of IL-17 under specific stimulation. These observations demonstrate that, under a context of prior sensitization with the parasite, both formulations induce a mixed Th1/Th2/Th17 immune response. Analysis of the IgG1/IgG2a ratio corroborates this observation. It has previously been shown that Sm29 immunization of naive animals induces a Th1-type immune response characterized by increased IFN-γ production (5, 24). However, it was recently demonstrated that there is also production of Th2 cytokine markers by spleen cells in response to rSm29 after challenge (25). These discrepancies may be due to the fact that we used BALB/c mice instead of C57BL/6 mice to test the protection levels induced by vaccination. BALB/c mice produce higher levels of IL-13 and IL-4 than C57BL/6 mice in response to parasite soluble eggs-antigens stimulation after S. mansoni infection and reinfection (27). Is also worth mention that although we didn‘t measured cytokine after reinfection, in our model mice were primed with a S. mansoni infection before immunization. Therefore, the experimental model used in our study appears more prone to a Th2-type response, even before immunization.

In our study we have observed a decreased number of B cell in spleen from mice immunized with Sm29 MPLA, while the Sm29 alum immunization didn‘t change the proportion and number of B cells in comparison with mice from the infected and treated group. However, immunization significantly reduced the number of B memory cells. Alum has been described as an adjuvant that activates Th follicular cells which is important to memory B cells and long-lived plasma cells differentiation (28). Once we had not observed increased percentage of memory B cells in Sm29 alum immunized animals, B cells in the spleen of immunized mice might be differentiating into plasma cells rather than into memory cells. Therefore, the protective effect mediated by Sm29Alum is likely to be linked to antibody production rather than memory function. Our data have also revealed the importance of antibody production in eliciting effective protection. Several studies have also demonstrated that antibodies play a key role in the protection induced by other schistosome vaccine candidates (29–31). In particular, our results demonstrate that the protective vaccine formulation (Sm29Alum) induced increased production of antibodies specific to Sm29, with endpoint titers at least twice as high as those observed in the non-protective formulation (Sm29MPLA). However, it is important to state that although Sm29 is one of the major antigen targets in the sera of mice, rats, and humans infected with S. mansoni (32), high production of anti-Sm29 antibodies does not necessarily correlate with resistance to infection. Despite this, isotype specific antibody responses have been associated with resistance in humans. Individuals naturally resistant to S. mansoni infection and reinfection produce high levels of Sm29-specifc IgG1, or IgG1 and IgG4, respectively (4, 33). We also observed higher endpoint titers of Sm29-specific IgG1 (that correlate with the human IgG4 isotypes) and IgE antibodies in the mice that received the protective Sm29Alum formulation. A previous study using Sm29 formulated with Freund's adjuvant in mice sensitized by prior infection also led to increased production of specific anti-Sm29 antibodies (8). In the study, three doses of vaccine were necessary to induce protection, with the levels of specific IgG1 and IgG2a increasing with each boost and the highest titers reached after the third dose (8). Together, these data suggest that antibodies are associated with the protective immunity shown by Sm29Alum against S. mansoni reinfection in mice. Despite its ability to induce a protective immune response in mice, Sm29 alum immunization also induces significant production of specific IgE. IgE against vaccine candidates is a safety concern when developing vaccine formulations. IgE against vaccine candidates might induce allergic reactions in vaccinees, as the systemic urticarial reaction observed in the Na-ASP2 hookworm vaccine clinical trial (34). Therefore, Sm29 alum allergenicity should be tested before moving for clinical trials.

No difference in the percentage of B memory cells was observed between the immunized groups. We also did not observe any differences in the proportions of CD4+ T memory cells between the Sm29Alum and Sm29MPLA groups. Previous human studies in S. haematobium endemic areas have demonstrated that an increase in the proportion of CD4+ T memory cells associates with age and resistance to reinfection (35). However, in our study, we did not observe any association between T or B memory cells and the protective response, but increased numbers of B and T memory cells are observed in infected and treated group in comparison to Sm29 immunized animals, indicating that memory cells reflect previous exposure to the parasite rather than protection.

The use of the mice model in the study of vaccine formulations against schistosomiasis was criticized in a review published recently (36), due to physiological characteristics of the mouse that might reduce parasite migration and maturation in a non-specific way. However, is worth mention that in our model, the control group (adjuvant group) received the same treatment as the experimental group, except for the absence of the antigen in the vaccine formulation. Therefore, the partial protection observed in Sm29Alum experimental group can only be attributed to the acquired immune response triggered by the vaccine. Mice also represent a valuable animal model to explore the immune mechanism associated with protection, in contrast to other animal models a huge amount of tools, as monoclonal antibodies, knockout and conditional knockout mice are available. The knowledge generated using mice models are useful to screen vaccine candidates and rationally design a vaccine formulation to be used in humans. However, once promising antigen have been identified and the mechanisms of protective immunity have been clarified, vaccine formulations should also be evaluated in other animal models before moving forward to clinical trials.

In conclusion, our study has shown that a vaccine formulation containing Sm29 and alum is able to confer protection against S. mansoni reinfection in mice. Our further functional investigation suggests that this may be due to an association between Sm29-specific antibodies and protective immunity, although further work to clarify this relationship is required. Nevertheless, our data indicate that a vaccination formulation containing Sm29 and alum could contribute to the control of human schistosomiasis and should be examined further.
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Supplementary Figure 1. IgG1/IgG2a ratio in Sm29 immunized mice. Sera from mice immunized with Sm29 alum (gray bar) or Sm29 MPLA (white bars) were obtained 15 days after each immunization dose and were assessed to determine the levels of IgG1 and IgG2a antibodies against rSm29. IgG1/IgG2a ratio was determined by dividing absorbance values obtained in IgG1 and IgG2a ELISA. Significant differences between groups and between immunization doses are indicated in the graphic. Two asterisks (**) indicate p-value < 0.01.

Supplementary Figure 2. Sm29-specific endpoint antibodies titers in immunized mice. Pool of sera from mice of Alum (triangle), MPLA (circle), Sm29 Alum (inverted triangle) and Sm29 MPLA (square) groups were prepared using sera obtained 15 days after the last immunization dose. Sera serial dilution begging in 1:20 (IgE) and 1:80 (IgG, IgG1 and IgG2a) were used to determine endpoint antibody titers. Threshold was calculated using the mean absorbance value of the blank wells plus two standard deviation and is indicated in the graphic by the dotted line.

Supplementary Table 1. Antibodies panel for cell phenotyping. AcknowledgmentsWe thank the program for technological Development in tools for Health-PDTIS FIOCRUZ for use of it facilities.
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Hepatic macrophages play an essential role in the granulomatous response to infection with the parasitic helminth Schistosoma mansoni, but the transcriptional changes that underlie this effect are poorly understood. To explore this, we sorted the two previously recognized hepatic macrophage populations (perivascular and Kupffer cells) from naïve and S. mansoni-infected male mice and performed microarray analysis as part of the Immunological Genome Project. The two hepatic macrophage populations exhibited remarkably different genomic profiles. However, this diversity was substantially reduced following infection with S. mansoni, and in fact, both populations demonstrated increases in transcripts of the monocyte lineage, suggesting that both populations may be replenished by monocytes following infection. Pathway analysis showed a profound alteration in global metabolic pathways, including changes to phospholipid and cholesterol metabolism, as well as amino acid biosynthesis and glucagon signaling. These changes suggest a possible mechanism for the previously reported athero-protective effects of S. mansoni infection. Indeed, we find that male ApoE null mice fed a high-fat diet in combination with S. mansoni infection have reduced plaque area and increased glucose tolerance as compared to control mice. Transcript analysis of infected and control high-fat diet fed ApoE−/− mice confirm that ApoC1, Psat1, and Gys1 are all altered by infection, suggesting that altered hepatic macrophage metabolism is associated with S. mansoni- induced protection from hyperlipidemia, atherosclerosis, and glucose intolerance. These results suggest a previously unknown and unreported role of hepatic macrophages in the modulation of whole body lipid and glucose metabolism during infection and provide a template for examining the role of immunomodulation on the long-term metabolism of the host.
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INTRODUCTION

Macrophages are highly plastic cells with vital functions in host defense and tissue repair and homeostasis (1). Their distinct functional characteristics depend on their distribution in different anatomical sites as well as the polarization signals from various tissue milieu (2–4). Due to their heterogeneity, a common classification of “classically activated” and “alternatively activated” has been attributed depending on their characteristic expression markers. While the classically activated macrophages (M1 macrophages) mediate autoimmunity and protection against different bacteria and viruses, alternatively activated macrophages (M2 macrophages) have been shown to play a role in wound healing, the regulation of inflammation, and metabolic functions (5, 6). Driven primarily by Toll-like receptor agonists and IFNγ, M1 polarized macrophages express inducible nitric oxide synthase (iNOS; Nos2) amongst other genes, and are pro-inflammatory, whereas M2 macrophages are induced by IL-4 and IL-13 and differentially express a range of genes including arginase-1 (Arg1), resistin like beta (Fizz-1; Retnla) and Ym1 (Chil3) (7). M2 macrophages have previously been shown to play a role in both the defense against some parasitic infections, as well as the transition to chronic helminth infection when immunomodulation and tissue repair is crucial for host survival (8). Importantly, they are the predominant macrophage in the liver during the Th2 dominated immune response to the helminth Schistosoma mansoni. In schistosomiasis, M2 macrophages are essential for survival of acute infection (9, 10) and provide proline, a collagen precursor, while also aiding in both the development and modulation of fibrosis and liver pathology (7). Recent studies have established that Arginase-1 producing M2 macrophages are essential for suppressing Th2 driven inflammation and fibrosis (11), and our recent work identified immune complex-driven production of IL-10 by these macrophages as critical for immunomodulation in chronic infection (12). However, knowledge about the transcriptional profile of distinct macrophage subsets during schistosome infection remains limited.

Mice infected with S. mansoni serve as a reproducible model for human schistosomiasis. In both humans and mice, the pathology progresses from an early Th1 response into a Th2 dominated one in response to egg deposition in organs such as liver, intestines, and lungs by worm pairs. Eggs are highly immunogenic and toxic, and the host response to this stimulus leads to fibrosis and portal hypertension (13). Previous studies have reported that schistosome infection in both humans and mice correlates with a significant modulation of lipid metabolism (14), lowering the total cholesterol levels of randomly bred mice and ApoE deficient mice (15), and reducing atherosclerotic lesions in ApoE deficient mice (16). Despite previous observations of the correlation of schistosome infection and lipid metabolic changes in both human and murine models, the mechanism by which S. mansoni exerts protection against cardiovascular disease is not understood.

Here we describe microarray data of the transcriptional profiles of hepatic macrophages in naïve and S. mansoni infected mice that indicate a reduction in the transcriptional heterogeneity of both Kupffer cells and perivascular macrophages following schistosome infection that suggests a shared function for these distinct macrophage populations. Surprisingly, a large percentage of the transcriptional changes observed in macrophages relate to genes involved in cholesterol and phospholipid metabolism, including ApoC1. These data suggest a pivotal role of hepatic macrophages in the modulation of lipid metabolism during infection. Furthermore, we confirm the anti-atherogenic effect of active schistosome infection in an ApoE−/− atherosclerosis mouse model and postulate that this protection is due in part to significant reductions in serum ApoC1. Finally, we demonstrate that S. mansoni infection leads to a notable reduction in high fat diet (HFD) induced insulin resistance, and identify transcriptional changes to amino acid and glycogen metabolism that are likely mechanisms for this protection. Altogether, the data suggest an important and unexplored role of liver macrophages in the regulation of atherosclerosis and insulin sensitivity, a finding that has significant implications for diabetes, obesity and many other human diseases involving hyperlipidemia and insulin resistance.



MATERIALS AND METHODS


Ethics Statement

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocols were approved by the Institutional Animal Care and Use Committees of Washington University in St. Louis and Purdue University.



Mice And Parasites

Male C57BL/6J mice were purchased from Jackson Laboratories, ApoE−/− (B6.129P2-Apoetm1Unc/J) mice were bred at Purdue University. Mice were kept under specific pathogen–free conditions and male mice were infected at 6 weeks of age. Snails infected with S. mansoni (strain NMRI, NR-21962) were provided by the Schistosome Research Reagent Resource Center for distribution by BEI Resources, NIAID NIH. Mice were exposed percutaneously to 75 S. mansoni cercariae. For experiments using Apoe−/− mice, animals were transitioned to HFD (21% milk fat, 0.15% cholesterol; TD 88137 Harlan Teklad) 10 days prior to S. mansoni infection. Control mice were fed standard rodent chow (2018 rodent chow, Harlan Teklad) and mice were sacrificed at 10-weeks post-infection.



Macrophage Identification and Isolation

Livers were removed from PBS-perfused animals, mashed, and incubated in RPMI (Mediatech) containing 250 μg/ml Collagenase D (Roche) at 37°C for 60 min. The resulting suspension was disrupted through a 100 μm metal cell strainer, washed, and then red blood cell lysed with ACK lysis buffer (BD) two times to remove hepatocytes followed by washing. The resulting pellet was washed and used for sorting. Surface staining with monoclonal antibodies, acquisition, and sorting were performed according to Immgen standard protocols (www.immgen.org). The following mAb (eBioscience, BioLegend, or R&D systems) against mouse antigens were used as PE, PE-Cy5, PE-Cy7, allophycocyanin (APC), APC-Cy7, Pacific blue, or biotin conjugates: CD11c (N418), CD11b (M1/70), CD45 (30-F11), MHC-II (M5/114.15.2), F4/80 (BM8), and MERTK (BAF591). Cells were directly sorted from mouse tissues and were processed from tissue procurement to a second round of sorting into TRizol within 4 h using a Beckton-Dickinson Aria II instrument.



Microarray Analysis, Normalization, and Dataset Analysis

RNA was amplified and hybridized on the Affymetrix Mouse Gene 1.0 ST array by the Immgen consortium using double-sorted cell populations sorted directly into TRIzol. Data analysis utilized GenePattern analysis software. Raw data were normalized using the robust multi-array algorithm, returning linear values between 10 and 20,000. A common threshold for positive expression at 95% confidence across the dataset was determined to be 120. Differential gene expression signatures were identified and visualized using the “Multiplot” module of GenePattern (http://www.broadinstitute.org/cancer/software/genepattern/). Probesets were considered as differentially expressed with a coefficient of variation < 0.5 and a p < 0.05 (Student's T-test). Calculation and visualization of differential gene expression sizes (calculated as log2-transformed Hedges' g measures accompanied by 95% confidence intervals and t-test p-values indicating significance of differences, raw foldchanges, and log2-foldchanges) were performed using R-language for statistical computing.

To identify important genes (i.e., the genes expressed in a matter suggesting a link to macrophage class and/or infection status) we used various Boolean selection strategies focusing on multiple scenarios:

1. Genes which are upregulated in F4/80high (Kupffer cells) (foldchange > 0), but downregulated in F4/80int (perivascular macrophages) (foldchange < 0).

2. Genes which are downregulated in F4/80high (foldchange < 0), but upregulated in F4/80int (foldchange > 0)

3. Genes which are significantly (Benjamini-Hochberg adjusted p < 0.05) upregulated in both cell types

4. Genes which are significantly (Benjamini-Hochberg adjusted p < 0.05) downregulated in both cell type

5. Genes which differ substantially in the degree of regulation (regardless of the direction of regulation).

The described Boolean strategies are illustrated in the Venn diagrams in Figures 2A–C. The following set designations were used in the set notation:

• q_hi = Significantly regulated genes in F4/80high cells (BH adjusted p < 0.05)

• q_nt = Significantly regulated genes in F4/80int cells (BH adjusted p < 0.05)

• hi_up = Genes upregulated in F4/80high cells

• int_up = Genes upregulated genes in F4/80int cells

• hi_down = Genes downregulated in F4/80high cells

• int_down = Genes downregulated in F4/80int cells

The employed set notation:

• A∩B–A intersect B

• A∪B–A union B

• A\B–A minus B, or A complement B

The Data (significantly impacted pathways, biological processes, molecular interactions.) were analyzed using Advaita Bio's iPathwayGuide (http://www.advaitabio.com/ipathwayguide). Pathway analysis was performed on log2-transformed data using Bonferroni-corrected p-values. Data are deposited in GenBank under accession no. GSE37448 as part of the Immgen 2 dataset.



Principle Component Analysis

For unsupervised visualization of the gene expression profiles via principal component analysis, the gene expression data were constrained to a simplex and transformed using centered log-ratio transformation. The resultant values were ordered according to their variances, and the top 0.5-percentile of the genes were selected for the computation of the principal components (PCs).



Flow Cytometric Analysis

Livers were perfused with 1X PBS, mashed and digested in DMEM containing 250 μg/ml Collagenase (Sigma) at 37°C for 30 min. The digested livers were then mashed and filtered through a 100 μm metal strainer and digestion was repeated for 15 min. Total liver contents were strained and washed with DMEM. The pellet was lysed with 1X lysis buffer (BD PharmLyse), quenched, and washed. The resulting cell suspension was used in flow cytometry. Surface staining was performed using the following mAb against mouse antigens: CD45 (30-F11, eBioscience), CD301(BioRad), CD206 (C068C2, Biolegend), F4/80 (BM8, Biolegend), mouse Mer biotinylated (R&D), CD64(X54-5/7.1, BD). Samples were acquired using FACSCanto II flow cytometer (BD) and analyzed using Flowjo X 10.0.7r2 (FlowJo LLC, Inc.,).



Analysis of Atherosclerotic Plaques

At sacrifice, mice were perfused with PBS, and the heart was extracted for plaque assessment at the aortic sinus. Following fixation in 4% paraformaldehyde, tissue was cryoprotected in 30% sucrose, embedded in OCT compound (Fisher Scientific), and flash frozen. Fifteen-micron cryosections were made in the aortic sinus from initiation to termination of the aortic valve leaflets. Plaque assessment in the aortic sinus was performed as previously described (17), and is briefly described as follows. The total plaque was determined by taking the average of total atherosclerotic plaque from at least five sections at least 60 microns apart. Macrophage content was determined using CD68 immunofluorescence: average CD68 (BioRad) positive area was assessed from at least five sections at least 60 microns apart. Quantification of plaque area and area occupied by CD68 was calculated with ImageJ software.



Cholesterol Quantitation

Total cholesterol was measured from plasma as previously described (17) using colorimetric assessment methods. In brief, whole blood was collected by mandibular bleed into EDTA-plasma collection tubes, and the plasma fraction was removed following red blood cell sedimentation via centrifugation. Plasma samples were stored at −80°C until use. Total plasma cholesterol was assessed by manufacturer's protocol (Wako Diagnostics, #999-02601). Values were calculated from the mean of two replicates from a standard calibration curve. Total plasma cholesterol was reported as mg per dL.



RNA Isolation and q-RT-PCR Analysis

Sections of perfused livers were homogenized in Trizol, and RNA isolation was performed as previously described [Immunological Genome Project, Total RNA isolation with Trizol; (18)]. RNA was used for cDNA synthesis using Superscript II (Invitrogen) for qPCR analysis. qPCR was performed using TaqMan Gene expression assays (gys1, CD36, ApoC1, ThermoFisher) or SYBR Green [psat1 (19), primers forward: ACG CCA AAG GAG ACG AAG CT and reverse: ATG TTG AGT TCT ACC GCC TTG TC] on an Applied Biosystems Stepone Plus Real-Time PCR System. Beta-Actin assay number Mm00607939_s1, GYS1 assay Mm01962575_s1, CD36 assay Mm00432403_m1, ApoC1 assay Mm00431816_m1. Relative expression was calculated using the 2-ΔΔCt method.



ELISA

ApoC1 plasma concentrations were determined by ELISA using an anti-mouse ApoC1 ELISA kit as per the manufacturer's instructions (LSBio).



Statistics

Statistical analyses for non-microarray data were performed using one-way ANOVA, a non-parametric Mann-Whitney test, or unpaired Student's t-test depending on the distribution of the data. P ≤ 0.05 were considered statistically significant. Graph generation and statistical analyses were performed using Prism (GraphPad v7.0) and R-language for statistical computing.




RESULTS


S. mansoni Infection Profoundly Alters Hepatic Macrophage Metabolism

While it is widely accepted that hepatic macrophages play a critical role in the pathology and ultimately the survival of S. mansoni infection, the transcriptional changes that accompany the response to S. mansoni antigens are not entirely understood. We have previously established 10-weeks post-infection as a key time-point in immunomodulation where SEA (schistosome egg antigen) specific B cells are recruited to the liver, and immune-complex ligation of hepatic macrophages begins, leading to macrophage IL-10 production (12). To explore the transcriptional changes to liver macrophages associated with S. mansoni infection, we first identified hepatic macrophages (CD45+PI−Mertk+CD64+) and then sorted F4/80 high (Kupffer cells) and F4/80int (perivascular macrophages) populations from the livers of naïve and 10-week old S. mansoni-infected C57BL/6 mice according to Immgen standard protocols (4, 20), Figures 1A,B]. Cytospin examination of cells from both naïve and infected mice confirmed that both populations were macrophages, with the morphology of F4/80 high macrophages displaying greater size heterogeneity than the F4/80int macrophages (Figure 1C).
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FIGURE 1. Murine livers contain two distinct macrophage populations and S. mansoni infection decrease transcript diversity between Kupffer cells and perivascular macrophages. C57BL/6 male mice were either naïve or infected with S. mansoni for the indicated number of weeks. (A,B) Perfused livers were removed, digested with collagenase for 1 h, and disrupted through a metal strainer to create single cell suspensions. Cells were identified by staining for the indicated markers and sorted on an Aria II. All populations were sorted two times, with the second sort going directly into Trizol according to the Immgen protocol. Individual animals were sorted from multiple litters/infections to achieve 4-5 biological replicates for individual microarray analysis. (C) Representative cytospins of aliquots from the second sorts of each macrophage populations were stained with H&E. (D,E) Total RNA was extracted, amplified, and transcript expression determined using whole-mouse genome Affymetrix Mouse Gene 2.0 ST Arrays through the Immunological genome consortium. (D) The number of probes increased by 2-fold with a p > 0.05 Blue indicates increased expression in F4/80int liver macrophages at steady state, Red indicates increased expression in F4/80hi liver macrophages at steady state. (E) The number of probes increased by 2-fold with a p > 0.05 Blue indicates increased expression in F4/80int liver macrophages at steady state, Red indicates increased expression in F4/80hi liver macrophages at 10-weeks post S. mansoni infection. Each group contained 3-5 individual RNA samples. (F) Principal component plot showing differences in gene expression profiles between samples of naïve F4/80high cells (green), 10-week S. mansoni F4/80high cells (red), naïve F4/80int cells (cyan), and 10-week S. mansoni F4/80int cells (blue).



We compared the gene expression profile of naïve Kupffer cells and perivascular macrophages and found very high transcriptional diversity between these two macrophage populations considering that they reside in the same tissue environment (Figure 1D). Subsequently, we performed the same comparison for 10-week post-infection samples and observed that transcript diversity decreases following S. mansoni infection (Figure 1E), suggesting that Kupffer cells and perivascular macrophages may have shared functions in response to infection. Additionally, some of the transcripts that increased in both populations following infection (i.e., Ly6C) were consistent with both macrophage populations being repopulated by monocytes at this time-point, as recently described (21, 22). A recent report (23) indicated that in models of sterile liver injury, peritoneal macrophages are recruited to the liver to aid in tissue repair, we did not, however, detect increases in Gata6 transcripts in our microarrays, so this paradigm may not apply to S. mansoni infection. We then performed an unsupervised visualization of the gene expression profiles before and after S. mansoni infection via principal component analysis (Figure 1F). The plot demonstrated that the PC 1 is associated with the difference between cells from the naïve and the 10-week S. mansoni-infected animals, whereas the PC 2 described the difference between the F4/80high and the F4/80int cells regardless of the infection status. The ten genes with the highest contribution to PC 1 are Slc7a2, Timd4, Flrt2, F7, Atp6v0d2, Pdcd1lg2, Arg1, Ch25h, ApoC1, and Dhrs9. The 10 genes with the highest contribution to PC 2 are Lum, Lox, Dpt, Cd163, Slc7a11, Igk-V1, Mgp, Jam2, Emcn, and Arhgap29. The effect sizes of the differences in the gene expressions represented as two-dimensional Mahalanobis distances in PC space are 18.83 (naïve F4/80int cells vs. 10-week S. mansoni F4/80int cells), 35.32 (naïve F4/80high cells vs. 10-week S. mansoni F4/80high cells). In both cases, the naïve vs. infected differences were statistically significant (Hoteling T2 test, p < 10−5). Although distances for naïve F4/80high vs. naïve F4/80int cells and 10 -week infected F4/80high vs. 10-week-infected F4/80low cells were similar (4.40 and 4.09, respectively), the larger variance among naïve F4/80int cells made the former pair of expressions indistinguishable in the PC space (Hoteling T2 test, p>0.1). On the other hand, the dissimilarity between the gene expressions identified in the cells from the infected animals was significant (p = 0.004).

Next, we employed the Boolean selection strategies detailed in the methods section to compare the transcriptional profiles of Kupffer cells and perivascular macrophages from 10-week infected animals to their naïve counterparts, and identified numerous subsets of differentially regulated genes (Figure 2). Subsets 3, 4, and 6 shed light on the putative functional roles of these two cell types in response to S. mansoni infection. Among 57 genes in the Subset 3 (q_hi⋂hi_up⋂int_down)_(q_int), we located Cbr2 (carbonyl reductase 2, involved in arachidonic acid metabolism), which is significantly (p < 0.05) and highly (fold size = 20.7) upregulated in F4/80high, but does not demonstrate a statistically significant change in F4/80int, Alox (p < 0.05, fold size = 5.09), and F13a1 (p < 0.05, fold size 20). Additionally, among 932 genes in Subset 4 (q_hi⋂q_int⋂int_down)_(hi_up), which is equivalent to (q_hi⋂q_int⋂int_down⋂hi_down) and contains the genes which are significantly downregulated (foldsize < 0) in both cell types we found Adh1, Alb, Aldh2, Apoa2, ApoB, ApoC1, ApoC3, Cd55, Clec4f, Creg1, Fabp7, Flt4, Gpr116, Hmcn1, Hpgd, Marco, Pde7b, Ptprb, Slc16a9, Slc40a1, Slco2a1, St3gal5, and Stab2. Surprisingly, this subset contains many genes involved in phospholipid and cholesterol metabolism, as well as solute transport. Further, we found that Prg4 and Spic belong to a Subset 5 of 795 genes that are downregulated in both macrophage types, but the downregulation in F4/80int has not been statistically significant. The set is designated as (q_hi⋂int_down)_(q_int∪hi_up). 683 genes were significantly simultaneously upregulated in F4/80int and F4/80high forming a Subset 6 (Figure 2A), (q_hi⋂q_int⋂hi_up)_(int_down) = (q_hi⋂q_int⋂hi_up⋂int_up). Among them we identified Anxa1, Arg,1 Atp1a3, Ccr2, Cd63, Chi3l3, Chi3l4, Dhrs9, Ear11, Egr2, Fcrlb, Fn1, Gda, Mgl2, Nfil3, Nos2, Pdcd1lg2, Retnla, Slc41a2, Slc7a2, and Uck2. This set contains many of the genes that are known to be hallmarks of alternative activation. Our filtering strategy identified 1167 genes belonging to (q_int⋂hi_up)_(q_hi∪int_down), denoted as Subset 7. These genes demonstrate upregulation in both populations of macrophages; however, the upregulation in F4/80high is not statistically significant. Among them, we found Ccl2, Ccl7, and Ptgs2. Another interesting subset of 357 genes (q_hi⋂hi_up)_(q_int∪int_down) contained upregulated genes, which changed in a statistically significant manner in F4/80high but not in F4/80int. Ccl12 with a foldchange of ~15 and Ccl8 with a very high foldchange of 76.6 in F4/80high as well as Mfsd6 were among these genes. Interestingly, there were only three genes in subset 1 (q_hi⋂q_int⋂hi_up⋂int_down): Atrnl1, Mef2c, Nav1, and only 2 genes in subset 2 (q_hi⋂q_int)_(hi_up∪int_down): Igf2bp2 and Ube2j2 (Figure 2A), none of these genes had a particularly high absolute fold-change, further suggesting that both perivascular macrophages and Kupffer cells have a shared response to S. mansoni infection.
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FIGURE 2. S. mansoni infection induces profound transcriptional alterations to Kupffer cells and Perivascular macrophages. (A,B) The Boolean strategies described in the methods are illustrated in the Venn diagrams: The following set designations were used in the set notation:
    •q_hi = Significantly regulated genes in F4/80high cells (BH adjusted p < 0.05)
    •q_nt = Significantly regulated genes in F4/80int cells (BH adjusted p < 0.05)
    •hi_up = Genes upregulated in F4/80high cells
    •int_up = Genes upregulated genes in F4/80int cells
    •hi_down = Genes downregulated in F4/80high cells
    •int_down = Genes downregulated in F4/80int cells
 The employed set notation:
    •A∩B–A intersect B
    •A∪B–A union B
    •A\B–A minus B, or A complement B
 (C) Top 1-perc. differential expression (normalized log2-foldchange) in perivascular and Kupffer cells.



Some genes which were upregulated in both types of macrophages (or downregulated in both) nevertheless showed substantial differences in the level of regulation, exhibited by a large disparity in foldchanges. For instance, Rnase4 was upregulated in F4/80high and F4/80int; however, in the first case the observed foldchange was 11, and in the second instance is only 1.6. To further delineate key differential transcriptional changes, we used the absolute difference between log2-foldchanges as a direct metric of differential regulation. The top 1-percentile of genes sorted by this measure contains 67 transcripts (Figure 2C) expressed with log2-foldchange difference ranging from 2.75 to 1.4. Among them, there are some of the known hallmarks of alternative activation (in the order of differences) Mgl2 (F4/80high foldchange = 35.8, F4/80int foldchange = 7.5), Retnla (F4/80high foldchange = 84.2, F4/80int foldchange = 19.5) as well as Ear11, Chi3l3, Ptprb, Ccr2, Gda, Gpr116, St3gal5, Stab2, Cd63.

These data prompted us to conduct pathway analysis using the Advaita iPathwayGuide to uncover the pathways that are significantly manipulated by S. mansoni infection. Meta-analysis of transcriptional changes shared across both hepatic macrophage populations revealed striking alterations to multiple KEGG pathways, including multiple pathways of inflammation and cellular metabolism (Figure 3A), with the KEGG metabolic pathway showing the highest number of altered genes (Figures 3A,B, pathway Bonferroni corrected p = 1.042 × 10−8 and Supplementary Figure 1). While some of these metabolic genes have previously been linked to S. mansoni infection (i.e., Arg1 and Nos2), others were not previously considered to be associated with either alternative activation, or S. mansoni infection (i.e., Gys1, Psat1). We conclude that S. mansoni infection strongly alters the metabolic potential of liver macrophages. Since the liver is responsible for regulating many aspects of whole body metabolism (24, 25), these alterations may have profound effects on infected individuals.
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FIGURE 3. S. mansoni infection induces profound alterations to metabolic pathways in hepatic macrophages. Expression data from microarrays were log transformed and p-values were calculated in R. Corrected P-values and fold changes were used for pathway analysis. (A) Pathways that are significantly altered in both perivascular macrophages and Kupffer cells at 10-weeks post S. mansoni infection as calculated using Advaita Corporation iPathwayGuide table depicts pathway name and p-values are Bonferroni corrected (B) The table shows top absolute values of the log-fold changes in both perivascular macrophages and Kupffer cells at 10 weeks post S. mansoni infection (all log-FC≥2) of genes identified in the KEGG metabolic pathway using Advaita Corporation iPathwayGuide. The –log10 of the p-values range from 1.3 (blue) to 3.5 (red). (C) Tables listing pathway name and Bonferroni corrected p-value of the significantly altered pathways in Perivascular macrophages and kupffer cells as calculated using Advaita Corporation iPathwayGuide.





Infection Reduces ApoC1 Production and Aortic Plaque Formation

Schistosome infection in humans (26) and mice (15, 16, 27) protects from the development of obesity and atherosclerosis, but the molecular mechanism(s) that underlies this protection has yet to be fully uncovered. The transcriptional profile revealed by our analysis suggested that S. mansoni-induced metabolic alterations to hepatic macrophages could be involved in infection-induced protection from metabolic diseases. To assess this hypothesis, we employed the ApoE−/− model of hyperlipidemia/atherosclerosis (28). ApoE−/− mice were fed either a high-fat Western diet (HFD) or normal chow diet for 10 days before infection with S. mansoni, whereas controls were sham-infected. At 10-weeks post-infection we analyzed CD301 (galactose type C lectin) and CD206 (mannose receptor) expression as markers of alternative activation. Approximately 40–60% of macrophages from control chow uninfected were double positive, with the rest being CD206+ (Figure 4). Infection increased the frequency of alternative activation to ~80% regardless of diet, suggesting that HFD do not interfere with S. mansoni induced macrophage polarization. Similar to previous reports (15, 16), S. mansoni-infected mice on an HFD diet had significantly lower levels of plasma cholesterol and smaller aortic sinus plaques than uninfected HFD mice (Figures 5A,B). Plaques in the aortic sinus of HFD infected mice also contained fewer CD68+ macrophages (Figure 5C), suggesting reduced recruitment of monocytes to the plaque, as these macrophages have been previously shown to be monocyte-derived (29, 30). The transcriptional profile we uncovered in our analysis of schistosome-infected C57BL/6 liver macrophages (Figures 2, 3) showed reduced production of multiple apolipoproteins in macrophages, including ApoC1 (−10.00 log-FC, p = 1.35 × 10−5) and ApoC3 (−5.78 log-FC, p = 0.006). To confirm gene modulation on the ApoE−/− model, we assessed the expression of a list of genes of interest. Importantly, ApoC1 was significantly downregulated in the same manner in both the C57BL/6 and ApoE−/− model. Additionally, a previous report has indicated that ApoC1 production drives hyperlipidemia and pathogenesis in the ApoE−/− model (31), making it a likely candidate for correlation with reduced plaque formation during infection. To address this possibility, we examined liver transcripts and plasma levels of ApoC1 and found that HFD induces an increase in ApoC1, but this increase is significantly attenuated by S. mansoni infection (Figures 5D,E). This reduction, in systemic ApoC1 production, is a component of the postulated mechanism for S. mansoni-related protection from HFD- induced atherosclerosis.
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FIGURE 4. S. mansoni infection induces alternative macrophage activation even in the presence of high fat diet. ApoE−/− male mice were fed HFD or standard chow diet for 10 days before infection with S. mansoni. At 10-weeks post infection, mice were sacrificed. Single cell suspension from perfused liver were stained with markers of interest and analyzed by flow cytometry using the macrophage gating strategy depicted in Figure 1. Data are concatenated from 5 to 9 mice per group and representative of four independent experiments.
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FIGURE 5. S. mansoni infection reduces hyperlipidemia, plaque, and macrophage area and well as systemic ApoC1 production in HFD fed ApoE−/− mice. ApoE−/− male mice were fed HFD or standard chow diet for 10 days before infection with S. mansoni. At 10-weeks post infection, mice were sacrificed. (A) Fasting plasma cholesterol measurements. (B-C) Quantitation of plaque and macrophage area (CD68+) from the aortic sinus. (D) QPCR analysis of ApoC1 in whole liver RNA, data are normalized to Chow infected animals. (E) Quantitation of ApoC1 in plasma at the time of sacrifice. All data shown are two combined experiments with 4–8 mice per group in each experiment. The experiment was performed 4 times. Statistical significance was calculated using ANOVA and post-tests.





Patent S. mansoni Infection Leads to Improved Glucose Tolerance and Alterations in Hepatic Macrophage Amino Acid Biosynthesis and Glucagon Signaling Pathways

Schistosomiasis has been reported to correlate with lower hemoglobin A1c levels in populations with a previous history of infection (26), as well in a murine model of obesity (27), so we sought to examine glucose tolerance in this model. S. mansoni induced reductions in serum cholesterol have previously been shown to be egg dependent, so we assessed glucose sensitivity in a 5-h glucose tolerance test (GTT) at 5-weeks post infection (pre-egg laying). We found that pre-patency, S. mansoni infection has no significant effect on glucose tolerance in normal chow fed mice as measured by area under the glucose excursion curve (AUC, Figure 6A). HFD increases blood glucose levels and decreases glucose tolerance (Figure 6A), while pre-patent S. mansoni infection has no significant effect on this increase. At the transition to chronic infection (10 weeks post infection), normal chow fed infected mice have lower fasting glucose levels and significantly improved whole-body glucose tolerance (Figure 6B). HFD significantly impairs glucose tolerance (as compared to chow uninfected controls), while S. mansoni infection of HFD fed mice restores glucose tolerance to a similar level as chow uninfected mice (Figure 6B). This is distinct from what has previously been reported, where S. mansoni infection of C57BL/6 mice improved glucose tolerance in HFD fed mice, but not normal low-fat chow fed mice. This difference suggests that there may be strain-specific differences in the control of glucose sensitivity. Since ApoE−/− are prone to develop hyperlipidemia and atherosclerosis spontaneously as they age, it is possible that this propensity underlies the difference.


[image: image]

FIGURE 6. S. mansoni infection improves glucose tolerance and alters hepatic metabolism toward glycogen storage and amino acid biosynthesis. ApoE−/− male mice were fed HFD or standard chow diet for 10 days before infection with S. mansoni. At 5 (A) and 10- (B) weeks post infection mice were fasted for 5 h and then administered an i.v GTT. (C,D) Perivascular macrophages and Kupffer cells were sorted from naïve and 10-week S. mansoni-infected C57BL/6 mice, RNA was extracted following Immgen protocols and populations were analyzed using whole-mouse genome Affymetrix Mouse Gene 2.0 ST Arrays. Significantly up (red) and down (blue) -regulated pathways were identified using Advaita Corporation iPathwayGuide. (E,F) QPCR analysis of gys1 and psat1 in whole liver RNA, data are normalized to Chow infected animals. Data in (A,B,E,F) are two combined experiments with 4-8 mice per group in each experiment and the experiment was performed 4 times. Statistical significance was calculated using ANOVA and post-tests.



We then went back to the microarray pathway analysis and looked for pathway changes that could be expected to lead to improvement in glucose tolerance based on published reports. We found that S. mansoni infection significantly alters the biosynthesis of amino acids in Kupffer cells (Figure 6C, pathway analysis Bonferroni corrected p = 0.006), and one of the genes in that pathway, Psat1, stood out as a candidate for involvement in improving glucose tolerance as its transcript level is increased in infected C57BL/6 mice (logFC = 5,). The correlation between modulation of this transcript and infection was confirmed in our ApoE−/− model (Figure 6C). Hepatic psat1 transcript levels (measured in total liver RNA) have previously been shown to be reduced in both genetic and diet-induced models of diabetes, while global overexpression of PSAT1 improves insulin signaling and sensitivity (19). The glucagon signaling pathway is also significantly altered (Figure 6D, pathway Bonferroni corrected p = 0.015), in that pathway, S. mansoni infection decreases pygl expression while also increasing gys1 transcripts. Genetic disruption of PYGL has previously been shown to improve glucose tolerance in vivo (32). While GYS1 is one of two enzymes responsible for glycogen synthesis, and small molecule induced activation of GYS1 in diabetic mice improves glucose tolerance (33). The combined effects of these two alterations would be predicted to lead to increased glucose tolerance and insulin sensitivity. We then asked whether gys1 transcripts are similarly altered by S. mansoni infection of HFD fed ApoE−/− mice. S. mansoni infection leads to significantly higher gys1 transcripts in the liver tissue of both chow and HFD fed mice (Figure 6E). Psat1 is similarly altered by infection (Figure 6F), with transcripts significantly higher in S. mansoni infected mice on both chow and HFD, although transcript levels of HFD infected mice are lower than those of chow infected. These data suggest that the S. mansoni induced transcriptional changes that were identified via the microarray also occur in the liver tissue of HFD fed ApoE−/− mice, supporting the hypothesis that S. mansoni induced alterations in hepatic macrophage metabolism are able to influence whole body metabolism and help protect from pathological changes generally associated with HFD induced metabolic disorders.




DISCUSSION

Overall, our data provide the first complete transcriptional analysis of Kupffer cells and perivascular macrophages in steady state and chronic S. mansoni infection. These data suggest that during S. mansoni infection, egg-induced M2 macrophages demonstrate profound alterations to their metabolic profile, with shifts in the balance of phospholipid and glucose metabolism as well as increased amino acid metabolism, and that these changes correlate with improvements in whole body cholesterol and glucose metabolism. While many of these alterations are shared between both perivascular macrophages and Kupffer cells, there are key genes that are differentially regulated in the two populations. Cbr2, Alox5, and F13a1 are all significantly up-regulated in Kupffer cells, but not in perivascular macrophages. Since Cbr2 and Alox are involved in arachidonic acid metabolism, it suggests that while both populations are alternatively activated, Kupffer cells specifically increase leukotriene production in the granuloma. Similarly, F13a1 has been previously implicated in wound healing (34), suggesting the Kupffer cells are more involved in the process of granuloma formation and resolution. Conversely, Lox is upregulated in both macrophage populations, but the increase in perivascular macrophages is far higher (8.3- vs. 2.1-fold), suggesting that perivascular macrophages are responding to greater oxidative stress during S. mansoni infection, a proposition that is supported by their tissue location. Many of the key markers of M2 activation (Chi3l3, Retnal, Mgl2) have a lower fold upregulation in perivascular macrophages, a finding that is matched by the frequency of these macrophages that are CD206+CD301+, suggesting that there may be degrees of alternative activation in the liver in the context of S. mansoni infection. The fact that only five genes (Subsets 1 and 2) are truly differentially regulated (opposite signs of significant fold changes) supports the hypothesis that after infection Kupffer cells and Perivascular macrophages act to a large degree in unison.

Recent work, using other models of M2 macrophage generation, have indicated that M2 macrophages rely on lipolysis driven fatty acid oxidation (35, 36) for the generation and maintenance of the M2 state. Our transcriptional analysis of Kupffer cells and perivascular macrophages suggest similar alterations are induced by chronic S. mansoni infection, but our data also provide the first evidence that alterations to hepatic macrophage metabolism either reflect or influence infection-induced alterations to whole body metabolism. Macrophages are known to be critical sources of apolipoproteins like ApoC1 (31, 37), and LPS-induced inflammation has been linked with increased levels of plasma cholesterol and ApoC1 (37). Our data indicating that S. mansoni-induced M2 transcriptional changes reduce both ApoC1 production and plasma cholesterol is in concordance with the established paradigm of M1 and M2 polarization states as driving opposite pathological states, and with the hypothesis that M2 macrophages play a role in the resolution and modulation of atherosclerotic lesions (38–40).

The liver plays a critical role in whole body metabolism through its control of glycogen metabolism, with glycogen synthase (GYS1) and glycogen phosphorylase (PYGL) acting to respectively increase and decrease stored glycogen to maintain blood sugar homeostasis. Our pathway analysis revealed key alterations to both macrophage amino acid and glucagon signaling/metabolic pathways. We identified key genes (GYS1, PYGL, and PSAT1) from both pathways that have previously been demonstrated to play a role in glucose tolerance/ insulin sensitivity in models of obesity and diabetes (19, 41) and epidemiological studies (42–44). We hypothesize that the combined effects of S. mansoni-induced alterations to these three genes are at least partially responsible for infection-related improvements in glucose tolerance in both chow and HFD fed mice, a proposition that will be tested in future studies. These data raise the possibility that S. mansoni-induced polarization of liver macrophages can significantly alter whole body metabolism. While multiple previous studies in humans (26, 45, 46) and mice (15, 16, 27) have indicated that helminth infections in general, and schistosomes in specific, modulate susceptibility to the development of metabolic diseases, a molecular mechanism underlying this modulation has not been identified. We postulate that S. mansoni-induced M2 polarization of hepatic macrophages are involved in protection from HFD induced hyperlipidemia, atherosclerosis, and glucose intolerance. Future studies will focus on thoroughly understanding the infection-induced transcriptional changes to other tissue macrophage populations and the broader monocyte lineage.
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Countries with a high incidence of helminth infections are characterized by high morbidity and mortality to infections with intracellular pathogens such as Salmonella. Some patients with Salmonella-Schistosoma co-infections develop a so-called “chronic septicemic salmonellosis,” with prolonged fever and enlargement of the liver and spleen. These effects are most likely due to the overall immunoregulatory activities of schistosomes such as induction of Tregs, Bregs, alternatively activated macrophages, and degradation of antibodies. However, detailed underlying mechanisms are not very well investigated. Here, we show that intraperitoneal application of live Schistosoma mansoni eggs prior to infection with Salmonella Typhimurium in mice leads to an impairment of IFN-γ and IL-17 responses together with a higher bacterial load compared to Salmonella infection alone. S. mansoni eggs were found in granulomas in the visceral peritoneum attached to the colon. Immunohistological staining revealed IPSE/alpha-1, a glycoprotein secreted from live schistosome eggs, and recruited basophils around the eggs. Noteworthy, IPSE/alpha-1 is known to trigger IL-4 and IL-13 release from basophils which in turn is known to suppress Th1/Th17 responses. Therefore, our data support a mechanism of how schistosomes impair a protective immune response against Salmonella infection and increase our understanding of helminth-bacterial co-infections.

Keywords: co-infection, Schistosoma mansoni, Salmonella Typhimurium, Th17, Th1, immunoregulation, IPSE/alpha-1


INTRODUCTION

In developing countries with a high incidence of helminth infections, co-infections with other microorganisms such as human immunodeficiency virus (HIV), Mycobacterium tuberculosis, and Salmonella enterica are frequent (1). Compared to infection caused by a single pathogenic species, co-infection can alter the immune response of the host and thus affect the outcome of each infection. Co-infection of Schistosoma mansoni and S. enterica are very common in endemic areas in Africa and South-East Asia. Some patients co-infected with schistosomes and Salmonella develop a so-called “chronic septicemic salmonellosis,” with prolonged fever and enlargement of the liver and spleen (2, 3). Co-infected animals have greater bacteremia and more persistent local systemic infection in the liver and spleen compared to Salmonella-only infected animals (1).

Non-typhoidal Salmonella (NTS) serovars, such as S. enterica serovar Typhimurium (S. Typhimurium) usually cause self-limiting diarrhea in immunocompetent hosts (4). Infection leads to Toll-like receptor (TLR) activation, production of inflammatory cytokines such as IL-6, IL-1β, TNF-α, CCL2, IFN-γ, and IL-17, and neutrophil and macrophage recruitment. However, in small children, immunocompromised hosts (e.g., HIV-infected individuals), and in helminth-infected persons, bacteremia develops with higher bacterial loads in the mesenteric lymph nodes (mLN) and spleen.

Schistosomes have strong immunomodulatory effects on the immune system of their hosts (5). Characteristic for schistosome infection is the induction of a strong Th2 response with high IL-4 and IL-13 production, IgE synthesis, and eosinophilia during schistosomiasis (6). Th2 cytokines induce the alternative activation of macrophages and suppress pro-inflammatory cytokine release such as IL-1ß, IL-6, and IL-17, thus directing the immune response toward wound healing and tissue repair (7). The result is the induction of a modified or regulated Th2 response, during the chronic phase of infection (8). Epidemiological studies and animal experiments have shown that schistosome infections can protect against excessive inflammation caused by asthma, allergies, and autoimmune diseases (9). On the other hand, their immunoregulatory effect can impair immune responses necessary to combat other pathogens and to develop a protective antibody response (9). Schistosome eggs are mainly responsible for the immunomodulatory effects (10). Each couple of Schistosoma mansoni produces ~300 eggs per day which are deposited in the mesenteric veins. Half of the eggs are carried away with the blood stream and embolize in the liver. The other half migrate through the intestinal tissue, preferentially through Peyer's patches lymphoid tissue, toward the gut lumen (11). During this process the eggs induce granulomatous inflammation (6, 7) and release immunomodulatory products, e.g., the egg antigens IPSE/alpha-1 and omega-1 (12–14), which are in close contact with immune cells in the granuloma (15) as well as the Peyer's patches.

To investigate the influence of schistosome eggs on an infection with Salmonella we used a well-established mouse model for intestinal Salmonella infection (16, 17). S. Typhimurium is a facultative intracellular pathogen that causes enterocolitis in humans, while in mice it causes a typhoid-like disease with little intestinal inflammation. However, pretreatment of mice with streptomycin leads to a higher expansion of Salmonella in the intestine and severe intestinal inflammation resembling the pathology of human enterocolitis (16, 18). Since the eggs of schistosomes have immunomodulatory abilities, we aimed in this study at investigating the effect of schistosome eggs on concurrent Salmonella infection. Therefore, live S. mansoni eggs purified from infected hamster livers were intraperitoneally injected into mice one week before Salmonella infection. One day, two weeks, and five weeks following Salmonella infection, the immune response of the mice was investigated with respect to histopathological changes, intestinal, and systemic bacterial load, immune cell recruitment, and cytokine production. We demonstrate that S. mansoni eggs lead to the suppression of protective cytokine responses against Salmonella and subsequent persistence of the bacteria.



MATERIALS AND METHODS


Animals and Infection

Eight week old C57Bl/6J mice were purchased from Charles River (Sulzbach, Germany) and housed in the animal facility at the Research Center Borstel, Germany. Mice were injected with 5,000 eggs intraperitoneally. Seven days later, mice were given 20 mg streptomycin by oral gavage for efficient intestinal colonization with Salmonella. S. Typhimurium SL1344 ΔaroA (19) were grown overnight in Luria-Bertani broth at 37°C with shaking. Twenty-four hours after streptomycin treatment, mice were infected with 3 x 106 S. Typhimurium SL1344 ΔaroA suspended in 100 μL HEPES buffer (100 mmol/l, pH 8.0). Control mice received 100 μL HEPES buffer alone.



Ethics Statement

All experiments were conducted consistent with the ethical requirements and approval of the Animal Care Committee of the Ministry of Energy, Agriculture, the Environment and Rural Areas of Schleswig-Holstein, Germany and in direct accordance with the German Animal Protection Law. The protocols were approved by the Ministry of Energy, Agriculture, the Environment and Rural Areas of Schleswig-Holstein, Germany [Protocol#: V244-7224.121.3 (38-4/11)].



Isolation of S. mansoni Eggs From Infected Hamster Livers

Livers of S. mansoni-infected hamsters (kindly provided by Prof. Dr. C. G. Grevelding, Institute for Parasitology, Justus-Liebig-University, Giessen) were homogenized by short pulses with an Ultra-Turrax (Model TP18/10, Janke & Kunkel GmbH, IKA-Labortechnik, Staufen) in ice-cold HEPES buffer (137 mM NaCl, 12 mM HEPES, 5.5 mM glucose, 3.8 mM Na3PO4, 2.7 mM KCl, pH 7.5). Eggs were released from the tissue by digestion with 0.05% collagenase (Invitrogen), 1.5 mg/ml hyaluronidase (Roth), and 1.5 mg/ml dispase (Invitrogen) in HEPES buffer (10 ml/g liver) for 3 h at 37°C. Cell/egg suspensions were cooled on ice and centrifuged at 1,500 rpm (Heraeus Varifuge 3.0R) for 2 min at 4°C. Eggs were washed several times with ice-cold HEPES buffer, changing the centrifugation speed from 1,500 rpm to 1,200 rpm and finally to 1,000 rpm until eggs were free of any remaining cells and debris. Purity was controlled under a microscope. The final washing step was performed with phosphate-buffered saline (PBS), pH 7.5. Purified eggs were counted and eggs were kept in PBS at 4°C in the dark until application into mice.



Histopathological Scoring

Assessment of severity of pathological changes in the intestine was performed as described (20). Briefly, tissue was fixed in 10% formalin prior to embedding in paraffin. Five micro meters sections of the cecum and colon were stained with hematoxylin and eosin (H&E). Pathological scores were determined separately for the lumen, surface epithelium, mucosa, and submucosa as follows. Lumen: necrotic epithelial cells (scant, 1; moderate, 2; dense, 3) and polymorphonuclear leukocytes (PMNs) (scant, 1; moderate, 2; dense, 3). Surface epithelium: desquamation (patchy, 1; diffuse 2), ulceration (absent, 0; present, 1). Mucosa: crypt abscesses (rare, <15%, 1; moderate, 15 to 50%, 2; abundant, >50%, 3); mononuclear cell infiltrate (1 small aggregate, 0; >1 aggregate, 1; large aggregates plus increased single cells, 2); inflammatory cell infiltrate (scant, 1; moderate, 2; dense, 3). Submucosa: mononuclear cell infiltrate (1 small aggregate, 0; >1 aggregate, 1; large aggregates plus increased single cells, 2); inflammatory cell infiltrate (scant, 1; moderate, 2; dense, 3); edema, (mild, 0; moderate 1; severe 2). Total severity score is the sum of the four sub-scores.



Quantitative Real-Time Polymerase Chain Reaction (qPCR)

RNA was extracted from mouse colon tissue using the High Pure RNA Tissue Kit (Roche). RNA was reverse transcribed into cDNA using the cDNA Synthesis Kit (Roche) according to the manufacturer's instructions. Quantitative real-time PCR (pPCR) was performed with SYBR-Green Mastermix (Roche) and the following gene-specific primers (Table 1) on a BioRad C1000/CFX96 real time machine. Data were normalized to house-keeping genes Gapdh and Hprt1 and fold change was calculated using the ΔΔCt method.



Table 1. Primers used in this study.
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Immunohistology and Histochemistry

Tissues were fixed in formalin for 24 h before they were embedded in paraffin. Five micro meters sections were deparaffinized and rehydrated. Antigen retrieval was done in a rice steamer using sodium citrate buffer (10 mM, pH 6.0) for 30 min. Immunohistochemical staining of the sections was performed with a monoclonal antibody against IPSE/alpha-1 [clone 74 1G2 (12), dilution 1:100]. Binding was visualized by use of the M.O.M. ImmPress Polymer HRP Kit (Biozol) and Vector NovaRed as substrate (Vector Laboratories) according to the manufacturer‘s instruction. Mayer‘s hematoxylin (Merck) was used for counter staining. Pictures were taken with an Olympus BX51 microscope. For immunofluorescence staining, sections were stained against following antigens: mMCP-8 (Tug8, Biolegend, 1:250), myeloperoxidase (MPO, Thermo Scientific, 1:200), Salmonella (BD Biosciences, 1:100), and IL-13 (Santa Cruz, 1:50) at 4°C overnight followed by secondary fluorescently labeled antibodies (Invitrogen, 1:1,000) for 1 h at room temperature. As negative controls for staining, primary antibodies were omitted to exclude unspecific staining. For the detection of neutrophils, paraffin embedded tissue sections (5 μm thick) were deparaffinized and rehydrated. Staining was done using Naphthol-AS-D-Chloracetate esterase kit (Sigma-Aldrich) according to manufacturer's instructions. Representative images are shown and were obtained using an Axioimager (Zeiss) microscope.



Statistics

Statistical analysis was performed using GraphPad Prism 7 software package (GraphPad Software, San Diego, CA). Student's t-test was used when two groups were compared. One-way analysis of variance (ANOVA) with Tukey's multiple comparison post-test was used to determine significance between three or more data sets. Data are presented as means +SD or as box and whiskers plots as indicated in the figure legends. A p-value smaller than 0.05 was considered statistically significant. Colony forming units (cfu) were logarithmically transformed and subsequently analyzed by one-way analysis of variance (ANOVA) with Tukey's multiple comparison post-test.




RESULTS


Treatment of Mice With Schistosome Eggs Leads to a Higher Colonization With S. Typhimurium

In order to assess the effect of schistosome eggs (Sm) on the outcome of infection with S. Typhimurium (STm), we injected eggs of S. mansoni purified from infected hamster liver intraperitoneally into C57Bl/6J mice and, 8 days later, mice were infected with STm. Bacterial burden in intestinal and systemic tissues was analyzed one day, two weeks, and five weeks post infection (p.i.) with STm. Sm had no effect on early STm colonization on day one p.i. (Figure 1A). However, 2 weeks p.i. significantly more STm were recovered from the colon of mice which had previously received Sm (Sm+STm) compared to mice that were only infected with STm (Figure 1B). This effect became stronger at later time points as seen in bacterial recovery in intestinal tissues 5 weeks p.i. (Figure 1C) and tracked in feces at weeks three and four p.i. (Figure 1D). However, we did not see any significant differences in colonization of the mLN, liver, or spleen (data not shown). These data suggest that schistosome eggs either enhance Salmonella colonization of the intestine or impair clearance of Salmonella.
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FIGURE 1. S. mansoni eggs (Sm) impair clearance of Salmonella (STm) infection. Mice were injected intraperitoneally with Sm and 8 days later they were orally infected with STm. Mice were sacrificed on day 1 (A), week 2 (B), and week 5 (C) p.i.. Feces were collected three and four weeks p.i.. (D). Each data point represents one animal and the means + SD are shown (n = 5–10 mice per group). Dashed line indicates detection limit. Data were analyzed using one-way ANOVA with Tukey's post-test (A-C) or Student's t-test (D). ***p < 0.001; **p < 0.01; ns, p ≥ 0.05 (not significant).





Schistosome Eggs Increase Salmonella-Induced Inflammation in the Luminal Compartment but Decrease Mucosal Inflammation

Next, we assessed the intestinal pathology caused by Sm, STm infection, or Sm + STm co-infection. Pathological changes were given a score for their severity in the lumen, surface epithelium, mucosa, and submucosa as described in Material and Methods. While mice treated with only Sm did not show any apparent intestinal histopathological changes, we found strong inflammatory changes in the cecum and colon of STm-infected mice. On day 1 p.i. only mild pathology was detected in the colon of STm- and Sm+STm-infected mice (Figure 2A). However, two and five weeks p.i. there were strong inflammatory changes visible in the colons of STm- and Sm+STm-infected mice (Figures 2B–E). Despite much higher bacterial burdens in Sm+STm-infected mice at week 5 p.i., no significant differences were observed in overall pathology compared to STm-infected mice (Figure 2D). However, when the pathological changes in the various parts of the colon wall were analyzed, more necrotic epithelial cells and more inflammatory cells in the gut lumen of Sm+STm-infected mice compared to STm-infected mice were seen (Figure 3A). In contrast, inflammation of the mucosa was significantly less severe in Sm+STm-infected mice (Figure 3C). No significant differences in the surface epithelium (Figure 3B) or in the submucosa (Figure 3D) were apparent between the groups, although there was a trend toward attenuated inflammation in the submucosa of Sm+STm-infected mice compared to STm-infected mice. As the group of mice with the higher inflammatory score in the lumen had a lower inflammatory score in the mucosa, the overall pathology score was similar between both STm- and Sm+STm-infected mice (Figure 2E).
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FIGURE 2. S. mansoni eggs (Sm) modulate Salmonella-induced intestinal pathology. Histopathological changes in the lumen, surface epithelium, mucosa, and submucosa were analyzed in H&E-stained sections of the proximal colon. (A) H&E-stained colon sections on day 1 p.i. with STm. (B) H&E-stained colon sections 2 weeks p.i.. (C) Pathology scores of week 2 p.i.. (D) H&E-stained colon sections 5 weeks p.i.. (E) Pathology scores of week 5 p.i.. Each data point represents one animal and means + SD are shown (n = 5–10 mice per group). Scale bars 200 μm for 40X and 100 μm of 100X magnifications. Data were analyzed using one-way ANOVA with Tukey's post-test. ***p < 0.001; **p < 0.01; ns, p ≥ 0.05 (not significant).
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FIGURE 3. Accumulation of neutrophils upon treatment with S. mansoni eggs (Sm) and infection with S. Typhimurium (STm). (A–D) Pathology scores of the different areas at week 5 p.i.. (E) Intestinal tissue sections were stained with antibodies against MPO to visualize neutrophils. Note the accumulation of MPO positive cells in the lumen of Sm+STm-infected mice compared to only a few MPO positive cells in STm-infected mice (upper panels). In contrast, MPO positive cells were found in the mucosa of STm-infected mice but only very few in Sm+STm-infected mice (lower panels). No MPO positive cells were visible in sections from control mice or mice injected with Sm alone. Red, MPO; blue, DAPI. Scale bar 50 μm. Data were analyzed using Student's t-test. **p < 0.01; *p < 0.05; ns,p ≥ 0.05 (not significant).



Salmonella-induced inflammation is characterized by a strong influx of neutrophils. Staining for myeloperoxidase (MPO), a marker for neutrophils, revealed that at week two p.i. both STm- and Sm+STm-infected mice showed strong inflammation with massive accumulation of neutrophils in the lumen and the mucosa. Consistently, at this time point there was no difference in pathology caused by STm or Sm+STm infection. However, five weeks p.i. STm-infected mice still showed a strong accumulation of neutrophils in mucosa and submucosa, with only few neutrophils in the intestinal lumen (Figure 3E, left panels). In contrast, Sm+STm-infected mice at this same late time showed only few neutrophils in mucosa and submucosa, but strong accumulation in the lumen (Figure 3E, right panels). These results indicate a down-regulation of inflammation in mucosa and submucosa of Sm+STm-infected mice by the action of the schistosome eggs.



Intraperitoneally-Injected Schistosome Eggs Induce Granuloma Formation

During our experiments, we observed granulomatous tissue formation in the visceral peritoneum attached to the proximal part of the colon which contained the schistosome eggs (Figure 4A). Schistosome eggs produce and secrete IPSE/alpha-1. We evaluated IPSE/alpha-1 production by immunohistochemical staining with a monoclonal anti-IPSE/alpha-1 antibody. As shown in Figure 4B we found strong staining for IPSE/alpha-1 in the subshell area of the eggs and in the surrounding area in the granuloma. We did not detect any IPSE/alpha-1 staining in the adjacent intestinal tissue which was also devoid of schistosome eggs. Furthermore, we found basophils, eosinophils and a few scattered neutrophils within the granuloma (Figures 4C,D). Basophils were not detected in the neighboring part of the intestine. Since IPSE/alpha-1 triggers the release of IL-4 and IL-13 from basophils, we stained for these cytokines. Unfortunately, we were not able to establish a specific immunostaining protocol for IL-4. However, we found IL-13 produced by basophils within the granuloma which were located near to the eggs (Figure 4C, box 1, arrows). However, we did not observe IL-13 positive staining in basophils located in the outer parts of the granuloma, away from the eggs (Figure 4C, box 2, arrowheads).
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FIGURE 4. S. mansoni eggs (Sm) induce granuloma formation in the visceral peritoneum. (A) H&E-stained sections of Sm-induced granulomas in the visceral peritoneum attached to the colon. Scale bars 200 μm for 40X, 100 μm for 100X, and 50 μm for 200X magnifications. (B) Sections of intestinal tissue were stained with antibodies against IPSE/alpha-1 (brown). Scale bars 100 μm (left panel) and 50 μm (right panel). (C) IL-13 producing basophils were found in the granuloma; basophils (mMCP8, green); IL-13 (red); nuclei (DAPI, blue). Scale bar 100 μm. Note the autofluorescence of the Sm shell (green). Second row: magnification of the area indicated by box 1 containing the majority of IL-13 producing basophils. Bottom row: magnification of the area indicated by box 2 containing mainly basophils which do not produce IL-13. (D) H&E stains with necrotizing granuloma containing numerous S. mansoni eggs with central necrosis in the visceral peritoneum (left panel). The granuloma contains numerous eosinophilic granulocytes (middle panel, arrowheads). Chloroacetate esterase (CAE) staining identifies scattered neutrophilic granulocytes in the granuloma (right panel, asterisks) while eosinophilic granulocytes remain negative (right panel, arrowheads). Scale bars are 100 μm in left panel and 10 μm in middle and right panel, respectively.





IL-17 Response to S. Typhimurium Infection Is Dampened by Schistosome Eggs

To address whether schistosome eggs can modulate the inflammatory response during STm infection we analyzed gene expression in the intestinal tissue one day, two weeks, and five weeks p.i. by qPCR. Colon tissue adjacent to the histological sections was taken for RNA isolation. Of note, this tissue did not contain any granulomas. Sm alone had no effect on the expression of any of the cytokines in the intestine. Infection of mice with STm caused an upregulation of Ccl2, Tnfa, Il17a, and Ifng at all-time points investigated (Figure 5). On day one p.i. mice that were pre-treated with schistosome eggs (Sm+STm) had a diminished Ccl2 and Ifng response, while the other cytokines were not affected (Figure 5). Il13 was only induced at day one and week two p.i. (Figure 5C) and was not detectable at week five p.i. (not shown). Five weeks p.i., Il17a was strongly upregulated in STm-infected mice and Il17a expression was significantly reduced in Sm+STm-infected mice (Figure 5E) suggesting that schistosome eggs dampen the STm-induced IL-17 response.
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FIGURE 5. S. mansoni eggs (Sm) impair the STm-induced IL-17 response. RNA was isolated from intestinal tissue at day 1, week 2, and week 5 p.i.. STm infection upregulated cytokine responses including (A) Ccl2, (B) Ifng, (C) Il13, (D) Tnfa and (E) Il17a at all time points. Sm significantly downregulated expression of Ifng and Ccl2 at day 1 p.i. and Il17a at week 5 p.i. while the other cytokines tested were not affected. Each data point represents one animal and box and whiskers indicating the minimum and maximum values are shown (n = 5–10 mice per group). Data were analyzed using one-way ANOVA with Tukey's post-test. Data analyses are only depicted for comparison of STm with Sm+STm groups. **p < 0.01; *p < 0.05; ns, p ≥ 0.05 (not significant).






DISCUSSION

Co-infection with two different pathogens commonly occurs in endemic countries. However, our understanding how one infection alters the outcome of another infection is limited. Most infection models focus on one pathogen at a time. To study the mutual influence of two pathogens on the immune response, we chose Salmonella Typhimurium and Schistosoma mansoni, since these pathogens are commonly causing co-infections. Infections with non-typhoidal Salmonella strains are usually limited to acute infections in immunocompetent persons and are associated with high levels of neutrophils and the cytokines IFN-γ and IL-17 (21). However, sometimes they can cause persistent infections (22). This is often linked to antibiotic treatment or co-infections with other pathogens (23, 24). In contrast to Salmonella, the parasitic worm S. mansoni causes persistent chronic infections. While the adult worms in the mesenteric veins elicit only limited immune reactions, S. mansoni eggs induce a strong Th2 response with high titers of IL-4, IL-5, and IL-13 and formation of granulomas rich in Th2 cells, basophils, eosinophils, alternatively activated macrophages, and Tregs (10, 25). This “modified” Th2 response seems to be protective for the host. In contrast, a Th1/Th17 immune response, found to be protective in Salmonella infection, results in exaggerated inflammation and early death of certain schistosome-infected individuals or schistosome-infected mice with a Th17-biased immune response (26).

Here, we applied S. mansoni eggs instead of a complete adult worm infection. We aimed to investigate the contribution of the schistosome eggs to the modulation of the immune response in a concomitant Salmonella infection, as the schistosome eggs are the major immunomodulatory life cycle stage of schistosomes (10). We demonstrate that mice injected with schistosome eggs one week before infection with S. Typhimurium were higher colonized with S. Typhimurium compared to mice infected with Salmonella alone. The higher loads of Salmonella in the schistosome eggs-treated mice correlated with an increase in inflammatory cells in the intestinal lumen. In contrast, inflammation in the mucosa was weaker in these mice compared to mice only infected with Salmonella. It was recently shown that application of Schistosoma egg antigens can ameliorate inflammation in a T cell transfer model of colitis by enhancing Th2 and diminishing Th17 responses (27). Here, we found that schistosome eggs impaired Th1 responses at early time points post infection with Salmonella and Th17 responses at later time points post infection. Salmonella infection causes a strong Th1/Th17 response and while these responses are required for successful elimination of the pathogen (21), they also contribute to tissue damage and inflammation (28). Co-infection with Schistosoma has been long known to contribute to impaired clearance of Salmonella in human patients (3, 29). One mechanism for Salmonella persistence during co-infection could be the intimate attachment of Salmonella pili to glycosylated structures on the tegument of adult schistosome worms (30). However, this has so far only been demonstrated in vitro and not in in vivo co-infections. Here, we present evidence for an immune-mediated mechanism for bacterial persistence, as there are no adult worms present in our Salmonella infection model with schistosome egg injection. Our observations are in agreement with findings that blocking of the Th17 response results in reduced neutrophil recruitment and diminished bacterial clearance (31). In SIV-infected rhesus macaques with mucosal IL-17 deficiency a high systemic dissemination of S. Typhimurium was observed (32). Likewise, mice co-infected with the intestinal helminth Heligmosomoides polygyrus and S. Typhimurium develop severe intestinal inflammation, with reduced neutrophil recruitment, reduced inflammatory cytokine production (IL-17, IL-22, IL-23), and higher bacterial load in feces, cecum, mLN, and spleen compared to mice infected with Salmonella alone (33). Together, these results demonstrate that a functional Th17 response is crucial to keep Salmonella colonization under control and finally to clear the infection. H. polygyrus has also been shown to alter the intestinal metabolome thereby affecting Salmonella virulence and leading to increased colitis (34). In line with the reduced Th1/Th17 response, we observed reduced neutrophil infiltration and diminished tissue destruction in the mucosa and submucosa in mice treated with schistosome eggs. As a consequence however, these mice could not control Salmonella growth and persistence in the intestinal lumen. Although neutrophils are important for clearing bacterial infections, Salmonella has evolved mechanisms to evade killing by neutrophils (35). It has also been shown that Salmonella can reside and survive in the intestinal lumen attached to and within neutrophils (36). Furthermore, Salmonella can take advantage of the inflammatory milieu in the intestinal lumen to grow and outcompete other bacteria (37, 38).

The Th2 cytokines IL-4 and IL-13 are known to dampen the production of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α, and IL-17 (39–41). The major egg antigen secreted from live schistosome eggs, IPSE/alpha-1, triggers basophils to release IL-4, and IL-13 (12, 42). Recently, we demonstrated the presence of IPSE/alpha-1 and basophils in schistosome egg granulomas and showed that IPSE/alpha-1-triggered basophil IL-4 and IL-13 inhibited pro-inflammatory cytokine release from LPS-activated human monocytes in vitro (43). In the present study we detected IPSE/alpha-1, recruited basophils, and IL-13 in egg-induced granulomas attached to the colon of co-infected mice by immunohistological staining. IL-13 co-localized with basophils near the schistosome eggs and not with basophils in the outer regions of the granuloma. This indicates that Th2 cytokine release from basophils was induced by schistosome eggs i.e., their secretions. Since IPSE/alpha-1 represents more than 80% of the egg secretions (44) and is the only factor secreted from schistosome eggs that is able to induce IL-13 release from basophils (12) it is most likely that this factor is responsible for Th2 cytokine release and subsequent reduction of Th1/Th17 responses. In addition, we observed early dampening of CCL2 production which could result in impaired chemoattraction of inflammatory monocytes and thus adds to an inadequate control of Salmonella colonization.

Schistosome eggs must carefully navigate the host's inflammatory response. On one hand they must cause some tissue damage and inflammation to enable egress of the eggs to complete the schistosome life cycle, on the other hand they protect the host tissue from egg-released products (proteases, RNases), and promote tissue repair and wound healing to prevent excessive inflammation (45). To this end, they induce a typical Th2 granuloma, containing Th2 cells, basophils, eosinophils, and alternatively activated macrophages, but few neutrophils. Immunocompromised mice or mice with a Th17-biased immune response develop smaller granulomas containing higher numbers of neutrophils and develop lesions within surrounding liver cells (45, 46). Seki et al. showed that IL-4 and IL-13 inhibited neutrophil influx into egg granulomas in the liver of mice infected with S. japonicum (47). In line, we detected elevated numbers of neutrophils in the gut tissue of Sm+STm-infected mice outside the egg granulomas, but eosinophils and only few scattered neutrophils within the egg granulomas.

Not surprisingly, Salmonella affects the outcome of a concomitant schistosome infection as well. In a recent study it was shown that S. Typhimurium elicits a protective effect on mice infected with S. japonicum (48). In this study, mice with a fully established (five weeks) S. japonicum infection were co-infected with wild-type S. Typhimurium for nine days. Salmonella co-infection on top of an infection with S. japonicum was beneficial, as it reduced S. japonicum worm burden, and subsequently liver egg burden and enhanced the survival rate of the co-infected mice. Our study differs from the above mentioned as we did not use a patent schistosome infection, but we applied one dose of 5,000 eggs of S. mansoni intraperitoneally. This is a relatively moderate treatment compared to a S. japonicum infection with deposition of 3,000 eggs per day per worm couple. Furthermore, we used a Salmonella infection with an attenuated strain, which allowed us to follow immune responses for up to 35 days post infection. Thus, our experimental set-up was not suitable for investigating the effect of a Salmonella infection on the outcome of a schistosome infection with regard to worm burden and survival rate, but allowed to investigate the modulation of the immune response to Salmonella infection by schistosome eggs. In the study by Zhu and colleagues co-infection of S. japonicum with S. Typhimurium led to an exacerbated IFN-γ response but to an attenuated IL-4 response (48). In contrast, in our study using intraperitoneal injection of S. mansoni eggs, we find a decrease in S. Typhimurium infection-induced IFN-γ presumably due to the action of the products released by schistosome eggs. This may reflect the differences between infection with the entire worm and injection of purified schistosome eggs or/and the usage of different mouse strains. While we used C57Bl/6 mice, the above-mentioned study was performed with BALB/c mice, known to have a Th2-biased immune response. While a moderate Th2 response protects the host from excessive inflammation, a strong Th2 response might lead to high worm burden and egg release, and heavy scar formation and fibrosis. Thus, schistosome-infected Th2-prone individuals might profit from a Th17-inducing co-infection, and the outcome of a co-infection does not only depend on the infecting pathogens but also on the pre-existing immune situation of the host.

In summary, we demonstrate that schistosome eggs modulate the immune response to Salmonella infection affecting Salmonella-induced pathology and leading to Salmonella persistence, presumably by dampening Th1/Th17 responses of the host.
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Background: Traditional microscopic examination of urine or stool for schistosome eggs lacks sensitivity compared to measurement of schistosome worm-derived circulating antigens in serum or urine. The ease and non-invasiveness of urine collection makes urine an ideal sample for schistosome antigen detection. In this study several user-friendly, lateral-flow (LF) based urine assays were evaluated against a composite reference that defined infection as detection of either eggs in urine or anodic antigen in serum.

Method: In a Tanzanian population with a S. haematobium prevalence of 40–50% (S. mansoni prevalence <2%), clinical samples from 44 women aged 18 to 35 years were analyzed for Schistosoma infection. Urine and stool samples were examined microscopically for eggs, and serum samples were analyzed for the presence of the anodic antigen. Urines were further subjected to a set of LF assays detecting (circulating) anodic (CAA) and cathodic antigen (CCA) as well as antibodies against soluble egg antigens (SEA) and crude cercarial antigen preparation (SCAP).

Results: The urine LF anodic antigen assay utilizing luminescent upconverting reporter particles (UCP) confirmed its increased sensitivity when performed with larger sample volume. Qualitatively, the anodic antigen assay performed on 250 μL urine matched the performance of the standard anodic antigen assay performed on 20 μL serum. However, the ratio of anodic antigen levels in urine vs. serum of individual patients varied with absolute levels always higher in serum. The 10 μL urine UCP-LF cathodic antigen assay correlated with the commercially available urine POC-CCA (40 μL) test, while conferring better sensitivity with a quantitative result. Urinary antibodies against SEA and SCAP overlap and correlate with the presence of urinary egg and serum anodic antigen levels.

Conclusions: The UCP-LF anodic antigen assay using 250 μL of urine is an expedient user-friendly assay and a suitable non-invasive alternative to serum-based antigen testing and urinary egg detection. Individual biological differences in the clearance process of the circulating antigens are thought to explain the observed high variation in the type and level of antigen (anodic or cathodic) measured in urine or serum. Simultaneous detection of anodic and cathodic antigen may be considered to further increase accuracy.

Keywords: Schistosoma haematobium, CAA anodic antigen, CCA cathodic antigen, antibody, urine, lateral flow assay, UCP upconverting reporter particle


INTRODUCTION

Schistosomiasis is a neglected parasitic infection that may affect over 700 million people worldwide (1), and optimal diagnostic strategies have still not been established. Accurate diagnosis of an active Schistosoma infection requires elaborate parasitology on multiple samples as eggs cluster together and shedding is irregular (2); these factors are known to limit the sensitivity of the egg detection methods in urine (i.e., S. haematobium) as well as stool (i.e., S. mansoni). This traditional diagnostic method of microscopic examination of urine (3) or stool (4) for schistosome eggs in medium to low endemic areas lacks sensitivity compared to measurement of schistosome worm antigen in serum or urine (5, 6). Maximizing sensitivity becomes particularly pressing in the setting of low-intensity infections (more common among adults), and also as efforts to interrupt transmission accelerate (7). Schistosome circulating anodic and cathodic antigens (CAA and CCA, respectively) are glycosaminoglycan-like carbohydrates regurgitated from the gut of live schistosome worms into the host bloodstream (8). Both antigens are cleared from the human circulation via the kidneys and can be detected in serum as well as urine, allowing non-invasive diagnosis. Antigen levels diminish rapidly following anti-schistosome praziquantel treatment (9, 10). Detection of these antigens has been shown to be more accurate to identify active and low grade infections and does not require the analyses of different sample types in case of unknown species or mixed infection. A urine cathodic antigen assay is available as a low cost point-of-care test (POC-CCA) with excellent diagnostic capability for moderate to high-grade S. mansoni infection (5, 11, 12), but to a lesser extent for S. haematobium detection (13). This assay is mostly used for mapping and monitoring of endemic areas (14–16), but also showed its use in non-endemic countries for individual diagnosis of e.g. immigrants (17–19).

A more sensitive genus-specific anodic antigen LF assay, applicable for all Schistosoma species including veterinary infections, was developed several years ago (20). Multiple studies have utilized this up-converting phosphor LF assay (UCP-LF CAA) to investigate prevalence in S. mansoni, S. haematobium, S. mekongi, and S. japonicum settings using serum, urine, or both (21–29). The test platform includes a sample preparation step that allows analysis of increased sample volume providing ultimate sensitivity down to detection of single worm (single sex) infections. A study in the People's Republic of China showed a sensitivity of >90% for diagnosis of S. japonicum using the assay on concentrated urine samples, as compared to a composite reference that defined infection as detection of either eggs or anodic antigen in serum or urine (30). Anodic antigen concentrations were approximately 10-fold lower in urine than in serum similar to what has been described previously (31).

We sought to determine the performance of several user-friendly LF based urine assays in a population in which S. haematobium is endemic. Urine LF assays were evaluated against a composite reference of either detecting eggs in urine and/or schistosome anodic antigen in serum. Eggs were detected by standard urine filtration microscopy and the level of schistosome anodic antigen in serum was determined using the UCP-LF CAA assay. We also compared these findings to the commercially-available POC-CCA urine test, as well as an experimental UCP-LF urine assay, both detecting the cathodic antigen. In addition, two rapid UCP-LF antibody assays detecting antibodies against crude cercarial and soluble egg preparations were evaluated for use with urine samples.



METHODS


Study Site and Population

This study was conducted in four rural inland villages in northwest Tanzania in which S. haematobium is highly endemic (32). The prevalence of S. haematobium infection among adults in these villages is ~40–50%, and the prevalence of S. mansoni infection is ≤2% (25). All women between the ages of 18 and 35 in each village were invited to receive free screening for schistosomiasis. Women provided urine, stool, and blood samples. Urine and stool were examined microscopically for Schistosoma eggs, and serum was used to determine schistosome anodic antigen concentration. Urine samples were further analyzed for anodic and cathodic antigens and anti-schistosome antibodies. Women were also screened for HIV and those enrolled in this study were all HIV-uninfected. Individuals found to be HIV-infected were given referral letters to the nearest HIV Care and Treatment Centre, where they could access HIV care free of charge.



Sample Collection and Field Analysis

All samples were collected between 10:00 a.m. and 2:00 p.m. on study enrollment days. Women provided at least 25 mL of urine. Ten mL of urine was filtered in the field and immediately examined microscopically for S. haematobium eggs. Fifteen mL of urine was placed into Falcon tubes and stored at −20°C at the reference laboratory in Mwanza until transport to Leiden University Medical Center for schistosome antigen and antibody testing. To test for S. mansoni eggs, five Kato-Katz slides were prepared from each stool sample, a strategy with a sensitivity comparable to testing three stool samples obtained on separate days (33). Serum was centrifuged and separated each day upon return to Mwanza and subsequently stored at −20°C.



Serum Anodic Antigen Testing in Local Laboratory

Serum anodic antigen testing using the (UCP-LF) technology was performed at the National Institute for Medical Research in Mwanza as previously described (20, 34). In this dry-reagent format of the assay, 20 μL of serum was used (SCAA20) (12). Serum was pretreated with an equal volume of 4% (v/v) trichloroacetic acid (TCA); applied cut-off thresholds are indicated in Table 1. Cut-offs are derived from Corstjens et al. (12) and are determined from testing series of negative samples.



Table 1. Cut-off thresholds applied for the UCP-LF antigen assays.
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Urine Anodic Antigen Lateral Flow Assays

UCP-LF anodic antigen assays using increasing volumes of urine were performed at Leiden University Medical Center as previously described (35). All urine samples were tested using 10 μL of urine (UCAA10) and 250 μL of urine (UCAA250) (12). Samples with negative or indecisive results in the UCAA250 assay were retested using 2,000 μL of urine (UCAA2000). All samples were extracted with an equal volume of 4% (v/v) TCA. Concentration of the clear supernatant was performed using 0.5 and 4 mL single-use 10 kD concentration devices (Amicon Ultra Centrifugal Filters, Millipore Corp) for the UCAA250 and UCAA2000, respectively. The resulting 20 μL concentrate was used in the assay. Applied cut-off thresholds are indicated in Table 1.



Additional Urine Tests

Besides the UCP-LF anodic antigen assay, urine samples were also examined with four additional tests. The commercially-available urine point-of-care (POC)-CCA test (Rapid Medical Diagnostics, Pretoria, South Africa; format 2013, utilizing chase buffer) was used to evaluate its performance in an S. haematobium-endemic setting. Furthermore, a prototype UCP-LF cathodic antigen assay, quantitating cathodic antigen in urine, was performed with 10 μL urine (UCCA10), following the same protocol as described for the anodic antigen assay (UCAA10), but with a cathodic antigen specific UCP reporter conjugate and LF strips, as described earlier (12). Cut-off thresholds for the UCCA10 assay are indicated in Table 1. The UCP-LF cathodic antigen assay has not been explored with concentrated urines and therefore does not include an indecisive (potential positive) range; the applied cutoff is according to the threshold as determined previously with ELISA (36). The UCCA10 utilizes the same antibody on the UCP reporter as on the LF strip (mouse monoclonal 54-4C2), whereas the POC-CCA uses a second antibody on the LF strip (mouse monoclonal 54-5C10). Sample input differs as the POC-CCA requires 40 μL of untreated urine whereas the UCCA10 assay utilizes 10 μL urine which is extracted with an equal volume of TCA (4% w/v). In addition, two UCP-LF-based assays for antibody detection against soluble egg antigens (SEA) and crude cercarial antigen preparation (SCAP) in urine were applied, as previously described (12). The cut-off threshold was calculated from 11 samples that were negative in all antigen assays as well as with microscopy.



Data Analysis

Sensitivity (Sn) and specificity (Sp) were calculated for each diagnostic test, considering the combined results from microscopy (egg count) and SCAA20 (serum anodic antigen) as the “composite reference.” Hence, any positive test result by urinary microscopy or SCAA20 (indecisive results considered as negative) was considered a true-positive result. Consequently, the specificity was set to be 100% for these two assays. To indicate the weight of indecisive (potentially positive) and trace results, Sn and Sp were calculated for each test separately including indecisive or trace results either as positive or negative. Additionally, the performance of each test was compared to UCAA2000 and a combination of UCAA2000 and UCCA10 (indecisive results of the UCAA2000 were considered as negative). The correlation between the two antibody assays was calculated using the Spearman rho. All statistical analysis were performed using IBM SPSS Statistics v 23.0 (IBM Corp, Armonk, NY).



Ethics

This project was approved by the Catholic University for Health and Allied Sciences/Bugando Medical Centre (Mwanza, Tanzania), the National Institute for Medical Research (Dar es Salaam, Tanzania), and Weill Cornell Medical College (New York, New York). All study participants provided written informed consent and were given praziquantel on the day of study enrollment in accordance with World Health Organization recommendations for treatment of adults in areas in which schistosome infections are highly endemic (37).




RESULTS


Serum Anodic Antigen and Urine Microscopy Findings—A Composite Reference

Between June and August 2013, we obtained 39 samples from women who presented for schistosomiasis screening, and 5 additional post-treatment samples from women with a confirmed S. haematobium infection and who received praziquantel treatment 2 months previously. The distribution of locally determined serum anodic antigen levels (SCAA20) and urine microscopy egg-count results are shown in Table 2. Of the 44 samples, 14 were egg and serum anodic antigen positive. The serum anodic antigen assay detected 3 additional positives with concentrations ≥30 pg/mL; 8 other samples were ranked indecisive of which one had 2 eggs per 10 mL. In total, 18 women met the criteria for the composite reference of S. haematobium infection, defined as either a positive test result by urine egg microscopy or a serum anodic antigen level >30 pg/mL. S. mansoni eggs in stool or urine were not identified in any study participant.



Table 2. Urine egg microscopy and serum CAA results for 44 individuals.
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Urine Anodic Antigen (UCAA) Assay Results—Performance Utilizing Large Sample Volume

Urine samples transported to LUMC (the Netherlands) were analyzed utilizing increased sample volume for enhanced sensitivity as well as to resolve the status of samples with indecisive results. Applying the dry reagent cutoff threshold of 30 pg/mL (12), the UCAA10 assay was positive for 4 out of the 44 samples, and indecisive for 6. These 10 positive/indecisive results were all part of the 18 composite reference positives (Table 3). The 25-fold larger volume UCAA250 assay identified 16 out of 18 composite reference positives, 2 additional positives not detected by the UCAA10 assay, and another 3 as indecisive. The 200-fold-larger volume UCAA2000 assay correctly identified all 18 composite reference positives, as well as 7 additional positives that were negative by both urine microscopy and serum anodic antigen. Additionally, 5 indecisive samples were obtained with the UCAA2000, one also scoring a SCAA20 indecisive result (13 pg/mL). All samples positive with a lower volume UCAA assay remained positive when retested at a higher volume. Results are summarized in Figure 1 showing the percentage of positive and indecisive samples for all applied diagnostics.



Table 3. Performance of the increased volume UCP-LF anodic antigen assays vs. the composite reference.
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FIGURE 1. Performance of individual diagnostic tests to identify S. haematobium infection. A composite reference was defined, based on assays performed locally, ranking samples positive based on either a positive test result by urine egg microscopy and/or a serum anodic antigen level >30 pg/mL.





Urine Cathodic Antigen Results

In this S. haematobium endemic setting the POC-CCA test identified 7 positives and 4 traces. These results are in agreement with the results of the prototype UCP-LF cathodic antigen assay (UCCA10). All 7 POC-CCA positives and the 3 out of 4 traces tested positive with the UCCA10 assay, which overall indicated 14 positive samples (Table 4). One UCCA10 negative sample with a POC-CCA trace result tested positive for anodic antigen in serum as well as in urine. The POC-CCA identified only 4 out of 18 composite reference positives, and of the 4 traces, only 1 was also positive by the composite reference. Table 5 shows the cathodic antigen (UCCA10) and the anodic antigen (UCAA2000) assay results. From the 25 UCAA2000 positives, 9 were also identified with the UCCA10, while the latter identified 3 additional positives that were not identified by the UCAA2000, and which were also negative according to the composite reference. For the few samples with a quantified level of both antigens, there was no obvious correlation observed between the absolute levels of the anodic and cathodic antigen in urine.



Table 4. Performance of the cathodic antigen assays: POC-CCA vs. the UCCA10 test.
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Table 5. Performance of the UCCA10 vs. the UCAA2000 test.
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Performance of the Urine Anodic and Cathodic Antigen Tests

Table 6 shows the clinical performance of each test compared to the composite reference. By definition, the clinical specificity (Sp) of both microscopy and SCAA20 is 100%. Clinical sensitivity (Sn) of anodic antigen detection in urine increases when using larger sample volume. Sp decreases with the increased urine volume as a consequence of detecting antigen positives that were not identified with the assays used to define the local composite reference. Sn and Sp values when using the assumed most sensitive urine antigen diagnostics as a gold standard are indicated in Table 7. Values are calculated for either the anodic antigen only, or for the combined anodic and cathodic antigen detection results. To indicate the weight of indecisive and trace results, Sn and Sp were calculated either including indecisive or trace results as positive or negative. Table 7 indicates Sn and Sp against the UCAA2000 and the UCAA2000 combined with the UCCA10. In this table indecisive results obtained with the UCAA2000 are categorized as negative as larger volume testing was not applied to resolve their status.



Table 6. Sensitivity and specificity of individual diagnostic tests vs. the composite reference.
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Table 7. Sensitivity and specificity vs. UCAA2000 and vs. UCAA2000 + UCCA10 combined.
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Serology Status Determined Through Antibody Detection in Urine

The two antibody detection assays in urine correlated well (Figure 2) as was similarly demonstrated in serum in a previous study (12). Out of the 18 composite reference positives 14 showed clear reactivity with at least one of the antibody assays. Serology turned out to be negative in two egg positive cases. One of these samples (7 eggs per 10 mL urine) had a remarkably high level of the anodic antigen in serum and cathodic antigen in urine, respectively >10,000 and 5,900 pg/mL as determined with the SCAA20 (serum) and UCCA10 (urine) assays. In contrast, the urine anodic antigen level was 27.8 pg/mL (UCAA250), more than 100-fold less than the concentration in serum. This sample was also easily identified with the POC-CCA test. The second sample (5 eggs per 10 mL urine) was negative for urine cathodic antigen, but positive for anodic antigen with levels in serum and urine showing a 50-fold difference (50 and 1 pg/mL, respectively). Tentatively, urine antibody assays generally seem reactive at anodic antigen levels above 100 pg/mL in serum as well as with the presence of urinary eggs.
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FIGURE 2. Correlation between SEA and SCAP antibodies.





Status of Previously Infected, Praziquantel-Treated Participants

The serum anodic antigen assay (SCAA10) indicated that 3 of the 5 previously infected and treated individuals were still carrying an active infection, with levels ranging between 10 and 100 pg/mL. This was confirmed by urine anodic antigen, indicating levels between 1 and 15 pg/mL. A fourth sample was only positive for urine cathodic antigen, with a level of 4,500 pg/mL, while the POC-CCA test was negative. Eggs were not detected in any of the 5 individuals, but based on the outcome of these tests, 3 individuals remained positive by the composite reference and the individual with the positive UCCA10 is likely still infected as well. Thus, 4 of the 5 recently-treated women would require an additional drug treatment.




DISCUSSION

Although the number of individuals included in this study was relatively small (a study limitation), it clearly demonstrates that the use of larger volumes of urine enhances the sensitivity of diagnosis with the anodic antigen assay in individuals with S. haematobium infection. Diagnostic tests performed in Tanzania identified 18 who met the criteria for the composite reference, defined here as being urine egg microscopy positive and/or serum anodic antigen (SCAA20) positive. As a non-invasive and thus patient-friendly alternative, the UCAA250 assay utilizing 250 μL could be considered. This assay identified 18 positives, 16 of whom were identified by the composite reference. Allowing for a less than optimal specificity, indecisive results could be interpreted as positive, which would yield an additional 3 positive scores. The higher volume format UCAA2000 confirmed that this would be correct for 2 out of the 3 indecisive samples. The UCAA250 assay would then have successfully detected 20 positives out of the 25 samples that tested positive with the UCAA2000 anodic antigen assay. The UCAA2000 assay identified all 18 composite reference positive samples as well as 7 additional positives. However, this assay is more time-intensive and costly as it requires larger tubes and concentration devices that are no longer compliant with micro-centrifuges and tubes. Therefore, we would recommend accepting a slightly lower sensitivity by using 250 μL urine rather than 2000 μL. Alternative lower-cost methods to concentrate the CAA from large urine volume are being explored to improve field applicability of the UCAA2000 (38).

Utilization of a single, non-invasive urine sample, rather than performing both urine microscopy and serum anodic antigen testing, is more user-friendly, less prone to error and likely more economical. Moreover, because the anodic antigen is genus-specific, collection and testing of urine only is sufficient for diagnosis of all Schistosoma species infections. The same may hold for the cathodic antigen if concentrated, although this antigen has some additional biological activity due to homology to Lewis X structures (39).

The commercially available POC-CCA test for urine samples is recommended for diagnosis of Schistosoma mansoni infections. Use of this assay for diagnosis of S. haematobium infections shows variable results with generally lower performances than for S. mansoni (13, 40–43). Our study also documented a lower sensitivity of this test for the diagnosis of urinary schistosomiasis. This might be due to lower levels of cathodic antigen produced by S. haematobium worms as compared to S. mansoni (unpublished observations). Use of the more sensitive UCP-LF cathodic antigen assay (UCCA10) indeed increased the number of positive samples to 14 compared to 7 for the POC-CCA. Importantly, of 4 samples generating a POC-CCA trace result, 3 samples tested positive with the UCCA10 assay. Clearly, weak signals (traces) in visually interpreted tests as the POC-CCA may be more difficult to interpret. However, considering traces as negative resulted in a higher specificity, but subsequently lower sensitivity, which may reduce the usefulness of the test for mapping purposes (44, 45). Overall, the overlap between POC-CCA and UCCA10 results confirm the specificity of the POC-CCA test. The UCP-LF cathodic antigen test was developed to increase analytical sensitivity through the application of a luminescent reporter, and to explore the effect of TCA treatment on the biological background. Further development of this assay into a high sensitivity format, identical to the UCP-LF anodic antigen assay and potentially utilizing larger volumes of urine, may provide better insight on the ratio of the levels of both antigens in urine samples. When the cathodic antigen assay is amenable to larger volume testing, a duplex LF strip detecting both antigens in a single sample will further increase sensitivity. Moreover, the relation between the two antigens might provide some information regarding the infecting species.

When using (rapid) LF based assays, indecisive test results remain an important issue. For visual assays, weak signals may be scored as trace by some observers whereas others would score it as negative. Whether a trace is false positive or true positive may be difficult to determine without alternative diagnostics. The intensity of the signal might also vary per production batch of test strips, as well as whether the manufacturer is targeting highest sensitivity or specificity of the test. Further, the choice to rank trace results as a positive or negative will depend on the goal of the survey (prevalence studies vs. elimination studies) as well as potential complications of drug treatment. A strength of the UCP-LF test format is that it utilizes a luminescent reporter label that requires a reader (scanner) to analyze the LF strip and generate the test result. Besides providing extra sensitivity as compared to a visual test, this reader removes operator interpretation flaws. Moreover, the reader can be set either to include or exclude indecisive results as positive. This allows manufacturers to optimize the test for sensitivity and adjust for specificity by programming the reader.

In contrast to the detection of eggs and circulating worm antigens, the presence of host antibodies against Schistosoma derived biomolecules is not necessarily a measure for ongoing active infection, except in those who would not previously have been exposed to Schistosoma parasites [i.e., individuals from non-endemic settings or travelers; (46)]. In the current small endemic cohort, antibody detection in urine could not contribute to resolving disputes regarding anodic antigen negatives and cathodic antigen positives or indecisive/trace results as the analytical sensitivity of the assay was not sufficient to identify all infected individuals. This may have been a consequence of setting relatively high cutoff thresholds. Studies with larger cohorts are needed to determine accurate values; appropriate thresholds may also provide insight in potential differences of reactivity against SCAP and SEA. Although the assay is not yet fully optimized, this study has demonstrated that the detection of specific host antibodies in non-invasive urine samples is feasible. This would constitute a rapid and low cost assay, but it remains to be determined whether urine would be a good enough alternative to the more invasive fingerstick blood.



CONCLUSION

The non-invasive UCP-LF anodic antigen (CAA) assay utilizing 250 μL of urine has been demonstrated to be a valid alternative for the current locally used diagnostic strategy, which is based on egg microscopy combined with anodic antigen serum analysis. Furthermore, testing for the presence of the worm derived anodic antigen in large volume urine samples is a sensitive tool to monitor treatment efficiency. An important feature of the UCP-LF antigen urine assay is the potential confirmation of indecisive test results by using larger sample volumes. Testing for the presence of the cathodic antigen (CCA) would have added value also in S. haematobium settings, although more studies are needed to validate the status of anodic antigen negative and cathodic antigen positive samples. Anticipated development of a UCP-LF duplex test combining the anodic and cathodic antigen may improve sensitivity.
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Schistosomes exhibit profound developmental adaptations in response to the immune status of their mammalian host, including significant attenuation of parasite growth, development and reproduction in response to deficits in host adaptive immunity. These observations led us to hypothesize that schistosomes regulate the utilization of energy resources in response to immunological conditions within the host. To test this hypothesis, we identified and characterized the Schistosoma mansoni AMP-activated protein kinase (AMPK), a heterotrimeric enzyme complex that is central to regulating energy metabolism at the cellular and organismal level in eukaryotes. We show that expression of the catalytic α subunit is developmentally regulated during the parasite life cycle, with peak expression occurring in adult worms. However, the protein is present and phosphorylated in all life cycle stages examined, suggesting a need for active regulation of energy resources throughout the life cycle. In contrast, transcription of the AMPK α gene is down-regulated in cercariae and schistosomula, suggesting that the protein in these life cycle stages is pre-synthesized in the sporocyst and that expression must be re-initiated once inside the mammalian host. We also show that schistosome AMPK α activity in adult worms is sensitive to changes in the parasite's environment, suggesting a mechanism by which schistosome metabolism may be responsive to host immune factors. Finally, we show that AMPK α expression is significantly down-regulated in parasites isolated from immunodeficient mice, suggesting that modulation of parasite energy metabolism may contribute to the attenuation of schistosome growth and reproduction in immunodeficient hosts. These findings provide insights into the molecular interactions between schistosomes and their vertebrate hosts and suggest that parasite energy metabolism may represent a novel target for anti-schistosome interventions.

Keywords: Schistosoma mansoni, schistosome, adaptive immunity, AMP-activated protein kinase, energy metabolism, development


INTRODUCTION

Parasitic platyhelminths of the genus Schistosoma are the causative agents of schistosomiasis. It is estimated that at least 230 million individuals worldwide suffer from schistosomiasis (1–3), while ~600 million more are at risk of infection (4, 5). Most human schistosomiasis is attributed to just three parasite species—S. haematobium, S. japonicum, and S. mansoni. In the case of S. japonicum and S. mansoni, adult male and female worms reside in the mesenteric vasculature and produce hundreds or thousands of eggs per pair each day (6). Eggs either pass into host feces and exit into the environment to continue the parasite life cycle, or are trapped in host tissues where they cause inflammation and potentially life threatening complications. Virtually all the immunopathology associated with schistosomiasis, such as granulomas, fibrosis and subsequent portal hypertension, are solely due to the entrapment of parasite eggs in host tissue (7, 8). Furthermore, mouse models of schistosome infection have revealed that host immune factors can have profound effects on parasite development and reproduction. For example, in certain immunodeficient mice, schistosome growth and development is delayed and reproductive fitness is dramatically impaired (9, 10). We have shown that components of the host's adaptive immune system, particularly CD4+ T cells and T cell-derived cytokines, facilitate schistosome development and promote parasite egg production (10–12), indirectly through interactions with other cells such as monocytes and macrophages (13). Because of the immunopathological significance of schistosome eggs, targeting pathways that regulate egg production would be useful in decreasing global mortality and morbidity due to schistosomiasis.

While it is clear that schistosomes are auxotrophic for energy-producing substrates, such as glucose and fatty acids (14), and must acquire them from the host to sustain schistosome life and reproduction, it is unclear what intracellular processes control schistosome utilization of these resources, especially as it relates to egg production. Male and female schistosomes mainly engage in glycolysis to meet their bioenergetic needs (15–18), but catabolism of fatty acids via β-oxidation was also shown to be necessary for egg production by female schistosomes (6, 19). How environmental signals, such as those emanating from the host immune system, are integrated with metabolic regulation to control parasite bioprocesses such as egg production is unknown. Our previous work showed that pathways involved in cellular metabolism are altered in schistosomes isolated from immunodeficient mice (20). We found that expression and activity of schistosome protein kinase A (PKA), a key enzyme in eukaryotic cells with a central role in modulating cellular metabolic activity, is attenuated in schistosomes isolated from immunodeficient mice, correlating with reduced growth and reproductive fitness. Expression and activity of parasite PKA could be restored in immunodeficient mice by stimulating the host's immune system, suggesting a link between schistosome metabolic activity and the immune system of the mammalian host. Furthermore, restoration of PKA activity and expression correlated with restored parasite reproductive fitness, suggesting that control of cellular metabolism is not only important for schistosome egg production, but may also play a causal role in the attenuated developmental and reproductive phenotype of schistosomes in immunodeficient mice (20).

Evidence that PKA is involved in regulating schistosome reproduction prompted us to examine whether enzymes that are directly involved in specifically regulating energy metabolism are also implicated in regulating parasite reproductive activity. 5′-adenosine monophosphate-activated protein kinase (AMPK) is a heterotrimeric protein complex that plays a key role in cellular metabolic regulation and energy homeostasis. The trimeric AMPK complex is comprised of a catalytic α subunit, and β and γ subunits that perform regulatory functions (21). Within the protein kinase domain of the α subunit, a highly conserved threonine residue in the activation loop is characteristically phosphorylated when the protein is catalytically activated (22–24). The β subunit mainly acts as the scaffold holding the trimer together, and may also play a role in determining the subcellular localization of AMPK (25). The γ subunit contains four repeats of a cystathionine-β-synthase (CBS) domain that act to bind ATP, ADP, and AMP. When cellular ATP levels are low, AMP outcompetes ATP and ADP for binding the γ subunit, promoting the phosphorylation of the activation loop threonine in the α subunit kinase domain and leading to α subunit activation (22, 24, 26). Upon activation, AMPK activates pathways that produce ATP, and inhibits the activity of energy-consuming processes, in order to restore cellular equilibrium. Thus, these three subunits act together as a crucial nutrient sensor within the cell, integrating signals from the extracellular environment, transmitted via PKA and other upstream components, with cellular energy levels, to engage downstream effectors and processes that ensure energy homeostasis (23, 27).

In recent years, AMPK has received increasing attention, for its role in overall growth and reproduction in many organisms, and for its potential as a therapeutic target (28–33). In both yeast and Drosophila, AMPK is essential for regulating nutrient uptake and proper organismal growth, as the absence of AMPK abrogates nutrient uptake and storage and results in abnormal or delayed growth, and is sometimes lethal (34–36). In Caenorhabditis elegans, AMPK plays a fundamental role in formation of dauer larvae, a developmental stage triggered by limited environmental nutrient availability that exhibits decreased metabolic activity and rationing of energy stores—a state that is similar to the phenotype of schistosomes isolated from immunodeficient mice (37–39). Furthermore, AMPK is the target of new therapeutics for cell proliferative and metabolic diseases like cancer and diabetes, because exploiting the unique metabolic conditions in these diseases has proven a successful strategy for discriminating between diseased and normal tissue (29, 30, 33, 40). Because mounting evidence emphasizes the importance of AMPK to the survival of organisms of many species, elucidating the role of AMPK in schistosome survival, growth, and reproduction may reveal new opportunities to disrupt the parasite life cycle. Here, we present an initial characterization of the AMPK α subunit of S. mansoni. In addition to an analysis of S. mansoni AMPK α subunit expression and activity during the parasite life cycle, we provide evidence that AMPK α activity can be modulated in response to extrinsic factors, including those emanating from the host immune system.



MATERIALS AND METHODS


Ethics Statement

All animal procedures were performed according to the current edition of the National Research Council's Guide for the Care and Use of Laboratory Animals (The National Academies Press, 2011) and pre-approved by the Institutional Animal Care and Use Committee at the Uniformed Services University of the Health Sciences, Assurance Number D16-00285 (A3448-01).



Parasite Materials

The S. mansoni (NMRI strain) life cycle was maintained using Biomphalaria glabrata (NMRI strain) snails and C57BL/6 mice as intermediate and definitive hosts, respectively. Mice were purchased from Jackson Laboratories. Snails infected with S. mansoni miracidia were provided by the Biomedical Research Institute. Infected snails were incubated under light for 1 h to promote the release of cercariae. To prepare schistosomula, cercariae were mechanically transformed by multiple passages through an emulsification needle. Cercarial heads were separated from the tails by swirling in deep Petri dishes. To obtain adult schistosomes, mice were infected with 150 cercariae each by tail skin exposure. At 8 weeks post-infection, adult worms were recovered from infected mice by portal vein perfusion. Eggs were isolated by homogenizing livers of infected mice and passing homogenates through stacked sieves of decreasing pore size (425, 180, 106, 45 μm). Eggs restricted by the smallest pore size were collected and cleaned for use. Miracidia were collected by hatching viable eggs in distilled water.



Cloning and Sequencing of S. mansoni AMPK α

Adult S. mansoni cDNA was used as the template for amplifying the full-length AMPK α cDNA sequence. To prepare cDNA, RNA was extracted from adult worm homogenates using RNAzolRT RNA Isolation Reagent. Crude RNA extracts were further purified using the RNeasy MinElute Cleanup Kit with DNase I digestion (Qiagen). One microgram RNA was used as the template for cDNA synthesis using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). A 533 bp fragment of the putative S. mansoni AMPK α, corresponding to nucleotides 668–1,201 of the predicted reference sequence Smp_142990 (mRNA XM_018799915.1) was amplified by conventional PCR using Accuprime Pfx Supermix (Thermo Fisher Scientific). The remaining full length cDNA sequence was then obtained using the RNA-ligase mediated rapid amplification of 5′ and 3′ cDNA ends (RACE) kit (Invitrogen). Products obtained by PCR and RACE were analyzed via 1.0% agarose gel, excised, and purified from the gel using the QIAquick Gel Extraction Kit (Qiagen). Purified fragments were then cloned into pCR-BluntII-TOPO vector using the Zero Blunt TOPO PCR Cloning Kit (Invitrogen) and used to transform One Shot Top10 Chemically Competent E. coli cells (Invitrogen). Transformants were plated on LB agar containing 50 μg/mL kanamycin and incubated at 37°C overnight. Single colonies were isolated and grown in LB overnight at 37°C with shaking. Cells were lysed and plasmid DNA was extracted using QIAprep Spin Miniprep Kit (Qiagen). Sequencing of plasmids was performed using the BigDye Terminator cycle sequencing kit (Thermo Fisher) and T7 primers. Sequence data was analyzed and contigs assembled using Geneious software, version 11.0.5 (Biomatters Ltd.).



Preparation of Parasite Protein Extracts

Parasite tissue was homogenized using an electric homogenizer in either RIPA lysis buffer or boiling 1X LDS sample buffer (NuPAGE LDS Sample Buffer, Invitrogen, NP0007) containing 10% 2-mercaptoethanol. Buffers were supplemented with phosphatase inhibitors (Halt Phosphatase Inhibitor Cocktail, Thermo Scientific) and protease inhibitors (Halt Protease Inhibitor Single-Use Cocktail, Thermo Scientific) to a final concentration of 1X. To obtain a homogenous solution, samples were further subjected to sonication. Samples homogenized in RIPA buffer were centrifuged at 16,100 g for 10 min to remove insoluble material. Samples were then boiled for 10 min and stored at −80°C for later use.



Western Blotting

Protein concentrations of parasite lysates were determined using Pierce 660 nm Protein Assay (Thermo Scientific) according to manufacturer's instructions. Ten percent Bis-Tris gels (NuPage) were loaded with 7 or 10 μg of protein per sample. Proteins were separated by SDS-PAGE in MES Buffer at 200 V for 1 h and transferred onto Invitrolon polyvinyl difluoride membranes (PVDF) (Novex) immediately after for 90 min at 25 V, 160 mA. Membranes were blocked for 30 min in TBS StartingBlock Blocking Buffer (Thermo Scientific) with 0.05% Tween-20. After blocking, membranes were incubated for 1 h with either anti-AMPK α-1, 2 rabbit polyclonal antibody [PA5-36045, Invitrogen; Research Resource Identifier (RRID) AB_2553341] diluted 1:500, anti-phospho-AMPK α (Thr172) (40H9) rabbit monoclonal antibody (2535S, Cell Signaling Technology) diluted 1:1,000, or anti-beta tubulin rabbit polyclonal antibody (Abcam) diluted 1:5,000. After primary antibody incubation, membranes were washed with 1X TBS Tween-20 buffer (TBST) (Thermo Scientific) and incubated for 1 h in goat anti-rabbit IgG secondary antibody, HRP (G21234, Invitrogen) diluted 1:2,000. All antibodies were diluted in blocking buffer with 0.05% Tween-20. To detect bound antibody, membranes were incubated in SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific). Membranes were imaged using an ImageQuant LAS 4000 system (GE Healthcare Life Sciences). Densitometry measurements were performed using ImageJ software (41). To conserve valuable samples for further analyses, in some experiments previously probed PVDF membranes were stripped by incubating in Restore Western Blot Stripping Buffer (Thermo Scientific) for 2 h at 37°C with agitation, to completely remove primary and secondary antibodies. After incubation in stripping buffer, the membranes were washed twice with TBST buffer at room temperature with agitation for 5 min and then blocked for 30 min in TBS StartingBlock Blocking Buffer with 0.05% Tween-20. After blocking, membranes were probed again with primary antibody as described above.



Immunoprecipitation of AMPK α

AMPK α was immunoprecipitated from adult and schistosomula lysates using nProtein A Sepharose Fast Flow beads (GE Healthcare) according to the manufacturer's instructions. Before immunoprecipitation (IP), beads were washed in 1% NP-40 buffer (150 mM NaCl, 1% NP-40, 50 mM Tris-HCl pH 7.4, 1 mM EDTA). Upon final wash, a 50% slurry was prepared by mixing equal volumes of beads and NP-40 buffer. Adult worms were homogenized in NP-40 buffer. Schistosomula were lysed in boiling 1X LDS sample buffer. Lysates were precleared with nProtein A Sepharose Fast Flow 50% slurry by gently mixing for 1 h at 4°C. Precleared lysates were then centrifuged at 12,000 × g for 20 s and immunoprecipitation was performed using 50 μg parasite protein in a final volume of 250 μl NP-40 buffer. Either 1 μg anti-AMPK α or anti-phospho-AMPK α was added and the mixtures were incubated for 1 h at 4°C with gentle mixing. Lysate/antibody mixture was then incubated for 1 h at 4°C with 50 μl nProtein A Sepharose Fast Flow to precipitate immune complexes. Immunoprecipitated proteins were eluted by incubating immune complexed Sepharose beads in 30 μl 1X LDS sample buffer at 95°C for 3 min. Supernatants were analyzed by SDS-PAGE as described above.



λ Phosphatase Sensitivity of Anti-Phospho AMPK α Antibody

The specificity of the anti-phospho AMPK α for phosphorylated S. mansoni AMPK α was tested using Lambda Protein Phosphatase (Lambda PP) (New England BioLabs, P0753S). A 5 ml 1X solution of 10X NEBuffer was prepared by diluting in 1X TBST supplemented with 500 μl MnCl2. Twenty-five microliter of Lambda PP was added to each 5 ml preparation of 1X NEBuffer. PVDF membranes containing 10 μg of adult schistosome lysate per lane were incubated in 5 ml of the Lambda PP preparation either before or after incubation in anti-phospho-AMPK α diluted 1:1,000. Bound antibody was detected as described above. Phosphatase treated membranes were also incubated in anti-AMPK α 1, 2 and anti-beta tubulin as controls for protein loading.



In vitro Treatment of Adult Schistosomes With AMPK Modulators

Immediately post -perfusion, fresh adult worms (5 pairs per well) were placed in the wells of 12 well tissue culture plates in 2 ml of modified Basch medium (Basal Medium Eagle, 2.8 mM glucose, 50 μg/ml hypoxanthine, 1X MEM vitamin solution, 1X MEM non-essential amino acids, 1X L-glutamine, 10 mM HEPES, 1X Pen/Strep, 10% FBS) containing either 100 or 200 μM forskolin or 0.1, 0.3, or 0.5 mM metformin. To determine the effects of no glucose, modified Basch medium was prepared without glucose. Schistosomes were incubated in their respective culture conditions for 2 h at 37°C. After incubation, worms were collected, lysates were prepared and analyzed by SDS-PAGE/Western blotting with anti-phospho-AMPK α, anti-AMPK α-1, 2, and anti-beta tubulin antibodies as described above.



Detection of AMPK α Gene Expression in S. mansoni Life Cycle Stages

To determine expression levels of AMPK α, quantitative real-time RT-PCR was performed on S. mansoni cDNA from every developmental stage. Total RNA from S. mansoni developmental stages was obtained from BEI Resources. Five hundred nanogram of RNA was used as template for cDNA synthesis reactions performed as previously described. A 64 bp fragment (nucleotide positions 751–815 of the S. mansoni AMPK α cDNA) was produced by PCR (TaqMan Fast Universal PCR Master Mix, ThermoFisher Scientific) from 1 μl cDNA reaction using the following primers: forward 5′-AGAATGATTACTGTGGACCCGATT-3′ and reverse 5′-AACCACGGATGTCGTCTGATTT-3′. A TaqMan MGB probe conjugated to a primer sequence situated at nucleotide position 776 (5′-AACGTGCAACCATAGAA-3′) was used to detect amplification of this fragment. A 557 bp fragment of Sm AMPK α (nt 388–944, of the S. mansoni AMPK α cDNA) was ligated into pCR-BluntII-TOPO vector (Invitrogen) as a control plasmid. Dilutions of this construct were used to generate a standard curve, from which AMPK α transcript copy number could be determined. All amplification reactions were performed and quantified using a 7500 Fast Real-Time PCR System (Applied Biosystems).



Statistical Analyses

For densitometry data derived from Western blots, the data in each experiment were normalized to that of one of the conditions tested, so that data from repeat experiments could be compared. Data from repeat experiments (at least two independent biological replicates were performed in every case) were considered to be paired repeated measures and were collectively analyzed using paired t tests. For quantitative PCR data, standard curves were used to calculate absolute transcript number in each RNA sample. For each source of RNA, at least three independent biological replicates were tested. The data for each RNA source were first tested for evidence of significant differences in variance, using F-tests. Because no significant differences in variance were found, the differences in transcript number between RNA sources were tested using parametric unpaired t-tests. All statistical analyses were performed using GraphPad Prism software, version 7.01 (GraphPad Software, Inc).




RESULTS


Identification of the Schistosoma mansoni 5′-AMP-Activated Protein Kinase α Subunit

Annotation of the S. mansoni genome identified a putative single gene encoding for an AMPK α subunit, consisting of 14 exons, at locus Smp_142990 (Gene ID 8351843) on the complementary strand of the W chromosome, with predicted mRNA and protein products identified by accession numbers XM_018799915.1 and XP_018653781.1, respectively. While exhibiting high overall identity and similarity to AMPK α subunits of other species, this putative S. mansoni α subunit contained 830 amino acids, almost 300 residues more than AMPK α subunits of other organisms (Supplementary Figure 1A). Approximately 175 of the additional residues, encoded by the first six exons, are present in an N-terminal extension found in no other species (Supplementary Figure 1A). Comparison with the Conserved Domains Database (CCD) at the National Center for Biotechnology Information (NCBI) (42) revealed that the N-terminal extension contains a metal-dependent phosphohydrolase (HD_3) domain (CCD accession number pfam13023) (43), a feature not found in the AMPK α subunit of any other species we have examined. Using the putative mRNA sequence (XM_018799915.1) in a BLAST query of the expressed sequence tag (EST) database at NCBI (44), we identified many matching S. mansoni ESTs, with coverage across the entire length of the putative mRNA (Supplementary Figure 1B), suggesting the sequence is present in the S. mansoni transcriptome. However, no ESTs spanned the junction between the regions encoding the phosphohydrolase domain and the AMPK α subunit proper (Supplementary Figure 1B), suggesting the sequences may be derived from separate transcripts. To address this discrepancy, we used PCR and RACE to clone the S. mansoni AMPK α subunit cDNA from adult parasite cDNA. We succeeded in isolating a cDNA that corresponded to the eight 3' exons of the putative XM_018799915.1 mRNA (beginning at nucleotide position 538 of XM_018799915.1), but could find no evidence of the six 5′ exons that encode the HD_3 domain, despite exhaustive 5′ RACE and targeted PCR with specific primers. Together, these findings indicate that the HD_3-encoding exons do not contribute to the S. mansoni AMPK α subunit transcript, but rather represent a separate gene, located upstream on the complementary strand of the W chromosome and separated from the AMPK α gene by 5 kb of intergenic sequence (Figure 1A). We conclude that the cDNA we isolated (GenBank accession number MH445971) represents the complete S. mansoni AMPK α transcript.
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FIGURE 1. Sequence and structure of S. mansoni AMPK α. (A) Arrangement of the eight exons that contribute to the S. mansoni AMPK α mRNA MH445971, on the complementary strand of the W chromosome. Six exons that encode for a metal-dependent phosphohydrolase (HD_3) domain are located upstream, separated by 5 kb of intergenic sequence. (B) The amino acid sequence of S. mansoni AMPK α (MH445971) aligned with sequences of Homo sapiens AMPK α-1 (NP_006242) and AMPK α-2 (NP_006243), Crassostrea gigas AMPK α-2 (XP_011446066), and Echinococcus granulosus AMPK α (AER10553), showing sequence identity and similarity, and the approximate locations of the AMPK α serine/threonine kinase catalytic domain (STKc, CCD accession number cd14079), AMPK α UBA-like autoinhibitory domain (UBA AID, CCD accession number cd14336), and AMPK α C-terminal regulatory domain (CTRD, CCD accession number cd12122). Amino acid numbering refers to the consensus sequence for the alignment. (C) Alignment of H. sapiens AMPK α-1 (NP_006242) and AMPK α-2 (NP_006243), and S. mansoni AMPK α (MH445971), in the region recognized by a rabbit polyclonal antibody (RRID AB_2553341) raised against aa 150–200 of human AMPK α-1 (NP_006242). The square brackets denote the 50 aa sequence of NP_006242 used as the immunogen. The arrowhead indicates the position of the activation loop threonine that is phosphorylated upon activation, corresponding to Thr183 and Thr172 of NP_006242 and NP_006243, respectively, and Thr176 of the schistosome sequence (MH445971). When phosphorylated, this residue is recognized by the phospho-specific monoclonal antibody 40H9. Amino acid numbering corresponds to the sequence of NP_006242.



The MH445971 cDNA contained a short 29-nucleotide 5′ untranslated region (UTR) followed by an open reading frame (ORF), beginning with a start methionine at nucleotide position 30, that encodes for a protein of 651 amino acids and predicted mass of 72 kDa. The predicted protein exhibited high identity and similarity to the AMPK α subunits of other organisms (Figure 1B). Analysis of the amino acid sequence using the CCD (42) revealed that the predicted protein contained all the canonical features of a typical AMPK α subunit (45): an AMPK α subunit serine/threonine kinase catalytic domain (CCD accession number cd14079) at amino acids 17-272 (E = 0e+00), an AMPK α UBA-like autoinhibitory domain (CCD accession number cd14336) at amino acids 289-353 (E-value = 1.08e-28), and an AMPK α C-terminal regulatory domain (CCD accession number cd12122) at amino acids 474-649 (E-value = 7.53e-36) (Figure 1B). Alignment of the S. mansoni AMPK α sequence with AMPK α subunits of other species revealed that the amino acid sequence was highly conserved throughout the kinase domain (Figure 1B), and particularly in the region of the activation loop (Figure 1C), where the conserved phosphorylation site of the human AMPK α subunits (Thr183 and Thr172 of human AMPK α-1 and AMPK α-2, respectively) was conserved at Thr176 of the schistosome protein (Figure 1C).

In addition to considerable lengths of conserved sequence, the S. mansoni AMPK α subunit also contained roughly 100 additional non-conserved amino acids, mostly clustered in the C-terminal half of the protein in two large insertions between the autoinhibitory and C-terminal regulatory domains (Figure 1B). These additional amino acids account for an appreciable difference in the predicted mass of the S. mansoni protein (72 kDa), as compared to human AMPK α (62 kDa).



Detection of Native S. mansoni AMPK α Protein

The high level of identity between the schistosome and human AMPK α subunits in the region of the activation loop (Figure 1C) suggested that a rabbit polyclonal antibody raised against residues 150–200 of human AMPK α-1 (RRID AB_2553341) may cross-react with the schistosome AMPK α, as there are only five amino acid differences between the two proteins in this region (Figure 1C). Furthermore, the conservation of the phosphorylation site threonine (Thr176) and surrounding amino acids in the schistosome protein (Figure 1C) suggested that a monoclonal antibody that specifically binds human AMPK α-1/2 only when phosphorylated at Thr183/Thr172 (clone 40H9) may also bind specifically to phosphorylated schistosome AMPK α. When used to probe adult S. mansoni protein extracts by Western blot, both the anti-AMPK α polyclonal antibody and anti-phospho-AMPK α monoclonal antibody bound to a single band migrating slightly above the 70 kDa molecular mass marker (Figure 2A), consistent with the predicted molecular mass of the protein encoded by the cDNA we isolated (72 kDa). Western blots of adult schistosome and human embryonic kidney cell extracts probed with the two antibodies confirmed the expected difference in molecular mass between the AMPK α subunits of the two species (Figure 2B), the schistosome protein being ~10 kDa heavier due to the C-terminal insertions between the autoinhibitory and C-terminal regulatory domains (Figure 1B).
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FIGURE 2. Detection of native S.mansoni AMPK α. (A) Duplicate samples of adult S. mansoni worm lysate were probed by Western blot with a polyclonal antibody raised against the catalytic domain of human AMPK α-1/2 (anti-AMPK α, RRID AB_2553341, left panel) and a phospho-specific monoclonal antibody that recognizes human AMPK α-1/2 when phosphorylated at Thr183/Thr172 (anti-pAMPK α, clone 40H9, right panel). (B) Lysates of adult S.mansoni worms (Sm) and human embryonic kidney cells (Hs), probed with anti-AMPK α (AB_2553341, left panel) and anti-pAMPK α (clone 40H9, right panel). (C) PVDF membranes bearing 10 μg adult S. mansoni worm lysate were probed with anti-pAMPK α (clone 40H9) either before (lane 1) or after treatment with λ protein phosphatase (lane 2). Lanes 3 and 4 are the same membrane as in lane 1, reprobed with anti-pAMPK α (lane 3) or anti-AMPK α (lane 4) after treatment with λ phosphatase. (D,E) AMPK α protein was immunoprecipitated from adult schistosome lysates using either anti-AMPK α (D) or anti-pAMPK α (E). The immunoprecipitates were then probed by Western blot with anti-AMPK α (left panel) and anti-pAMPK α (right panel). Control immunoprecipitates where the lysate was omitted were also included. Arrowheads indicate the position of the schistosome AMPK α (AMPK α) and the immunoglobulin heavy chain (HC) and light chain (LC) of the immunoprecipitating antibody. WB, indicates the antibody used for Western blotting; IP, indicates the antibody used for immunoprecipitation; Positions of molecular mass (MM) markers, in kilodaltons (kDa), are indicated to the right of each panel.



To confirm the specificity of the anti-phospho-AMPK α antibody for phosphorylated S. mansoni AMPK α, we tested whether λ phosphatase treatment of the protein was able to diminish antibody binding. When membranes containing S. mansoni adult worm lysate were treated with a λ protein phosphatase solution, anti-phospho-AMPK α antibody binding to the expected 72 kDa band was ablated or diminished (Figure 2C), while binding of the anti-AMPK α polyclonal antibody was not, providing evidence that the antibody binds specifically to a phosphorylated form of schistosome AMPK α.

To test whether the two antibodies were indeed binding to the same protein species, we performed reciprocal immunoprecipitation experiments, where we tested whether each antibody was able to bind to the protein immunoprecipitated by the other antibody. When immunoprecipitations of adult worm lysate performed with the anti-AMPK α polyclonal antibody were probed with the anti-AMPK α and anti-phospho-AMPK α antibodies, both antibodies bound to a 72 kDa band in the immunoprecipitates (Figure 2D). This band was not present when parasite lysate was omitted from the immunoprecipitate, confirming that the protein originated in the parasite lysate and was not derived from the preparation of immunoprecipitating antibody (Figure 2D). Likewise, when the anti-phospho-AMPK α antibody was used to immmunoprecipitate, both the anti-AMPK α and anti-phospho-AMPK α antibodies identified a 72 kDa band in the immunoprecipitations that was absent when the parasite lysate was omitted (Figure 2E). These data support the conclusion that both antibodies bind the same protein species in schistosome protein extracts.



AMPK α Expression and Activation in S. mansoni Larval Stages

To determine if AMPK α protein is expressed and phosphorylated in larval stages of the S. mansoni life cycle, we used Western blotting to probe extracts of larval stages with the anti-AMPK α and anti-phospho-AMPK α antibodies. In preliminary experiments, we compared the suitability of different extraction methods to prepare lysates for Western blot analysis. Using cercariae as test material, we found that reactivity with both antibodies was lost altogether when parasites were lysed in RIPA buffer, and that a ladder of lower molecular mass bands was observed when the cercariae were lysed directly in 1 × sample buffer (data not shown), suggesting that the AMPK α was subject to rapid proteolytic degradation when extracted under these conditions, even though protease inhibitors were included in the extraction buffer. We found that the 72 kDa species was only extracted without significant degradation when the cercariae were lysed in boiling 1 × sample buffer, underscoring both the apparently labile nature of the schistosome AMPK α and the high protease content of cercariae. All larval stages were subsequently extracted using the boiling sample buffer method.

Lysates of S. mansoni eggs, miracidia, cercariae, and schistosomula (30 min post-transformation) were prepared using boiling sample buffer, equal amounts of protein were subjected to SDS-PAGE, and analyzed by Western blot. In blots of S. mansoni eggs, both antibodies produced only a weak signal at 72 kDa, with multiple lower molecular mass species now also detected, especially with the anti-AMPK α antibody, suggesting the protein may be subject to proteolytic degradation in this life cycle stage (Figure 3A). Blots of miracidia produced a clearer and more intense signal at 72 kDa, but also a pattern of lower molecular mass bands similar to that observed in eggs, most notably a doublet between the 55 and 40 kDa markers (Figure 3B). As miracidia only hatch from viable eggs, the miracidium extract used in Figure 3B is essentially enriched for the contents of viable eggs. The reactivity of the antibodies to egg extracts observed in Figure 3A may therefore be explained, at least in part, by the heterogeneous nature of egg preparations obtained from infected mouse livers, which contain dying, dead and non-viable eggs, in addition to viable eggs, and could therefore contain AMPK α in various states of degradation.
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FIGURE 3. Detection of AMPK α in S. mansoni larval stages. (A–D) Lysates of S. mansoni eggs (A), miracidia (B), cercariae (C), and schistosomula (D), 30 min post-transformation were probed by Western blot using anti-AMPK α (left lane) and anti-pAMPK α (right lane) antibodies. (E) AMPK α was immunoprecipitated from schistosomula lysate using anti-AMPK α, then probed by Western blot using the anti-AMPK α and anti-pAMPK α antibodies. Control immnoprecipitations, where the either the lysate or the immunoprecipitating anti-AMPK α were omitted, were also probed with anti-AMPK α. Arrowheads indicate the position of the schistosome AMPK α (AMPK α) and the immunoglobulin heavy chain (HC) and light chain (LC) of the immunoprecipitating antibody. (F) Lysates of each larval stage and adult worms were probed by Western blot with an anti-β-tubulin antibody. (G) AMPK α transcripts in each S. mansoni developmental stage were quantified using quantitative real-time RT-PCR. Control reactions containing no cDNA template and a control plasmid lacking the AMPK α target sequence were also included. WB, indicates the antibody used for Western blotting; IP, indicates the antibody used for immunoprecipitation; Positions of molecular mass (MM) markers, in kilodaltons (kDa), are indicated to the right of each blot.



Western blotting of cercarial extracts produced a single 72 kDa band with both the anti-AMPK α and anti-phospho-AMPK α antibodies (Figure 3C), similar to that observed in adult worms (Figure 2). Immunoblotting of 30 min schistosomula extracts also revealed a single band (Figure 3D). However, in schistosomula the band appeared at a lower molecular mass (~60 kDa), apparently displaced by a large quantity of another unknown species running at approximately the same position as the 70 kDa mass marker (Figure 3D). To test whether this single reactive band in schistosomula was indeed the same species as that observed at 72 kDa in other life cycle stages (Figures 2, 3A–C), we immunoprecipitated the protein from schistosomula extracts using the anti-AMPK α antibody, to isolate the protein from the abundant species at 70 kDa. When the immunoprecipitates were probed with the anti-AMPK α and anti-phospho-AMPK α antibodies, we found that migration of the reactive band was restored to 72 kDa (Figure 3E), suggesting that its migration on direct blots was indeed distorted by the abundant unidentified species at 70 kDa.

As a loading control, equal amounts of the extracts of all life cycle stages were probed with an anti-β-tubulin antibody by Western blot. A band of approximately the expected mass (55 kDa) was detected in all life cycle stages, although in cercariae, and schistosomula, the signal was weaker, with evidence of lower molecular mass fragments, again emphasizing the difficulty of completely neutralizing the protease content of these life cycle stages when making protein extracts (Figure 3F).

To further investigate the expression of the AMPK α gene throughout the life cycle of S. mansoni, we used quantitative real-time RT-PCR to quantify AMPK α transcripts in each life cycle stage. Total RNA was extracted from every developmental stage, 500 ng of which was used as template for RT-PCR with primers and probe specific for the S. mansoni AMPK α cDNA. AMPK α message was detected in eggs, miracidia, sporocysts, and adult schistosomes, with the highest concentrations detected in adults (Figure 3G). In contrast, AMPK α transcript was nearly undetectable in cercariae and 30 min schistosomula.



Schistosome AMPK α Expression in Adult Female and Male Worms

Next, we compared the expression and phosphorylation of AMPK α in adult female and male schistosomes (Figure 4). Lysates were prepared from separated (i.e., previously paired) adult female and male S. mansoni and equal amounts of protein were analyzed by Western blot. Overall, female schistosomes appeared to contain more total AMPK α protein than male schistosomes, relative to the β-tubulin content of the extracts, although this difference was not significant when statistical analysis was performed on results from two biological replicates (Figures 4A–C). When AMPK α phosphorylation was assessed by Western blotting using the anti-phospho-AMPK α antibody, female and male schistosomes appeared to contain comparable amounts of phosphorylated AMPK α (Figure 4D). When phosphorylated AMPK α was normalized relative to total AMPK α protein, we found that AMPK α was phosphorylated to a marginally greater extent in males (Figure 4E). Data from two biological replicates revealed almost identical small increases in relative AMPK α phosphorylation in males, and statistical analysis of these data found the small difference was significant (Figure 4E). Finally, AMPK α gene expression in female and male worms was compared using PCR to measure transcript levels in RNA extracted from separated female and male worms. Adult male RNA contained significantly more AMPK α transcripts than adult female RNA (Figure 4F), but the difference was < 2-fold. From these limited data, we conclude that while some differences in AMPK α protein content and phosphorylation and AMPK α gene expression may exist between female and male schistosomes, the protein is likely expressed and phosphorylated in both sexes at broadly similar levels.
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FIGURE 4. Expression and phosphorylation of AMPK α in female and male schistosomes. (A) Lysates of adult female and male schistosomes were probed by Western blot with anti-AMPK α antibodies. (B) Lysates of adult female and male schistosomes were probed by Western blot with anti-β-tubulin antibodies. (C) The intensity of the anti-AMPK α signal relative the anti-β-tubulin signal for each sample was determined, and the signals normalized to that obtained with female worms (results from two independent biological replicates are shown). (D) Lysates of adult female and male schistosomes were probed by Western blot with anti-pAMPK α antibody. (E) The intensity of the anti-pAMPK α signal relative the anti-AMPK α signal [from (A)] for each sample was determined, and the signals normalized to that obtained with female worms (results for two independent biological replicates are shown). (F) AMPK α transcripts in adult female and male S. mansoni were quantified using quantitative real-time RT-PCR. WB, indicates the antibody used for Western blotting; Positions of molecular mass (MM) markers, in kilodaltons (kDa), are indicated to the right of each blot.





Regulation of Schistosome AMPK α Phosphorylation in Response to External Stimuli

The data presented in Figures 2, 4 suggest that AMPK α is constitutively phosphorylated in freshly isolated adult worms. We therefore sought to test whether further phosphorylation of schistosome AMPK α could be induced in adult worms immediately ex vivo, as evidence that the AMPK pathway in adult schistosomes is responsive to changes in the worm's environment. Adult worms were incubated in control medium, in medium lacking glucose, or in control medium supplemented with increasing concentrations of forskolin [an adenylate cyclase agonist that indirectly activates AMPK α by raising cellular cAMP concentrations (46, 47)] or metformin [a direct AMPK α agonist (29, 48–50)]. After 2 h of incubation under these conditions, lysates were prepared and equal amounts of total protein were analyzed by Western blot. The signal obtained with the anti-phospho-AMPK α antibody was normalized to that obtained with the anti-AMPK α antibody, which in turn was normalized to the signal obtained with the anti-β-tubulin antibody. Glucose deprivation consistently resulted in increased relative phosphorylation of AMPK α (Figures 5A,B). Likewise, exposure to different concentrations of forskolin and metformin resulted in increased phosphorylation of AMPK α (Figures 5A,B).
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FIGURE 5. Responsiveness of schistosome AMPK α to external factors. (A) Freshly isolated adult schistosomes were incubated in control medium, medium lacking glucose, or medium supplemented with various concentrations of forskolin or metformin. After 2 h, lysates were prepared and equal amounts of protein were probed by Western blot, using anti-AMPK α antibody (top panel), anti-pAMPK α antibody (center panel), and anti-β-tubulin antibody (bottom panel). WB, indicates the antibody used for Western blotting; Positions of molecular mass (MM) markers, in kilodaltons (kDa), are indicated to the right of each blot. (B) Relative AMPK α phosphorylation under each condition was calculated by determining the ratio of the anti-pAMPK α signal to that of the anti-AMPK α signal, and then correcting for the intensity of the anti-β-tubulin signal. Relative AMPK α phosphorylation values were normalized relative those obtained with worms incubated in control medium. Data points from 2 to 3 independent biological replicates are shown.





S. mansoni AMPK α Expression is Attenuated in RAG−/− Mice

Data presented in Figure 5 suggest that schistosome AMPK α activity can be modulated by extrinsic factors (e.g., environmental glucose availability, AMPK α modulators) in the parasites' environment. We therefore tested whether S. mansoni AMPK α phosphorylation was modulated in immunodeficient RAG-1−/− mice, where schistosomes exhibit attenuated growth and reproductive fitness (10). Worms recovered from wild type and RAG-1−/− mice were assessed for AMPK α expression and phosphorylation by Western blot. Probing with the anti-AMPK α antibody, we found that worms isolated from wild type mice contained approximately twice as much total AMPK α protein as worms from RAG-1−/− mice, relative to the β-tubulin content of the lysates (Figures 6A,B). This decrease in total AMPK α protein content in worms from RAG-1−/− mice was found to be reproducible and statistically significant when data from four biological replicates were analyzed (Figure 6C). When the lysates were probed with the anti-phospho-AMPK α antibody, worms from wild type mice again contained more phosphorylated AMPK α than worms from RAG-1−/− mice (Figure 6D), mirroring the difference in total AMPK α content of the worms. However, when the levels of phosphorylated AMPK α were normalized relative to the total AMPK α protein content of the lysates, we found that relative phosphorylation of schistosome AMPK α was similar in both host genotypes, with no significant difference evident when data from four biological replicates were analyzed (Figure 6E). When the AMPK α mRNA content of the worms was compared by PCR, we found that worms from RAG-1−/− mice contained less than half the concentration of AMPK α transcripts as worms from wild type mice (Figure 6F). Thus, expression of AMPK α in worms from RAG-1−/− mice is down-regulated at the level of both mRNA and protein (Figures 6A–C,F), but levels of relative AMPK α activity are similar to those in wild type mice (Figure 6E).
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FIGURE 6. Expression and phosphorylation of schistosome AMPK α in RAG-1−/− mice. Lysates were prepared from schistosomes recovered from wild type (C57BL/6) and RAG-1−/− mice and probed by Western blot with anti-AMPK α (A) and anti-β-tubulin (B) antibodies. (C) The intensity of the anti-AMPK α signal relative the anti-β-tubulin signal for each sample was determined, and the signals normalized to that obtained with worms from wild type mice (displaying results from four independent biological replicates). (D) Lysates of schistosomes from wild type and RAG-1−/− mice were probed by Western blot with anti-pAMPK α antibody. (E) The intensity of the anti-pAMPK α signal relative the anti-AMPK α signal [from (A)] for each sample was determined, and the signals normalized to that obtained with worms from wild type mice (displaying results from four independent biological replicates). (F) AMPK α transcripts in S. mansoni worms isolated from wild type and RAG-1−/− mice were quantified using quantitative real-time RT-PCR. WB, indicates the antibody used for Western blotting; Positions of molecular mass (MM) markers, in kilodaltons (kDa), are indicated to the right of each blot.






DISCUSSION

Overall, schistosome AMPK α exhibits high homology to AMPK catalytic subunits of other organisms, with the exception of a 100 amino acid insertion in the C-terminal half of the schistosome sequence that is not found in the AMPK α of any other organism. The impact of this insertion on the tertiary structure of S. mansoni AMPK α will require specific structural and functional analyses, but we hypothesize that the greater distance between the protein's C-terminal regulatory and N-terminal kinase/autoinhibitory domains may introduce greater flexibility into the molecule, and increase the potential for these domains to engage in intermolecular interactions with other proteins. If this unique sequence does have functional significance, it may have the potential to serve as a unique target to interrupt AMPK activity in schistosomes, without detrimentally affecting the human ortholog.

Our Western blotting experiments show that AMPK α protein is present and active in all life cycle stages we examined, likely reflecting a need for active energy homeostasis throughout the schistosome life cycle. In contrast, AMPK α transcripts were detectable in all life cycle stages examined, with the notable exception of cercariae and 30 min schistosomula. Previous studies have shown that cercariae generally do not actively engage in transcription, with the exception of a subset of genes that are mostly expressed in cercarial tails (51, 52), and that transcription of most genes is reinitiated once the parasite enters the mammalian host (53). Our data suggest that the AMPK α gene is also regulated in this manner, such that AMPK proteins are prepackaged into cercariae before leaving the molluscan host, and the AMPK α gene is not actively expressed again until the parasite enters the mammalian host. We found that AMPK α transcripts were most abundant in adult worms, so at some point between cercarial skin penetration and adulthood, dramatic up-regulation of AMPK α transcription must occur. Studies are underway to identify the exact time point at which this occurs. The presence of AMPK α protein, but not transcripts, during the cercariae/schistosomulum stage of the life cycle suggests this may be an opportune point to target schistosome AMPK α, when the parasite is unable to synthesize new protein.

The results of our in vitro experiments showed that AMPK α activity is responsive to changes in the parasites' environment, suggesting AMPK α could potentially play a role in sensing host factors. The impaired growth and reduced reproductive fitness of schistosomes infecting immunodeficient mice is well documented and is an obvious developmental response to a change in host factors (9, 10, 13, 54). We were therefore curious to explore whether any changes in AMPK α expression or activity correlated with this developmental adaptation. Here we found that this attenuated developmental phenotype coincided with a reduction in overall AMPK α protein levels, while the AMPK α that is expressed is phosphorylated to a similar extent to AMPK α in parasites from immunocompetent hosts. One possible explanation for why schistosome growth and reproduction are attenuated in immunodeficient hosts is that the parasites are unable to secure sufficient essential host resources to sustain normal growth and development in an immunocompromised environment. However, we have been unable to show that the availability of fatty acids or glucose are reduced in immunodeficient hosts (Hunter and Davies, unpublished), and the consistent level of AMPK α phosphorylation in worms from immunocompetent and immunodeficient mice argues that the parasites are not struggling to meet their bioenergetic needs in an immunodeficient environment. If schistosomes growing in immunodeficient mice were experiencing metabolic stress, we would expect AMPK α phosphorylation to be increased in these worms as they engage mechanisms that serve to restore cellular ATP levels, but this is not the case. While we cannot rule out the possibility that a reduction in the availability of some other essential host resource accounts for the impaired development of schistosomes in immunodeficient mice, our data argue that impeded acquisition of energy substrates is not the cause of the attenuated parasite development in this context.

An alternative hypothesis for the attenuated developmental phenotype of schistosomes in immunodeficient mice postulates that (i) the parasites require a key but as yet unidentified developmental signal from the host to develop and reproduce at normally rates, and (ii) that this developmental signal either originates from the host's immune system or is otherwise produced as a result of the host immune response. Hence, in immunodeficient mice the putative developmental signal is not expressed and the parasites revert to an alternative developmental program, where development and reproduction proceeds but at a slower pace than normal (10, 54). Our data showing that schistosome AMPK α transcripts and protein are expressed at a lower level in immunodeficient hosts could be consistent with an alternative developmental state, where bioenergetic demands are different and AMPK α expression is regulated accordingly. Indeed, AMPK α transcript levels in worms from RAG-1−/− mice are more similar to those found in miracidia than in adult worms from wild type mice. These results closely resemble the findings we previously published concerning schistosome PKA, which is also expressed at significantly reduced levels in immunodeficient hosts (20). Together these results suggest that schistosome metabolism is subject to significant modification in response to host immune status. While it is unlikely that schistosomes, under natural conditions, encounter hosts as profoundly immunodeficient as the RAG-1−/− mice used in our studies, causes of secondary or acquired immunodeficiency, such as malnutrition and coinfection with human immunodeficiency virus and other pathogens, are prevalent within the geographic range of schistosomes (55–59). Hence, the ability to modify parasite metabolic activity in response to alterations in host immune function may confer a selective advantage.

The downstream effects of AMPK activation are numerous. In mammals and other eukaryotes, phosphorylation of AMPK α ultimately leads to the upregulation of catabolic processes, including fatty acid oxidation and glycolysis, and mitochondrial biogenesis and autophagy (22, 24, 26). Further metabolic analyses will be required to determine whether the activation of schistosome AMPK α results in the same consequences. Given that glycolysis and fatty acid oxidation have both been shown to be essential for parasite survival and reproduction (6, 16–19), elucidating the connection between host immune signals, AMPK, and energy generating processes in schistosomes is of considerable interest. The influence of schistosome AMPK on parasite glucose transporter expression is also being explored. In mammals, the mechanism by which AMPK activation upregulates glycolysis is in part fueled by an increase in glucose uptake via enhanced expression of glucose transporters (22, 60, 61). Identifying schistosome metabolic processes regulated by AMPK and mechanisms by which this occurs may reveal new opportunities for disrupting parasite growth, development and reproduction.
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Liver fibrosis is a wound-healing process purposely aimed at restoring organ integrity after severe injury caused by autoimmune reactions, mechanical stress or infections. The uncontrolled solicitation of this process is pathogenic and a pathognomonic feature of diseases like hepatosplenic schistosomiasis where exacerbated liver fibrosis is centrally positioned among the drivers of the disease morbidity and mortality. Intriguingly, however, liver fibrosis occurs and progresses dissimilarly in schistosomiasis-diseased individuals with the same egg burden and biosocial features including age, duration of residence in the endemic site and gender. This suggests that parasite-independent and currently poorly defined host intrinsic factors might play a defining role in the regulation of liver fibrosis, the hallmark of morbidity, during schistosomiasis. In this review, we therefore provide a comprehensive overview of all known host candidate regulators of liver fibrosis reported in the context of human schistosomiasis.
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INTRODUCTION

Schistosomiasis represents the second most important parasitic disease in the world in terms of public health impact (1). With 120 million symptomatic (2) and 20 million with severe morbidity (3), schistosomiasis results in the loss of 70 million disability-adjusted life years (DALYs) (4) and preferentially occurs in developing countries with almost 200 million infected in Africa alone (5).

Schistosomes cause varying clinical symptoms and organ complications due to the species-specific tropisms of the egg-laying adult worms (6). While Schistosoma haematobium adult worms reside in vessels of the bladder causing urinary schistosomiasis, those of Schistosoma mansoni and Schistosoma japonicum reside in the mesenteric veins of the intestinal tract causing hepatosplenic schistosomiasis leading to progressive liver fibrosis and portal hypertension (6).

The immunology of schistosomiasis has progressed through the use of murine and non-human primate animal models, corroborating in many cases with human data (7, 8). The disease morbidity is driven by schistosome eggs and not directly by adult worms (9). Upon infection, a fraction of the produced eggs is not excreted by the host and become permanently lodged in organs such as the intestines and liver (S. mansoni and S. japonicum) or in the bladder and urogenital system (S. haematobium). Highly immunogenic and cytolytic substances are released within the egg secretions (10). This induces a granulomatous and fibrotic response from the host largely characterized by T helper-2 cytokines (IL-4, IL-5, and IL-13), eosinophils and alternatively activated macrophage (11, 12). Host granulomas primarily form to contain and wall off the trapped toxic eggs products (13), which allows the host to live with the infection for many years. However, detrimental effects associated with persistent granulomas such as excessive collagen deposition leading to untoward fibrosis and portal hypertension arise, causing host pathology (13).



LIVER FIBROSIS DURING HUMAN SCHISTOSOMIASIS

The liver is an organ made by many specialized resident non-parenchymal cells, including Kupffer cells, liver sinusoidal endothelial cells and hepatic stellate cells (HSCs). First described by Kupffer in 1876 (14), HSCs which represent 5–8% of all liver cells (15) are located in the space of Disse in the liver sinusoid (16). These cells are responsible for maintenance of the extracellular matrix, storage of vitamin A (17), with a possible role in controlling blood flow through the liver (18). Upon stimulation, in response to injuries, normally quiescent HSCs (qHSCs) are activated HSCs (aHSCs), lose their ability to store vitamin A, increase expression of alpha-smooth muscle actin (α-SMA), a profibrotic gene, and develop a broader “stretched” cytoplasm. aHSCs then undergo a process of trans-differentiation toward collagen-producing liver myofibroblasts, the main cell type responsible for hepatic fibrosis (19).

Hepatic fibrosis comes from a variety of etiologies including hepatosplenic schistosomiasis (20), following the accumulation of parasitic eggs within the liver (21). Adult pairs of S. mansoni worms, particularly, reside within the mesenteric veins where females release on average 340 eggs per female per day with rates ranging between 190 and 658 eggs depending of the strain; this rate is higher for S. japonicum (22). More than 50% of eggs are carried to the liver by the portal circulation where they become trapped in the liver sinusoids (13). This is associated with the production of profibrotic cytokines (23, 24). Both murine and human infections with S. japonicum or S. mansoni reveal aHSCs as the key drivers of hepatic fibrosis (25, 26).

In the context of hepatosplenic schistosomiasis, an accumulating number of studies have reported disparities between prevalence of infection and levels of tissue morbidity, characterized by the stage of advancement of hepatic fibrosis and the presence/absence of periportal fibrosis (11, 27–30). For example, despite a higher prevalence and intensity of S. mansoni infections, in Kenya (31, 32) and Mali (33) compared to Egypt (31, 32) and Sudan (34, 35), the prevalence of periportal fibrosis in endemic sites is considerably higher in the latter countries. Furthermore, even adjacent communities with comparable levels of S. mansoni infection, exhibit considerable differences in their prevalence of periportal fibrosis (11). Although some possible explanations for these observed differential morbidity patterns could well be the different duration, intensity of infection (32, 35), the host genetic background (36, 37) has been increasingly suggested as a central basis for these discrepancies (11, 30, 38–42) as it appears that hepatic fibrosis occurs and progresses dissimilarly in schistosomiasis-diseased individuals with the same extrinsic and biosocial risk factors. In fact, in another recent study conducted in a village of rural Cameroon endemic for hepatosplenic schistosomiasis, participants with similar egg excretion profiles, similar age/gender distribution, same length of residence in the area, same frequency and duration of daily exposure to contaminated water, same social status and within similar dates of reinfection (i.e., previously treated with Praziquantel at the same time) as judged by the average number of eggs excreted in the feces, displayed a strikingly different stage of advancement of schistosomiasis-driven hepatic fibrosis (43). This indicated that, although the presence of the parasite eggs prompt the onset of liver lesions, host factors might indeed play a defining role in the regulation of liver fibrosis during hepatosplenic schistosomiasis. With the well documented and successful concept of host-directed therapies against diseases now including infectious diseases (37, 39, 42, 44, 45), the recollection of known host-derived factors that potentially play a role in the control of liver fibrosis during human schistosomiasis (pro- or anti-fibrotic) is long overdue for research on schistosomiasis in particular and all fibroproliferative diseases in general.



HUMANS FACTORS ASSOCIATED WITH LIVER FIBROSIS DURING SCHISTOSOMIASIS

The present compilation of host factors reported to associate with the progression/resistance to hepatic fibrosis during Human hepatosplenic schistosomiasis (Table 1 and Figure 1) should facilitate subsequent investigations aimed at validating their role as hepatic fibrosis monitoring tools and for the design of host-directed intervention strategies against morbidity due to hepatic fibrosis during schistosomiasis.



Table 1. Reported Pro and anti-fibrotic human host factors during hepatosplenic schistosomiasis.
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FIGURE 1. Processes of liver fibrosis progression and regression during human hepatosplenic schistosomiasis. Profibrotic processes: Upon stimulation, by Schistosoma spp. eggs antigens, injured hepatocytes will release IL-33 as a danger alerting molecule. Moreover, schistosome eggs will drive, via cells such as Innate lymphoid cells, the release of IL-4. IL-33 and IL-4 will act on naïve T cells to promote Th2 differentiation. IL-33 will also induce through his receptor ST2 located on macrophages, the upregulation of the Hedgehog pathway which will then drive via osteopontin the alternative activation of macrophages (M2). The effect of IL-33 on endothelial cells will also promote angiogenesis which will increase the vascular permeability. With the support of TNF-α produced by Th1, Th2 cells will then produce large amount of type 2 cytokines (IL-4, IL-5, and IL-13) which will induce the activation of qHSCs. M2 differentiated under the flow of Th2-released type-2 cytokines can also foster the activation of qHSCs by releasing TGF- β1, VEGF or CTGF. While the two latter can directly stimulate the proliferation of aHSCs, TGF-β1 can act through the Hsp47. This action is sustaining by some chemokines especially (CCL3; MIF; CCL24 and sTNFR1). Moreover, necrotic hepatocytes might release High mobility group box 1 (HMGB1) protein as an alarmin that will ultimately foster HSC activation. In the midst of advanced fibrosis, human livers might further release miRNAs that alter host metabolism, triggering HSC activation to promote tissue fibrosis. Altogether, proliferating aHSCs will produce a very large amount of collagen, which will accumulate and lead to fibrosis which can progress to cirrhosis and then ultimately to liver cancer. Anti-fibrotic processes: Three possibilities can account for regression of fibrosis: apoptosis; senescence or reversion of aHSCs to their quiescent stage. Upon stimulation, hepatic resident macrophages will produce IL- 12 which will drive the differentiation of Naïve T-cell to Th1. Th1 cells will release INF-ɤ which will classically activate macrophages (M1). Various regulatory T and/or myeloid cells are also known to produce IL-10 which can block the activation of qHSCs to consolidate an anti-fibrotic effect. This action is further supported by the large amount of INF-ɤ produced by Th1 although balanced by the level of secreted TNF-α. aHSCs might return to the quiescent/senescent state under the action of IL-6; CCL5 or INF-ɤ or undergo apoptosis depending on how strong the profibrotic signal was. INF-ɤ can also activate MMPs to digest the deposited collagen and this action is reinforced by estrogen in women. IL, Interleukin; HSCs, Hepatic Stellate Cells; qHSCs, quiescent Hepatic Stellate Cells; aHSCs, activated Hepatic Stellate Cells; TGF-β1, Transforming Growth Factor beta 1; VEGF, Vascular Endothelial Growth Factor; CTGF, Connective Tissue Growth Factor; MIF, Migration Inhibitory Factor; INF-ɤ, Interferon gamma; TNF-α, Tumor Necrosis Factor alph; MMPS, Matrix Metalloproteinase; sTNFR1, Soluble Tumor Necrosis Factor Receptor-1; CCL3, Chemokine C-C motif ligand 3; CCL5, Chemokine C-C motif ligand 5; CCL24, Chemokine C-C motif ligand 24; M1, Classical activated Macrophages; M2, Alternatively activated Macrophages; Hsp47, Heat Shock Protein 47; Th1, Type 1 Lymphocytes; Th2, Type 2 Lymphocytes. HMGB1, High mobility group box 1. NB, These 2 cascades of processes take place simultaneously during the host attempt to heal the wound after injury by trapped schistosome eggs.




Cytokines and Cytokine Receptors

Abundance of information from murine studies links type 2 cytokines (Th2) rather than Type 1 (Th1) responses with the development of hepatic fibrosis (80, 81). These studies have defined a dominant role for Th2 immune mediators in the liver fibrotic process during hepatosplenic schistosomiasis (80, 82). As a telling example, a recent finding in mechanistic chronic murine schistosomiasis model, has demonstrated an amelioration of liver fibroproliferative pathology following the transgenic reduction of IL-4 receptor alpha-mediated signaling (81). A parallel is now emerging in human studies. High levels of IL-4 and IL-13 (secreted primarily by type-2 immune cells such as Th2 cells to act toward the alternatively activation of macrophages into M2 and the activation of Hepatic stellate cells, Figure 1) were found to associate with periportal fibrosis progression during schistosomiasis in infected individuals from Brazil, Bahia, Philippines and Zambia (42, 46, 47, 49, 51). In addition, an IL-13 promoter enhancing single nucleotide polymorphism (SNP), rs1800925, has been shown to strongly associate with a higher risk of pathological hepatic fibrosis in S. japonicum-infected individuals (50).

Another type-2 cytokine receptor, ST2 in its soluble form (sST2), has been reported to be present at high level in the serum of diseased patients with advanced hepatic fibrosis during S. japonicum infection (52).

In sharp contrast, the canonical Th1 cytokine INF-ɤ has been associated with fibrosis reduction during human schistosomiasis. In Sudanese patients, higher levels of INF-ɤ were associated with a marked reduction of the risk of fibrosis during schistosomiasis (11, 30). Additionally, lower levels of INF-ɤ were linked to a higher risk (more than 8-fold comparing to people with large amount of INF-ɤ) of periportal fibrosis in patients from China and Uganda (11, 40). Further investigations at a molecular level revealed that a polymorphism in the INF-ɤ-receptor 1 (IFNGR1) gene which lead to reduced functionality of the receptor, may account for increased susceptibility to severe fibrosis (8). In addition, INF-ɤ gene SNP, translating into reduced gene transcription, associated with more severe fibrosis in Sudanese patients (8, 36, 37) supporting a protective action of INF-ɤ against hepatic fibrosis during schistosomiasis. These reports are consistent with the powerful antifibrogenic role of INF-ɤ (primary product of type-1 NK and Th1 cells and acting predominantly on macrophages to drive M1 differentiation) which inhibit the transdifferentiation of HSCs into myofibroblast, reduces the production of extracellular matrix proteins and increases the collagenase activity of the liver (83). Finally, IL-6 (secreted by pro-inflammatory cellular responses such as that of classically activated macrophages M1 to counter HSC activation) was also claimed to be protective against severe fibrosis by the team of Mutengo (51) who demonstrated that IL-6 was expressed considerably more by S. mansoni egg-stimulated whole blood cultures from individuals with no or mild fibrosis when compared to cultures of individuals with moderate/severe fibrosis (51). This is consistent with reports that associate the lack of IL-6 with increase in liver injury (84) and the recent potential therapeutic ability of IL-6 to reverse liver fibrosis (85).

Intriguingly, as another Th1-related cytokine, Tumor necrosis alpha (TNF-α) at higher levels in supernatants from patient's whole-blood cultures, rather strongly associated with an increased risk of periportal fibrosis during hepatosplenic schistosomiasis (11, 30, 49, 53). In fact, the TNF-α 308.2 SNP or rs1800629(AA), translating into an increased transcription of the TNF-α gene (55), has been shown to correlate with a more severe hepatic fibrosis during S. mansoni infections (54). The picture is a clearly more nuanced as a study in Uganda observed a differential association between INF-ɤ, TNF-α and fibrosis (86) where TNF-α reportedly acted by balancing the protective effect of INF-ɤ (87); a trend confirmed in Zambia (51). Overall, adding to observations in experimental models, a strong case is made for INF-ɤ as an anti-fibrotic cytokine (11, 30), whereas TNF-α (also produced by Th1 cells and macrophages) primarily appears to aggravate hepatic fibrosis during schistosomiasis (87).

Reports on the possible role of IL-10 (secreted by regulatory cells such as regulatory myeloid and/or T cells) in relation to hepatic fibrosis made mention of a regulatory role of the il-10 gene SNPs on the progression of periportal fibrosis (45). In fact, higher risk of severe periportal fibrosis was reported when IL-10 production by blood mononuclear cells from schistosomiasis-diseased patients was low (11, 40, 51) suggesting a protective role of IL-10 against hepatic fibrosis. The anti-inflammatory and immunosuppressive potential of IL-10 which regulate the inflammatory process, central to tissue fibrosis, could be an explanation for these observations (88).

Consequently, the interplay between the arms of the immune response, as defined by the host overall cytokine profile, controls the inflammatory response and determines the evolution of liver fibrosis during schistosomiasis.



Chemokines

In the last decades, many studies have shown that tissue injury leads to the production of chemokines that orchestrate cell trafficking to the site of injury during infectious diseases (89). In fact, peripheral blood mononuclear cells from schistosome-infected patients with ultrasonographically-defined hepatosplenomegaly produced high levels of CCL3 when exposed to egg antigen; and marked them as group under greater risk of developing severe disease with hepatic fibrosis (90). This observation was corroborated by independent data obtained from murine models which reported a less severe granulomatous response in CCL3-deficient mice following schistosome infection (56, 90). The findings were further confirmed in another study where the plasma concentrations of CCL3 and that of other chemokines, namely CCL24, sTNFR1 and MIF (migration inhibitory Factor), were associated with hepatic fibrosis progression (57).

RANTES (CCL5), another monocyte/macrophage-derived chemokine which has a central role in the regulation of both Th1 and Th2 responses by controlling the migration and activation of leukocytes on the site of inflammation (91), was found to negatively associate with periportal fibrosis (11).

Overall, these observations are consistent with published reports that showed that chemokines affect several processes, including differentiation and activation of fibroregulatory cells including fibroblasts which are central to the onset and progression of tissue fibrosis (56).



Growth Factors

Many Growth factors are known to be fibrogenic and thus contribute to hepatic fibrosis in schistosome infections independently or in association with other factors (23). Dessein et al. in a primary study reported that several SNPs (rs9402373, rs12526196, rs9402373, and rs1256196) that lie close to the Connective Tissue Growth Factor (CTGF) gene are associated with severe hepatic fibrosis in individuals affected by hepatosplenic schistosomiasis (39, 60). This observation gains support from the observation that CTGF overproduction, by cells such as M2 macrophages, was proposed to drive tissue fibrosis (61). In fact, CTGF has now been shown to promote fibroblast proliferation, migration, adhesion, and extracellular matrix formation (58, 59). Notably, CTGF is mostly upregulated by TGF-β1 (23), a well-known fibrogenic growth factor (also secreted by M2 macrophages) which was also identified to be positively associated through the heat shock protein 47 (Hsp47) with hepatic fibrosis in Chinese patients infected with S. japonicum (61).

Apparent controversial results were found for the implication of Vascular Endothelial Growth Factor (VEGF) in periportal fibrosis. Egyptian patients with periportal fibrosis had significantly elevated serum levels of VEGF (again secreted by cells such as M2 macrophages) when compared to non-diseased controls (62) whereas no significance difference in serum levels of this factor was reported in Brazilian cohorts of hepatosplenic schistosomiasis patients with or without hepatic fibrosis (63). This difference could be attributed to the small sample size used in the latter study (28 participants vs. 90 in the Egyptian study) and the heterogeneity in the case and control groups. Conclusively, a case is maintained for the clinical evidence that circulating levels of VEGF correlate with hepatic fibrosis progression considering its known role as regulator of angiogenesis, a crucial step in the process of fibrosis (62).



Hedgehog Ligands/Osteopontin

Macrophages when activated via the alternative pathway, are instrumental in the liver fibrosis process (92). Understandably, Hedgehog (Hh) ligands, produced by macrophages were found to promote hepatic fibrosis during schistosomiasis by a reverse feedback action leading to an alternative activation of macrophages (64). This is consistent with the now defined role of the Hedgehog pathway in the onset and progression of vascular remodeling, regulation of HSC activation thus schistosomiasis-related fibrosis (64). In fact, Syn et al. elegantly demonstrated that the pro-fibrogenic effects induced by the Hedgehog pathway are mediated by a secreted host phosphoprotein, osteopontin (93). This is substantiated by the observation that high osteopontin level in serum and liver tissue correlates with hepatic fibrosis during schistosome infection (65, 66). This correlation was further validated in mechanistic chronic murine schistosomiasis model where higher levels of osteopontin release by macrophages associated with hepatosplenic disease (65, 66). Fundamentally, these findings are consistent with the demonstrated role of osteopontin in inflammation, immunity, angiogenesis, fibrogenesis and carcinogenesis in various tissues (94).



Antibodies (IgG4 and IgE)

The isoform 4 of the Immunoglobulin class G (IgG4) was found 20 times elevated in patients with chronic schistosomiasis compared to non-infected controls (71). A role for IgG4 in schistosome-driven liver fibrosis was more elegantly defined as association was demonstrated between the former and liver fibrosis following schistosome infection (68–70). These observations were extended to Immunoglobulin E (IgE) which was also associated, although to a lower extent, to disease severity (69, 70). Together, these studies have defined, pending in-depth empirical studies, a possible role for host Immunoglobulins, of the G4 and E types, in the fibrotic process resulting from human schistosome infections (70).



Eosinophil Markers and Cation Protein

Other immune cells do also participate by their products in the process of hepatic fibrosis during hepatosplenic schistosomiasis. Eosinophils which play an important protective role in the immune response to S. mansoni infection (95), upregulate activation-related surface markers (CD69 and CD23) in response to host-released Type 2 cytokines, which altogether selectively associate with periportal fibrosis progression during hepatosplenic schistosomiasis. Moreover, Eosinophil Cationic Protein (ECP), a protein secreted by Eosinophils that efficiently kills S. mansoni at the larval stage, also affect fibroblast function. Eriksson et al. (72) identified the ECP 434GG genotype, which translate into a higher cytotoxic potential (96) as being associated with periportal fibrosis during hepatosplenic schistosomiasis (72). These observations are consistent with the suggested role of eosinophils in wound-healing, remodeling, development of post inflammatory fibrosis (72, 97) and the association of tissue eosinophilia and eosinophil degranulation with several other fibrotic syndromes (98). Moreover, human eosinophils express all isoforms of the Transforming Growth Factor beta (TGF-β1,2,3) (99) hinting to a possible role in the liver fibrosis process during human hepatosplenic schistosomiasis.



Mannose-Binding Lectin (MBL)

In the northeastern of Brazil, Mannose-Binding Lectin which also acts as an opsonin released by mononuclear innate cells (monocytes, macrophages, dendritic cells), was reported to be a risk factor for advanced periportal fibrosis in chronic hepatic diseases as well as S. mansoni infection (73). This can be explained by the role of MBL as a central component of the innate immune response and its highly collagenous activity following host infection by invading pathogens (100).



HLA Class II

Positive and negative associations between HLA class II alleles and the risk of individuals developing moderate to severe hepatic fibrosis following S. japonicum infection were reported. While alleles HLA-DRB1*1501; HLA-DQB1*0601; DRB1*11011, DRB1*0409, and DRB1*0701 were associated with resistance to hepatic fibrosis; some other HLA-DRB1 alleles (HLA-DRB1*0901; HLA-DRB1*1302; DRB1*1202, DRB1*1404, and DRB1*1405) and Two HLA-DQB1 alleles (HLA-DQB1*0303 and HLA-DQB1*0609) were in contrast significantly associated with rapid progression of hepatic fibrosis (77, 78). In addition, HLA-DPA1*0103 and DPB1*0201 haplotypes were also associated with protection from both moderate and severe fibrosis (76).



MicroRNAs

Some microRNAs were reported for the first time through miRNome and transcriptome analyses of livers from humans infected with Schistosoma japonicum in China, to play an important role in schistosomiasis-driven hepatic fibrosis. Notably, hsa-miR-150-5p, hsa-miR-10a-5p, hsa-miR-199a-3p, hsa-miR-4521, hsa-miR-222/221, hsa-miR-663b, and hsa-miR-143-3p were found to be upregulated in schistosome-infested fibrotic livers (74). These observations could be explained by the defined role of some miRNAs (hsa-miR-222/221 and hsa-miR-10a), respectively, reported to drive the activation of HSCs (101), or to upregulate the expression of TGF-β, a profibrotic growth factor (102); thus corroborating accumulating studies which report predominantly on an upregulation of fibrogenic microRNAs during schistosomiasis (103, 104).



Regulatory T Cells

Very few studies have focused on the role of regulatory T cells (Treg cells) on liver fibrosis during schistosomiasis. Notwithstanding, in the Hunan province China, high blood Tregs level was associated with severe hepatic fibrosis caused by Schistosoma japonicum (79). This observation aligned with another study which linked a high blood Tregs level with S. mansoni infection (105). A possible explanation for these observations is the clear anti-inflammatory thus anti-fibrotic role of Tregs that accumulate in the blood but failed to be recruited to the liver site of fibrogranulomatous inflammation during schistosomiasis. In fact, a decreased expression of tissue homing markers was reported on Tregs found in the blood of patients with severe fibrosis during schistosomiasis (79). Consequently, a deficit of recruitment of Treg cells to the fibrotic tissue, but rather the accumulation of these Treg cells in the blood, would explain the aggravated tissue fibrotic profile that coincides with elevated blood Tregs during schistosomiasis-driven severe liver fibrosis. An anti-fibrotic role for the host Treg cells is therefore suggested during human hepatosplenic schistosomiasis.



High Mobility Group Box 1 (HMGB1)

Originally described as a nuclear protein (106), emerging studies have showed that HMGB1 is closely associated with fibrotic disorders, including liver fibrosis (107). In this regard, a study conducted in Brazil reported high levels of HMGB1 in the plasma of both acute and chronically infected-patients with S. mansoni when compared with the sera of healthy donors (75). This was further supported in a study highlighting a significantly increased level of HMGB1 in patients with liver fibrosis caused by hepatitis B (108). Additionally, a former study reported that HMGB1 up-regulates alpha-smooth muscle actin (α-SMA) expression in HSCs and then drive fibrosis (109). This trend gained further strength in animal-model-based study where a HMGB1 inhibitor was able to downregulate the production of the profibrotic cytokines IL4, IL-5, and IL-13 and significantly reverse (over 50%) liver fibrosis (75).




CONCLUDING REMARKS

In conclusion, hepatic fibrosis is a very complex process that involves biosocial, genetic, cellular and soluble mediators. Most of these host-derived actors generally come into play as a response to the infection in order to protect the host but progressively drive the substance of the hepatosplenic schistosomiasis morbidity when overly solicited. It is now clear from experimental models and human studies that the expression or lack of expression of such host factors centrally regulate this process. While the factors reported in the present review were identified as independent players (Table 1), the regulation of hepatic fibrosis progression during hepatosplenic schistosomiasis is most likely multifactorial (Figure 1) and will necessitate more studies incorporating this concept. With the alarmingly limited efficiency of mass deworming campaigns alone to eliminate the disease and control the morbidity in resource-limited areas (43), a comprehensive assessment of these host factors is desperately needed as they constitute an attractive avenue for novel disease control strategies. To be used as drug targets, reported human host factors should be validated in animal models to evaluate their potential for therapeutic development. In fact, the targeting of identified profibrotic cytokines (IL-5; IL-13) and growth factors (CTGF; TGF-β1 and VEGF) should be pursued in conjunction or as an alternative to current disease control measures to attempt to alleviate the fibrosis process during hepatosplenic schistosomiasis. Other attractive candidate targets such as miRNAs should also be targeted, with the hope of reducing HSC proliferation, contractility and suppress angiogenesis by indirect mitigation of the TGF- β and VEGF-mediated signaling nodes. Encouragingly, this targeting approach is now being undertaken for some suspected profibrotic factors with promising results (75, 81). Complementarily, given the advancement of high-throughput analysis tools such as next-generation sequencing, the comprehensive identification and clinical validation of host factors that might regulate hepatic fibrosis individually and/or collectively in some schistosomiasis-diseased individuals should be further pursued to provide more candidates for therapeutic evaluation.
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Circulating hemocytes of the snail Biomphalaria glabrata, a major intermediate host for the blood fluke Schistosoma mansoni, represent the primary immune effector cells comprising the host's internal defense system. Within hours of miracidial entry into resistant B. glabrata strains, hemocytes infiltrate around developing sporocysts forming multi-layered cellular capsules that results in larval death, typically within 24–48 h post-infection. Using an in vitro model of hemocyte-sporocyst encapsulation that recapitulates in vivo events, we conducted a comparative proteomic analysis on the responses of hemocytes from inbred B. glabrata strains during the encapsulation of S. mansoni primary sporocysts. This was accomplished by a combination of Laser-capture microdissection (LCM) to isolate sections of hemocyte capsules both in the presence and absence of sporocysts, in conjunction with mass spectrometric analyses to establish protein expression profiles. Comparison of susceptible NMRI snail hemocytes in the presence and absence of sporocysts revealed a dramatic downregulation of proteins in during larval encapsulation, especially those involved in protein/CHO metabolism, immune-related, redox and signaling pathways. One of 4 upregulated proteins was arginase, competitor of nitric oxide synthetase and inhibitor of larval-killing NO production. By contrast, when compared to control capsules, sporocyst-encapsulating hemocytes of resistant BS-90 B. glabrata exhibited a more balanced profile with enhanced expression of shared proteins involved in protein synthesis/processing, immunity, and redox, and unique expression of anti-microbial/anti-parasite proteins. A final comparison of NMRI and BS-90 host hemocyte responses to co-cultured sporocysts demonstrated a decrease or downregulation of 77% of shared proteins by NMRI cells during encapsulation compared to those of the BS-90 strain, including lipopolysaccharide-binding protein, thioredoxin reductase 1 and hemoglobins 1 and 2. Overall, using this in vitro model, results of our proteomic analyses demonstrate striking differences in proteins expressed by susceptible NMRI and resistant BS-90 snail hemocytes to S. mansoni sporocysts during active encapsulation, with NMRI hemocytes exhibiting extensive downregulation of protein expression and a lower level of constitutively expressed immune-relevant proteins (e.g., FREP2) compared to BS-90. Our data suggest that snail strain differences in hemocyte protein expression during the encapsulation process account for observed differences in their cytotoxic capacity to interact with and kill sporocysts.

Keywords: innate immunity, mollusk, Biomphalaria glabrata, Schistosoma mansoni, hemocytic encapsulation, sporocyst, proteomic response, in vitro cytotoxicity assay


INTRODUCTION

Circulating hemocytes of Biomphalaria snail species represent the primary immune effector cells of the host, and, when encountering primary sporocysts of incompatible strains of the human blood fluke Schistosoma mansoni, respond by rapid encapsulation and destruction of early developing larvae (1–5). Cellular encapsulation responses typically are characterized by infiltration of circulating hemocytes around the newly transforming primary sporocysts, commencing usually within 2–3 h post-infection, followed by adherence and spreading of hemocytes in multiple layers around the parasite that result in the killing of encapsulated larvae within 24–48 h post-infection (6, 7). An in vitro model of larval encapsulation has been developed for the B. glabrata-S. mansoni system that closely parallels the events observed under natural in vivo infection conditions (8). In this cell-mediated cytotoxicity (CMC) assay, live in vitro transformed primary sporocysts (9) were co-incubated in 1-mL tubes with freshly extracted hemolymph isolated from inbred susceptible and resistant strains of B. glabrata, resulting in the formation hemocytic capsules around sporocysts. Although hemocytes of both susceptible and resistant snail strains formed cellular encapsulations, significantly enhanced killing/damage of sporocysts was observed in reactions with resistant snail cells when compared to those involving hemocytes from susceptible snails. Follow-up experiments showed that components from plasma (cell-free hemolymph) alone also may be involved in triggering the CMC response, although the humoral factor(s) and their functional role in hemocyte reactivity have yet to be identified and described (7, 10). Additional support that hemocytes are the primary mediators of anti-schistosome resistance recently has been demonstrated in vivo (11) using a resistant Guadeloupean stain of B. glabrata exhibiting allelic variation in a gene complex designated the Guadeloupe resistance complex (GRC) (12, 13). Notably, RNAi knockdown of a novel transmembrane protein encoded within the GRC appears to influence the resistance phenotype (no development of S. mansoni) (13) but the mechanism(s) by which this is accomplished remains unknown.

Although comparative transcriptomic analyses have been performed on whole snails or circulating hemocytes from different B. glabrata strains (14–17) and/or on snails in response to schistosome infection (18–22), evaluation of parasite-induced changes in hemocyte protein expression, specifically in hemocytes actively participating in sporocyst encapsulation reactions, have not been examined in detail (23). Targeted investigations of specific hemolymph proteins, such as Cu/Zn superoxide dismutase SOD1 (24), HSP 70 and 90 (25, 26), fibrinogen-related proteins (27, 28), thioester-containing proteins (29), MIF (30), biomphalysin protease (31), Toll-like receptor (TLR) (32), hemopoeitic factor granularin (33), and an unknown protein encoded by gene Grctm6 (13) have demonstrated functional associations with snail immunity to schistosome infection. The diversity of protein mediators identified in these studies suggest that the molecular events transpiring prior to and during the hemocyte encapsulation reactions likely are complex, involving multiple protein components that differ depending on the specific snail-schistosome strain combination under investigation (3, 34, 35).

In the present study we performed a comparative proteomic analysis on hemocytes from inbred schistosome-susceptible (NMRI) and—resistant (BS-90) strains of B. glabrata during their active participation in in vitro encapsulation reactions with primary sporocysts of S. mansoni (NMRI strain). Specifically, we addressed the questions: What proteins are expressed by hemocytes directly participating in encapsulation reactions? Do susceptible and resistant snail hemocytes exhibit differential protein expression responses in the presence of encapsulated sporocysts? In order to address these questions we combined two powerful analytical methods, laser-capture microdissection (LCM) microscopy and nano-LC tandem mass spectrometry, to provide the first comparative proteomic analysis of schistosome-susceptible and—resistant hemocytes during active in vitro encapsulation of S. mansoni sporocysts.



MATERIALS AND METHODS


Ethics Statement

Mice were maintained in an AAALAC-approved animal housing facility (Charmany Instructional Facility, University of Wisconsin-Madison) using standard-of-care cage housing and feeding. All animal handling and experimental protocols were approved by the University of Wisconsin-Madison Institutional Animal Care and Use Committee (IACUC) under Animal Welfare Assurance No. A3368-01.



Maintenance of B. glabrata Snails

Two inbred laboratory strains of B. glabrata snails, the S. mansoni-susceptible NMRI and -resistant BS-90 strains, were used in the present study. Snails were maintained in 20-gal aquaria at 26°C under a 12 h light:12 h dark photoperiod and fed leaf-lettuce ad libitum supplemented with Tetramin® fish food and chalk.



Isolation of Miracidia and Sporocyst Preparation

Mice, infected with the NMRI strain of S. mansoni, were provided by the Biomedical Research Institute (Rockville, MD) under a NIAID contract to BEI Resources (Manassas, VA). At 7 weeks post-infection, mice were euthanized and necropsied for removal of livers and axenic egg isolation (36).

Miracidia were isolated under axenic conditions as previously described (36, 37) and placed into in vitro culture in 24-well tissue culture plates (Corning Costar, NY) containing Chernin's balanced salt solution (CBSS) (38) under normoxic conditions at 26°C. The CBSS was supplemented with penicillin (100 U/mL), streptomycin sulfate (0.1 mg/mL) and 1 g/L each of glucose and trehalose. Following miracidial transformation (24 h), primary sporocysts were maintained in culture for an additional 24 h at 26°C, after which they were washed 5 times in CBSS by gravity sedimentation to remove the shed epidermal plates and other cellular debris.



Hemocyte Preparation

Hemolymph (HL) from 120 B. glabrata snails (12–15 mm shell diameter) of each strain was removed by the headfoot retraction method (39). Briefly, prior to bleeding, snail shells were wiped with cotton swabs soaked in 70% ethanol and air dried, followed by carefully peeling back the shell to expose the headfoot region. A rapid poking of the tissue by forceps forced the headfoot to retract while extruding HL from the hemal pore. The HL was then collected by micropipettor using siliconized, sterilized tips, and dispensed onto a cold sterile glass plate for 15–20 s to allow for remove any shell debris or mucus before transfer to a sterile 15-mL conical centrifuge tube containing cold CBSS. The tube was kept on ice during HL collection, with the final HL: CBSS ratio after collection equaling ~1:1. All procedures outlined above for HL extraction were performed in a biosafety cabinet to minimize microbial contamination. Hemocyte concentrations of pooled samples were determined by Neubauer hemocytometer (318 ± 131 and 304 ± 56 cells/μL in BS-90 and NMRI, respectively).



Hemocyte-Sporocyst Cell-Mediated Cytotoxicity (CMC) Assay

The CMC assay was modified from that reported by Bayne et al. (8) and Hahn et al. (40). After adjusting cell concentrations for NMRI and BS-90 hemocyte preparations, HL was transferred to 1.5 mL siliconized, sterile microcentrifuge tubes containing approximately 100 in vitro transformed S. mansoni primary sporocysts. Each tube contained a cushion of 0.5% agarose dissolved in CBSS at its bottom to provide a substrate for hemocytes and sporocysts to interact. Tubes were centrifuged at 1,000 rpm (Eppendorf 5415D; Brinkmann Instruments, Westbury, NY) for 10 min to bring hemocytes into contact with the sporocysts at the bottom of tubes. The control groups consisted of introducing pooled HL to identical tubes containing agarose plugs, but in the absence of sporocysts. In this case, hemocyte aggregates, resembling larval encapsulations, spontaneously formed at the agarose surface. These were processed identically to larval-containing cell preparations.



Sample Collection and Cryosectioning

Hemocyte/sporocyst and hemocyte only cultures were incubated undisturbed for 18 h at 26°C under normoxic conditions. Following incubation, cell clumps (Figure 1A) were washed 5x with CBSS, transferred to cryomolds, and allowed to settled (Figure 1B). CBSS was then removed and replaced by the cryosectioning embedding medium, OCT (Lab-Tek Products, Naperville, IL) (Figure 1C), followed immediately by freezing on dry ice and storage at −80°C until sectioning. Frozen sections (10 μm thickness) of OTC-embedded NMRI and BS-90 hemocyte aggregates were cut using a Leica CM 1900 cryostat (Leica) at −28°C, placed on membrane-coated glass slides (Molecular Machines & Industries-MMI microslides, Haslett, MI) and maintained at −80°C before LCM. Slide-mounted cryosections were fixed in 70% EtOH for 30 sec, stained with Mayer's hematoxylin solution (30 s) (Sigma-Aldrich), wash 2x in Milli-Q water (15 s), and dehydrated in a graded EtOH series consisting of 70% (10 s), 2 × 95% (10 s), and 2 × 100% (10 and 30 s) absolute EtOH. The stained tissue sections were air-dried in a laminar flow hood for 15 min and then subjected to LCM.


[image: image]

FIGURE 1. Preparation of control B. glabrata hemocyte aggregates and hemocyte-encapsulated S. mansoni sporocysts for cryohistology. Hemocyte-sporocyst encapsulations (arrows) following larval-hemolymph coculture for 18 h and washing in CBSS (A); Isolated hemocyte samples placed in a cryo-mold (insert hemocyte-sporocyst aggregate) (B); Quick freezing of cellular encapsulations in OTC prior to cryosectioning (C).





Laser-Capture Microdissection (LCM)

LCM was used to separate and isolate hemocytes (Hc) from encapsulated sporocysts in order to enrich for Hc-associated proteins in Hc-sporocyst co-cultivation samples. The MMI CellCut® Nikon microscope (Molecular Machines & Industries, Haslett, MI) was used to image and microdissect encapsulating tissue. Using the MMI CellCut® software, regions of interest were selected in the tissue images (Figure 2A) and microdissected with a laser (Figures 2B,C). The dissected tissue sections were then collected in MMI IsolationCap® tubes for subsequent proteomic analysis. Approximately 3 × 106 μm2 of sectioned tissue per sample were collected with one experiment consisting of four sample collections: BS-90 Hc only (BS90), BS-90 Hc + sporocysts (BS90-SP), NMRI Hc only (NMRI), NMRI Hc + sporocysts (NMRI-SP). Two independent experiments were conducted, each consisting of fresh pooled hemolymph and a new batch of transformed sporocysts.
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FIGURE 2. Cryosection of in vitro hemocyte encapsulation containing S. mansoni sporocysts. Following location of encapsulated sporocysts (A; circled), hemocyte and sporocyst tissue sections were dissected by laser beam using LCM (B), and hemocyte tissue subsequently transferred to ISOLATION-CAP™ tubes (C) for protease digestion and MS processing (20x).





Proteomic Analysis

Sectioned microdissected tissue in microcap tubes were solubilized and protein denatured in 12 μL of a chaotropic detergent containing solution [6M Urea/0.5% ProteaseMAX™ surfactant (Promega Corp., Madison, WI) in 50 mM NH4HCO3 (pH 8.5)] for 1 min at 24°C then switched to 42°C for 10 min and subsequently diluted to 60 μL in a reduction step by addition of 2.5 μL of 25 mM dithiothreitol (DTT), 5 μL MeOH and 40.5 μL of 25 mM NH4HCO3 (pH 8.5). Samples were then incubated at 52°C for 15 min, cooled on ice to 22°C, followed by addition of 3 μL of 55 mM iodoacetamide for alkylation in the dark for 15 min at 22°C. Reactions were quenched by adding 6 μL of 25 mM DTT. Protease digestion was initiated by adding 4 μL of Trypsin/LysC solution [10 ng/μL Trypsin/LysC mix (Promega) in 25 mM NH4HCO3] and 27 μL of 25 mM NH4HCO3 (pH 8.5) to each sample tube for 2 h at 42°C, followed by the addition of 3 μL more of Trypsin/LysC solution and continued overnight digestion at 37°C. Reactions were terminated by acidification with 2.5% trifluoroacetic acid (TFA, Sigma-Aldrich) to 0.3% final concentration.

Digests were cleaned up using OMIX C18 SPE cartridges (Agilent Technologies, Palo Alto, CA) per the manufacturer's protocol and eluted in 10 μL of 70/30/0.1% acetonitrile (ACN)/H2O/TFA, dried to completion in a speed-vac centrifuge and finally reconstituted to 20 μL in 0.1% formic acid. Peptides were analyzed by nanoLC-MS/MS using an Agilent 1100 nanoflow system connected to a hybrid linear ion trap-orbitrap mass spectrometer (LTQ-Orbitrap XL, Thermo Fisher Scientific) equipped with a nanoelectrospray ion source. Chromatography of peptides prior to mass spectral analysis was accomplished using a C18 reverse-phase HPLC trap column (Zorbax 300SB-C18, 5 μM, 5 × 0.3 mm, Agilent Technologies) and capillary emitter column (in-house packed with MAGIC C18, 3-μM, 150 × 0.075 mm; Michrom Bioresources, Inc., Sacramento, CA) onto which 8 μL of digest was automatically loaded. A nanoHPLC system delivered solvents A (0.1% (v/v) formic acid) and B (95% (v/v) ACN, 0.1% (v/v) formic acid) at a rate of 10 μL/min to load the peptides (over 45 min) and 0.2 μL/min to elute peptides directly into the nano-electrospray with a continuous gradient from 0% (v/v) B to 40% (v/v) B over the next 145 min. This was followed by a fast gradient elution from 40% (v/v) B to 60% (v/v) B for 20 min and finally a 5 min flash-out from 50 to 95% (v/v) B. As peptides eluted from the HPLC-column/electrospray source, survey MS scans were acquired in the Orbitrap with a resolution of 100,000, and up to 5 most intense peptides per scan were fragmented and detected in the ion trap over the 300–2,000 m/z, with redundancy being limited by dynamic exclusion.



Bioinformatic Analyses

Raw MS/MS data were converted to mgf file format using the Trans-Proteomic Pipeline (http://tools.proteomecenter.org/software.php; Seattle Proteome Center, Seattle, WA). Resulting mgf files were used to search against concatenated B. glabrata and S. mansoni protein databases consisting of RefSeq non-redundant entries plus common lab contaminants and decoy entries for false discover rate (FDR) calculations (96,790 total entries) with cysteine carbamidomethylation as fixed modification plus methionine oxidation and asparagine/glutamine deamidation as variable modifications. Peptide mass tolerance was set at 15 ppm and fragment mass at 0.6 Da. Thermo Proteome Discoverer version 1.4.1.14 was used to integrate results from dual search engines (Sequest and Mascot) and Scaffold (version Scaffold_4.3.2, Proteome Software Inc., Portland, OR) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at >84.0% probability to achieve an FDR < 1.0% by the Scaffold Local FDR algorithm. Protein identifications were accepted if they achieved an FDR < 1.0% and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (41). Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. The complete raw dataset used in bioinformatics analyses of the hemocyte proteomic data are available as project #1492 available at chorusproject.org SMART (Simple Modular Architecture Research Tool) was employed to identify protein domains using normal mode, including outlier homologs and PFAM domains (http://smart.embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1). Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) (42) was used for multiple-sequence alignments. Unknown/uncharacterized/hypothetical proteins were subjected to BLASTp searches of the nrNCBI db (as of May 2018) to acquire related protein identifications. The entire experiment was performed twice on different dates using different pools of hemolymph and in vitro cultured sporocysts. The results generated in both experiments were combined into a single dataset to provide an overall assessment of the proteomic response of encapsulating hemocyte in the presence and absence of larval S. mansoni. The combined dataset from each snail strains was then subjected to pair-wise comparison (NMRI vs. NMRI-SP, BS-90 vs. BS-90-SP, and BS-90-SP vs. NMRI-SP) of unique and commonly-occurring proteins identified in each combination. All proteins identified as S. mansoni were removed from the analyses. Unique proteins (identified in only one of the pair) were further trimmed by removing all proteins with a total normalized spectral counts of <2. The remaining unique proteins were then identified and gene ontology analyses were performed using Uniprot. Similarly, proteins shared in common in each paired comparison were further processed by removing proteins with total normalized spectral counts of <4. In anticipation of analyzing these common proteins for potential differential expression, we verified that each experiment had comparable protein sample sizes using normalized spectral counts of actin (XP_013070997.1, XP_013083901.1, XP_013083930.1, XP_013083929.1) as a housekeeping protein. By comparing the average actin spectral counts identified within each proteomic database, we observed count differences ranging from 1.2 to 18% between paired samples (BS-90 vs. BS-90-SP: 18%; NMRI vs. NMRI-SP: 1.2%; and BS-90-SP vs. NMRI-SP: 7%). Given this range of sampling, for proteins shared in common between groups, a fourfold difference in total normalized spectral counts was imposed as a conservative cut-off for determining differential protein expression in pairwise treatment comparisons.




RESULTS AND DISCUSSION

In an effort to better understand the molecular events associated with the differences observed at the host-parasite interface of B. glabrata and S. mansoni, a proteomic analysis of hemocytes actively engaged in the encapsulation of S. mansoni primary sporocyst was conducted. A MALDI-MS/MS approach was undertaken to analyze the expressed protein profile of hemocytes of inbred resistant BS-90 and susceptible NMRI B. glabrata snail strains involved in the encapsulation of S. mansoni (NMRI strain) primary sporocyst. The main goal of the study was to show the differential expression pattern of proteins expressed in hemocytes during the encapsulation of S. mansoni sporocyst, and to compare the proteins expressed in hemocytes of these snail strains in order to provide a better understanding of the molecular events associated with the innate immune response of B. glabrata snails to early developing sporocysts. Using this comparative proteomics approach, a total of 1061 B. glabrata hemocyte proteins were identified from cellular capsules in the presence and/or absence (control) of in vitro co-cultured S. mansoni sporocysts. Although an additional 155 S. mansoni proteins were identified, the current study will focus on hemocyte responses during parasitic encapsulation. All identified B. glabrata and S. mansoni proteins are listed in Supplementary Table 1 and include normalized spectral counts per protein for each treatment. Raw MS proteomics data can be downloaded at the website address:

https://chorusproject.org/anonymous/download/experiment/defa50bf549a41dda7a156928ca0a03f under project reference number 1492.


Proteomic Response of Hemocytes to Encapsulated Sporocysts

Hemocytes of both the NMRI and BS-90 B. glabrata strains readily encapsulated S. mansoni sporocysts (SP) in vitro forming cellular aggregation of various sizes (Figures 1A,B). In the absence of sporocysts (controls), hemocytes of both snail strains also spontaneously formed cellular capsules of similar size and number as corresponding co-cultures. This design permitted simultaneous comparisons of expressed hemocyte proteins between snail strains in the presence and absence of sporocysts. As shown in Venn diagrams (Figure 3), following application of filtering criteria, the numbers of unique and common hemocyte proteins identified in control/sporocyst (NMRI/NMRI-SP, BS90/BS90-SP) and sporocyst/sporocyst (NMRI-SP/BS90-SP) combinations for each snail strain are presented. Table 1 highlights a list of selected identified unique proteins of particular interest in this study and are designated as presence (+), absence (−) or presence, but below the defined threshold cutoff (+/−) for each host/parasite comparison listed above. Similarly, proteins found to be shared in common among all compared treatments and strains, and presenting with a 4-fold difference in total normalized spectral counts, are listed in Tables 2–4.
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FIGURE 3. Venn diagrams illustrating the number of unique proteins and proteins shared in common between (A) NMRI control (NMRI) and NMRI-sporocyst (NMRI-SP) encapsulations; (B) BS-90 control (BS90) and BS-90-sporocyst (BS90-SP) encapsulations and (C) sporocyst encapsulations by NMRI and BS-90 B. glabrata hemocytes (NMRI-SP and BS90-SP).





Table 1. Unique hemocyte proteins of interest identified in paired comparisons of susceptible (NMRI) and resistant (BS90) strains of B. glabrata in the presence and absence of S. mansoni sporocysts (SP) (NMRI vs. NMRI-SP; BS90 vs. BS90-SP; NMRI-SP vs. BS90-SP).
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Table 2. Proteins shared in common between control NMRI and sporocyst-encapsulating (NMRI-SP) hemocytes that present at least a 4-fold difference in total normalized spectral counts.
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Proteomic Response of Susceptible (NMRI) Snail Hemocytes to Encapsulated Sporocysts

In the susceptible NMRI strain of B. glabrata, 680 hemocyte proteins were shared between the control and sporocyst-encapsulated groups, while 94 proteins were unique to the NMRI-control group and 13 to the NMRI-SP group (Figure 3A). Of the hemocyte proteins shared in common, 47 showed at least a 4-fold difference between control and sporocyst encapsulations. Of these 47 common proteins, the vast majority (43/47; 91%) exhibited a striking reduction in specific proteins in the presence of sporocysts, suggesting a downregulation of expression in susceptible snail cells in response to parasite exposure (Table 2). This parasite-associated decrease in NMRI hemocyte protein expression is also mirrored in the number of unique proteins identified in control (94 proteins) compared to sporocyst (13 proteins) encapsulations.

The majority of proteins (4-fold and unique) observed to be down-regulated in presence of parasites appears to involve protein synthesis/trafficking, metabolism, cell signaling, or oxidation-reduction (redox) activities (Table 2), all of which may have implications for an impaired immune capability. Among the down-regulated NMRI hemocyte proteins identified as potentially involved in immune-related functions in the presence of encapsulated sporocysts include the following: LPS binding protein (LBP), an antimicrobial protein capable of interacting with the larval tegument and secretions (43); apolipophorin, an immune-stimulating molecule in insects (44), found to be downregulated in snails exposed to microbial antigens (LPS, FCN, PGN) (45); and sequestosome 1/p62, a protein involved in various mechanisms, including apoptosis, innate immunity and autophagy (46). In addition to binding ubiquinated proteins for basal cellular autophagy, p62 may also target intracellular pathogens for degradation through a p62-dependent selective autophagy mechanisms and participate in host defense. For example, in murine macrophages, activation of this selective autophagic mechanism by LPS-triggered TLR4 requires upregulation of p62 expression, suggesting a role of p62 in innate immune responses to pathogens (47). Of relevance here, TLRs have been implicated in B. glabrata-S. mansoni interactions as demonstrated by a differential increase in BgTLR protein levels associated with snail strains exhibiting resistance to S. mansoni (32). Our finding that p62/sequestosome1 is dramatically decreased in NMRI-SP capsules, suggests an impairment of hemocyte p62-mediated selective autophagy by a parasite-induced targeting of p62. A similar disruption of p62 has been postulated as a survival mechanism by some pathogens (46).

By contrast, 4 immune-related NMRI hemocyte proteins exhibited an increase in expression in the presence of parasites: An uncharacterized protein, containing a N-terminal death domain of interleukin-1 receptor-associated kinases (IRAK) followed by a catalytic domain of the serine/threonine kinases, argonaute 18, bactericidal permeability increasing protein (BPI) and arginase 1. Although uncharacterized, the presence of the death-domain of IRAK and serine/threonine kinase suggests this protein belongs to the IRAK superfamily, with a potential involvement in the Toll pathway (48). The presence of argonaute 18 suggests the involvement of small RNAs, possibly in gene expression regulation via RISC (RNA-induced silencing complex). B. glabrata snails (Belo Horizonte strain) exposed to S. mansoni exhibited an upregulation of argonaute gene expression at 24 h post-infection, consistent with our current proteomic data (49). Our observed increase in BPI, a pattern recognition protein known to bind to lipopolysaccharides of Gram-negative bacteria (50), in hemocytes of both NMRI and BS-90 snails participating in larval encapsulations is in contrast to a reported decrease in BPI transcript response to the echinostome Echinostoma caproni in resistant B. glabrata (51), suggesting a potential pathogen specificity for BPI expression between S. mansoni-resistant B. glabrata strains. Finally, the finding that arginase1 expression is highly increased in the presence of sporocysts in susceptible host capsules may be of functional significance. Arginase is known to inhibit the production of NO by directly competing with nitric oxide synthase (NOS) for L-arginine (substrate), resulting in reduced levels of larval-killing NO production (52). Therefore, a parasite-induced triggering of hemocyte arginase production, as shown in the present study, may be serving as an anti-immune survival mechanism by creating a detoxified cellular microenvironment for encapsulated sporocysts.

Although proteins involved in redox reactions were found to be mostly down-regulated in presence of parasites (3-oxo-5-alpha-steroid 4-dehydrogenase 1; NADPH-cytochrome P450 reductase; peroxidasin; glutaredoxin-3; ferric-chelate reductase 1), two others, cytochrome c oxidase (Cyt c) and succinate dehydrogenase (ubiquinone-containing complex) exhibited increased protein expression. Cyt c and ubiquinone are part of the mitochondrial electron transport chain that, in addition to generating ATP, also are involved in the production of ROS. However, it is not known whether metabolically-generated ROS from this source may be serving a host immune effector role. More likely, the increased expression of these proteins probably reflects an enhancement of metabolic stress of host cells in response to sporocysts.

Overall, hemocytes of susceptible NMRI snails in the presence of S. mansoni sporocysts appear to have 2 distinct responses: A general down-regulation of proteomic activity across various protein groups, and a discrete increase of selected proteins, suggesting that different mechanisms potentially may be initiated either by the host or parasite. Although ROS, BPI and the death domain-IRAK containing protein increases are likely to be initiated by the host in response to a pathogen invasion, the increase of arginase, and with it, a resulting decrease in toxic NO production, or the general protein knockdown observed in NMRI hemocytes, could be a direct result of host modulation by the parasite to favor its own survival.



Proteomic Response of Resistant (BS-90) Snail Hemocytes to Encapsulated Sporocysts

As a result of proteomic analysis of BS-90 hemocyte capsules, 696 proteins were identified as shared in common between unexposed (BS90) and S. mansoni sporocyst-encapsulated (BS90-SP) hemocyte groups, while 35 and 32 unique proteins were identified in BS90 and BS90-SP hemocyte samples, respectively (Figure 3B). Similar to the NMRI treatment groups, 44 of the identified common proteins met the 4-fold minimum threshold difference (Table 3). However, in contrast to susceptible snail hemocytes, approximatively the same number of sporocyst-encapsulating BS-90 cell proteins were observed to be up and down-regulated in categories such as protein processing, metabolism, signaling, redox or immune-related proteins, with 59% of the proteins exhibiting a 4-fold decrease in presence of parasite.



Table 3. Proteins shared in common between control BS90 and sporocyst-encapsulating (BS90-SP) hemocytes that present at least a 4-fold difference in total normalized spectral counts.
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Contrary to the near complete shutdown of protein processing/metabolism in larval-encapsulating NMRI hemocytes, we observed an increase in 40S ribosomal proteins and others involved in mRNA/tRNA processing in BS-90 capsules indicating a marked enhancement of cellular translation processes in response to contact with encapsulated larvae (Table 3). By contrast, members of the argonaute family proteins (piwi and argonaute2), potentially involved in gene expression regulation via mi/piRNA were decreased in presence of sporocysts, suggesting a decrease in transcription mechanisms. Apoptosis also appears to be downregulated with a decrease in apoptosis-inducing factor 3, and a concurrent increase in an anti-apoptotic protein (acidic leucine-rich nuclear phosphoprotein 32), suggesting an overall reduction of the apoptosis mechanism in presence of parasites. Host modulation of hemocyte apoptosis in response to direct contact with the parasite, would likely prevent premature cell death in effector hemocytes thereby sustaining a more effective immune response. Interestingly, like NMRI hemocytes, sequestosome 1/p62 also was sharply down-regulated in sporocyst-encapsulated BS-90 cells (Table 3) suggesting that, although clearly a response to larval contact, hemocytes apparently do not require this protein for their cytotoxic activity. Upregulation of other immune-related genes such as T-complex protein 1, BPI (Table 1) and N-acetylgalactosamine kinase, involved in GalNAc binding interactions (Table 3) would be consistent with a functioning immune system.

The snail's redox system plays a central role, not only in maintaining the host's own redox balance, but as a primary effector response against larval helminths through production of ROS and reactive nitrogen species (RNS) (53). In response to sporocysts, encapsulating BS-90 hemocytes exhibited both up- and down-regulation of redox proteins. Those showing significant decreases include glutathione S-transferase (GST) 7, ferric-chelate reductase 1, aldehyde dehydrogenase family (Table 3), as well as glutarate-semialdehyde, isocitrate dehydrogenase and microsomal GST 3 found expressed as unique proteins (Table 1). However, down-regulation of these redox-related proteins is countered by increases in hydrogen peroxide-generating dual oxidase and phytanoyl-CoA dioxygenase 2 (Table 3), and uniquely expressed Cu-Zn superoxide dismutase (SOD1), D-arabinono-1,4-lactone oxidase and laccase-3 in the presence of parasites (Table 1). Dual oxidase, a transmembrane protein and member of the NADPH oxidase family, produces ROS, specifically hydrogen peroxide (54). Proteins similarly involved in H2O2 production include the peroxisomal enzyme, phytanoyl-CoA dioxygenase, SOD 1, and D-arabinono-1,4-lactone oxidase. Laccase3 is a phenoloxidase-related enzyme known to be active in B. glabrata hemolymph (55) and involved in molluscan immune defenses (56). The involvement of ROS in mediating killing of S. mansoni sporocysts is well-documented (53), as is the association of SOD1 gene expression with snail resistance to larval schistosome infection (57). Our finding that ROS-associated enzymes are upregulated in resistant snail hemocytes during encapsulation reactions is consistent with these reported observations.

Overall, the proteomic response of BS-90 snail hemocytes to the presence of sporocysts appears to be more balanced than in the susceptible snails in terms of maintaining metabolic functions, while at the same time mounting a potentially robust immune response against encapsulated larvae through upregulated expression of both shared and unique proteins associated with cellular metabolism and various immune functions.



Host Strain Comparison of NMRI and BS-90 B. glabrata Hemocyte Responses to Sporocysts

Paired comparison of the proteomic responses of B. glabrata strains to the presence of S. mansoni sporocysts (NMRI-SP vs. BS-90-SP) revealed 76 unique proteins in the BS90-SP group, 29 unique proteins in NMRI-SP group and 642 commonly expressed proteins (Figure 3C). A total of 39 proteins shared between the two strains, presented a minimum of 4-fold differences. A large majority of these proteins (9/39, 77%) were found to be decreased/downregulated in NMRI-SP compared to BS90-SP suggesting either a suppressive parasite effect on the susceptible snail host and/or an enhanced response by the resistant host strain to encapsulated parasite (Table 4). As for unique proteins of interest, all of those found earlier in BS90-SP capsules when compared to BS-90 controls were also uniquely present in BS90-SP when compared to NMRI-SP, suggesting either a lack/delay in the recognition of, or response to, sporocysts by NMRI hemocytes at this time point and/or a parasite-mediated suppression exclusively in hemocyte of the NMRI snail strain. In total, we observed 30 proteins uniquely expressed in BS90-SP compared to NMRI-SP that appear to be constitutively present in hemocytes of the BS-90 B. glabrata strain, which could be an important contributing factor to earlier parasite recognition/response in resistant snails.



Table 4. Proteins shared in common between sporocyst (SP)-encapsulating hemocytes of susceptible NMRI and resistant BS90 B. glabrata that present at least a 4-fold difference in total normalized spectral counts.
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Among those specific proteins with reduced expression in NMRI-SP compared to BS-90-SP, a high proportion were associated with immune, redox and cell signaling functions. For immune-related proteins, those exhibiting decreased expression include LPS binding protein (LBP), syntenin1, and lysosomal alpha-mannosidase (Table 4), as well as uniquely identified perilipin 2, BPI protein, and fibrinogen-related protein A precursor (FREP A precursor) (Table 1). As previously mentioned, LBP from snail plasma has been found to interact with the tegument and secretions of S. mansoni sporocysts (43) and therefore, differences may reflect lower NMRI plasma LBP concentrations and/or decreased hemocyte LBP synthesis. Syntenin 1 is an adapter protein, containing PDZ (postsynaptic density, discs large, zona-occludens) domains, allowing for multiprotein complex assembly (58) involved in various mechanisms including apoptosis regulation (eukaryotic translation initiation factor 5A) and immunity (alpha-2-macroglobulin) (59, 60). Alpha-mannosidase-like is a lysosomal hydrolase that, similar to other known hydrolases in B. glabrata hemolymph (61), can be released from hemocytes to degrade pathogen-associated glycans (62), while peripilin 2, a component of lipid droplets (LD), may potentially be involved in immune reactivity to microbial pathogens as shown in Aedes mosquitoes (63).

FREP A precursor protein, which presents a 96% identity with FREP 2.1, was found constitutively expressed solely in hemocytes of the BS-90 resistant strain. FREPs represent a diverse group of lectin PRRs (27, 64) that are closely linked to the snail's immune response against larval S. mansoni (65). Consistent with our current data, FREP2 transcripts were found to be dramatically increased following S. mansoni exposure of BS-90, but not susceptible M-line, snails (66). Although FREP2 is present in the plasma of both susceptible and resistant B. glabrata strains, and is reactive with glycoproteins [e.g., polymorphic mucins (67)] of larval S. mansoni, our finding of these immune proteins in BS90/BS-90-SP hemocyte capsules, but not those of NMRI/NMRI-SP, suggests a specific interaction of a FREP2 subfamily variant with BS-90 hemocytes during cell-cell or cell-parasite aggregation.

Similarly, we observed numerous redox proteins that were reduced or downregulated in NMRI-SP capsules when compared to those of BS90-SP, including SOD1, thioredoxin reductase 1, GST4, dual oxidase, laccase 3 and hemoglobins 1 and 2. H2O2 and NO production have previously been shown to be critical to in vitro killing of S. mansoni sporocysts in the snail (53). Hemocyte SOD1, especially important as it catalyzes the conversion of [image: image] to H2O2 during encapsulation, has been shown to have differential activity and transcriptomic levels according to the resistance/susceptibility of selected snail strains (57). Similarly, dual oxidase and laccase 3, as described in the previous section, also are involved in H2O2 production and phenoxidase activity, respectively, thereby contributing to the innate immune defenses in the host (56). Thioredoxin1 (TRX1) and GST4 are antioxidants likely contributing to cellular redox homeostasis that would be required by the hemocytes to regulate their own production of ROS in response of the parasite, thereby preventing intracellular damage while also engaging in cytotoxic activities. In NMRI-SP encapsulations, a similar homeostatic mechanism may not be required since NMRI hemocytes were not found to release as much ROS in presence of parasites. GST was previously reported to be upregulated in snails exposed to sublethal doses of molluscicides, suggesting a stress-related response more than a specific immune response to a pathogen (68).

One explanation for the comparatively weak response of encapsulating NMRI hemocytes to sporocysts is that susceptible snail strains are, in general, immunologically inferior to the resistant strains. However, previous studies have shown that a single strain of B. glabrata can be both susceptible to one strain of S. mansoni while at the same time resistant to a different S. mansoni strain (34, 35), indicating that parasite infectivity factors are equally important in determining host-parasite compatibility as the genetic makeup of the snail host (2–4). This also holds true for snails confronted with other non-schistosome pathogens. For example, Echinostoma paraensei has been shown to infect both R and S strains of B. glabrata (66, 69), while bacterial pathogens Paenibacillus (70) and Vibrio parahaemolyticus (71) infect all exposed B. glabrata strains regardless of their schistosome-susceptibility status. This strongly suggests that the S and R phenotypes exhibited by these model B. glabrata/S. mansoni systems are host/parasite strain-specific, and generalizations as to their immune status or susceptibility to other pathogens cannot be made.

Finally, we demonstrated that NMRI and BS-90 snail hemocytes, irrespective of the presence or absence of sporocysts, consistently differed in their levels of hemoglobins (Hb)1 and 2, with BS-90 capsules containing more protein (based on fourfold higher total normalized spectral counts) than NMRI (Supplementary Table 2). This difference is most likely due to different levels of plasma Hb binding to hemocytes (72) and/or sporocysts (73, 74), and not due to the synthesis and differential expression by encapsulating cells. The immune-relevance of hemocyte-bound Hb is presently unclear. However, it has previously been demonstrated that snail Hb was toxic to schistosome sporocysts in vitro (75) and that reactions of Hb-conjugated Fe2+ with NO can lead to the generation of peroxynitrites, a powerful RNS with potential pathogen killing capacity (76). Recently, a role for Hb2 as a parasite immune “sensing” protein has been postulated (74), thereby opening up the possibility that higher constitutive levels of cell-bound Hb (as shown in the present study) may contribute to an early response/killing by resistant BS-90 snail hemocytes in this model system. In addition to Hb, other B. glabrata plasma proteins with sporocyst membrane-binding activity (43, 67) were found to be associated with capsular hemocytes including several with known or proposed immune function: LBP, fibrinogen-like protein A (FREP 2.1), FREP F precursor, alpha-amylase and an actin2 protein (4, 50, 64, 67, 74). Although hemocytes themselves may be the source of these proteins, it is more likely that they are of plasma origin and possess hemocyte and/or sporocyst binding activity.

In summary, we have investigated the proteomic response of B. glabrata hemocytes during in vitro encapsulation of S. mansoni sporocysts by comparing the proteomic profiles of reactive hemocytes both within and between susceptible and resistant snail strains. In the susceptible NMRI B. glabrata strain, we observed a dramatic downregulation of proteins during parasite encapsulation, many of which are related to immune, redox and autophagic function. Of the few upregulated proteins, one (arginase 1) appeared to be induced by the parasite to favor its survival during encapsulation. A more balance proteomic response was exhibited by resistance BS-90 snails, supporting a more robust immune capacity. These included several mechanisms involved in parasite killing such as an upregulation of proteins associated with H2O2 production (SOD1, dual oxidase) and antioxidants to counter intracellular oxidative damage to hemocytes. Interestingly, the NMRI/BS-90 strain comparison highlighted the potential importance of hemocyte proteins constitutively expressed in the resistant snails, but absent in the susceptible strain. These included FREP2, mannosidase and a potential NO-dependent role of hemoglobin in the resistant snail. The constitutive presence of these, and other larval-responsive, immune-related proteins provide important insights into effector mechanisms of encapsulating hemocytes that characterize the resistance phenotype in this model host-parasite system.
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Supplementary Table 1. : Biomphalaria glabrata hemocyte proteins identified in two replicate experiments. Each entry lists the identified protein, NCBI accession number, molecular weight and normalized spectral counts for each treatment: control hemocyte capsules (BS90, NMRI), hemocyte capsules with sporocysts (BS90-SP, NMRI-SP). Numbers 1 and 2 (e.g., BS90 1) represent the first and second independent replicate, respectively.

Supplementary Table 2. : List of proteins showing high identities to Biomphalaria glabrata hemoglobins (Hb) 1 or 2. NCBI accession numbers and molecular weights are listed for each entry (NMRI, NMRI-SP, BS90, BS90-SP) with their corresponding total normalized spectral counts. Initial protein identifications were returned as “uncharacterized protein.” However, subsequent BlastP searches of these sequences revealed highest identities to B. glabrata Hb 1 and 2.
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Schistosomiasis (bilharzia) is a parasitic helminth disease that can cause severe inflammatory pathology leading to organ damage in humans. Failure of the host to regulate egg-driven granulomatous inflammation causes host morbidity during chronic infection with Schistosoma mansoni. Although the importance of B cells in regulating pathology during chronic infection has been well defined, the specific contribution of IL-4Rα-expressing B cells is still unknown. To address this, we examined B cell-specific IL-4Rα-deficient (mb1creIL-4Rα−/lox) mice in three experimental models of schistosomiasis: high-dose (100 cercariae), low dose (30 cercariae), and a synchronous egg challenge. In the high dose model, we found that mice deficient in IL-4Rα-expressing B cells were more susceptible to acute schistosomiasis than B cell-deficient (μMT) mice, succumbing to infection at the acute stage whereas μMT mice survived until the chronic stage. An S. mansoni egg challenge model demonstrated that deleting IL-4Rα expression specifically on B cells resulted in increased lung granulomatous pathology, suggesting a role for this B cell subset in controlling granulomatous pathology. In agreement with this, a low dose model of schistosomiasis—which mimics the course of clinical chronic disease—demonstrated that depleting IL-4Rα-expressing B cells in mb1creIL-4Rα−/lox mice considerably impaired the host ability to down-modulate granulomatous inflammation in the liver and gut during chronic schistosomiasis. Taken together, our findings indicate that within the B cell compartment, IL-4Rα-expressing B cells in particular down-modulate the deleterious egg-driven tissue granulomatous inflammation to enable host survival during schistosomiasis in mice.

Keywords: schistosomiais, B cells, pathology, IL-4RA, chronic infection


INTRODUCTION

The ability of B cells to drive host protective defense mechanisms during parasitic infections has received a lot of attention of late. Studies from over two decades ago utilized B cell deficient mice (μMT) that were generated by targeting the IgM transmembrane domain, resulting in the impairment of the B cell compartment. B cell-deficient mice were found to be susceptible to schistosomiasis, succumbing to infection at the chronic stage of disease, and displaying augmented liver granulomatous pathology (1, 2). Moreover, B cells have been shown to be crucial for the development of host protective effector and memory CD4+ T cells responses to Pneumocystis lung infection (3). In contrast, B cells are dispensable for driving host protective immunity to infection with the intracellular parasite Leishmania major (L. major), with B cell-deficient mice developing intermediate resistance to the infection between Balb/c and C57BL6 mice (4).

The general contribution of B cells to host immunity against infection is well established, and recent studies focus on specific subsets of B cells and B cell-derived effector molecules. A pioneering study by Harris et al. classified B cells into two effector subsets: B effector 1 (Be1) cells that secrete IFN-γ, IL-12p40, and TNF-α under the control of the transcription factor T-bet (5, 6) and B effector 2 (Be2) cells that produce low IL-4, IL-13, and IL-2 after receiving instruction from IL-4, IL-4Rα, and Th2 cells (5, 7, 8). The latter subset was identified in vitro and in vivo after infection with H. polygyrus. We have recently shown that IL-4-producing B cells influence T helper cell dichotomy within the first 3 days of infection in the lymph node, which leads to a host protective type 2 immune response during acute schistosomiasis but is detrimental to the host during cutaneous leishmaniasis caused by L. major (9). Moreover, B cell-derived IL-2, and TNF-α are crucial for clearance of Heligmosomoides polygyrus (H. polygyrus) worms, development of CD4+ T cells secreting IL-4 and generation of type 2 antibody responses (10). Another key molecule derived from B cells that is crucial for the development of robust host defense mechanisms is the MHCII molecule, and mice carrying a specific deletion of MHCII on B cells failed to clear H. polygyrus infection and exhibited impaired humoral and cellular immunity (10).

Schistosomiasis is an important parasitic disease that affects more than 200 million people worldwide and is estimated to cause approximately 280 000 deaths per year in sub-Saharan Africa alone (11–14). The disease is caused by trematode flukes of the genus Schistosoma; mainly, Schistosoma mansoni (S. mansoni), S. japonicum and S. haematobium, which are infective to humans (11–13). The disease is driven by the thousands of eggs that become trapped in host tissues such as the liver, kidneys and intestines, triggering a robust immune-mediated granulomatous inflammation. This causes local and systemic manifestations like anemia, growth stunting, impaired cognition, hepatosplenomegaly, periportal fibrosis, urogenital inflammation, and scarring that ultimately lead to host morbidity and eventual death in some severe cases (11). The immune response is characterized by a triphasic kinetic, with phase 1 dominated by a Th1 response induced by worm antigens, phase 2 (acute stage) characterized by an egg-driven, highly polarized Th2 granulomatous response, and immunomodulatory responses occurring in phase 3 (chronic stage) (15, 16).

Earlier studies aimed at elucidating the immunological factors driving host protective immunity to schistosomiasis took advantage of constitutive gene-deficient mouse models. These studies demonstrated that T and B cells (17–21) and Th2 effector molecules (IL-4, IL-13, IL-10, IL-4Rα, STAT-6) are crucial for conferring host protective immunity to infection (22–31). In our laboratory, we have looked in more detail at the cell-specific requirements of IL-4Rα in driving host survival during S. mansoni infection. We have found that IL-4Rα signaling on macrophages and neutrophils (32), smooth muscle cells (33), and pan-T cells (34) individually contribute to driving host protective immunity and down-modulating excessive tissue pathology during acute schistosomiasis.

For the host to survive the chronic stage of S. mansoni infection, the dominant Th2 immune response driven by the eggs needs to be down-regulated to enable the host to control the fibrogranulomatous damage (1, 35–40). Immuno-suppressive CD8+ T cells (36), cross-regulation by cytokines produced by Th1 or Th2 cells (26, 37, 38) and FcR signaling on B cells (1, 2) have all been implicated in the immunomodulatory mechanisms required to ameliorate tissue pathology during chronic schistosomiasis. The immunomodulatory role of B cells was accidentally demonstrated in a study that targeted IL-10R using antibodies and found that B cells were depleted in the liver with a consequent augmented pulmonary granulomatous pathology during chronic schistosomiasis (41).

In this study, we investigated the immunomodulatory role of IL-4Rα expressing B cells during schistosomiasis. Using transgenic mice that lacked IL-4Rα expression on B cells (mb1creIL-4Rα−/lox), we showed that mice lacking this subset of B cells are susceptible to schistosomiasis, succumbing to disease earlier than both littermate controls and global B cell deficient mice. We found that the lack of IL-4Rα expressing B cells resulted in augmented granulomatous pathology in the liver and gut, and a profound inflammatory response characterized by increased concentrations of IL-4, IL-5, IL-6, IFN-γ, and IL-17 at the later stages of chronic schistosomiasis infection. Finally, in situ analysis revealed that mice lacking B cell-specific IL-4Rα expression failed to down-regulate granulomatous lung pathology after synchronous S. mansoni eggs challenge. Taken together, these findings demonstrated that IL-4Rα expressing B cells play a crucial immunomodulatory role that limits T cell responses and granulomatous tissue pathology during chronic schistosomiasis.



RESULTS


Mice Lacking IL-4Rα Expressing B Cells Are More Susceptible to Schistosomiasis Than B Cell-Deficient Mice

A previous study showed that mice deficient in B cells displayed heightened susceptibility to schistosomiasis at the chronic stages of infection (1, 2). Moreover, we have recently shown that mb1creIL-4Rα−/lox mice, which lack IL-4Rα expression specifically on B cells, are highly susceptible to acute schistosomiasis and display increased hepatocellular damage (9). To investigate whether IL-4Rα expressing B cells contribute to the B-cell mediated host resistance to schistosomiasis, we infected mb1creIL-4Rα−/lox, μMT and IL-4Rα−/lox mice with 100 live S. mansoni cercariae and monitored them over a 13 weeks period. Mb1creIL-4Rα−/lox mice began to die at 7 weeks post-infection and they had all succumbed to infection by 10 weeks post-infection compared to littermate control mice that had 50% survival at the same time point (Figure 1A). In contrast, B cell-deficient (μMT) mice displayed delayed susceptibility when compared to Mb1creIL-4Rα−/lox mice, with mice surviving the acute stage of infection (Figure 1A). However, during the chronic stage of infection, B cell deficient mice had a drastic increase in mortality rate, with 50% of mice succumbing to infection within the same week (Figure 1A). Taken together, these data suggest that the specific deficiency of IL-4Rα expressing B cells is equally if not more deleterious to the host than the general lack of B cells during acute schistosomiasis.
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FIGURE 1. Mice lacking IL-4Rα expressing B cells succumb to schistosomiasis by 10 weeks post-infection. IL-4Rα−/lox, mb1creIL-4Rα−/lox and μMT mice were infected with 100 S. mansoni cercariae and monitored weekly. (A) Survival kinetics of mice infected with S. mansoni (n = 8–10 mice). Survival curves were compared using Logrank test. *p < 0.05 and **p < 0.01 vs. IL-4Rα−/lox mice. (B) Granuloma area measured by microscopic analysis of formalin-fixed liver sections after H&E staining. (C) Liver fibrosis measured as hydroxyproline content normalized to tissue egg numbers (mean ± SEM, n = 4–6). (D) Cytokine production by total mesenteric lymph node cells restimulated with either SEA. (E) Cytokine production by total mesenteric lymph node cells restimulated with α-CD3 (mean ± SEM, n = 8–10 mice). Data are representative of two independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. IL-4Rα−/lox mice.



Liver granuloma formation was compared between mb1creIL-4Rα−/lox mice and μMT mice at 7 weeks post S. mansoni infection. As observed previously, B cell-specific IL-4Rα deficient mice had augmented granuloma size compared to littermate control mice (Figure 1B). However, the granulomas from B cell deficient mice were larger than the granulomas from B cell-specific IL-4Rα deficient mice (Figure 1B). In fact, B cell deficient mice developed granulomas that were almost twice the size of those from littermate IL-4Rα−/lox mice (Figure 1B) confirming a central role for B cells in the control of the host granulomatous response during schistosomiasis. However, livers from μMT mice contained almost double the concentration of hydroxyproline than both the mb1creIL-4Rα−/lox and littermate control mice during the acute phase of infection, indicating increased hepatic fibrosis in the absence of total B cells but not specifically IL-4Rα expressing B cells (Figure 1C). These data suggest that whereas IL-4Rα expressing B cells contribute to the control of the liver granulomatous response during schistosomiasis, other unidentified B cell subset(s) is(are) similarly important. Intriguingly, however, our findings also indicate that B cells mediate the down-regulation of hepatic fibrosis in this context independently from IL-4Rα expressing B cells.

We further restimulated MLN cells from infected mice with either Schistosoma egg antigen (SEA) or α-CD3 in vitro and measured cytokine production by ELISA. In accordance with our recent report (9), cells from mb1creIL-4Rα−/lox mice failed to produce the Th2 cytokines IL-4, IL-5, and IL-10 in response to antigen-specific stimuli compared to littermate control mice (Figure 1D). Similarly, cells from μMT mice stimulated with SEA failed to produce IL-4 and IL-10 although the levels of IL-5 were the same as those in littermate control mice (Figure 1D). Conversely, mitogenic stimulation of cells from μMT mice triggered a substantial release of IL-10 and IFN-γ while the production of IL-4 was diminished compared to littermate control mice (Figure 1E). Finally, in comparison to littermate control mice, cells from B cell-specific IL-4Rα deficient mice showed defects in the production of IL-4 and IL-5 while the production of IL-10 and IFN-γ was unaltered after restimulation with α-CD3 (Figure 1E). In as much as our data unveil a differential immune responsiveness between cells from μMT and mb1creIL-4Rα−/lox mice when compared to littermate control IL-4Rα−/lox mice, they demonstrate a similar need for total B cells and IL-4Rα expressing B cells in driving the development of optimal Th2 responses during S. mansoni infection in vivo.

To explore the impact of IL-4Rα deficiency on B cells on the differentiation and cytokine production by CD4+ T cells during infection, single cell suspension was prepared from MLN and cells were stained for flow cytometry analysis. There was no significant difference in the absolute number of CD3+CD4+ T cells present in the MLN in all mutant mouse strains (Figure S1A). However, the lack of IL-4Rα expression on B cells significantly hindered the differentiation of CXCR5+ TFH cells (Figure S1B) and effector CD4+ T cells (CD4+CD44hiD62Llo, Figure S1C) compared to littermate control mice. Similarly, B cell deficient mice exhibited reduced numbers of CXCR5+ TFH cells and effector CD4+ T cells compared to littermate control mice (Figures S1B,C). Examination of intracellular cytokine production by CD4+ T cells restimulated with PMA/Ionomycin ex vivo revealed that abrogation of IL-4Rα expression on B cells results in reduced production of Th2 cytokines IL-4 and IL-13 albeit IFN-γ production was not altered compared to control mice (Figure S1D). Likewise, CD4+ T cells from μMT mice failed to produce Th2 cytokine IL-4 and IL-13 after ex vivo restimulation with PMA/Ionomycin compared to littermate control mice (Figure S1D). Therefore, IL-4Rα expression on B cells is crucial for differentiation of CD4+ T cells and generation of CD4+ Th2 immunity.

B cells have been shown to produce cytokines in response to antigen-specific stimulation or in vivo during infection (13). To explore the ability of IL-4Rα deficient B cells to produce cytokines during S. mansoni infection, single cell suspension was prepared from MLN and cells restimulated with PMA/Ionomycin before intracellular cytokine detection by flow cytometry analysis. The absolute number of CD19+B220+ B cells was comparable between both mutant strains (Figure S1E). However, the total number of follicular B cells (B220+CD21hiCD23hi) was significantly reduced in mb1creIL-4Rα−/lox mice (Figure S1F), while the number of marginal zone B cells was significantly increased compared to littermate control mice (Figure S1G). We observed a general abrogation of cytokine producing B cells in B-cell-specific IL-4Rα-deficient mice compared to littermate control mice (Figure S1H). Therefore, these data suggests that B cell-specific IL-4Rα expression is required for initiating expression of type 1 and type 2 cytokine during helminth infection.



IL-4Rα Expressing B Cells Are Required for Containment of Granulomatous Pathology During Chronic Schistosomiasis

To further assess the suggested importance of IL-4Rα expression on B cells for the down-regulation of S. mansoni egg-driven fibrogranulomatous inflammation, we performed a low dose infection of mb1creIL-4Rα−/lox mice (30 live S. mansoni cercariae) and killed mice at 16 (chronic) and 24 (advanced chronic) weeks post-infection to analyse tissue pathology and immune profiles of chronically infected mice. We did not observe any significantly different mortality between the mutant strains during the entire course of chronic S. mansoni infection (Table S1). Mice lacking IL-4Rα expressing B cells had significantly enlarged granulomas in the liver at both 16 and 24 weeks post-infection compared to littermate control mice (Figures 2A,E). Interestingly, although the levels of serum IL-4 were significantly reduced in infected mb1creIL-4Rα−/lox mice at 16 weeks post-infection, the levels of IL-4 were almost 3-fold higher in mice lacking IL-4Rα expressing B cells at 24 weeks post-infection (Figure 2B). Analysis of the cytokine profile produced by total MLN cells restimulated with 20 μg/ml of α-CD3 revealed that the production of IL-10 was significantly decreased in mb1creIL-4Rα−/lox mice compared to littermate control mice while the concentrations of IL-4, IL-5, and IFN-γ were similar in all mutants at 16 weeks post-infection (Figure 2C). In contrast, mb1creIL-4Rα−/lox mice developed significantly increased levels of IL-4, IL-10, IL-6, IL-17, and IFN- γ compared to IL-4Rα−/lox littermate control mice at 24 weeks post infection (Figure 2D). Therefore, the data strongly suggested that IL-4Rα expressing B cells are required to down-regulate both hepatocellular damage and general cytokine responses during the late stages of chronic schistosomiasis.
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FIGURE 2. IL-4Rα expressing B cells are required to down-regulate hepatic pathology during chronic schistosomiasis. IL-4Rα−/lox, mb1creIL-4Rα−/lox, and IL-4Rα−/lox mice were infected with 30 S. mansoni cercariae and killed at 16 and 24 weeks post-infection. (A) Liver granuloma area was measured using a computerized morphometric analysis program (NIS elements by NIKON) by measuring 20–25 granulomas per mouse. (B) Serum IL-4 levels were detected by ELISA at both time points. (C,D) Detection of cytokine production by total MLN cells after in vitro restimulation with α-CD3 for 72 h. (E) Histology images showing liver granuloma formation at 16 and 24 weeks post-infection. Data represent two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. IL-4Rα−/lox mice. n = 4–6 mice per group.



We also investigated whether IL-4Rα expressing B cells were required to downregulate gut pathology during the chronic stages of schistosomiasis. Infected mb1creIL-4Rα−/lox mice developed large granulomas in the small intestines at 16 weeks post-infection and these became even larger at 24 weeks post-infection (Figure S2). In contrast, littermate control mice were able to modulate gut granulomatous pathology as indicated by the presence of small granulomas characterized by minor infiltration of immune cells (Figure S2). We also observed a comparable number of S. mansoni eggs shunted into the lungs in both mb1creIL-4Rα−/lox mice and IL-4Rα−/lox littermate control mice at both 16 and 24 weeks post-infection (Figure S3) Therefore, these data demonstrate that IL-4Rα expressing B cells are essential for down-regulating gut granulomatous pathology during chronic schistosomiasis in mice.



IL-4Rα Expressing B Cells Are Required to Control Lung Granulomatous Pathology During Synchronous S. Mansoni egg Challenge

Since we had observed shunting of eggs to the lungs in both mb1creIL-4Rα−/lox and IL-4Rα−/lox mice, we used a synchronous S. mansoni egg model where mice were first sensitized then challenged with 2,500 S. mansoni eggs to validate the effect of IL-4Rα expressing B cells on S. mansoni egg-driven fibrogranulomatous responses. Comparatively testing mb1creIL-4Rα−/lox and littermate IL-4Rα−/lox mice, we found that the absence of IL-4Rα expressing B cells in mb1creIL-4Rα−/lox mice led to significantly increased lung granuloma areas at both 7 (65.271 ± 22.787 vs. 57.97 ± 21.099) and 14 days (106.388 ±29.590 vs. 82.252 ± 31.763) post-challenge compared to IL-4Rα−/lox littermate control mice. (Figures 3A,C). The concentration of hydroxyproline was similar between all mutants at 7 days post-challenge, however, mb1creIL-4Rα−/lox mice had significantly increased fibrosis as indicated by high concentrations of hydroxyproline at 14 days post-challenge compared to littermate control mice (Figure 3B). Therefore, we can conclude that IL-4Rα responsive B cells are required to down-regulate granulomatous pathology and lung fibrosis during synchronous S. mansoni egg challenge.
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FIGURE 3. Mice lacking IL-4Rα expressing B cells fail to down-regulate early granulomatous pathology in the lungs after synchronous S. mansoni eggs challenge. IL-4Rα−/lox and mb1creIL-4Rα−/lox mice were sensitized with 2 500 S. mansoni eggs intraperitoneally, challenged with 2 500 eggs intravenously 14 days later and killed over two time points (7 and 14 days post-challenge). (A) Granuloma formation was measured using a computerized morphometric analysis program (NIS elements by NIKON) by measuring 20–25 granulomas per mouse. (B) Lung fibrosis measured by determining hydroxyproline concentration. (C) Histological examination of H&E stained lungs sections. Data represent two independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. IL-4Rα−/lox mice. n = 6 mice.





Impaired Secretion of Cytokines by B Cells Deficient in IL-4Rα Signaling.

Having defined a critical role for IL-4Rα expressing B cells in controlling the immune response and tissue pathology in response to S. mansoni eggs, we proceeded to investigate the immunological changes within the B cell population as a result of IL-4Rα removal which might explain the observed changes. Using the synchronous S. mansoni eggs challenge model, we analyzed cytokine secretion by CD19+ B cells after restimulation with phorbol myristate (PMA) and ionomycin. The number of B cells producing IL-4 and IL-10 in the mediastinal lymph nodes was significantly reduced in mb1creIL-4Rα−/lox mice both at 7 and 14 days post S. mansoni egg challenge compared to littermate control mice (Figures 4A,B, Figure S4). We also found that the number of follicular B cells (CD21hiCD23hi) was reduced at 14 days post S. mansoni egg challenge in B cell-specific IL-4Rα deficient mice compared to littermate control mice (Figure 4C, Figure S4). Moreover, examination of intracellular cytokine production by CD4+ T cells restimulated with PMA/ionomycin ex vivo revealed that abrogation of IL-4Rα expression on B cells indirectly resulted in significantly reduced number of CD4+ T cells producing IL-4 (Figure 4D, Figure S5), IL-10 (Figure 4E, Figure S5) and follicular helper T cells (TFH) expressing CXCR5 (Figure 4F, Figure S5) compared to littermate control mice at both time points (7 and 14 days post eggs challenge). Taken together, these data suggest that the absence of IL-4Rα from the B cell population impairs type-2 cytokine production by B cells, diminishes Th2 responses and Tfh cell expansion resulting in a severely diminished pool of follicular B cells in the lung-draining mediastinal lymph nodes of mb1creIL-4Rα−/lox mice after synchronous S. mansoni eggs challenge.
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FIGURE 4. Abrogated cellular immunity in mice lacking IL-4 producing B cells after synchronous S. mansoni eggs challenged. Single cell suspensions were prepared from mediastinal lymph nodes (MST) and cells were stained for flow cytometry. (A,B) Intracellular cytokine detection after stimulating total MST cells with 50 ng/ml PMA and 250 ng/ml ionomycin in vitro. (C) Total number of follicular B cells (FO, CD19+CD23hiCD21hi) cells recruited to the mediastinal lymph node (MST). (D,E) Total number of CD4+ T cells producing IL-4 and IL-10 in the MST. (F) Total number of CXCR5+ T follicular helper (TFH) cells in the lung draining lymph nodes. Data are representative of two independent experiments. *p < 0.05, **p < 0.01 vs. IL-4Rα−/lox mice. n = 6 mice per group.





The Lack of B Cell-Derived IL-4 Impairs Development of Th2 Responses in S. Mansoni Infected B-IL-4−/− Mixed Bone Marrow Chimeras

We had previously demonstrated that sorted B cells from mb1creIL-4Rα-/lox mice displayed reduced IL-4 gene expression at day 4 post-challenge with S. mansoni eggs in the footpad compared to littermate control mice. To validate our observation that deletion of IL-4Rα on B cells impairs the development of optimal Th2 responses after S. mansoni infection by diminishing IL-4 and IL-10 production by B cells, we generated mixed bone marrow chimeras with a specific deficiency of B cell derived IL-4 (Figure S6). Here, sub-lethally irradiated B cell-deficient mice (μMT) were reconstituted with 50% μMT and 50% IL-4−/− bone marrow (BM) to generate mixed bone marrow chimeras that lacked IL-4 production specifically on B cells (B-IL-4−/−, Figure S6). As a control, recipient mice were reconstituted with 100% Balb/c BM to generate wild-type chimeras (WT), sufficient in IL-4 production in all hematopoietic cells (Figure S6). Finally, recipient mice were reconstituted with 100 IL-4−/− BM to generate chimeras that had impaired IL-4 production in all hematopoietic cells (IL-4−/−, Figure S6). All the bone marrow chimeras contained equivalent proportions of CD3+CD4+ T cells (Figure S7A, CD19+B220+ B cells (Figure S7B), CD11b+ cells (Figure S7C), and CD11c+ cells (Figure S7D) in peripheral blood 8 weeks after reconstitution, indicating successful reconstitution.

The efficiency of reconstitution was further confirmed by analyzing antibody responses in sera of mixed bone marrow chimeras that were infected with 100 live S. mansoni cercariae and killed 7 week post-infection. WT and B-IL-4−/− chimeras had similar titers of SEA-specific IgG1 and total IgE antibodies after S. mansoni infection (Figures S8A,B). Conversely, WT and B-IL-4−/− chimeras failed to produce antigen specific type 1 (IgG2a and IgG2b) antibody isotypes (Figures S8C,D). Infected IL-4−/− chimeras failed to switch the class of antibody isotypes as demonstrated by high titers of antigen specific type 1 antibody isotypes (IgG2a and IgG2b) and reduced type 2 antibody isotypes (Figures S8A–D). These data demonstrated that mice developed sufficient type 2 antibody titers in response to S. mansoni infection independently of B cell-derived IL-4.

Next, we investigated whether the lack of IL-4 expressing B cells affected the development of Th2 responses after S. mansoni infection. We stimulated total MLN cells from infected bone marrow chimeras with SEA or α-CD3 and detected cytokine production by ELISA from supernatants. Production of IL-4 was reduced in both B-IL-4−/− and IL-4−/− chimeras after either antigen-specific or mitogenic stimulation compared to WT controls (Figures 5A,B). Furthermore, the production of IL-10 was significantly decreased while the production of IL-17 was significantly increased both in B-IL-4−/− and IL-4−/− chimeras after α-CD3 restimulation compared to WT controls (Figure 5B). Finally, production of IFN-γ was increased in IL-4−/− chimeras while it remained similar between B-IL-4−/− and WT controls (Figure 5B).
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FIGURE 5. Impaired Th2 immunity in mice lacking IL-4 producing B cells. Bone marrow chimeras were infected with 100 live S. mansoni cercariae and killed 7 weeks post-infection. Single cell suspensions were prepared from MLN and cells were restimulated with 20 μg/ml SEA or α-CD3 in vitro. (A,B) Cytokine production by restimulated total MLN cells was detected by ELISA. (C) Frequency of CD19+B220+ B cells in the gut draining lymph node. (D,E) Detection of intracellular cytokines produced by CD19+ B cells after restimulation of total MLN cells with 50 ng/ml PMA and 250 ng/ml ionomycin. (F) Frequency of CD3+CD4+ T cells in the MLN. (G,H) Intracellular cytokine production by CD3+CD4+ T cells after stimulation of total MLN cells with 50 ng/ml PMA and 250 ng/ml ionomycin. (I) Frequency of CD3+CD4+ T cells expressing Gata-3. (J) Dot plot showing gating on IL-4 producing CD4+ T cells by infected WT, B-IL-4−/− and IL-4−/− chimeras. Data are representative of two independent experiments. n = 4–6 mice.



We also analyzed intracellular cytokine secretion by B220+ B cells after restimulation of total MLN cells with PMA/ionomycin ex vivo and staining for flow cytometry analysis. The proportions of CD19+B220+ B cells was similar between all the chimeras (Figure 5C). Intracellular secretion of IL-4 by B220+ B cells from B-IL-4−/− and IL-4−/− chimeras was significantly reduced compared to WT chimeras (Figure 5D) while the levels of IFN-γ remained comparable between all the chimeras (Figure 5E). IL-4-producing B cells play a crucial role in the differentiation of Th2 cells in vitro (5, 7). Although we did not find a difference in the frequency of CD3+CD4+ T cells in chimeras lacking B cell-derived IL-4 (Figure 5F), the frequency of CD3+CD4+ T cells producing IL-4 (Figures 5G,J) and IFN-γ (Figure 5H) were comparable between B-IL-4−/− and WT chimeras whereas the frequency of CD4+ T cells expressing Gata-3 (Figure 5I) was significantly reduced in B-IL-4−/− chimeras compared to WT controls. The frequency of IL-4 (Figures 5G,J) and Gata-3 (Figure 5I) expressing CD3+CD4+ T cells was significantly reduced in IL-4−/− chimeras where IFN-γ (Figure 5H) was unchanged compared to WT control chimeras. Therefore, these data indicate that IL-4 producing B cells are crucial for driving the development of Th2 responses during S. mansoni infection in vivo.




DISCUSSION

In this study, we examined the role of IL-4Rα expressing B cells in driving immunoregulation of inflammatory granulomatous tissue pathology during schistosomiasis. We found that mice carrying a specific deletion of IL-4Rα on B cells succumbed quickly to schistosomiasis compared to littermate control and B cell-deficient mice. Moreover, they failed to down-regulate lung granuloma size compared to littermate control mice during the S. mansoni egg challenge model. We also demonstrated that mice lacking IL-4Rα expressing B cells have enlarged liver and gut granulomas, and display a mixed cytokine profile indicated by augmented secretion of Th1, Th2, and Th17 cytokines at 24 weeks post-infection. Altogether, we could conclude that IL-4Rα expressing B cells are crucial for containment of excessive granulomatous tissue pathology and dampening of exuberant cytokine production during chronic schistosomiasis.

The contribution of B cells in driving host resistance to schistosomiasis is well established in the literature (1, 2). In fact, a study by Jankovic et al. demonstrated the importance of FcRγ expression on B cells in regulating excessive tissue pathology during both the acute and chronic phases of infection (1). In this study, we questioned whether a specific deletion of IL-4Rα expression on B cells could recapitulate the impaired host survival as a result of the general lack of B cells during S. mansoni infection. Interestingly, we found that B cell-specific IL-4Rα-deficient mice were highly susceptible to schistosomiasis suggesting that the lack of IL-4Rα expression on B cells, similarly to complete B-cell depletion sufficiently prevents the development of host protective immunity during schistosomiasis. These data suggest that B cells may be principally important in the regulation of tissue inflammation, whereas IL-4Rα expression on B cells may be crucial for the regulation of tissue inflammation and orchestrating host protective Th2 immunity. The observed delayed susceptibility of B cell deficient mice can potentially be explained by the 5-fold increased production of IL-10 by T cells after restimulation with α-CD3 compared to both B cell-specific IL-4Rα-deficient mice and littermate control mice. IL-10 has been implicated as a key immunoregulatory factor driving host resistance to schistosomiasis (23, 42). The fact that 50% of B cell deficient mice succumbed to disease at the beginning of the chronic stage of infection suggests that the mechanism of death may be different from that operating in B cell-specific IL-4Rα-deficient mice. Studies by Hoffman et al. and others have demonstrated that the mechanism of death can differ depending on the balance of the immune response, with mice having a skewed Th1 response succumbing early during infection due to cachexia and endotoxemia while mice with a skewed Th2 response die at the chronic stage of infection with increased fibrosis and large granulomas (22, 23, 32, 42).

The expansion and differentiation of cytokine producing T cells has been shown to be largely dependent on B cells (3, 7, 13). In our study, we found no significant difference in the absolute number of CD3+CD4+ T cells between all the mutant mouse strains. However, the expansion of follicular helper T cells (TFH) in the secondary lymphoid tissue was significantly impaired in mb1creIL-4Rα−/lox mice and μMT mice compared to littermate control mice. TFH cells are crucial for lymphoid tissue organization by assisting in germinal center formation and promote antibody responses including isotype switching (43–45). In a study by Lin and colleagues, the deficiency of B cells was shown not to alter the differentiation of antigen-specific T cells and expression of activation markers CD69 and CD44 (7). Likewise, the expansion of effector CD4+ T cells was not hindered in B cell-specific IL-4Rα deficient mice whereas IL-4Rα−/− mice displayed significantly reduced absolute numbers of effector CD4+ T cells compared to littermate control mice. Importantly, the lack of IL-4Rα expression on B cells resulted in abrogated intracellular production of Th2 cytokines IL-4 and IL-13 by CD4+ T cells after restimulation with PMA/Ionomycin ex vivo, suggesting that IL-4/IL-13 responsive B cells are crucial for promoting the expansion Th2 cells. Indeed, previous studies have shown that the lack of B cells alters the expansion and differentiation of IL-4 producing effector Th2 cells in response to Hp infection in vivo (3). Furthermore, B cells mediate the expansion of primary Th2 cells in response to protein antigens delivered with Nippostrongylus brasiliensis (Nb) (7) and protein antigens delivered with alum (4). B cells have also been shown to contribute to susceptibility during Leishmania major LV 39 infection in Balb/c mice and promote Th2 immunity (9).

Although there was no significant difference in the absolute number of CD19+B220+ B cells recruited into the MLN of infected mice, the number of follicular (FO) B cells was significantly reduced in both mb1creIL-4Rα−/lox compared to littermate control mice. Conversely, the number of marginal zone (MZ) B cells was significantly increased in B cell-specific IL-4Rα deficient mice compared to littermate control mice. FO B cells are found within germinal centers where they form tight physical contact with T cells, thus ensuring optimal T cell proliferation (46). B cells have been shown to produce Th2 cytokines in response to Hp infection in vivo (3, 13). The number of IL-4 and IL-13 producing B cells was reduced in both mb1creIL-4Rα−/lox and μMT mice after restimulation of total MLN cells with PMA/Ionomycin compared to the littermate control mice. Therefore, IL-4/IL-13 responsive B cells are important for maintaining optimal cellular immunity during infection with S. mansoni.

Down-modulation of the immune response and controlling the size of newly formed granulomas is essential for the host to survive chronic schistosomiasis (36, 37, 39, 47, 48). Earlier studies implicated CD8+ suppressor cells (36) and cross regulatory cytokines produced by CD4+ T cells (39, 49) in regulating exuberant host immune responses during the chronic stages of S. mansoni infection. However, a subsequent study by Yap et al. demonstrated a dispensable role for CD8+ T cells and IFN-γ in immunoregulation of tissue pathology during chronic schistosomiasis (47). We have recently shown that interfering with IL-4Rα signaling during the chronic phase of infection can ameliorate fibrogranulomatous pathology and reduce tissue scarring without being detrimental to host survival during chronic schistosomiasis (48). Of relevance to the current study, B cells have been shown to down-regulate granuloma formation without altering T cell responsiveness during chronic schistosomiasis (1, 2). A study by Fairfax and colleagues showed that blocking IL-10R resulted in the loss of B cells in the liver, consequently driving severe disease characterized by portosystemic shunting of the eggs to the heart and lungs during chronic schistosomiasis (41). Since we had established that deleting IL-4Rα expression on B cells impairs the development of type 2 instructing B effector cells, we next asked whether such cells were required for immunoregulation of fibrogranulomatous tissue inflammation during chronic schistosomiasis. We found that B cell-specific IL-4Rα-deficient mice had significantly larger granulomas at both 16 and 24 weeks post-infection compared to littermate control mice, suggesting that IL-4Rα expressing B cells are required to downregulate granulomatous pathology during chronic schistosomiasis. However, when comparing liver granuloma sizes of mb1creIL-4Rα−/lox mice between the two time points, we found that the granulomas at 24 weeks postinfection were smaller than those at 16 weeks post-infection. A similar trend was observed in littermate control mice, indicating the existence of a common immunomodulatory mechanism(s) still operating in the two strains. Interestingly, with the exception of IL-10, we found comparable cytokine responses between the two strains at 16 weeks post-infection. Such a reduction in IL-10 production tightly aligns with the high concentrations of α-CD3-driven IL-4, IL-5, IL-6, IL-10, IL-17, and IFN-γ that were observed at 24 weeks postinfection in the supernatants of total lymph node cell cultures from B cell-specific IL-4Rα-deficient mice when compared to those from littermate control mice. Tentatively, a case could be made for the importance of IL-4Rα expressing B cells in driving IL-10 production among other type-2 governed processes to ensure the control of acute granulomatous inflammation T cell responses and the resolution of excessive cytokine production during experimental schistosomiasis.

After establishing the requirement for IL-4Rα signaling on B cells in the development of IL-4 producing B cells and optimal Th2 responses to acute schistosomiasis, we questioned whether the development of optimal Th2 responses depends on both the ability of B cells to receive instruction from IL-4 and their ability to secrete IL-4 that triggers Th2 responses during S. mansoni infection. It had been previously shown that the lack of IL-4 producing B cells during Hp infection did not hamper parasite clearance, indicating that the development of protective immunity occurred independently of B cell-derived IL-4 (10). In contrast, using mixed bone marrow chimeras lacking B cell-derived IL-4 (B-IL-4−/−), we observed that secretion of IL-4 was significantly reduced after both antigen-specific stimulation and mitogenic stimulation with α-CD3 in cells from B-IL-4−/− chimeras, similar to IL-4−/− chimeras. Moreover, IL-10 was significantly reduced in cells from chimeras lacking B cell-derived IL-4 after mitogenic stimulation. This was later confirmed by analyzing intracellular cytokine production and transcription factor expression in CD4+ T cells, as we found significantly reduced frequencies of IL-4, IL-10, and Gata-3 expressing CD4+ T cells in B-IL-4−/− chimeras compared to control WT chimeras. These results demonstrate that both the ability of B cells to receive instruction via IL-4Rα and B cell-derived IL-4 are essential for development of Th2 responses during acute schistosomiasis. These data corroborate our earlier findings, where we showed that chimeras lacking B cell-derived IL-4 had a skewed Th1 response characterized by up-regulation of the Th1 cytokine IFN-γ and down-regulation of the Th2 cytokines IL-4 and IL-13, that consequently rendered these mice resistant to L. major induced cutaneous leishmaniasis (9). Here, we have focused on B cell-derived IL-4, however, we cannot discount the involvement of other B cell-derived cytokines in driving development of Th2 immunity in response to helminth infections. In fact, a study by Wojciechowski et al. implicated B cell-derived TNF-α and IL-2 in mediating clearance of Hp infection, development of CD4+ T cells secreting IL-4 and secretion of protective type 2 antibody isotypes (10).

In summary, we have demonstrated that selective deletion of IL-4Rα on B cells renders mice more susceptible to acute schistosomiasis than B-cell deficient mice. We also unprecedentedly showed that IL-4Rα expressing B cells are required for immunoregulation of fibrogranulomatous tissue pathology and T cell responses during the late stages of chronic schistosomiasis. Our data therefore argue for the potential benefits of boosting IL-4Rα-mediated responses specifically on B cells to ameliorate fibrogranulomatous pathology associated with chronic schistosomiasis, especially in endemic areas.



MATERIALS AND METHODS


Generation and Genotyping of mb1creIL-4Rα−/lox Balb/c Mice

Mb1cre mice were intercrossed with IL-4Rαlox/lox Balb/c mice (32, 50–52). These mice were further mated with homozygous IL-4Rα−/− Balb/c mice (43) to generate hemizygous mb1creIL-4Rα−/lox mice (9). Hemizygous littermates (IL-4Rα−/lox) expressing functional IL-4Rα were used as wild-type controls in all experiments. Mice were genotyped as described previously (32, 43). All mice were housed in specific pathogen-free barrier conditions in individually ventilated cages at the University of Cape Town biosafety level 2 animal facility. Experimental mice were age and sex matched and used between 8 and 12 weeks of age.



Ethics Statement

This study was performed in strict accordance with the recommendations of the South African national guidelines and University of Cape Town practice of laboratory animal procedure. All mouse experiments were performed according to the protocols approved by the Animal Research Ethics Committee of the Faculty of Health Sciences, University of Cape Town (protocol number: 010/041). Efforts were made to minimize and reduce suffering of animals.



Live S. Mansoni Infection of Mice

Mice were percutaneously infected with 100 live cercariae (acute infection) or 30 live cercariae (chronic infection) that were provided by the Schistosome Research Reagent Resource Center for distribution by BEI Resources, (NIAID, NIH, USA). Schistosoma mansoni, Strain NMRI Exposed Biomphalaria glabrata, Strain NMRI, NR-21962. Mice were monitored weekly until the endpoint was reached (7 weeks for acute, 16 and 24 weeks for chronic schistosomiasis).



Pulmonary S. Mansoni Eggs Model

Synchronous S. mansoni egg-challenge was conducted as previously described (44). Briefly, mice were sensitized to schistosome eggs by intraperitoneal injection of 2,500 eggs. Mice were subsequently challenged 14 days later by intravenous injection of 2,500 eggs and killed at day 7 and 14 post-challenge.



Cell Preparation and ex vivo Restimulation

Single cell suspensions were prepared by pressing the draining lymph nodes through 70 μM cell-strainers. Cells were resuspended in complete IMDM (Gibco) supplemented with 10% FCS (Gibco) and penicillin and streptomycin (100 U/ml and 100 μg/ml, Gibco). The cells were cultured at 2 × 106 cells/ml in 48-well plates coated with α-CD3 (20 μg/ml) or soluble egg antigen (SEA, 20 μg/ml) and incubated at 37°C in a humidified atmosphere containing 5% CO2. Supernatants were collected after 72 h and cytokines were measured by ELISA. Quantities of IL-4, IL-5, IL-10, IL-17, and IFN-γ were measured by sandwich ELISA as previously described (43).



Antibodies and Flow Cytometry

The following antibodies comprising the B cell antibody panel were used: B220-V500, CD19-PerCP Cy5.5, CD23-PE, CD21-APC, CD24-PECy7, CD86-V450, MHCII-FITC, and IgM-Biotin (BD Bioscience, Erembodegem, Belgium). T cells panel consisted of the following antibodies: CD4-PerCP, CD3-AlexaFluor 700, CD62L-V500, CD44-FITC, CD28-PE, and CXCR5-V450 (BD Bioscience, Erembodegem, Belgium). Cells were acquired on a FACS Fortessa machine (BD Immunocytometry system, San Jose, CA, USA) and data was analyzed using Flowjo software (Treestar, Ashland, OR, USA).



Intracellular Cytokine Staining

For detection of intracellular cytokines MST from S. mansoni eggs injected mice were plated at 2 × 106 cells/well and stimulated at 37°C for 4 h with 50 ng/ml phorbal myristate acetate (PMA), 250 ng/ml ionomycin and 200 μM monensin in IMDM/10% FCS (all purchased from Sigma-Aldrich). Cells were stained with extracellular markers (CD4 Biotin-APC, or CD19 PercP), fixed for 30 min on ice in 2% (w/v) paraformaldehyde and permeabilised with 0.5% saponin buffer and stained with PE-labeled anti-mouse IL-4 and IL-10 for 30 min. Acquisition was performed using a FACSCalibur (BD Immunocytometry Systems, San Jose, CA, USA) and data were analyzed using FlowJo software (Treestar, Ashland, OR, USA).



Enzyme Linked Immunosorbent Assays (ELISAs)

Cytokines in supernatant were measured by sandwich ELISA as previously described (43). For antibody ELISAs, blood was collected in serum separator tubes (BD Bioscience, San Diego, CA) and serum was separated by centrifugation at 8 000 × g for 10 min at 4°C. Titres of SEA-specific IgG1, IgG2a, IgG2b, and total IgE were determined as previously described (43).



Hydroxyproline Assay

Hydroxyproline content as a measure of collagen production was determined using a modified protocol (45). Briefly, weighed liver samples were hydrolyzed and added to a 40 mg Dowex/Norit mixture. The supernatants were neutralized with 1% phenolphthalein and titrated against 10 M NaOH. An aliquot was mixed with isopropanol and added to chloramine-T/citrate buffer solution (pH 6.5). Erlich's reagent was added and absorbance was read at 570 nm. Hydroxyproline levels were calculated using 4-hydroxy-L-proline (Calbiochem) as a standard, and results were expressed as μmoles hydroxyproline per weight of tissue that contained 104 eggs.



Histology

Liver and gut samples were fixed in 4% (v/v) formaldehyde in phosphate buffered saline, embedded in wax and processed. Sections (5–7 μm) were stained with hematoxylin and eosin (H&E) and analine blue solution (CAB) and counterstained with Wegert's hematoxylin for collagen staining. Micrographs of liver granuloma were captured using a Nikon 5.0 mega pixel color digital camera (DCT DS-SMc).The diameter of each granuloma containing a single egg was measured with the ImageJ 1.34 software. An average of 25 granulomas per mouse was included in the analyses.



Statistics

Statistical analysis was conducted using GraphPad Prism 4 software. Data was calculated as mean ± SD. Statistical significant was determined using the unpaired Student's t-test or 2-way ANOVA with Bonferroni's post test, defining differences to IL-4Rα−/lox mice as significant (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; Prism software; http://www.prism-software.com).
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Figure S1. Reduced Th2 immunity in B cell-specific IL-4Rα-deficient mice. IL-4Rα−/lox, mb1creIL-4Rα−/lox, and μMT mice were infected with 100 live S. mansoni cercariae and analyzed 7 weeks post-infection. Single cell suspension was prepared from mesenteric lymph node (MLN) and cells were stained for flow cytometry analysis. (A) Recruitment of CD3+CD4+ T cells into the secondary lymphoid tissue. (B,C) Expansion of CXCR5+ TFH cells and effector CD4+ T cells (CD4+CD44hiCD62Llo) in the MLN. (D) Intracellular cytokine detection after restimulation of MLN cells with 50 ng/ml PMA and 250 ng/ml ionomycin in vitro. (E–G) Recruitment of CD19+B220+ B cells, follicular B cells (FO, B220+CD21hiCD23hi) and marginal zone B cells (MZ, B220+CD21hiCD23lo) into the secondary lymphoid tissue. (H) Analysis of intracellular cytokine production by CD19+ B cells after restimulation of total MLN cells with 50 ng/ml PMA and 250 ng/ml ionomycin in vitro. Data represents 3 independent experiments. n = 4–6 mice. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. IL-4Rα−/lox mice.

Figure S2. The absence of IL-4Rα responsive B cells leads to augmented gut inflammation in B cell-specific IL-4Rα-deficient mice during chronic schistosomiasis. IL-4Rα−/lox, mb1creIL-4Rα−/lox and IL-4Rα−/lox mice were infected with 30 S. mansoni cercariae and analyzed at 16 and 24 weeks post-infection. Histological examination of gut tissue after staining sections with H&E (× 100). Data represent two independent experiments. n = 4–6 mice per group.

Figure S3. Comparable numbers of eggs in the lungs of infected mice at the chronic stages of schistosomiasis. IL-4Rα−/lox, mb1creIL-4Rα−/lox and IL-4Rα−/lox mice were infected with 30 S. mansoni cercariae and analyzed at 16 and 24 weeks post-infection. Lungs were collected and the tissue was hydrolyzed overnight in 5% KOH and eggs were enumerated under a light microscope. (A) Egg numbers in the lungs at 16 weeks post-infection. (B) Egg numbers in the lungs at 24 weeks post-infection.

Figure S4. Gating strategy for B cells. Single cell suspensions were prepared from MLN and cells were stained for flow cytometry. Data was analyzed on FlowJo software and B cells were analyzed by gating on single cells, lymphocytes and CD19+B220+ B cells. CD21 and CD23 staining was used to delineate FO and MZ cells.

Figure S5. Gating strategy for CD4+ T cells. Single cell suspensions were prepared from MLN and cells were stained for flow cytometry. Data was analyzed on FlowJo software and CD4+ T cells were analyzed by gating on single cells, lymphocytes and CD3+CD4+ T cells. CD4+CD44hiCD62Llo was used to delineate effector memory T cells and CD4+CXCR5+ T cells were T follicular helper (TFH) cells.

Figure S6. Schematic showing the generation of mixed bone marrow chimeras. Irradiated μMT mice were reconstituted 100% Balb/c BM (WT), 50% μMT and 50% IL-4−/− BM (B-IL-4−/−) or 100% IL-4−/− BM (IL-4−/−) and allowed to reconstitute for 8 weeks.

Figure S7. Successful reconstitution of bone marrow chimeras. Irradiated μMT mice were reconstituted 100% Balb/c BM (WT), 50% μMT and 50% IL-4−/− BM (B-IL-4−/−) or 100% IL-4−/− BM (IL-4−/−) and allowed to reconstitute for 8 weeks. Mice were bled at 8 weeks and cells were stained for flow cytometry analysis. (A) Proportions of CD3+CD4+ T cells in peripheral blood after reconstitution. (B) Proportions of CD19+B220+ B cells found in blood after reconstitution. (C) Frequency of CD11b+ cells in peripheral blood. (D) Frequency of CD11c+ cells found in peripheral blood after reconstitution of bone marrow chimeras. Data represent two independent experiments. n = 6 mice per group.

Figure S8. Sufficient humoral immunity develops in mice lacking IL-4 producing B cells during S. mansoni infection. Irradiated μMT mice were reconstituted with 100% Balb/c bone marrow cells (WT), 50% μMT and 50% IL-4−/− bone marrow cells (B-IL-4−/−) or 100% IL-4−/− bone marrow cells (IL-4−/−) and infected with 100 S. mansoni cercariae. Mice were killed 7 weeks post-infection and blood was collected for serum separation. (A–D) Serum antibody titers detected by ELISA. Data represent two independent experiments. *p < 0.05 vs. WT mice. n = 4–6 mice per group.

Table S1. Percentage of mice that died during the course of the chronic schistosomiasis. Mice were infected with 30 live S. mansoni cercariae and killed at 16 and 24 weeks post-infection.
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Intestinal schistosomiasis, caused by the parasitic trematode Schistosoma mansoni, is a chronic disease and the prolonged and continuous exposure to S. mansoni antigens results in a deviation of the host's immune response. For diagnosis, the Kato-Katz (KK) method is recommended, however, this method showed low accuracy in areas of low endemicity. This study aimed to characterize the cytokine and chemokine profile of individuals with an extremely low parasite load (<4 eggs per gram of feces), e.g., individuals who were detected by alternative parasitological methods, such as the saline gradient and/or Helmintex®. In order to search for immunological markers for infection, the immunological profile in serum samples of these individuals was then compared with patients detected with the KK method and with a higher parasite load and with individuals repetitively negative by extensive stool exams. The study was conducted in Northern Minas Gerais in a rural area of the Municipality of Januária. Serum samples of a total of 139 parasitologically well-characterized individuals were assessed for the following immunological markers by commercially available immunoassays: TNF-α, IL-1β, IL-6, IL-17A, IL-5, IL-10, IL-13, IL-33, IL-27, CCL3, CCL5, CXCL10, CCL11, and CCL17. As a result, there were no significant differences in concentrations or frequencies for immunological markers between egg-negative individuals or individuals with ultra-low (<4 epg) or low (4–99 epg) parasite loads. However, we found significant correlations between egg counts and eosinophil counts and between egg counts and IL-1β or TNF-α concentrations. The most striking alterations were found in individuals with the highest parasite load (≥100 epg). They had significantly higher TNF-α concentrations in serum when compared with individuals with a low parasite load (4–99 epg) and CCL17 concentrations were significantly elevated when compared with egg-negative individuals. Radar diagrams of frequencies for cytokine and chemokine responders in each infection group confirmed a distinct profile only in the infection group with highest parasite loads (≥100 epg).
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INTRODUCTION

Schistosomiasis is a-chronic disease with estimates of more than 250 million infected people. Of these, the biggest part, about 201.5 million infected individuals, lives in Africa (1–3). In Brazil, the only species found is Schistosoma mansoni. Here, as in other parts of the world, the disease is still considered a public health problem and, most recently, it was estimated that around 1.5 million people are infected (4) and 25 million people live in endemic areas at risk of infection (5, 6). One of the main advances in the control of schistosomiasis was the implementation of the Brazilian Schistosomiasis Control Program (BSCP) in the 1970s, following the recommendations of the World Health Organization. One of the pillars of BSCP is the readily detection of infected individuals by large scale stool examinations, using the Kato-Katz (KK) method (7) and the subsequent treatment, in order to minimize mortality and morbidity of the affected population (8). Nowadays, with the advances of schistosomiasis control worldwide, the goals of WHO have moved from reduction of mortality rates and reduce morbidity to transmission control and even eradication in some areas (9). Other positive effects of the ongoing efforts on schistosomiasis control include significant reduction of prevalences and of individual parasite loads in endemic populations (5). As a consequence, most of the infected individuals in Brazil harbor low parasite loads, which are hardly detected by the commonly applied parasitological methods (10–12), as initially recommended by the WHO (9). However, if health services seek to advance to transmission control or even eradication, more sensitive diagnostic methods have to be integrated in endemic areas, as it was shown by Oliveira et al. (13).

During their development in the human body, the different parasitic stages of schistosomes induce significant alterations in the immune response, both during the acute and chronic phase of infection (14–17). In the course of the infection, the parasite-specific immune response is modulated from a type 1, inflammatory and cell-mediated, to a type 2, and more antibody-dependent immune response (15, 17–19). In schistosomiasis endemic areas, most of the infected individuals exhibit the intestinal asymptomatic form of the disease and are normally detected already during the chronic phase of infection (18). The majority of these studies on immune responses in humans are based on in vitro stimulation of peripheral blood mononuclear cells (PBMC) with schistosome antigens and the detection of intracellular transcription of cytokine or chemokine genes or detection of secretion patterns in cell culture supernatants. Even in stimulated PBMC cultures, such cytokine and chemokine secretion patterns sometimes are subtle and depend on the parasite load and clinical status of the individuals (20, 21) or may even be influenced by co-infections (22). Nevertheless, studies with different schistosome species (23–25) and studies on co-infections with soil-transmitted helminths and S. mansoni (26) indicated that systemic inflammatory or chemokine markers and/or type 2 responses might be used as surrogate markers of infection and might be of value for diagnostic purposes.

Therefore, in the present study, we evaluated the serum cytokine and chemokine profile of S. mansoni-infected individuals from an endemic area in Brazil in the search for surrogate immunological markers for infection. Here, a special attention was drawn to individuals with medium to low parasite burdens, where common parasitological procedures may be negative and present with reduced sensitivities.



MATERIALS AND METHODS


Ethical Standards

This study was carried out in accordance with the Resolution CNS N° 466/12 from the National Brazilian Research Council and was approved by the Ethics Committee of Centro de Pesquisas René Rachou (Fiocruz) and by the Ethics Committee of the Federal University of Minas Gerais,and is registered at the National Brazilian Platform for Research with Human Subjects under the following number: CAAE # 21824513.9.0000.5091 with written informed consent from all subjects. In the case of minors, additional written informed consent was obtained from their parents or guardians. All subjects gave written informed consent in accordance with the Declaration of Helsinki.



Study Population

The study was conducted in the district of Brejo do Amparo, Municipality of Januária, about 600 km north of the capital Belo Horizonte, State of Minas Gerais. According to the local health authorities, the local population at the rural communities Corregos Santana, Tocantins, and Pé da Serra did not participate in any schistosomiasis control campaign during the last 2 years prior to the beginning of the study.

In this rural population, the initial prevalence for S. mansoni infection after parasitological screening with the KK method, as recommended by the World Health Organization (9), was 20.4%. However, after extensive parasitological examinations with different methods, such as up to 18 KK slides from three fecal samples, saline gradient, and Helmintex®, the prevalence reached 45.9% (13).

A longitudinal study was initiated in the area, where ~250 individuals were examined by parasitological methods (13). Individuals with a positive result for S. mansoni eggs were examined again 30 days after treatment with praziquantel, where parasitological cure was confirmed. Further follow-up visits took place for the whole population at several time points after treatment.

Out of a total population of ~270 individuals, 250 subjects signed the consent forms, but only 139 patients provided the required three fecal samples for thorough parasitological examinations. For the present immunological study, 139 individuals were enrolled, of which 113 were egg-positive for S. mansoni infection. Twenty-six egg-negative individuals served as uninfected controls and were negative for any intestinal protozoan or helminth parasite in extensive parasitological stool examinations, as stated above.

Blood samples (5 ml EDTA tubes) were drawn from these 139 individuals and complete hemograms were performed for each participant by a commercial clinical laboratory (Millenium, Januária). For serum collection, 5–10 ml of venous blood was collected in siliconized tubes. After clotting samples were centrifuged at 2.000 rpm for 15 min and obtained serum samples were aliquoted and stored at −20°C at the field laboratory in Januária. Subsequently, these serum samples were transferred to the main university laboratory and stored at −80°C, until used in immunological assays. From the 113 S. mansoni-infected and treated individuals, 78 cured individuals provided blood and were included in the follow-up immunological study at 3 months post-treatment. The extensive parasitological exams, as described in more detail below, allowed us to classify the individuals from the endemic area into different groups and investigate and compare their immunological profiles in the peripheral blood. The classification of the parasite loads based on KK results in the different infection groups was done according to the WHO (9). However, mean individual epg values were calculated from a total of six KK slides from three fecal samples, as recommended by others (9, 22) As such, the minimum epg value that could be detected by KK was 4 epg and, therefore, individuals only detected by the other parasitological methods were classified as ultra low or <4 epg. Infected individuals detected by the KK method were classified as low (4–99 epg) or medium to high (≥100 epg). The Negative group contained individuals negative for schistosome eggs in any of the parasitological exams, without any other intestinal coinfections, and with eosinophil counts in peripheral blood below 500 per mm3. The last group consisted of egg-positive and praziquantel-treated individuals, who were confirmed cured at 30 days post-treatment with 24 KK slides, and remained without reinfection 3 months after chemotherapy with praziquantel, confirmed with Helmintex®, saline gradient, and six KK slides from three fecal samples.



Fecal Examinations

Kato-Katz Method

Before treatment, Helm Test (Biomanguinhos, Rio de Janeiro, Brazil) was performed with three fecal samples collected on consecutive days, as described by Katz et al. (7). From the first sample, up to 14 thick smears were mounted and examined under the microscope. Samples two and three were examined by two slides each. Three months after treatment, three fecal samples from the cured individuals were reexamined, again with two KK slides in each sample, in order to check for possible S. mansoni reinfection.

Modified Helmintex®

Thirty grams of feces were collected, homogenized in 10% formaldehyde, and purified by successive sieving processes. Subsequently, the sediment was placed in a 15 ml plastic tube and mixed with 5 ml ethyl acetate, according to Ritchie (27). After centrifugation, the sediment was removed from the plastic tube and transferred in a 1.5 ml eppendorf tube, adding 19 μL of paramagnetic beads (Mylteni, Germany). The samples were shook for 1 h on an orbital shaker and then exposed to a strong magnetic field for 3 min (BioMag®, Polysciences, USA). The final sediment trapped, to the walls of the reaction tube, was mixed with a few drops of saline (NaCl 0.9%), transferred onto a glass slide, and examined under the microscope for the presence of S. mansoni eggs, as described else where (28, 29).

Saline Gradient

Briefly, the apparatus consists of two interconnected cylindrical columns, with the lower column containing 500 mg of feces suspended in 0.9% saline solution. The purification of the fecal suspension with heavy schistosome eggs is guaranteed by a slow flow of a 3% saline solution from the upper column. Approximately 60 min after applying the slow flow of the concentrated saline solution, the suspension in the lower column was discarded and the remaining sediment transferred on microscope slides in order to search for S. mansoni eggs (30).



Measurement of Cytokine and Chemokine Concentrations in Peripheral Blood

In order to search for immunological markers of infection, peripheral blood serum samples from egg-negative endemic individuals, and egg-positive individuals were screened for the following cytokines and chemokines: IL-1β (3.9–500 pg/ml), IL-6 (4.68–600 pg/ml), TNF-α (7.8–1,000 pg/ml), IL-27 (78.13–10,000 pg/ml), CXCL10 (15.63–2,000), CCL3 (3.9–500 pg/ml), IL-17A (7.8–1,000 pg/ml), IL-10 (15.63–2,000 pg/ml), IL-5 (11.72–1500 pg/ml), IL- 13 (46–6,000 pg/ml), IL-33 (11.72–1,500 pg/ml), pg/ml), CCL5 (7.8–1,000 pg/ml), CCL11 (7.8–1,000 pg/ml), and CCL17 (3.9–500 pg/ml). The assays were run in duplicate, final concentrations extrapolated from a standard curve, and were expressed in pg/ml, according to the manufacturer's instructions (Duo Set kits, R&D Systems, USA).

Briefly, Costar half area microplates (Corning, USA) were sensitized with the respective capture antibodies, specific for each cytokine and chemokine and, subsequently incubated overnight at room temperature (RT). On the following day, after a washing step with PBS/ Tween-20 (0.05%), the microplates were blocked with diluent solution (PBS/ 1% BSA) and incubated for 1 h at RT. After another washing step, diluted serum samples (1:2 in diluent solution) and standards were added and incubated for 2 h at RT. Subsequently, plates were washed (5x), incubated with the diluted and biotinylated detection antibodies, and incubated for another 2 h at RT. Thereafter, plates were washed again (5x) and incubated for 20 min with streptavidin-horseradish peroxidase (1:200 in reagent diluent) at RT in the dark. After a last washing step (5x), substrate solution (1:1 H2O2 and tetramethylbenzidine solution) was added and plates incubated for 20 min. Finally, stop solution (4N H2SO4) was added and the color reaction read in an automated ELISA reader at 450 nm (Molecular Devices, Versa Max microplate reader). Sample concentrations were extrapolated from the standard curve, using a 4-point curve-fitting program (Softmax Pro 6.4), and considering the sample dilutions.



Frequency Profiles of Responders for Cytokines and Chemokines

Additional analyses of cytokine and chemokine data included frequency data of responders in each group of individuals, in order to check whether the response pattern was different between the infection groups and in comparison with egg-negative individuals and whether it changed after treatment in each infection group.

For this purpose, each individual cytokine and chemokine concentration was evaluated and defined as a positive response (responder), if the concentration showed a considerable value above the lowest detectable value of the standard curve of each of the different cytokines and chemokines. For IL-β, TNF-α, IL,5, IL-6, IL-13, CCL3, CCL11, CCL17 was 10 pg/ml. For IL-10, IL-17A, IL-27 the cut-off was set to 50 pg/ml and for CXCL10, CCL5, and IL-33 it was set to 100 pg/ml (Table S4).



Data Analysis

Statistical analysis was performed using the GraphPad Prism 6.0 software package (GraphPad Prism, USA) and Excel. Initially, a descriptive analysis was performed (median and interquartile ranges). Subsequently, the variables were analyzed with specific tests according to the data distribution and compared between the different groups. The normal distribution of the continuous data was verified and discarded through the Shapiro-Wilk test. Non-parametric data were compared between groups, using Kruskal-Wallis test and Dunn's post test. The analyses of paired samples before and after treatment were done with the Wilcoxon test. Categorical variables were compared using Pearson's chi square test. Also, associations between different variables were analyzed with Spearman's rank test. The threshold for statistical significance was set to p ≤ 0.05.




RESULTS


Parasitology

As described above, we analyzed blood samples from 139 individuals, of which 113 were detected as egg-positive for S. mansoni in stool samples by any of the three parasitological methods. Twenty-six individuals were found egg-negative for all of the before-mentioned methods, were negative for all other intestinal protozoan or helminth parasite, and did not show any significant peripheral blood count alterations, which might implicate any other state of infection or clinical condition.

Descriptives of median age, gender distribution, and presence of co-infections in each group were included in (Table 1). There was no significant bias in gender distribution and age between the different infection groups. Although, the egg-negative group consisted of an elevated percentage of male individuals and the group with highest parasite load (≥100 epg) presented the lowest median age. Of the 113 individuals diagnosed as egg-positive for S. mansoni, 102 individuals were classified as with a low or ultra low parasite load (Table 1), which represented 90.1% of the egg-positive population. The group with elevated parasite load (≥100 epg) consisted of 11 individuals, of which 7 individuals (6.2%) were considered with a median (100–399 epg) and only four individuals (3.5%) considered with a high parasite load (≥400 epg).



Table 1. Characterization of the study groups according to copro-parasitological results in relation to S. mansoni infection: Group <4 epg (n = 42), Group 4 to 99 epg (n = 60), Group ≥100 epg (n = 11), and Negatives (n = 26). Indicated for each group are sex distribution, median age, parasite load, and presence of co-infections.
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Roughly 50% of schistosome-infected individuals harbored a S. mansoni mono-infection in the different infection groups. On the other hand, co-infections with S. mansoni and especially with protozoan parasites were common in all infected individuals, but other intestinal helminth infections were not frequently found in this area (Table 1).

In Figure 1A the S. mansoni positivity rate is plotted for the different age groups and is divided into individuals who were readily detected by KK exams and individuals who were diagnosed by alternative parasitological methods, e.g., individuals considered as with an ultra low parasite load. KK results indicated the highest positivity rate in individuals during their second decade of life, whereas individuals diagnosed by the alternative methods had elevated and highest positivity rates during their first two decades and in the older age groups, respectively (Figure 1A). Evaluating the intensity of infection determined by KK, no significant differences resulted between the different age groups, but a highest median value resulted in the youngest age group (Figure 1B).


[image: image]

FIGURE 1. Positivity rate for S. mansoni infection per age group (A), indicated for individuals detected by quantitative Kato-Katz method (black squares, >4 epg, n = 71) and for individuals detected by other qualitative parasitological methods, such as Helmintex® and saline gradient (red squares, <4 epg, n = 42). In (B), median intensity of infection and interquartile ranges per age group, indicated as eggs per gram of feces and determined by the Kato-Katz method for the different age groups (n = 71).



When peripheral blood eosinophil counts were compared between the different infection groups, no significant differences resulted between individuals with an ultra low, low, or median to high parasite load (Figure 2A). Interestingly, in these infection groups the percentage of individuals who presented with peripheral blood eosinophilia was only 42.9, 33.3, and 50.0% in individuals classified as with ultra low, low, or median to high parasite load, respectively. Nevertheless, for egg-positive individuals with a quantitative KK result, a weak but significant correlation (p = 0.03) between eosinophil counts and epg values was observed (Figure 2B).
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FIGURE 2. Individual eosinophil counts (mm3) in different S. mansoni infection groups (A). Groups were classified according to their individual egg counts by six Kato-Katz slides into median to high (≥100 epg) or low (4 to 99 epg) parasite load, or into <4 epg, according to more sensitive, qualitative detection methods. The dotted red line indicates the limit of normal eosinophil counts in clinical samples (range 0–500 mm3). Association between peripheral blood eosinophil counts and egg counts per gram of feces, as determined by Kato-Katz (B).





Cytokine and Chemokine Profile in Sera From Infected and Non-Infected Individuals Before Treatment

In order to search for serological markers of infection, we evaluated the immunological profile of type 1, type 2, inflammatory markers, and of regulatory chemokines and cytokines in individuals with different parasite loads and compared them with non-infected individuals. Initially, the raw cytokine and chemokine concentrations were compared between the different groups. Serum concentrations of some inflammatory (IL-1β and IL-17A) and type 2 cytokines (IL-5, IL-13, IL-33) were very low and were not shown (Table S1). With a few responders in each infection group, the serum concentrations of the cytokines TNF-α and of IL-10 showed significant differences between the groups ≥100 epg and 4–99 epg for TNF-α and between 4–99 epg and <4 epg for IL-10 (p ≤ 0.05) for each comparison, (Figures 3A,B). The most striking differences were observed for type 2 CCL17. Here, we measured a significant higher serum concentration (p ≤ 0.05) in the group ≥100 epg, when compared with the non-infected controls (Figure 3C). The cytokines and chemokines IL-6, IL-27, CXCL10, CCL3, CCL5, and CCL11 were readily detected in almost all serum samples. However, no significant differences were observed between the different infection groups (Figures 3D–I).We further checked whether co-infections with protozoan parasites and/or intestinal helminths, as described in (Table 1), might have influenced cytokine and chemokine concentrations in sera. Only a few alterations between mono- and co-infected individuals in each of the schistosome infection groups were measured. In the group <4 epg, co-infected individuals showed significantly (p ≤ 0.01) higher IL-10 concentrations when compared with mono-infected individuals, whereas, IL-13 was significantly elevated (p ≤ 0.01) in mono- as compared with co-infected individuals. For the group 4–99 epg, significantly higher (p ≤ 0.01) concentrations of inflammatory IL-6 were observed in co-infected when compared with mono-infected individuals (Table S2).
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FIGURE 3. Comparison of serum cytokine and chemokine concentrations (pg/ml) in different S. mansoni infection groups. Groups were classified according to their individual egg counts into median to high (≥100 epg; n = 11) or low (4 to 99 epg; n = 60) parasite load, or into <4 epg (n = 42) and compared with egg-negative individuals (n = 26). Shown are results for TNF-α (A), IL-10 (B), CCL17 (C), IL-6 (D), IL-27 (E), CXCL10 (F),CCL3 (G), CCL5 (H), CCL11 (I). Indicated were median values and 25 and 75% interquartile ranges and data were analyzed with Kruskal-Wallis test and Dunn's post-test. Not significant differences (ns: p ≥ 0.05) and significant differences between groups (*p ≤ 0.05) were indicated.



When the cytokine and chemokine concentrations in sera were correlated with the individual parasite load of all egg-positive individuals diagnosed by the KK method, significant positive correlations between epg values and IL-1β (p = 0.006) and with TNF-α (p = 0.002) were detected (Table 2, Figure S1).



Table 2. Correlations between cytokine and chemokine concentrations in peripheral blood and S. mansoni egg counts (epg), as determined in individuals by the Kato-Katz method (>4 epg).
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Cytokine and Chemokine Profile in Sera From Formerly Infected Individuals Three Months Post-Treatment

The infected individuals were treated with praziquantel, treatment efficacy was confirmed at 1-month post-treatment, and those individuals were offered another extensive parasitological examination at 3 months post-treatment in order to search for reinfection. The immunological profile of 78 individuals, who were confirmed as egg-negative (without reinfection) was re-evaluated. Most of the cytokines and chemokines did not show any significant alterations at 3 months post-treatment when compared with pre-treatment serum concentrations (Table S3). However, in the 4–99 epg infection group, there was a significant increase in CCL11 (p = 0.002) 3 months post-treatment, whereas, CCL5 and CXCL10 were significantly decreased (p = 0.009 and p = 0.002, respectively). Also, a significant reduction of CCL5 levels (p = 0.03) was measured in treated individuals with a former egg load of 100 or more (Figures 4A–D).
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FIGURE 4. Comparison of serum cytokine and chemokine concentrations (pg/ml) before (pre-treatment) and 3 months after chemotherapy (post-treatment) in group 4–99 epg (n = 51) for the chemokines CCL11 (A), CCL5 (B), and CXCL10 (C). And in group ≥100 epg (n = 8) for the chemokine CCL5 (D). The data were analyzed by the paired Wilcoxon test and significant differences and p-values were indicated in each graph. *p < 0.05; **p < 0.01.





Frequency of Cytokine and Chemokine Responders in Each Infection Group Before and 3 Months After Treatment

In order to visualize the immunological profile in each infection group before and after treatment, we put together radar diagrams with the percentages of responders in each infection group for the different cytokines and chemokines under investigation (Figure 5 and Table S4).
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FIGURE 5. Radar profile for cytokines and chemokines in individuals infected with S. mansoni, compared with egg-negative individuals at pre-treatment (A,B), and 3 months post-treatment (C). Infection groups were classified according to different parasite loads in <4 epg, 4–99 epg and ≥100 epg. Indicated radar zones correspond to 25, 50, 75, and 100 percent values. Radar indicates percentage of responders in each infection group before and 3 months post-treatment and in comparison with endemic egg-negative individuals.



At pre-treatment, the chemokines CCL5, CCL11, and CCL17 were readily detected in all infection groups and the frequencies of responders were similar to the egg-negative individuals (Figures 5A,B). Also, IL-27 was measured in serum samples from more than 95% of all individuals of the different infection groups with the exception of individuals with an egg load of 100 epg or more. In this infection group the frequency of IL-27 was reduced to 82%. Likewise, the frequency of CCL11 (eotaxin-1) was reduced from around 75% in the other infection groups to 55% in individuals with an elevated parasite load (≥100 epg). On the other hand, the frequencies of responders for CCL5 and CCL17 increased to 100% in this group and, together with IL-6, TNF-α was detectable in more than 25% of infected individuals (Figure 5B). The statistical analysis of frequencies of responders in each infection group and for each immunological marker are shown in Table S4 and frequencies of responders for TNF-α and IL-17A were significantly elevated (p = 0.016 and p = 0.048, respectively) in the infection group with highest parasite load (≥100 epg). Also, CCL5 showed a tendency for increased frequencies in this group, however, differences did not reach the significance level (Table S4).

Three months after treatment with praziquantel, the groups with lower parasite load (<4 epg and 4–99 epg) showed similar alterations in cytokine and chemokine frequencies, whereas, the highest infection group (≥100 epg) showed a different pattern (Figures 5B,C). Especially the chemokines CCL3, CCL5, and CCL11 increased in the lower infection groups 3 months after treatment. Opposite to that, a prominent increase in frequencies for CCL3, CCL5, and CCL17 was measured in individuals with ≥100 epg, whereas, eotaxin-1 (CCL11) was reduced after treatment. Also, in individuals with highest parasite loads (≥100 epg) frequencies for IL-27 and for IL-10 increased after treatment to 100 and 25%, respectively. Finally, throughout all infection groups, the frequencies of CXCL10 were reduced after treatment (Figure 5C).




DISCUSSION

The main goal of the present study was to search for infection markers in serum from individuals with asymptomatic S mansoni infection and ultra low parasite load (<4 epg). Individuals with such a low parasite burden are hardly detected by the control programs, using the commonly applied KK method. However, by combining several parasitological methods, we were able to show that a considerably higher percentage of the population was actually infected with schistosomes (13). The study area matches the present epidemiological situation in many endemic Brazilian regions, where frequent treatment cycles have led to a considerable reduction of clinical cases and morbidity and reductions in the individual and community parasite loads (5).

Nowadays, most of the BSCP controlled endemic areas for intestinal schistosomiasis have populations with median to low individual parasite loads (31), thus, this turns precise individual diagnosis much more difficult. As a consequence, more sensitive direct or indirect methods or combination of methods are urgently needed for diagnosis (32). One alternative are indirect serological methods, which are capable to detect acute and chronic infections, show a high sensitivity, but usually have problems with the specificity, due to other cross-reactive infections (10). Therefore, several groups have been searching for other indirect immunological markers, which could indicate a present schistosome infection in the absence of extensive parasitological exams (26, 33, 34).

In our study, the first step was to elucidate the infection profile on a populational level and in the different age groups. If the diagnostic method of choice was KK, the infection profile showed the highest infection rate in children and young adults from 11 to 20 years of age, which was similar to earlier studies (30, 31). Interestingly, when more sensitive parasitological methods were used, the infection profile was somewhat inverted. Now, the youngest and the oldest age groups showed elevated and the highest rates of infection, thus, showing their relevance and contribution for maintaining the parasitic cycle and continuous transmission. In the youngest age group, a considerable population with adult parasite worms and increased parasite loads are supposed to build up slowly with increasing exposure during the first years of their life and, therefore, eggs might not be readily detected in common stool exams (35–37). On the other end of the age scale, reduced parasite loads in elderly individuals might be explained by more effective immune responses and reduced reinfection rates, reduced exposure due to altered habits and/or by aging worms and reduced fertility of female parasites (15, 38, 39).

Alterations in peripheral blood leukocyte counts and especially elevated eosinophil counts are considered a hallmark of helminth infections (40). However, in our study we were able to detect peripheral blood eosinophilia only in 33–50% of our infected individuals, depending on the infection group, which would not classify eosinophil counts as a good and mandatory infection marker. For example, for experimental S. mansoni infections in mice it was shown that activation, recruitment and granuloma composition of eosinophils vary to a considerable degree, depending on the phase of infection and time post-infection (41) Nevertheless, in individuals with quantitative KK egg counts, peripheral blood eosinophilia correlated to a significant degree, as was already observed in former studies (42, 43).

Since the major goal was the search of detectable infection markers in the peripheral blood of individuals with very low parasite loads, we tried to identify cytokines and chemokines, which could readily be detected in serum samples. Generally, during the migration and acute phase of infection it was shown that schistosome antigens induce a host immune response in humans, which is characterized by increased secretion of type 1 cytokines, such as IL-2 and IFN-γ (14, 15, 20, 44–46). Later on, during the chronic phase of infection, this type 1 profile is gradually modulated to a type 2 profile (15, 20, 45, 47), with the major contribution of IL-10 (20, 39, 45, 48) and especially T regulatory cells as its source (16, 49). In addition, in patients with confirmed clinical alterations the immunological profile was shown to be driven by the secretion mainly of type 2 IL-13 (18, 50, 51), and TNF-α (52) and an upregulation of Th 17 cells (53). All of the before mentioned studies on the immune response in human schistosomiasis were based on results obtained by in vitro stimulation of peripheral blood mononuclear cells (PBMC) or whole blood cultures with egg or adult worm antigens from schistosomes.

Here, we searched for circulating infection markers in sera from individuals with different infection intensities, before and 3 months after treatment with praziquantel, and compared cytokine and chemokine concentrations and their frequencies with parasitologically well-confirmed and egg-negative individuals from the same endemic area.

A panel of pro-inflammatory, type 1, type 2, Th 17, and regulatory cytokines and chemokines were measured in serum samples. First, we tried to correlate any of the immunological markers with egg counts, but only serum IL-1β and TNF-α concentrations weakly correlated with KK epg values throughout the infection groups, which corroborated the results obtained by Coutinho et al. from individuals with elevated parasite loads and/or clinical manifestations (23).

As already shown before (26), most of the pro-inflammatory markers, such as IL-1β and IL-6, were only detected at low concentrations in the different infection groups. However, TNF-α serum levels in individuals with a medium to high parasite load (≥100 epg) were significantly higher than in the group with a low intensity of infection (4–99 epg). In this case, this might be an indicator of pathological changes in apparently asymptomatic individuals, though they were only observed in a restricted number of individuals. However, thorough clinical and ultrasound examinations were not within the scope of the present study and were not done. In a former study (21), such elevated TNF-α levels were not found in schistosome-infected individuals even with a median to high parasite load. This might be due to the presence of co-infections with intestinal nematodes and might be explained by a deviation to a type 2 immune response, as measured by increased CCL11 and CCL17 concentrations in co-infected individuals (21). In addition, IL-17A was hardly detected in any of the infection groups, which would be more indicative of chronic inflammatory processes (54) or, in schistosomiasis, be more indicative of severe liver pathology (53, 55, 56). As already shown for multiple helminth infections and at increased parasite loads (26), serum CCL17 concentrations were highest in the infection group with ≥100 epg, but in the infection groups with low or ultra-low parasite loads, the CCL17 concentrations did not differ from non-infected individuals. Also, CCL11 (eotaxin-1) was not found significantly elevated in the infection groups, when compared with non-infected individuals. This is in contrast to what was previously found in individuals co-infected with S. mansoni and with geohelminths (26), and, again, might be explained by low parasite loads and absence of co-infections with intestinal helminths in the present study. Therefore, the results of serum CCL11 and CCL17 concentrations did not support previous findings that these chemokines could also be used as infection markers in individuals with diminished parasite loads. On the other hand, type 1 markers and pro-inflammatory markers, such as CXCL10 (57) and IL-27 (58), were readily detected in serum samples, but throughout all groups and without significant differences between infected and egg-negative individuals. This fact, also might argue against acute infections or severe schistosome-induced pathologies in the examined individuals, as found in other studies (18, 52, 59, 60). They are rather indicative of balanced type 1/type 2 immune responses during asymptomatic chronic infections (15). Interestingly, a most recently published study on chemokines in plasma samples of individuals with fibrotic lesions but with low parasite loads, also did not reveal any significant differences in concentrations of several chemokines between groups of infected individuals and egg-negative controls. However, individual chemokine concentrations, such as CCL3, CCL7, CCL24 (eotaxin-2), Macrophage Migration Inhibitory Factor (MIF), and soluble TNF-α receptor 1, were positively associated with Schistosoma-related liver fibrosis (61). As far as the comparison of frequencies of the different cytokines and chemokines between infection groups and egg-negative individuals are concerned, we found a very similar pattern in the groups with ultra-low and low parasite loads, when compared with non-infected individuals. Only the group with moderate to high parasite loads (≥100 epg) showed alterations, which would be indicative of inflammatory processes. However, other biomarkers who were found to be associated with granuloma size and severity of the disease in animal models and in humans, were only found at low frequencies. From the cytokines and chemokines found in serum samples with high frequencies, IL-27 is considered a pro-inflammatory cytokine, which is able to regulate Th1, Th2, and Th17 responses, as shown in experimental infections (62) The chemokines CCL5, CCL11, and CCL17 were also found in high frequencies, especially in the group with the highest parasite loads (≥100 epg). In other studies it was shown that these chemokines were important to attract eosinophils and to inhibit severe disease. On the other hand, especially CCL3 and CCL5 were shown to be elevated in schistosomiasis patients with severe disease (63–66). Three months after treatment, the frequencies in the cytokine and chemokine profiles again were somewhat different for the infection groups with low parasite loads (<4 epg and 4–99 epg) when compared with individuals with medium to high parasite loads. This difference might be explained by the different amount of released antigens after chemotherapy, or by more profound immuno-modulatory and regulatory mechanisms in individuals with a higher parasite load. However, this was not addressed in the present study and could be part of future research.

In conclusion, we believe in the importance to search for alternative markers of infection in human schistosomiasis, in order to overcome shortcomings of correct parasitological diagnosis in individuals with reduced parasite loads. However, the immunological alterations in peripheral blood (serum or plasma) of such individuals are subtle and might not be measurable by the common immunological assays, instead, they only become more obvious in individuals with medium to high parasite loads and/or advanced pathology.
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Early exposure to immune stimuli, including maternal infection during the perinatal period, is increasingly recognized to affect immune predisposition during later life. This includes exposure to not only viral and bacterial infection but also parasitic helminths which remain widespread. Noted effects of helminth infection, including altered incidence of atopic inflammation and vaccine responsiveness, support further research into the impact these infections have for skewing immune responses. At the same time, despite a sea of recommendations, clear phenotypic and mechanistic understandings of how environmental perturbations in pregnancy and nursing modify immune predisposition and allergy in offspring remain unrefined. Schistosomes, as strong inducers of type 2 immunity embedded in a rich network of regulatory processes, possess strong abilities to shift inflammatory and allergic diseases in infected hosts, for example by generating feedback loops that impair T cell responses to heterologous antigens. Based on the current literature on schistosomiasis, we explore in this review how maternal schistosome infection could drive changes in immune system development of offspring and how this may lead to identifying factors involved in altering responses to vaccination as well as manifestations of immune disorders including allergy.

Keywords: schistosomaisis, immune regulation, developmental immune modulation, maternal infection, allergy, vaccines


INTRODUCTION

Growing research continues to expose the delicate immunological balance at the fetomaternal interface, its vulnerability to perturbation by maternal infections, and the subsequent effects of such disruptions on immune development and responses later in life. Bacterial infections such as listeriosis remain key concerns that threaten healthy pregnancy (1). Perinatal viral and bacterial infections have been shown to impact normal development and potentially lead to behavioral shifts in later life (2). Attention has also been given to perinatal helminth infections, which is understandable considering that schistosome infections alone affect over 200 million people, including pregnant women. This means that a conceivably large number of children are born having either direct or indirect gestational exposure to helminthic parasites and their products, or maternal mediators produced in reaction to infection such as cytokines. Throughout human evolutionary history such infections were likely to be even more prevalent, and as such, are intimately linked to the pressures under which the modern immune system evolved. More generally, the interplay between infections and the inflammatory responses they elicit present significant events that feed into immunological memory, and complement genetic components providing modulatory effects through the lifetime of immunological challenges that shape our immune predispositions. This includes modulatory immune processes not only induced by microbes and parasites to ensure their survival, but also as feedback responses to dampen inflammatory sequelae and additional damage resulting from infection. It therefore remains important to evaluate how these exposures may be required in instructing tolerogenic states that appear to be lacking or imbalanced in not only the disproportionate responses that comprise allergy (3), but also along the axis of immune surveillance between triggering autoimmune disease and allowing the evasive survival of cancers (4).

Much of the epidemiological impact of helminth infections with strong immunomodulatory effects has been extensively reviewed in Feary et al. (5), Janssen et al. (6), Wammes et al. (7), including the range of effects that Schistosoma mansoni infection, or exposure to its released products, live or dead eggs, soluble egg antigen (SEA) extracts, or even recombinantly expressed schistosome-derived proteins have upon inflammatory and autoimmune diseases. This current review instead aims to place these and more recent findings within the context of perturbations during immune ontogenesis, where much research has thus far focused on bacterial and viral infections. By making an overview of mechanistic lessons learnt from such approaches using other infection modalities, we identify avenues for future research addressing potential immunoregulatory processes induced via exposure to helminth infection, which may help to develop understandings of how these may be incorporated for beneficial interventions to fine tune cellular responses to vaccines and control immune disease.



REGULATION THROUGH “IMMUNE EDUCATION”: MICROBIAL EXPOSURES AND OTHER IMMUNOLOGICAL CHALLENGES DURING KEY PHASES OF EARLY LIFE

The latter half of the 20th century was marked by a dramatic rise in the incidence of immune disorders and diseases of chronic inflammation. Whether autoimmune conditions, such as type 1 diabetes or multiple sclerosis, or allergic conditions such as asthma, atopy, and atopic dermatitis (eczema), or chronic pathologies like type 2 diabetes, metabolic syndromes or inflammatory bowel disease, these conditions are tied through shared underlying inflammatory processes (8) and the loss of immune regulation, such as mediated through regulatory T cells (9). This stark upsurge over such a relatively short time period, evolutionarily, implicates environmental factors in the etiology, which include dietary changes, psychosocial stress, xenobiotics and pollutants, alterations to the commensal microbiome, and changes to infectious burden (10, 11). Concerning the latter, sanitary practices have led to a strong decrease in gastrointestinal and fecal-oral parasitic infections, and the association of this with hyperactive immune responses led to the formation of the so-called “hygiene hypothesis” (12). The “old friends” expansion of this theory supposes that human evolution under the burden of such infectious agents, many of which dampen the immune system in order to ensure their survival within their host, produced a hypervigilant immune system, which, lacking these dampening checkpoints in its more urbanized, sanitized form, is free to cause immune-mediated pathology (13). The question then arises whether the mechanisms used by these organisms, parasites, for example, to dampen the immune system, can inform us not only about the etiology of immune-mediated diseases, but also perhaps provide potential avenues through which to modulate the immune system, prevent overly reactive states, and cool-down inflammatory predispositions.

Much work over the past decades has explored this interplay between infection and immune disorders. Specific immunoregulatory agents such as bacteria and other microbes have been found in farming environments, supporting inverse associations between early life farm exposure and allergy (14). Transgenerational effects from maternal exposures include the case of Acinetobacter lwoffii F78, a high LPS content, atopy-protective bacterium from farming environments (15), which was shown to upregulate suppressor molecules in lung epithelial cells through a negative feedback loop and thus to dampen airway inflammation, an effect also recreated by LPS exposure alone (16). Perinatal application of this bacterium in mouse models has been shown to render offspring hyporesponsive to experimental airway inflammation, mediated at least in part through providing increased maternal Toll-like receptor (TLR) stimuli (17). Follow-up work identified epigenetic alterations to the T cell compartment in such perinatally-exposed offspring, where robust permissive signatures on IFN-γ promoters in helper T cell populations inhibit experimentally-induced allergic airway inflammation (17, 18). In another recently published model, maternal infection with Helicobacter pylori also decreased offspring responsiveness to experimental airway inflammation induction, here mediated through induction of a regulatory T cell phenotype in the offspring and recreated through transmaternal application of the key H. pylori immunomodulatory compound VacA (19). Increased interferon (IFN)-γ levels, one outcome of typical viral or bacterial exposures, have been shown in a mouse model through direct, controlled administration during pregnancy to interrupt the progression of allergic phenotypes (20). However, much work on the effects of viral infection during pregnancy have highlighted the deleterious effects potentially played by such maternal immune activation. Mouse models of viral infection during gestation using poly I:C as an analog for viral double stranded (ds)RNA have demonstrated mostly adverse effects on offspring behavior triggered by the increase in pro-inflammatory cytokines, such as IL-6 and IL-17A (21). More recently, these effects in offspring were also replicated using preconception microbiota transfer from such poly I:C exposed mice, highlighting a role for microflora in regulating and mediating these effects (22).

Exposure to a range of environmental factors, such as maternal and paternal stress, diet, and other practices (such as antibiotic usage) that effect microbiota during early life, have demonstrated impact on the development of conditions including immune disorders, allergy, as well as neurodevelopmental disorders such as autism and schizophrenia (23, 24). Maternal factors beyond infection, including toxins, stress, and obesity, can impact inflammation and have been implicated in altered immune and behavioral outcomes in offspring (25). In general terms of immune development, the impressionable time window of the prenatal period and the first “1,000 days” presents numerous challenges to the developing immune system that can either push it toward the development of non-communicable diseases (such as inflammatory conditions) or toward increased states of maturation associated with healthy responses (26). In fact, such alterations to maturation of the immune system are associated with switches in immune response that highlight the age and life-stage specificity of appropriate immune responses. For example, although increased IL-13 is a hallmark of allergic and atopic conditions, faulty or reduced fetal and neonatal mitogen-induced IL-13 responses upon stimulation of cord blood mononuclear cells were associated with a family history of atopy, with increased responses therefore taken as a potential indicator of healthy immune maturation (27). However, increased IL-13 production from stimulated CD4+ T cells isolated from cord blood has also been associated with increased rates and severity of atopy and eczema (28). Additionally, following early life farm exposure, lower incidence of allergy was associated with increased levels of FoxP3+ regulatory T cells (Tregs) in peripheral blood at 4.5 years of age, and yet with decreased levels of such Tregs by 6 years of age (29), indicating age-related fluctuations in these features. These signify the dynamic processes involved in healthy immunoregulation, and the complexity of regulatory processes that probably underlie immune phenomena resulting from altered maternal exposures. The following sections review studies on how perinatal helminth infection can serve to induce similar end-point shifts in allergic responses in offspring as seen with protective microbial exposures, most likely also through complex networks of immunological feedback. What sets helminth infections apart from bacterial and viral infections, however, is that they induce predominantly type 2 immune responses and employ complex strategies to avoid clearance and attain chronicity. So, while such studies bear similarities to modalities of microbial exposure-induced regulation, and potentially similar effects to the disrupting immunological stimulation evoked by viral infection, there are also important points of difference.



IMMUNOMODULATION THROUGH SCHISTOSOMA MANSONI INFECTION

The “old friends” expansion of the hygiene hypothesis includes parasitic helminth infections within the range of exposures which can alter inflammatory disease and allergy. The strong type 2 responses which characterize chronic Schistosoma mansoni infections are largely stimulated by the parasite eggs and their soluble molecules, that also induce strong autoregulation to dampen inflammatory responses (30–33). Such chronic infections have a demonstrated effect on suppressing bystander immune responses which has been extensively reviewed (34–36). Some of the strongest data for associations between helminth infection in humans and immunomodulation pertain to reduced allergic skin-prick testing responses. For example, a Brazilian study of people with heavy S. mansoni infections were on average 5-fold less reactive to skin-tests with allergens compared to matched uninfected individuals from the same region (37), further assessed in Feary et al. (5). More recently, a study on Ethiopian rural migrants moving to urbanized areas in Israel found they had less allergy if they harbored an S. mansoni infection, and displayed significant increases in allergy if they underwent antihelminthic treatment (38). On a mechanistic level, responses to Derp1 (a major dust allergen) in S. mansoni-infected asthmatics, compared to uninfected asthmatics, showed reduced allergen-induced IL-4 and IL-5 levels from PBMCs, while the allergen-induced IL-10 production was higher from these infected individuals (39, 40). Murine studies also support observations that S. mansoni reduces severity of pathology resulting from co-infections such as malaria, including progression to cerebral malaria (41), as well as inflammation from autoimmune processes (42).

Concerning the underlying mechanisms of such interactions in immunological terms, the classical paradigm of imbalanced type 1/type 2 immune responses might not be applicable to the effects that schistosome infection have on allergic type 2 responses, possibly due to their very dynamic immune phases and presentations. Indeed, the strong suppressive effects of helminth infection upon allergy appear to be in chronic phases where type 1 responses have largely subsided, and instead are replaced by an immune state characterized by modified type 2 immune processes coupled to suppressive, regulatory aspects such as regulatory and IL-10-producing T and B cells (31, 43). As such, rather than simply modifying the type 1/type 2 balance, the persistent challenge with immune stimuli, such as a broad spectrum of diverse microbiota, infections, and parasites, induces a regulatory network that is more equipped or primed to effectively manage challenge with novel stimuli, such as potential allergens. The apparent paradox of helminths, as strong type 2 stimuli, reducing atopic inflammation, despite association with increased sensitization to allergens such as allergen-specific IgE levels (44), but with the presence of increased IL-10 levels, invites investigation into regulatory feedback loops induced by schistosomes that overshoot to suppress wider inflammatory responses to other antigens (45). Studies on infected mice have found reduced cytokine production and lowered T cell proliferation to heterologous antigens to be largely dependent on parasite infection-related increased IL-10 levels (46). Further, these effects are associated with the induction of regulatory phenotypic changes in immune cells, including alternative activation of macrophages, induction of myeloid derived suppressor cells, tolerogenic phenotypes in dendritic cells, and regulatory IL-10 producing T and B cells, as reviewed in Wammes et al. (7).



EFFECTS OF MATERNAL SCHISTOSOMIASIS ON VACCINE EFFICACY IN OFFSPRING

Additionally, the suppressive bystander effects from the type 2 and regulatory immune responses present during chronic helminth infections are associated with altered vaccine efficacy, including effects of chronic schistosomiasis on reducing protective type 1 responses raised against tetanus vaccines (47) and Hepatitis B (48), reflecting the dampening effects of Trichuris trichiura on antibody titers obtained from anti-malarial vaccines (49). As such, discovery of effective vaccines therefore continues to be a particular concern for communities where helminths are endemic (50). Murine models have also displayed reduced vaccine efficacy following schistosoma infection, for example, against Mycobacterium tuberculosis (51), reducing type 1 responses typified by IFN-γ and instead increasing type 2 responses. Recently, experimental murine S. mansoni infection inhibited effective cellular and antibody responses against novel HIV vaccines, with even the presence of schistosoma eggs alone (as a result from de-worming) able to reduce humoral vaccine responses (52). Nevertheless, effects of antihelminthic treatment on vaccine efficacy in human cohorts remains unclear (53, 54). Further, there are indications that modified responses to vaccines may be transferred to the newborn children of infected mothers (55, 56). Cohort studies, for example, have shown that developmental exposure to maternal helminth infection, with measurable effects on offspring immune priming including altered IL-10 levels in cord blood, can reduce levels of protective IgG in response to vaccination against Haemophilus influenzae type B and Diphtheria (57, 58). A further sign of transgenerational immunomodulation is the observation that infantile eczema is low in children of S. mansoni-infected mothers, and can increase upon anti-helminth treatment of mothers (59). There is also evidence that maternal schistosomes can sensitize human offspring in utero through altered total and schistosome-specific IgE levels, and increased signs of maturation in B cells (60, 61). As such, maternal exposures driving altered responses to homologous (i.e., schistosome) antigens could represent an effect of antigen-specific maternal tolerization, already demonstrated in mice using model antigen ovalbumin (OVA) (62). Schistosome antigens and antibodies can transfer to and persist in offspring (63, 64), and such pre-sensitization via prior exposure to acutely infected mothers was shown to alter susceptibility to subsequent infection of murine offspring (65–67). Here, acute maternofetal exposure to S. mansoni attenuated the pathogenesis of schistosomiasis in adult age offspring (66) indicating potential adaptive immune mechanisms of antigenic transfer to the fetus and neonates and subsequent sensitization.



MECHANISMS OF IMMUNOMODULATION THROUGH MATERNAL INFECTION

Maternal parasitic infection history has in particular been shown to have a range of potential stimulatory effects on the maturation of the developing immune system, one outcome of which is often induced tolerance, particularly regarding the homologous pathogen itself (68). For example, early-life exposure can yield tolerance to parasites such as malaria, which may also lead to increased susceptibility to the same infection in later life through suppression of antigen-presenting cell function and T cell responses (69). Interestingly, cord blood cells from neonates from geographical locations highly endemic for helminth and malarial infections show many signs of immunological maturity, including lower proportions of B cells expressing the immaturity marker CD5, and lower expression of CD27 and CD28 on CD4+ T cells, indicating downregulation through antigen-experience (70). Mouse models have shown that alongside the tolerogenic effects of reduced allergic inflammation severity for infected hosts during patent chronic infection, characterized by IL-10 production (33), this chronic infection in dams imprints a regulatory phenotype of suppressed allergic responses upon exposed but uninfected adult offspring (71). Multiple sources show indications that maternal schistosomiasis in murine systems reduces adaptive immune responses to antigens, but these are highly dependent upon the specific modes and time points of exposure to maternal infection during pregnancy. There are however conflicting reports of an altogether opposite effect (increased humoral response) contributed by breastmilk (72, 73) of schistosome infected murine mothers, although the effects of this may be dependent on the specific models used and timepoints employed. In fact, mating infected female mice during early patent infection (as opposed to the late chronic phase), where there is a strong increase in type 2 cytokines, yields increased allergic responsiveness in offspring (71). This strongly implicates a mechanistic role for the divergent effects of maternal cytokines and immune cell profiles during these distinct immune phases, which remains to be explored.

Although complete descriptions of the underlying changes involved in these processes are lacking, there are indications that lasting modifications modify the behavior of key immune cells involved in mounting adaptive immune responses. This includes a report of altered antigen presentation, with altered expression of co-stimulatory molecules CD40, CD80, and CD86 during vaccination-based sensitization in adulthood, although these are further complicated by divergent effects (increased or decreased co-stimulatory signaling) from in utero exposure vs. through nursing (74). On the other hand, initial reports indicate that the T cell compartment itself may be modified, including altered production of type 2 cytokines IL-4 and IL-5, coupled with more repressive histone acetylation patterns upon the promoters of those effector cytokines on CD4+ T cells from murine offspring exposed to this schistosome-induced regulatory environment in utero and during nursing (75), as already demonstrated to reduce responsiveness to airway inflammation (71). Consequently, bystander modulatory effects of schistosome exposures on responses to heterologous antigens (such as the ability to modify immune disease, vaccination responses, or the effects of model allergen ovalbumin in animal models) remain a key area of active investigation. The effect of maternal schistosomiasis in humans upon the effective development of antibody titres remains unclear, for example, following Hepatitis B vaccination (76), as is the role of any antibody-mediated effect in experimentally-induced allergy models (71). Similarly, its impact upon vaccine efficacy in children remains inconsistent, with recent studies contrasting previous results by showing no effect regarding diphtheria and tetanus, but reduced measles vaccine responses (77). The regulatory networks induced by S. mansoni infection can also impact response to viral infections, with infected mice having impaired clearance of vaccinia virus (78), and this increased persistence appears mediated by suppression of CTL activity by a macrophage-like cell induced by schistosomiasis that operates through soluble factors (79), a potential pathway that could operate in transgenerational modulation of offspring but remains unexamined. Table 1 summarizes the major findings from models exploring immunomodulation through transmaternal parasite exposure, with a focus on helminth infection.



Table 1. Overview of immunomodulation through maternal parasite infection.
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Mechanistically, cross-reactivity between antibodies raised against S. mansoni egg antigens and allergic plants [notably recently discovered for peanut (80) and grasses (81)] lend weight to the possibility that the modified type 2 response may induce the suppressed immunological responses to non-related antigens with features similar to those seen in individuals treated successfully with immunotherapy. This in turn may operate by virtue of glycans shared between plants and helminths yet absent from mammals, termed as cross-reactive carbohydrate determinants (CCDs) (81). In transgenerational models, there is the further possibility of epitopes from such antigenic compounds being presented within the more tolerogenic gestational context in utero, or to neonates via breastmilk, highlighting how an increased range of antigen exposures during this key “window of opportunity” could have direct effects on shifting immune cell populations in offspring away from hyperresponsiveness later in life. But again, mode, duration, and context of exposure may be key in determining the balance between sensitization and tolerization. For example, studies where murine neonates (similarly within an early-life window, but post-birth) were exposed schistosome antigens found an increased predisposition toward increased inflammatory sequelae, at least in regard to later secondary contact with schistosomes (82). And yet, in other contexts, modified protocols of schistosome egg exposures beginning at a similarly early age were found to completely abrogate genetically-predisposed autoimmune disease in non-obese diabetic (NOD) mouse models (83).

In terms of altering T cell responses to heterologous antigens, schistosome oligosaccharide Lacto-N-fucopentaose III (LNFPIII) was able to effect co-cultures of dendritic cells and T cells by suppressing type 1 responses (measured by IFN-γ production) from CD4+ T cells without a drop in CD8+ activity (84). LNFPIII was shown to program dendritic cell behavior leading to altered CD40/CD40L-dependant effects on natural killer cell activation, and also to drive monocytes toward an alternatively activated phenotype (85). In utero exposure to such compounds may warrant further investigation as potential mechanisms for training antigen presenting cell phenotypes to drive altered T cell responses, as would echo recently described mechanisms for transmaternal exposure to immunomodulatory compounds from H. pylori (19). Additionally, the gestational cytokine environment appears to differ during allergy-protective acute (pre-patent) and chronic maternal phases of schistosomiasis (IFN-γ and IL-10-dominated responses, respectively) (71). Such signals may operate through divergent mechanisms to alter immune development, and whether their potential effects occur directly or indirectly, remain to be disentangled, as does their relationship to other potential specific mechanisms such as derived from immunomodulatory schistosome compounds or antigenic interactions, Even increased IL-10 itself can have differential activities upon CD4+ vs. CD8+ function (86), which may be revealed as a significant factor in, for example, fine tuning vaccine efficacy where protective immunity can be associated specifically with adequate amounts of memory T cell populations.

A final mechanistic angle for transmaternal effects of schistosomiasis that cannot be excluded at this point is modification of the microbiome and metabolome. Schistosomes do not inhabit the intestinal lumen, as do other helminths such as the nematode Heligmosomoides polygyrus. However, their relationship to gut inflammation, including as driven by the passage of schistosome eggs through the intestinal epithelia, warrants their discussion in driving potential changes in microbiota, with associated shifts could have implications for the metabolome and its influence on immune priming (87). More generally, studies on the gut microbiome have yielded strong data on associated changes to metabolite profiles, including anti-inflammatory short-chain fatty acid (SCFA) profiles greatly implicated in gut-health-associated processes of immune tolerization (88). Direct changes to SCFA have been shown through in utero exposure to reduce offspring responsiveness to allergic airway inflammation, with mouse models showing this associated with additional changes to transcriptional profiles of Treg-relevant epigenetic pathways in fetal lungs (89). Additionally, metabolite profiles of urine from schistosome infected mice indicate changes driven by altered liver function (90) which warrant further investigation of metabolite-driven effects on offspring development, aside from potential changes associated with microbiota. Particularly, skewed expression of genes associated with placental production of steroid hormones during murine schistosome infection (71), and early evidence from a human study supporting that this may also be the case in humans (91), suggests metabolic changes associated with the glucocorticoid and hormonal axis that may be implicated in driving developmental changes in offspring leading to altered immunity.



CONCLUSION

Continued exposure to the complex sets of foreign epitopes and antigenic stimuli present and secreted by helminths would ensure a constant challenge to the immune system during ontogenesis, combined with enhanced regulatory signaling via maternal cytokines during the key early-window during development. The resulting immune education, with the potential outcome of a highly trained network of regulatory immune processes and suppressive signals, may produce a pre-set, helminth specific immune memory that might either protect against immune sequelae of infection of offspring (e.g., schistosomiasis) or might lead to enhanced susceptibility (e.g., filariasis) to infection. Interestingly, the parasite would profit from either situation. These signals may also mitigate the response to immune challenge with, for example, otherwise strong allergens.

In terms of populations where helminth infection is endemic, these concerns must be considered in relation to not only interventions during and post- pregnancy, but also in the wider trend toward personalizing medicine in understanding how past and current microbial and parasitic exposures have led to individualized skewing or training of the immune system. This individual history of immunogenic exposures may be at the root of not only idiosyncratic responses to standard vaccine protocols, but also the appearance of inflammatory and immune disease, meaning that practical application of continued work in this area extends far beyond support of de-worming or controversial re-worming practices. As such, deeper understanding of how schistosomes and their compounds can manipulate the immune system could teach us more general lessons about fine control over immune responses. By examining these processes during the highly vulnerable in utero and early postnatal periods, we could gain mechanistic insight into the influence wielded by environmental exposures and interventions during these impressionable time points and subsequent outcomes for immune health.
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Many parasitic worms possess complex and intriguing life cycles, and schistosomes are no exception. To exit the human body and progress to their successive snail host, Schistosoma mansoni eggs must migrate from the mesenteric vessels, across the intestinal wall and into the feces. This process is complex and not always successful. A vast proportion of eggs fail to leave their definite host, instead becoming lodged within intestinal or hepatic tissue, where they can evoke potentially life-threatening pathology. Thus, to maximize the likelihood of successful egg passage whilst minimizing host pathology, intriguing egg exit strategies have evolved. Notably, schistosomes actively exert counter-inflammatory influences on the host immune system, discreetly compromise endothelial and epithelial barriers, and modulate granuloma formation around transiting eggs, which is instrumental to their migration. In this review, we discuss new developments in our understanding of schistosome egg migration, with an emphasis on S. mansoni and the intestine, and outline the host-parasite interactions that are thought to make this process possible. In addition, we explore the potential immune implications of egg penetration and discuss the long-term consequences for the host of unsuccessful egg transit, such as fibrosis, co-infection and cancer development.
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INTRODUCTION

Schistosomiasis is a chronic and potentially lethal tropical disease, mainly caused by the parasitic blood flukes Schistosoma mansoni, S. haematobium, and S. japonicum. Schistosomes have evolved to develop and thrive in their infected hosts, with untreated infections generally persisting for 3–10 years and a minority of infected individuals developing severe, life-threatening pathology (1). Common among parasites, schistosomes possess rather peculiar life cycles. This includes stages within definitive human hosts and secondary snail vectors, transformation through various larval forms, and—importantly—a unique process of egg migration to leave their human host. In this essential life cycle event, schistosome eggs pass from the host vasculature, across intervening tissue and into the environment via host excretions. This enigmatic process, and its pathological/immunological consequences, is the focus of this review, with particular emphasis placed on the intestinal response to S. mansoni.

Adult S. mansoni worms reside deep within the mesenteric veins of the intestine, where they feed on blood and acquire nutrients necessary for growth, development, and egg production (2). Each worm pair produces ~300 eggs daily, which exit the host by moving from the depths of the mesenteric vessels, across the intestinal wall and into the intestine lumen (3, 4). Importantly, as schistosome eggs are not in possession of any obvious motility mechanisms themselves, their expulsion is likely to be heavily reliant on host-driven processes. However, successful egg passage is not guaranteed. Approximately half of all deposited eggs never reach the intestine, but instead are swept to the liver, where they evoke strong granulomatous inflammation, as characterized by the infiltration of alternatively activated (AA) macrophages, eosinophils and T-helper 2 (Th2) cells, with additional fibroblast proliferation and generation of extracellular matrix (3–5). For the remainder of intestinally-bound eggs, success is still not certain. Firstly, eggs remain viable for a mere 2–3 weeks following oviposition, providing them with a relatively short timeframe to make this journey (6, 7). Secondly, due their high antigenicity and continual release of antigens and other metabolites, transiting eggs are easily detected by the host immune system, becoming the focal point of inflammatory granulomatous reactions. If these responses are too extreme, a variety of immune-pathologic sequelae will follow (8).

As our understanding of schistosome immunobiology has increased, it has become increasingly obvious that schistosomes implement a variety of strategies to ensure efficient egg transit. Within the vasculature, egg extravasation is promoted by angiogenesis, endothelial activation, and interactions with blood clotting components (9, 10). In the intestinal tissues, schistosomes exert a variety of immunomodulatory influences to support granuloma formation around transiting eggs, which is an essential process in egg excretion (11–14). Directly related to this, and to prevent overwhelming immunopathology, schistosomes guide the immune response toward a more regulatory phenotype during chronic disease. In this review we discuss the strategies employed by schistosomes to favor egg passage, and outline the potential immune implications and pathological consequences that may follow (Figure 1).
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FIGURE 1. An overview of S. mansoni egg migration. Schistosome egg transit is facilitated by a series of host interactions at the intestinal and vascular interface. (A) The development of schistosomes into sexually mature, egg-producing adults occurs within the portal vein (~3–5 weeks post infection) and requires the transduction of host-derived signals (including those from the innate and adaptive immune system) to the developing worm pair. Once sexual maturity is reached, worm pairs migrate toward the mesenteric vessels, where the females lay approximately 300 eggs per day and actively modulates the intravascular environment to support their long-term survival. The production of eggs at ~5–6 weeks post infection is a milestone event in the schistosome life cycle, that is characterized by induction of a marked Th2 response and angiogenesis. Notably, the generation of a Th2 response by the host is critical for egg passage, and new vessel formation may favor egg transit, promoting the recruitment of immune cells and nutrients to developing granulomas. Freshly deposited eggs cannot move by themselves and must somehow attach and extravasate the endothelium. Although yet to be fully defined, this process may involve E-selectin:-Lewis-x interactions, and participation from platelets, ICAM-1 and VCAM-1. While a large proportion of eggs successfully penetrate the endothelium and reach intestinal tissue, many are swept to the liver or other distal locations (e.g., brain or spinal cord). Since schistosome eggs are unable to transit through these organs, overwhelming tissue pathology and inflammation may ensue. (B) Once schistosome eggs have passed across the host endothelium and out of the vasculature, they must cross the multi-layered intestinal wall. The host immune system responds to transiting eggs via an inflammatory granuloma response, in which individual eggs are encapsulated by immune cells [including alternatively activated (AA) macrophages, Th2 cells and eosinophils] and extracellular matrix (ECM), which protects host tissues from egg-derived toxins, but ultimately leads to formation of fibrotic lesions. For unknown reasons, granulomatous responses need to successfully develop for effective egg excretion from the host. Accordingly, schistosomes and their host have co-evolved a wide range of mechanisms to skew the host immune response toward granuloma-inducing Th2 profile. These include the ability of soluble egg antigens (SEA) to promote alternative activation in macrophages and to condition dendritic cells (DCs) for Th2 polarization. However, to prevent unwanted bystander tissue damage and potentially fatal immunopathology, schistosomes also implement various strategies to dampen host immunity and expanded regulatory networks (Bregs and Tregs). There remain many unknowns surrounding egg migration. This includes the molecules secreted by eggs to disrupt host barriers and modulate immune responses and, importantly, how egg penetration and intestinal ‘leakiness' may influence local and systemic immune reactions.





ENDOTHELIAL EXTRAVASATION


Maturation and Mesenteric Migration

Before egg production can commence, schistosomes need to mature to adulthood while navigating from the skin, via the lungs to the mesenteric veins of the intestine (S. mansoni and S. japonicum, causing hepatosplenic disease) or bladder (S. haematobium, causing urinary schistosomiasis) (15–17). Worm maturation occurs in the blood vessels and requires the transduction of host-derived signals from male worms to their female partner (18). Signals from the adaptive and innate immune system are thought to be intimately linked with this process (18). Notably, worm growth and reproductive activity is severely stunted in the absence of CD4+ T cells, but can be sufficiently restored through repeated stimulation of innate immunity via toll-like receptor signaling or inflammasome activation by endogenous danger signals (18–21). The specific immunological factors that guide parasite development remain poorly defined and controversial. For instance, while a functional role for interleukin (IL)-7 in parasite development is generally agreed upon, there is ongoing controversy surrounding the role of TNF, with studies showing that both TNF neutralization and administration can promote egg production (21–23).

At approximately 4–6 weeks post infection, sexually mature worm pairs move to the mesenteric vessels, which is the site of oviposition (17). Although eggs can be found throughout the vasculature, certain sites may be favored (15). In mice, oviposition appears to be concentrated in the Peyer's patches of the small intestine, while in primates and man, eggs are more readily detected in the colon and rectum (15, 16, 24, 25). Why oviposition shows such patterns is subject to speculation. It is possible that worm migration is dictated by host-derived signals (e.g., hormones or digestion products absorbed across the intestine wall) or that worms preferentially exploit regions of low sheer stress and high vascularization to avoid eggs being swept away with the blood stream (15). Alternatively, blood vessel diameter could be the major determinant, with adult worm pairs being relatively large (~0.5 mm in diameter and up to 10 mm long) in comparison to the mesenteric vessels that they reside in Da'dara et al. (26). Furthermore, while S. mansoni eggs are laid diffusely across the intestine and seldom produce bulky, concentrated lesions, S. haematobium and S. japonicum worms tend to deposit eggs in a few areas where a large number of them are concentrated (15, 16). These deposition patterns may reflect the unavoidable clumping of worms within host vessels or, alternatively, worms may be attracted to factors at the site of eggs-induced lesions, including substances released from breached blood vessels (15). Finally, it is possible that egg aggregation supports extravasation, with the build-up of egg-derived proteases creating channels from the intravascular to intraluminal space (27).

Even though migrating worm pairs are clear potential obstructions to blood flow, schistosome infections are not associated with enhanced blood clotting. In fact, individuals with advanced hepatosplenic schistosomiasis have a reduced level of blood coagulation factors, and blood clots are not observed around worms in host vessels (28–31). Experimental studies have also shown schistosome infections to impact blood-coagulation, where blood from 7-week infected mice coagulates more rapidly than control, with faster lysis of the clot formed (26). However, ex vivo studies involving the exposure of adult worms to blood from infected or non-infected mice, demonstrate an anticoagulant effect of the adult parasite (26). Mechanistically, there is strong evidence indicating that that schistosomes directly modulate the host haemostatic system via a variety of bioactive secretory products and molecules on the schistosome's outer-surface (tegument) (9). For instance, schistosomes inhibit blood clot formation and/or promote blood clot lysis through the activities of several tegumental enzymes, including enolase, SmSP2, SmAP and SmCalp1&2, and vascular tone is modified through the activities of SmSP2 and SmPOP (32–36). Altogether, such processes can be viewed as a schistosome survival mechanism in the blood stream, likely promoting residence and movement while preventing unwanted vessel occlusion.



Endothelial Adherence

Schistosome eggs are striking structures, encased by a rigid network of cross-linked proteins and, in the case of S. mansoni, characterized by a large protruding lateral spine. Due to the high rigidity and inflexibility of their outer shell, schistosome eggs must rely on external forces to bring them toward to the endothelial lining (37). It has long been suggested that the active migration of endothelial cells over schistosome eggs, brings the eggs into close contact with the vessel lining (38). More recently, video imaging has suggested that female worms prompt egg-endothelial associations via strong muscular contractions at their genital pore (dorsiflexion) that thrusts their eggs into the endothelium (7). Once brought into close contact with the endothelium, eggs likely tether themselves to endothelial surface adhesion molecules, including ICAM-1, VCAM-1 and E-selectin (39, 40). However, while binding to E-selectin is likely mediated by egg-shell components glycosylated with Lewis-x motifs (40), there are no obvious integrin-like structures within the egg-shell identified yet that bind ICAM-1 or VCAM-1. Interestingly, ICAM-1 shows strong upregulation in response to eggs and SEA (39), and soluble ICAM-1 levels are constitutively higher in schistosome-infected individuals and positively correlate with egg excretion rates (41). Additionally, there is evidence to show that ICAM-1 not only mediates egg binding, but also participates in the generation of granulomatous inflammation around parasite eggs, by regulating leukocyte trafficking, vascular permeability and modulating T cell responsiveness to soluble egg antigens (SEA) (39, 41, 42). As later discussed, intact granuloma formation is essential for successful egg expulsion.

Freshly deposited eggs are immediately surrounded by cells and proteins of the haemostatic system, including the plasma proteins von Willebrand factor (VWF), fibrin and fibrinogen (7, 43, 44). In addition to ICAM-1, E-selectin and VCAM-1, schistosome eggs may bind to these haemostatic components to promote their anchorage to the endothelium and to prevent them from being swept away with circulation. Indeed, the administration of platelet inactivating drugs to S.mansoni-infected mice results in significantly diminished egg excretion rates (45). By closely analysing the interactions between eggs and such components, deWalick and colleagues demonstrated that the schistosome egg-shell directly binds to VWF: an adhesive glycoprotein that tethers clotting material (such as platelets) to the activated endothelium (43, 46). This binding is suggested to benefit egg extravasation in two ways. VWF could form a direct bridge between eggs and the extracellular matrix, and/or the binding of VWF to clotting material may induce stable clot formation, making it easier for eggs to adhere to the endothelium.

The role of the schistosome spine in egg migration is not known. Given that S. japiconium eggs are virtually spineless, it is unlikely that the schistosome spine plays a major function. In fact, a recent report comparing egg morphology between Praziquantel resistant and susceptible S. mansoni infection suggests that the spine actually hinders egg transit (47). More specifically, resistant strain eggs were shown to have smaller lateral spines than susceptible strain eggs, and were also more frequently shed into host feces (47). Thus, from an evolutionary standpoint, perhaps S. japiconium has taken advantage of spine absence. However, based on the repeated observation that S.mansoni eggs clump to one another at their spine tip, it is also possible that spine-to-spine clumping enhances the cytotoxicity of freshly deposited eggs, promoting channel formation through host tissues and/or accelerating granuloma development (27, 48).



Eggs and Angiogenesis

Schistosomes not only reside and produce eggs within blood vessels, but also appear to promote their formation (49). Angiogenesis is a complex process in which new vessels develop from pre-existing ones, creating an environment that favors tissue growth and repair (50). This sequential process is guided by pro-angiogenic factors (such as VEGF, angiopoietin and inflammatory cell-derived chemokines) which instruct endothelial cell activation, proliferation and reorganization (50). Evidence for schistosome-induced angiogenesis can be found in both human studies and experimental models. During murine infection, vascularity is significantly enhanced in areas of high egg concentration (including the Peyer's patches) and, when angiogenesis is inhibited, there is a reduction in worm load and hepatic egg deposition (10, 24, 51). In human studies, mucosal biopsies containing S. haematobium eggs are more vascularized than healthy, egg-free control tissue (52). In addition, schistosomiasis patients have significantly higher serum VEGF levels than healthy individuals, or those with active hookworm infections (10) Schistosomes likely promote neovascularization to sustain their life cycle, for several reasons. First, the remodeling of intestinal vasculature may increase the number of worms the blood vessels can accommodate and reduce egg “spill over” into hepatic tissue (24). Second, angiogenic responses could enable the recruitment of leukocytes to developing granulomas, and ensure an adequate supply of oxygen and nutrients at these sites (53). Third, increased vessel density may impair intestinal tissue, making it easier for eggs to disrupt and move through (52). Finally, similar to what has been observed in cancer, growth of new vessels would maintain blood flow in scenarios of vessel occlusion (e.g., by worm pairs and their eggs). Furthermore, conditions created by vessel occlusion such as hypoxia, acidic PH and low glucose concentration, may also contribute to the neovascularization observed (54).

While adult worms have poorly defined roles in the induction of angiogenesis, secretory products of schistosome eggs (soluble egg antigens, or SEA) have been shown to instruct angiogenesis via direct and indirect mechanisms. Investigations using human umbilical vein endothelial cells have shown that SEA can directly encourage endothelial cell proliferation, migration, sprouting and production of VEGF (54, 55). The extent of angiogenic activity can be influenced by host genetics, and lies within the glycoprotein fraction of SEA (56, 57). Indirectly, SEA induces angiogenesis through the actions of alternatively activated (AA) macrophages and hedgehog signaling (58). In this case, SEA stimulates macrophage secretion of biologically active hedgehog ligands, which subsequently activate hedgehog-responsive endothelial cells to proliferate and secrete angiogenic factors. The fact that sprouting blood vessels are more frequently observed around viable ova as opposed to dead or dying calcified ova, strongly suggests that substances actively secreted from eggs are responsible for new blood vessel formation (52).

In addition to angiogenesis, endothelial activation by schistosomes may also support granuloma formation. Schistosome triggered VEGF significantly increases proliferation of and extracellular matrix deposition by hepatic stellate cells, which are the main source of extracellular matrix around schistosome eggs in the liver (59). Whether similar mechanisms are involved in intestinal granuloma formation is unknown, though it is tempting to speculate that endothelial cells lining mesenteric vessels could be activated upon worm encounter to secrete pro-fibrotic factors, such as VEGF, IL-13, TGF-β, or IL-33, to intestinal-resident cells involved in fibrosis. IL-33, for instance, is constitutively expressed by endothelial cells, and has recently been shown to support liver granuloma pathology through the induction of pro-fibrotic AA macrophages (60, 61). In addition, VEGF partially regulates Th2 inflammatory responses in the lung and liver in response to schistosome eggs (62). Given that type 2 immune responses are essential for adequate granuloma formation, it would be interesting to define a role for VEGF in intestinal granulomatous reactions.

Overall, schistosomes employ a variety of strategies within host blood vessels that favor their survival and life cycle propagation. Increased understanding of these interactions could identify new targets for the prevention of severe disease during schistosomiasis. For instance, direct targeting of adult worms could prevent or reduce the production of eggs and their accumulation within host tissues, which is the primary cause of pathogenesis during schistosome infection.




INTESTINAL PASSAGE

After successfully extravasating the mesenteric vessels schistosome eggs are confronted with a much larger anatomical hurdle: the intestinal wall. This extensive barricade is the host's largest interface with the external environment, its luminal side in constant exposure to the contents of the intestines, including innocuous (food) antigens, commensals and pathogens (63). To efficiently segregate the host from this hazardous environment, the intestinal wall incorporates a dense network of immune cells and an innermost monolayer of tightly aligned intestinal epithelial cells (IECs). IECs and resident immune cells communicate with one another to reinforce barrier integrity, maintain homeostasis and mount robust responses against invading threats—schistosome eggs included. However, despite the host response against them, a large proportion of eggs successfully transit across the intestinal tissues and exit the host body. Crucially, to enable this process while limiting enteric inflammation, schistosomes have evolved several strategies to modulate host immune responses and manipulate host barriers. For example, as illustrated in Figure 2, schistosome eggs are capable of digesting through the intestinal muscular layer (muscularis mucosae) without triggering significant inflammation or immune infiltration. This process likely involves a collaboration between egg-derived proteases (yet to be defined) and immune cells that have been recruited to the serosal tissue and/or mesenteric vessels (24). In particular, the strategies employed by schistosomes to favor migration of eggs through the intestine likely heavily involve Th2 polarization and granuloma maintenance.
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FIGURE 2. S. mansoni egg penetrating through the intestinal wall. Light microscope image of Masson's Trichrome stained ileal section (5 μm) from a C57BL/6 mouse 6 weeks after percutaneous infection with approximately 40 S. mansoni cercariae.



Moreover, due to infection longevity and the continuous passing of eggs, it is currently unclear, and difficult to assess, which intestinal layer schistosome eggs are predominantly located (i.e., serosa, submucosa, or mucosa). However, H&E images from infected mouse intestine show that eggs tend to penetrate through the muscularis-serosa layer en route to the lamina propria (64).


Promoting Granuloma Formation

S. mansoni eggs are highly antigenic structures that continuously secrete a variety of innocuous, toxic or antigenic substances into host tissues (6). Accordingly, infiltrating eggs are focal points for the host immune system, which mounts a distinct attack and sequestration strategy in response: the granuloma. Granulomas are highly organized, multi-cellular structures that are enriched with a range of immune cells including Th2 cells, macrophages and eosinophils, with mast cell infiltration, accumulation of type 2 cytokines (such as IL-4, IL-13 and IL-5) and additional involvement from stromal cells/fibroblasts. Type-2 cytokines instruct the polarization of macrophages toward an alternatively activated (AA) phenotype, whom are essential to the resolution of egg-induced inflammation and tissue damage (65–67). After reaching maximal responses, granulomatous lesions decline in size and become fibrotic, with IL-13 being the main cytokine responsible for fibrosis, mediating its effects through AA macrophages and fibroblasts (5, 68, 69).

It is important to highlight that although these egg-triggered inflammatory reactions can also be found throughout infected liver, there are distinct differences between intestinal and hepatic granulomas in terms of size, cellular composition and extracellular matrix deposition (7, 70). These finding arguably reflect the higher proportion of dead eggs within infected liver, and so differences in egg secretions between the two tissues. Alternatively, they may suggest that the local tissue environment has a large bearing on granuloma function and development. In the case of intestinal granulomas, it would be very interesting to disentangle intestinal bacterial involvement, as studies on antibiotic-treated mice show only intestinal granulomas, but not hepatic granulomas, to be influenced by antibiotic administration (71). Moreover, it is unknown whether intestinal granulomas are better “designed” for egg excretion than their hepatic counterparts. Furthermore, while the immunology of hepatic granulomas has been studied extensively over past decades, our understanding of intestinal granulomas is considerably less. Accordingly, most of the data discussed in the following section has been obtained from studies on hepatic granulomas, and we cannot rule out the possibility that intestinal granuloma development may differ from their hepatic counterparts.

The schistosome granuloma is both beneficial and detrimental for the host (5). On the one hand, granulomas protect host tissues from egg-derived toxins such as Omega-1 and IPSE/alpha-1, which can cause severe damage (72). On the other hand, the fibrotic sequelae that follows granuloma resolution is the main cause of pathology and lethality in schistosomiasis (5). At the same time, in a remarkable example of co-evolution, granulomas are thought to be essential for schistosomes and continuation of their life cycle. Early studies in immunodeficient mice demonstrated the crucial role of granulomas in egg passage, with egg excretion rates plummeting in mice failing to generate intact granulomas, leading to lethal microvascular damage (11–14). These data also underscored the importance of host T cells in granuloma development, results that were later corroborated by studies in HIV+ infected people, in whom egg excretion rates were found to positively correlate with circulating CD4+ T cell levels (73). Furthermore, Th2 immunity is critical for intact granuloma development and host survival, since mice deficient in IL-4 and IL-13 signaling die during acute disease due to elevated intestinal and hepatic pathology, oxidative damage, endotoxemia and cachexia (65, 68, 74–76). Therefore, it comes as no surprise that schistosomes actively modulate host immune responses to ensure a Th2 bias is achieved.

Infection with S.mansoni follows a predictable immunological pattern, with a mixed, low level Th1/Th2 profile prevailing in the initial 4–5 weeks, then Th2 responses dominating from the point of egg production, with parallel expansion of regulatory cell networks that exert their influence most dramatically during chronic infection (77). Although many innate cell types help establish the Th2 milieu, dendritic cells (DCs) are essential (78) (79). Using their vast array of pattern-recognition receptors (PRRs), DCs sense, process and present schistosome egg-derived antigens to naïve CD4+ T cells, instructing Th2 development by yet to be fully defined mechanism (80).

SEA is a complex mixture of immune-stimulatory antigens, that is well known for its capacity to condition DCs for Th2 priming (81–84). Omega-1, a glycosylated T2 RNase, is a single component of SEA and potentially, the most powerful inducer of Th2 responses (85, 86). Omega-1 is taken up through mannose receptors on DCs and enhances Th2 polarization by degrading mRNA and ribosomal RNA, leading to reduced co-stimulatory molecules expression (CD83 and CD86) and reduced production of the Th1 promoting cytokine IL-12 (85, 86). Somewhat unexpectedly, SEA and Omega-1 can also stimulate DC production of Type-I IFN (normally associated with anti-viral responses), which enables their initiation of Th2 responses (87, 88). However, it is important to note that Omega-1 is not the only SEA component involved in DC conditioning, as SEA depleted of Omega-1 and S.mansoni eggs with specific Omega-1 knock-down still retain some of their Th2 polarizing potential (85, 89). In addition, Kaisar and colleagues very recently identified a novel pathway in Th2 polarization that entails Dectin1/2 signaling on DCs and works independently of the actions of Omega-1 (90). Overall, the impact of egg antigens on host innate immune cells is complex and multifactorial, often flouting convention, but with the cumulative effect being initiation of a strong Th2 response.

It is important to realize that although Th2 skewing is primarily ascribed to eggs, adult worms are also capable of instructing a Th2 environment before the onset of egg production (91). In fact, by comparing granuloma formation between models of natural infection and portal vein egg injection, Leptak and colleagues demonstrate that granuloma development requires both worm- and egg-derived signals (92). Notably, while the inflammatory reaction toward portal vein injected eggs is minimal in terms of reaction volume, cellular infiltration and collagen deposition, these reactions can be sufficiently restored if eggs are injected into mice previously infected with single-sex male cercariae or exposed to adult worm homogenates (92). Mechanistically, this ‘priming' effect could be explained by the sharing of antigens between adult worms and eggs (92). Further, cytokines produced in response to adult worms may be key to granuloma induction (23, 42, 92). In particular, the cytokine TNF is thought to be exclusively produced in response to adult worms, and may be able to restore granuloma formation in naïve mice injected with eggs alone (92). Interestingly, it has been suggested that the production of TNF may be linked to phagocytosis of worm-regurgitation products by local macrophage populations (92, 93).

The schistosome granuloma is hallmarked by the accumulation of AA macrophages, which predominantly arise from the recruitment of Ly6CHi monocytes, as opposed to the proliferation of local macrophage populations (94, 95). AA macrophages are activated by type-2 cytokines (IL-4/IL-13), characterized by the expression of various signature genes (such as arginase 1, Ym1, Relmα) and are thought to prevent potentially lethal host pathology via a variety of mechanisms (67, 96). This includes coordinating the recruitment of collagen and cells to developing granulomas, regulating T-cell proliferation, facilitating tissue repair and regeneration, and inhibiting the differentiation of classically activated macrophages (CAMs), which generate pro-inflammatory cytokines and cause oxidative tissue damage (67, 97, 98). Crucially, thanks to the wound healing capacities of AA macrophages, intestinal barrier integrity is sufficiently maintained during egg migration and the host is shielded from enteric bacteria (67). Indeed, in mice deficient in IL-4/IL-13 signaling specifically on macrophages and neutrophils [LysM(Cre)IL-4Ralpha(-/flox) mice], AA macrophages do not develop and mice are extremely susceptible to S. mansoni infection (100% mortality during acute disease) (65). Importantly, acute mortality was associated with exaggerated Th1 pathology, severe hepatic and intestinal damage, impaired egg excretion and sepsis (65). In more recent studies, AA macrophages have also shown to maintain tissue integrity in models of urogenital schistosomiasis (66), and their protective function has been partially attributed to the enzyme arginase-1 and resistin-like molecule (RELM)-α (98–101). Notably, arginase-1 contributes to the long-term survival of schistosomiasis by restricting Th1 and Th17 associated immunopathology, and RELM-α acts as a negative regulator of Th2 responses (98–101). Moreover, while YM-1 is an additional phenotypic marker of AA macrophages, its contribution to Th2 responses during schistosomiasis remains undefined. However, various reports suggest a role for YM-1 in Th2 differentiation (102, 103). Of note, our understanding of the complexity of ‘M2' macrophages, and the range of cytokines that can promote aspects of M2 polarization, is continually growing, with IL-10, TGF-β and IL-33 also shown capable of instructing alternative activation (61, 104–106).

Schistosomes not only rely on cytokines to instruct AA macrophages induction, but also play a direct role in their polarization. Schistosome-derived molecules that may contribute to alternative activation include SEA, peroxiredoxin, lysophosphatidylcholine and hemozoin (101, 107–110). SEA, for instance, appears able to directly interact with macrophages to instruct an AA phenotype, or indirectly elicits an AA profile via IL-33 and its receptor ST2 (61, 109). Interestingly, in a model of intravenous S.mansoni egg injection, mice deficient in ST2 demonstrated impaired production of Th2 cytokines and primary granuloma development (111). However, this study did not assess the influence of ST2 deficiency on macrophage function or polarization. Another molecule that influences macrophage polarization is hemozoin. Hemozoin is a neutralized version of heme that schistosomes regurgitate into the bloodstream following the digestion of host erythrocytes (110). Hemozoin crystals spontaneously aggregate in the liver, where their consumption by patrolling macrophages promotes an alternatively activated phenotype, including the expression of the Th2 negative regulator RELM-α (99–101). Moreover, the uptake of these worm-regurgitation products by antigen-presenting cells has been suggested to induce the production TNF, which has previously shown a key role in granuloma formation (23, 42, 92).

In terms of other myeloid cells, eosinophils and mast cells are cardinal features of the schistosome granuloma, but their function there remains elusive. While older studies suggest that eosinophils favor egg passage by digesting the epithelial basal membrane, more recent models of eosinophil ablation found no obvious role for them in this process or for granuloma formation, fibrosis or worm burden (112–114). In this context, mast cell function also remains a mystery. During Trichinella spiralis infections, mast cells mediate parasite expulsion and disrupt epithelial barrier function through the release of mast cell protease 1 (mMCP-1), a serine protease that degrades TJ proteins (115). These observations prompted investigations into the role of mMCP-1 in barrier integrity during schistosome infections, but no functional role was found in this setting (116). However, mast cell secretion of pro-angiogenic factors could support egg extravasation (117). Additionally, the strong Th2 milieu may simply promote the recruitment of eosinophils and mast cells to the area, where it is possible that both cells types represent (minor) innate sources of Th2 associated cytokines, and so help sustain granulomas.

The alarmins IL-33, IL-25 and TSLP (thymic stromal lymphopoietin) are important initiators of type 2 immune reactions that are released from the epithelium, endothelium and other stromal compartments upon damage and stress (118). Although yet to be formally demonstrated, their release could be triggered by egg migration. While individual ablation of TSLP, IL-25, or IL-33 has no discernible impact on hepatic granuloma formation and fibrosis during chronic S. mansoni infection, simultaneous blockade of all three signaling pathways results in a modest decrease in Th2 associated pathology by 9 weeks of infection, including a reduction in granuloma-associated eosinophilia, hepatic fibrosis and IL-13 producing type 2 innate lymphoid cells (ILC2s) (119, 120). However, such effects were transient in nature and no longer significant by 12 weeks post infection, suggesting that these alarmins are dispensable for the development and maintenance of egg-induced pathology (120). Similarly, the observed reduction in ILC2 activity appeared to be compensated for by enhanced CD4+ T cell responses, indicating that ILC2s also have no major function in the maintenance of type 2 inflammation in this particular setting. Considering the essential role of Th2 responses in granuloma formation and egg expulsion, it makes sense that compensatory mechanisms are at play, and that schistosomes are not overly reliant on the unregulated release of stromal mediators for development or type 2 immunity. However, given that ILC2s have been shown to be important initiators of Th2 responses during gastrointestinal helminth infections, and to significantly contribute to wound repair responses at mucosal surfaces, further studies are required to reach a formal conclusion on the involvement of ILC2s in schistosome-associated Th2 inflammation (121–123). In addition, although the aforementioned study signposts the redundancy of alarmins in type 2 immunity during schistosome infection, there remains the possibility that they contribute to regulatory cell expansion during chronic stages of disease (124).



Exiting the Epithelium

Tight junctions (TJs) are the final hurdle that schistosome eggs must overcome to transit through the intestinal wall and exit the host. TJs are multi-protein complexes that tightly link adjacent IECs at their apical membranes, creating virtually impermeable seals. In this manner, TJs regulate para-cellular permeability (the movement of substances between adjacent cells) and are essential for maintenance of intestinal barrier function (125). In scenarios of TJ disruption, intestinal barrier function is impaired, allowing for enhanced permeation of luminal substances (such as bacteria, antigens, toxins and metabolites) into mucosal tissues and the systemic circulation (125). Both experimental models and human infection studies hint toward increased intestinal permeability during schistosome infections. Mice experimentally infected with S. mansoni demonstrate reduced ileal integrity from 8 weeks post infection, and S. mansoni infections in humans are associated with extremely high levels of endotoxin in the bloodstream (116, 126). In addition, the lethality of experimental schistosomiasis in scenarios of AA macrophage impairment is partially attributed to mass disruption of the intestinal wall and sepsis, with a common gastrointestinal symptom of intestinal schistosomiasis being blood in stool (65, 127).

One future goal is to better define schistosome-epithelial interactions. Namely, is intestinal epithelial disruption solely driven by damage caused by egg migration and/or, do schistosomes actively modulate components of the epithelial barrier to favor egg migration? In a unique model of urogenital schistosomiasis, in which S. haematobium eggs are directly introduced to the bladder wall, eggs were shown to suppress the transcription of multiple genes implicated in urothelial barrier maintenance, including junctional adhesion molecules claudin and uroplakin (128). These data indicate that schistosome eggs not only physically disrupt TJs as they pierce through the intestinal lining, but also suppress the transcription of various TJ related genes, which could facilitate egg transit. However, in a separate study, S. japonicum eggs were instead found to reinforce intestinal epithelial barrier function and relieve inflammation in the TNBS colitis model (129). Crucially, prevention of experimental colitis was accompanied by reduced bacterial translocation and enhanced levels of tight junction molecules (Zo-1 and occludin). This study suggests that eggs can fortify the intestinal barricade to prevent potentially lethal bacterial translocation, and thereby enhance host survival. Perhaps the discrepancies between these two studies reflect the manner of egg introduction: direct egg injection into the bladder wall vs. injection into the peritoneal cavity. More specifically, could the introduction of eggs into the peritoneal cavity influence the function of intestinal cell types? Direct injection of eggs into intestinal tissue, as very recently described (130), may provide a novel approach to study the impact of S. mansoni eggs on intestinal barrier integrity.

In addition to direct effects of schistosome eggs, intestinal permeability can be influenced by cytokines such as IFN-y, TNF and IL-13, as well as epithelial cell apoptosis and exogenous factors such as diet and non-steroidal anti-inflammatory drugs (125, 131). With regards to cytokine-mediated barrier dysfunction, it was recently demonstrated that schistosome eggs are incapable of penetrating through epithelial cells themselves, but require pro-inflammatory mediators TNF and/or IFN-γ to disrupt tight junctions and reduce intestinal epithelial resistance (71). Schistosome eggs appear not to stimulate production of pro-inflammatory cytokines by DCs, which suggests that other local mediators or cell types may be involved (71, 80). Alternatively, the tissue damage caused by egg transit, compounded by involvement of intestinal bacteria, could conceivably stimulate production of such cytokines (71). Furthermore, IL-13 has shown to induce epithelial apoptosis and increase the expression of the pore forming TJ molecule claudin-2, indicating that Th2 responses themselves can be instrumental to decreased barrier integrity (131).

Once eggs rupture past IECs they are met by a stratified layer of mucus, whose nature and function in schistosomiasis remains undefined. Mucus secretion is likely enhanced during schistosome infections, given that the IL-4/IL-13 signaling axis is critical to goblet-cell hyperplasia and mucus secretion (132, 133). Whether such alterations influence egg expulsion is unclear. In gastrointestinal nematode infections, mucus mediates the rapid expulsion of these parasites by limiting their motility and preventing their establishment within the gastrointestinal tract (132). Applying these observations to schistosome infections, it is possible that increased mucus generation leads to accelerated expulsion of eggs into the environment. In addition, since intestinal mucins are capable of instructing important pro-inflammatory functions in DCs, it is tempting to suggest that mucins may contribute to modulation of the inflammatory environment during schistosomiasis (134). Directly related to this, the exposure of DCs to mucins may be increased by egg-induced disruption of the intestinal barrier.

While larval and adult gastrointestinal nematodes likely interact with IECs for prolonged periods of time, schistosome eggs transiently move past or through them during transit. It is unknown whether these different exposure times influence how IECs sense and respond to the parasite infections. Very recently, intestinal tuft cells (a rare IEC population) were shown to instigate type 2 immunity in response to gastrontestinal nematodes infections (135–138). As tuft cell research is still in its infancy, defining the interactions between tuft cells and schistosome eggs remains an open and interesting point of further study.




MICROBIAL MEDIATED MIGRATION

In the face of the complexity of the immunopathology they generate, schistosome eggs ultimately transit from the mesenteric vessels via the serosa, the muscularis, the epithelium and the mucosa into the intestinal lumen, where a dense and vibrant microbiota surrounds them. As discussed above, successful egg penetration requires carefully coordinated interactions between host and parasite. These interactions can be extended to a third partner: the intestinal microbiome (herein, defined as commensal bacteria, viruses and fungi).

Helminths and the microbiome have co-evolved with their mammalian hosts over millennia, so extensive interactions exist between the three parties (139). Many helminths favor the establishment of defined microbial communities to support their own infectious life cycle and improve the overall wellbeing of the host. For instance, Trichuris muris uses intestinal bacteria as environmental hatching cues and Heligmosomoides polygyrus infections alter cecal microbiome composition, leading to a greater availability of short chain fatty acids (SCFAs) that dampen allergic responses (140, 141). While the interface between host, microbiota and intestinal-dwelling nematodes is beginning to be understood, there is currently a paucity of information on this topic about schistosomes, and whether they also remodel gut microbiome composition to support their own life cycle and lessen host pathology.

In mice, experimental S. mansoni infections are accompanied by profound changes in microbiota composition from at the point of egg production, including the expansion of Akkermansia muciniphila and bacterial populations from the Family Lactobacillaceae (142). The expansion of these bacterial communities may favor chronic schistosome infection by elevating the frequency of regulatory cell populations, or repairing egg-induced damage to the intestinal wall (143, 144). Further, a recent study using a broad spectrum of antibiotics showed that bacterial depletion reduces fecal egg excretion and intestinal granuloma development during murine infection with S. mansoni (71). In contrast, worm fecundity and liver pathology was not influenced by antibiotic administration, indicating that intestinal granuloma development and egg transit is particularly dependent on local, bacterially-derived factors. These factors could include bacterially-induced cytokines, such as IFN-y and TNF, that are needed for tight junction severance (71, 125). Complementing these studies, metabolic analysis of feces from mice experimentally infected with S. mansoni reveals several alterations in gut-bacteria related metabolites from day 41 of infection, including a greater availability of the SCFA, propionate (145). Additionally, differences in intestinal microbiome structure have been reported between children with or without S. haematobium infection (146). As S. haematobium is a urogenital parasite, this observation indicates that the schistosomes have a systemic influence on microbiome composition. Similar to that observed in Trichuris infection, it is possible that the schistosome-induced Th2 responses promote the establishment of a particular microbiome (147). Moreover, as signals from the gut microbiome are known to influence immune responses at both local and distal locations (e.g., the lung), it is possible that schistosome-induced alterations to the intestinal microbiome influence the development and/or protection against a range of diseases (148, 149).



THE IMMUNE IMPLICATIONS OF EGG PENETRATION

In mice, granulomatous responses are maximal by approximately 8–10 weeks post infection, before gradually declining in magnitude (150, 151). This decline corresponds with a reduction in lymphocyte proliferation and responsiveness, and represents the transition from acute to chronic disease (77, 152, 153). Chronic schistosomiasis is characterized by high circulating levels of anti-inflammatory IL-10 and/or TGF-β and the profound expansion of regulatory T cells (Tregs) and B cells (Bregs), which function to supress potentially deleterious activities of T-helper cells and limit granulomatous pathology (77). Schistosome eggs are continually produced during this chronic period, but thanks to the immune-modulatory capacities of these regulatory cell networks, the majority of chronically infected individuals do not develop lethal pathology.

Schistosomes drive regulatory cell induction via a variety of immunomodulatory influences (154). The egg-derived glycoprotein IPSE-1/ alpha-1,was recently shown to promote B cell IL-10 and equip B cells with Treg inducing capacities (155). In the case of worm-derived products, both Cyclophilin A and schistosomal lysophosphatidylserine (lyso-PS) can modulate DC function, leading to preferential expansion of IL-10 producing Tregs (156, 157). Small exosome-like extracellular vehicles (EVs) from schistosomes could also represent untapped and important sources of immunomodulation (158, 159). In addition to such direct effects of worm and egg-derived products on inflammation and the immunological environment, it is tempting to speculate that egg penetration itself will shape the immunoregulatory landscape, perhaps in part via facilitating the systemic spread of immune-modulating luminal molecules.

Such molecules could include LPS and bacterially-derived metabolites. SCFAs, for instance, are known to increase Treg responses, mediate the dampening of allergic airway inflammation in the context of H. polygyrus bakeri infection, and down-regulate the pro-inflammatory effector functions of intestinal macrophages (140, 149, 160, 161). A role for SCFAs in schistosome-driven immune regulation has not yet been demonstrated, but this would make for an interesting point of further study. Intriguingly, although reported endotoxemia levels are 10 times higher in sera from individuals with human schistosomiasis than that observed in lethal toxic shock, study participants have neither poor health nor systemic inflammation (126). This observation has been suggested to reflect the type of LPS in the blood stream, where the structure of LPS (specifically Lipid A acylation) dictates whether it has an antagonistic or agonistic effect (126, 162). As the structure of LPS varies between different bacterial communities, potential differences in LPS immunogenicity could reflect schistosome-induced alterations to the gut microbiome (142, 162). Alternatively, it is possible that schistosomes modulate innate cell responsiveness to TLR ligands and/or reprogram innate cell function to acquire a more regulatory phenotype (71, 156, 163, 164). In support of these hypotheses, schistosome-derived lysophosphatidylserine has been shown to be capable of modifying TLR2 signaling pathways in DCs, leading to altered maturation and enhanced induction of Tregs (156). In addition, S. japonicum infections can increase the survival rate of mice with LPS-induced sepsis, in a mechanism that likely entails the polarization of macrophages to an M2 phenotype (165, 166). Molecules that may mediate this effect include schistosome-derived cysteine proteases, which were recently shown to protect against sepsis challenge and lower the production of pro-inflammatory cytokines and NO from LPS-stimulated macrophages (167). Interestingly, similar protective mechanisms appear to be induced during infections with the filarial worm Litomosoides sigmodontis (163) and the trematode Fasciola hepatica (168). Notably, F. hepatica reduces the release of inflammatory mediators from macrophages via mechanisms of molecular mimicry, and L. sigmodontis protects from bacterial sepsis by down-regulating the expression of macrophages genes involved in TLR signaling (163, 168).

The translocation of bacterial ligands into host tissues likely has immunomodulatory consequences. In the absence of Myd88 signaling, which is central to bacterial-innate cell interactions, schistosome infected mice demonstrate impaired Th1 responses and reduced granulomatous responses (169). The regulatory environment may also be influenced by microbial translocation, where translocated LPS could combine with SEA to trigger the release of inflammasome-derived IL-1β, which partakes in Breg induction (170, 171). Finally, there remains the possibility that bacterial leakage influences the dynamics of macrophage proliferation and alternative activation at the site of inflammation. For example, during experimental schistosomiasis, it is possible that intestinal bacteria act as a trigger for monocyte recruitment from the bone marrow and resultant macrophage accumulation, as opposed to the in situ proliferation of resident macrophage populations (95, 172).

By strategically expanding regulatory cell populations, schistosomes not only limit egg-induced pathology, but can also suppress the development of various inflammatory diseases including allergy (173). Indeed, many epidemiological studies have found inverse correlations between schistosomiasis and allergies, and in experimental models schistosome infection provides relief against allergic airway inflammation and OVA-induced airway hyper-responsiveness, with optimal protection achieved during chronic but not acute disease stages (174–178). There is also evidence to show that schistosome eggs can protect from allergic asthma in the absence of adult worms, despite the strong Th2 responses they evoke (179, 180). A current research goal is to better define the immunomodulatory mechanisms employed by schistosomes, where this new-found knowledge could potentially be used to reengineer and recover regulatory cell function in allergic individuals.



EGGS THAT FAIL

Despite the multiple strategies employed, many eggs fail to exit their mammalian host. Experimental infections indicate that only 20–55% of eggs are successful excreted, while the remainder inevitably become trapped within host tissues (3, 4). Although egg deposition is targeted for the urinary bladder (S. haematobium) and the intestine (S. mansoni and S. japonicum), eggs swept systemically through the blood stream can readily be detected at various other locations including the eyes, skin, kidney, spleen and central nervous system (CNS) (4, 16). Egg deposition at intended and unintended sites can have serious pathological consequences for the host. The more severe disease complications generally manifest many years after infection, reflecting gradual egg accumulation in host tissues and the resolution of granulomas by fibrosis and calcification (127).

This aspect of schistosome infection is perhaps most evident in liver pathology during S. mansoni and S. japonicum infection. Granuloma formation around hepatic egg deposits leads to severe fibrosis, blood flow obstruction and, subsequently, the formation of ascites and blood vessels that bypass the liver (portosystemic shunting) (127). If these vessels rupture, life-threatening bleeding may follow. Pathology in the intestine is generally less severe than in the liver, and can be characterized by pseudopolyposis, ulceration and stricture formation. In S. haematobium infections, egg entrapment within pelvic organs (urinary bladder, ureters, cervix, vagina, prostate gland and seminal vesicles) can also result in severe pathology, including obstructive bladder and ureteral fibrosis, bladder cancer, kidney failure and the formation of gross genital sores (127, 181). In females, these lesions may give rise to infertility, ectopic pregnancies and menstrual irregularities, while in men, higher rates of sperm apoptosis have been reported (181, 182).

Importantly, reduced integrity of the genital epithelium constitutes a significant risk factor for the acquisition of HIV and other pathogens, including oncogenic viruses and bacteria (183, 184). Indeed, a recent longitudinal study in Tanzania demonstrated a clear gender bias in schistosomiasis and HIV acquisition, with schistosome-infected women demonstrating a 3 fold higher chance of acquiring HIV than uninfected women, whereas odds remained the same for men with or without infection (185). The increased risk of HIV acquisition in females very likely reflects the local physical changes caused by schistosome eggs at the female genitalia (183). The sequestration of eggs within the mucosal tissue of the vagina and cervix leads to ulceration, erosion and the formation of tiny cervical abnormalities (yellow and/or grainy sandy patches) that are surrounded by an irregular network of blood vessels. These blood vessels are believed to represent egg-induced angiogenesis and could accelerate the transmission of HIV during intercourse (52, 183). In contrast, S. haematobium infected men are at lesser risk of acquiring HIV because eggs do not infiltrate male genital organs that are exposed to the virus. However, other studies have shown mild associations between male urogenital schistosomiasis and HIV-1 acquisition, and even though S. mansoni eggs do not localize to the genitalia, S. mansoni-infected individuals also appear more susceptible to HIV (183, 186, 187). These associations are believed to be a consequence of schistosome-associated immunomodulation, as opposed to local tissue damage caused by eggs (183). In particular, the co-receptors for HIV are more highly expressed on the surface of CD4+ T cells from schistosome-infected individuals, allowing for greater viral uptake (186).

Similar to HIV, there is a clear link between urogenital schistosomiasis and bladder cancer, with promotion of carcinogenesis likely due to S. haematobium enhancing entry sites for oncolytic viruses and bacteria (184, 188). Alternatively, egg-driven inflammation may have a bystander effect on host cells, or immunosuppressive cytokines (produced during chronic stages) may reduce host ability to clear oncolytic viral and bacterial infections. In addition, S. haematobium eggs have shown to directly influence the transcription of carcinogenesis-associated genes within the bladder wall (128). This effect could potentially be mediated by schistosome-derived estrogenic molecules, albeit their carcinogenic activity has yet to be defined (189).

Curiously, while a clear association between S. haematobium and bladder cancer has been established, there is limited and controversial evidence to implicate S. japonicum and S. mansoni in intestinal and liver cancer (184, 188, 190). The reason for these strain-specific differences is unclear, but it has been suggested this reflects the site of egg deposition and/or the contribution of environmental carcinogens, including tobacco smoke or industrial and agricultural dyes (184, 188).

The spreading of eggs to the CNS (neuroschistosomaisis) is one of the more devastating outcomes of schistosome infection that can result in seizure or paralysis, depending on brain or spinal cord involvement. While S. japonicum eggs are more frequently found in the brain, eggs from S. mansoni and S. haematobium appear to have a predilection toward the spinal cord (127). These differences could reflect the smaller size of S. japonicum eggs and/or their absence of a protruding spine (127). Moreover, given that schistosome eggs disperse to many ectopic locations, it is possible that they affect co-infections encountered at these sites too. At a local and mechanistic level, the inflammatory environment established by eggs may exacerbate already established pathology or create an environment that favors other pathogen survival. At an immunological level, schistosome co-infections may suppress immune responses toward viral and bacterial antigens, leading to ineffective pathogen clearance and chronicity (191, 192).



CONCLUSION AND OUTLOOK

How schistosome eggs successfully exit the host body has long been a focus of many researchers. Very early studies revealed the severity of egg-driven pathogenesis and the curious migration patterns taken by adult worms to reach favored sites of oviposition (3, 16, 17, 51, 181). In more recent years, research has shed light on the molecular and immunological mechanisms that govern this process. Within host blood vessels, schistosomes establish a suitable environment for maturation, movement and egg extravasation by interfering with host haemostasis and angiogenesis (9, 10). For intestinal egg passage and granuloma formation, schistosomes actively tamper with host immune responses, to achieve a delicate balance between immune effector and immune regulatory activity, and to limit bystander tissue damage. However, despite the exit strategies employed, egg transit is not a certainty and lethal pathology may follow egg entrapment.

Our understanding of the interactions between schistosomes and the mammalian host is continually growing, with many interesting avenues still open for exploration (see Box 1). For example, while schistosome infection influences gut microbiome composition, we are yet to define how these fluctuations impact egg migration, disease pathogenesis, immunomodulation and long-term host/parasite survival (142). With powerful sequencing techniques emerging and our knowledge of the intestinal microbiome constantly expanding, we anticipate that the relationship between the mammalian host, schistosomes and the microbiome will soon be much better understood. Moreover, we are optimistic that the study of schistosomes will continue to increase fundamental understanding of the mechanisms governing immune-regulation and type 2 immunity. In turn, this could lead to the identification and generation of new vaccine candidates and targets for the treatment of egg-induced pathogenesis in schistosomiasis, as well as other type 2 inflammatory diseases.


Box 1. Outstanding questions

• Recent studies show schistosome infections to influence the composition of the gut microbiota. Do these changes reflect bacterial adaptations to the inflammatory environment established by schistosomes infections, or do schistosomes actively promote the colonization of select bacterial communities? Furthermore, do these microbiome fluctuations influence (i) egg excretion, (ii) pathogenesis, (iii) the immune landscape, and/or (iv) schistosome long-term survival?

• Which exact molecules mediate egg binding to the vascular endothelium, and which process(s) ultimately allow for egg extravasation?

• The effects of schistosome infections on cancer require further attention. Notably, why is the association between carcinogenesis and schistosome infection stronger for S. haematobium than for S. mansoni and S. japonicum?

• Many cells of the intestinal immune system have undefined roles in the instigation and maintenance of type 2 immunity during schistosome infection. Notably, what is the actual function of eosinophils and mast cells in the granuloma? Are chemosensory tuft cells involved in egg detection and the initiation of type 2 responses? Which intestinal macrophage subsets are involved? Do ILC2s participate in these immune reactions?

• Do worms and/or eggs secrete molecules that influence host intestinal barrier integrity? Does the secretion of such molecules promote egg penetration through host tissues?

• Which co-infections/pathologies in the gut are worsened by the inflammatory environment established by eggs?

• Does egg migration trigger the release of alarmins (e.g., IL-25, IL-33, and TSLP) in the intestine, and do these molecules influence the development of Th2 or regulatory responses in the gut?

• Serosal immune responses are poorly characterized. Do serosa-resident immune populations play a role in egg migration and how do eggs transit through these tissues?

• Mucins - Do they play a functional role in intestinal egg-migration or local immune modulation
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The immune response induced by Schistosma mansoni antigens is able to prevent immune-mediated diseases. Conversely, the inflammatory response in cutaneous leishmaniasis (CL), although responsible for controlling the infection, is also associated with the pathogenesis of disease. The aim of this study was to evaluate the potential of the S. mansoni Sm29 antigen to change certain aspects of the profiles of monocyte derived dendritic cells (MoDCs) and lymphocytes from subjects with CL in vitro. Expression of surface molecules and intracellular cytokines in the MoDCs and lymphocytes as well as the proliferation of Leishmania braziliensis were evaluated by flow cytometry. Levels of cytokines were evaluated in culture supernatants by ELISA. It was observed that stimulation by rSm29 increased the frequency of expression of CD83, CD80, CD86, and IL-10R in MoDCs compared to non-stimulated cultures. Additionally rSm29 decreased the frequency CD4+ and CD8+ T cells expressing CD28 and increased the frequency of CD4+CD25hi and CD4+CTLA-4+ T lymphocytes. Addition of rSm29 to cultures increased IL-10 levels and decreased levels of IL-12p40 and IFN-γ, while not altering TNF levels compared to non-stimulated cultures. This study showed that rSm29 induced a regulatory profile in MoDCs and lymphocytes and thereby regulated the exaggerated inflammation observed in CL. Considering that there are few therapeutic options for leishmaniasis, the use of rSm29 may be an alternative to current treatment and may be an important strategy to reduce the healing time of lesions in patients with CL.
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INTRODUCTION

Cutaneous leishmaniasis (CL) is an endemic disease in South and Central America, the Middle East, and Central Asia caused by a variety of Leishmania species. Considered a global public health problem, the disease has a high incidence with 1.3 million cases per year and ~200 million people living in high-risk areas (1). The various clinical manifestations of the disease are related to intrinsic factors of the parasite but also to factors related to the host immune response (2). The lesions are characterized by inflammation with a predominance of mononuclear cells and few or even no parasites present. The immune response is predominantly Th1-type, important for macrophage activation and parasite elimination. However, it is known that the Th1 immune response profile, if exaggerated, is the main cause of CL (3, 4). Thus, effector immunological mechanisms in CL lead to cellular and tissue destruction, culminating with the appearance of the characteristic ulcer that is the main clinical manifestation of CL. Therefore, it is important to have a balance between Th1 and regulatory T cells, since both of these mechanisms are important in maintaining the tissue integrity of the host against an exaggerated inflammatory response (5, 6).

Dendritic cells (DCs) play an important role in the interface between innate and adaptive immunity. They are recognized for their ability to sensitize naïve T lymphocytes and for contributing to the functional differentiation of regulatory T cells (7). Dendritic cells from the skin carry the parasite from the site of infection to the regional lymph nodes (8). During this migration, they differentiate into mature dendritic cells with potent antigen-presenting functions and the ability to activate T cells (9, 10). In this context, dendritic cells and lymphocytes play an important role in directing the immune response, mainly through the production of IFN-γ, TNF, and IL-12, which are important for macrophage activation and parasitic destruction (11, 12). However, other T cell subtypes have been described, such as regulatory T cells (Treg) and Th17 cells which also appear to play an important role in the susceptibility and resistance to CL (13–15).

Evidence has accumulated that chronic helminth infection, particularly by Schistosoma spp. or their products, is able to modulate the Th1-type inflammatory response involved in some immune-mediated diseases such as type I diabetes, rheumatoid arthritis, and HTLV-1 infection (16–19). A study conducted by Bafica et al. showed that the addition of S. mansoni rSm29 antigen in PBMC cultures of CL patients was able to decrease the production of TNF and IFN-γ and increase IL-10 production by these cells (20). Another study by Bafica et al. reported that monocytes from patients with CL stimulated by the rSm29 and soluble Leishmania braziliensis antigen (SLA) antigen had lower HLA-DR expression compared to SLA-stimulated cells only (21). Previous studies performed by our group showed that MoDCs from patients with CL when stimulated with rSm29 and SLA expressed more maturation (CD83) and costimulatory molecules (CD80 and CD86) in relation to non-stimulated cells or cells stimulated with SLA only (22). These unconventional activations of MoDCs have provided the rationale for the use of recombinant Sm29 antigen in in vitro studies with cells from patients with leishmaniasis infected by L. brazileinsis in an attempt to modulate the inflammatory response associated with pathogenesis.



MATERIALS AND METHODS


Patient Selection

Included in this study were 12 patients with a diagnosis of CL, all of whom were residents of the endemic area of Corte de Pedra, Bahia, Brazil. The diagnosis of CL was made by a characteristic clinical picture of CL in addition to isolation of parasites from biopsy of the lesion or identification of amastigotes in histopathologic studies. All patients were evaluated prior to therapy. Three fecal samples from each individual were examined using the Hoffman sedimentation method to exclude helminth-infected individuals. To eliminate the effects of previous S. mansoni exposure in immunological assays, we also measured the levels of serum-specific IgE to S. mansoni soluble adult worm antigen (SWAP). All individuals evaluated were negative for helminth infections including S. mansoni infection or exposure to this parasite antigen. Among the individuals evaluated, 67% were male and 33% female, with a mean age of 33.5 ± 14.5 years. Of the 12 patients, 42% presented only one cutaneous lesion and 58% presented between two and four lesions.



Ethics Statement

The present study was approved by the Ethics Committee of the University of the State of Bahia (License number 0603110287514) and informed written consent was obtained from all study participants. All participants were adults.



Production of S. mansoni rSm29 Recombinant Antigen

The recombinant Schistosoma mansoni antigen used in this study, rSm29, was kindly provided by Dr. Sergio C. Oliveira of the Institute of Biological Sciences within the Department of Biochemistry and Immunology at the Minas Gerais Federal University. The gene encoding the rSm29 protein was cloned into a plasmid in competent Escherichia coli (23) strains and tested for the presence of lipopolysaccharide using a commercially available Chromogen Kit (LAL, CAMBREX). LPS levels were below the limit of detection (data not shown). Figure S1 shows the western blot analysis of purified recombinant Sm29.



Preparation of Peripheral Blood Mononuclear Cells and Isolation of Monocytes and Lymphocytes

Peripheral blood mononuclear cells (PBMCs) of patients with CL were obtained using the Ficoll-Hypaque density gradient technique (GE Healthcare, Uppsala) and adjusted to a concentration of 1 × 107 cells/mL in complete RPMI 1640 (100 μL/mL gentamicin, 2 mM L-glutamine, 30 mM HEPES) containing 10% inactivated fetal bovine serum (FBS) (Life Technologies GIBCO BRL, Gaithersburg, MD). Monocytes (CD14+) were isolated from PBMCs using magnetic beads (Monocyte Isolation Kit II, human, MACS, Miltenyi Biotec) by negative selection, using monoclonal antibodies (anti-CD3+, CD56+, CD16+, CD19+, and Glycophorin A+). Lymphocytes remaining after monocyte separation by magnetic beads were stored at −70°C in DMSO and 10% FBS for 7 days for further co-culturing with the MoDCs. The purity of monocyte and lymphocyte separation was determined by anti-CD14, CD11c, and CD3 monoclonal antibody labeling and evaluated by flow cytometry (Figure S2). Monocytes were CD14+ and CD3− (Figure S2A). In addition, monocytes had low expression of CD11c (1.25%) (Figure S2A). To evaluate the purity of the lymphocytes, labeling with anti-CD3 and anti-CD14 antibodies was performed, where the selected population presented a mean frequency of 72% of CD3+CD14− cells (Figure S2B). Monocytes were incubated with Fc blocking (FcR Blocking Human Reagent, Cat 120-001-571, MACS Miltenyi Biotec) prior to differentiation into dendritic cells.



Differentiation of Monocyte-Derived Dendritic Cells and Stimulus With rSm29 or LPS

After separation, 2 × 106 monocytes (CD14+) were incubated at 37°C in 5% CO2 for 7 days with 3 mL/well of complete RPMI containing 800 IU/mL IL-4 (R&D Systems) and 50 ng/mL GM-CSF (Peprotech) for differentiation into monocyte-derived dendritic cells (MoDCs). After 7 days of culture, the MoDCs were collected by washing the wells three times with saline and adjusted to the concentration of 3 × 105 cells/mL for flow cytometry experiments. MoDCs were stimulated on the 6th day of monocyte differentiation with 10 μg/mL recombinant rSm29 or 100ng/mL E. coli O111:B4 (Sigma-Aldrich) LPS for 24 h at 37°C in 5% CO2.



Culture of Leishmaniasis and Marking With CFSE

The strain of L. braziliensis (MHOM/BR/2007/LTCP11245) was obtained from lesion aspirates of a patient with CL and cultured initially in NNN biphasic medium (Neal, Novy, Nicolle from SIGMA-Aldrich) and later in Schneider media supplemented with penicillin, streptomycin, and fetal bovine serum. Metacyclic promastigotes were obtained from the culture in the stationary phase (~5–7 days) and were used to infect the MoDCs. Prior to infection, promastigotes were incubated with carboxyfluorescein diacetate succinimidyl ester (CFSE; Invitrogen) for further analysis of proliferation by flow cytometry (Figure S2C) as described by Kamau et al. (24).



Infection of MoDCs With Promastigotes of L. braziliensis and Co-culture With Autologous Lymphocytes

After 24 h of stimulation by rSm29 or LPS antigens, 3 × 105 MoDCs were cultured with 15 × 105 Leishmania parasites for a ratio of 5 parasites to 1 MoDC. Cultures of MoDCs with the parasites were incubated for 2 h at 37°C in 5% CO2 and then washed twice with complete RPMI 1640 (100 μL/mL gentamicin, 2 mM L-glutamine, 30 mM HEPES) containing 10% inactivated Fetal Bovine Serum (Life technologies GIBCO BRL, Gaithersburg, MD) to block infection and remove Leishmania that were not internalized. Lymphocytes were thawed in a 37°C water bath, centrifuged at 1,200 rpm for 10 min, and adjusted to a ratio of 1 MoDC:10 lymphocytes. After this period, 3 × 105 MoDCs were co-cultured with 30 × 105 autologous lymphocytes for 24 h at 37°C in 5% CO2.



Evaluation of the Phenotype and the Status of Activation of Dendritic Cells and Lymphocytes After Stimulation in Culture and Infection

Cultures of infected and uninfected MoDCs and lymphocytes stimulated with rSm29 (10 μg/mL) and LPS (10 ng/mL) were cultured for 24 h at 37°C, 5% CO2. After incubation, 20 μL/well of 10X diluted brefeldin (10 μg/mL-eBioscience) was added and a new incubation performed under the same conditions for 4 h. The MoDCs were adjusted to a count of 3 × 105 and then labeled with the monoclonal antibodies CD11c-APC (clone 3.9), CD1a-FITC (clone HI149), IL-10Rα-PE (Polyclonal), CD40-PerCP-e Fluor 710 (clone 5C3), CD80-PerCP-e-Fluor 710 (clone 2D10.4), CD86-PE (clone IT2.2), CD83-PE-Cy7 (clone HB15e), and HLA-DR-PerCP-Cy5.5 (clone LN3) (all from eBioscience, California) and maintained at 4°C for 20 min. After labeling the surface molecules, the cells were centrifuged and incubated with 150 μL/well of the permeabilization buffer for 10 min at room temperature. After incubation, intracellular labeling was done using IL-12p40/70-FITC (clone 11.5), IL-10-PE (clone JES3-9D7), and TNF-PErCPCy5.5 (clone MAb11) monoclonal antibodies (all of which were from eBioscience, California) followed by incubation for 30 min at room temperature, protected from light. Then 2 washes were performed using the permeabilization buffer, followed by resuspension of the cells in 200 μL of wash solution (1x PBS + 1M Azide + BSA) and the FACS readings were performed. For the phenotypic evaluation of the lymphocytes, cell marking was performed with monoclonal antibodies against cell surface markers CD3-FITC (clone OKT3), CD4-PerCP-Cy5.5 (clone OKT-4), CD8-APC (clone OKT8), CD28-PE (clone CD28.2, ORALL), CD25-PeCy7 (clone M-A251, ORALL), and CD152 (CTLA-4)-PE (clone 14D3), all from eBioscience California, and CD40L-PeCy7 (clone 24-31; Biolegend, California). The acquisition was performed using the FACSCanto (Becton Dickinson) apparatus, for a total of 100,000 events.

Dendritic cells and lymphocytes were analyzed according to the frequency of expression of cell surface markers using the FlowJo™ program (Tree Star, USA). Cell populations were defined by non-specific fluorescence from frontal (FSC) and lateral (SSC) dispersion as cell size and granularity parameters, respectively. According to the cellular characteristics, the selection of the MoDC populations by windows in these populations was performed (Figure S3A). The frequencies of MoDC populations were made from the selection of CD11c+ cells (Figure S3B). T lymphocyte population analysis was performed by selecting the CD3+ population and the CD4+ and CD8+ subpopulations, using the Flow-Jo program (Figures S3C,D, respectively). To analyze the frequency of lymphocytes expressing IL-10, a gate was performed in a shared region of lymphocytes and the frequency of cells expressing IL-10 (Figure S3E) was evaluated.



Determination of Cytokine Levels

Levels of the cytokines IL-10, IL-12p40, IFN-γ, and TNF were evaluated in the supernatants of MoDCs and lymphocyte co-cultures, according to the manufacturer's information (Pharmingen, San Diego, CA). The results were expressed in pg/mL.



Microscopic Evaluation of the Infectivity of MoDCs by Leishmania braziliensis

To evaluate the rate of infection of MoDCs by L. braziliensis in the presence or absence of the rSm29 antigen, slides were prepared by cytospin (1,000 rpm, 1 min) and then the slides were stained with Panoptic stain (Interlab). The number of infected MoDCs and the number of amastigotes per 100 cells counted were evaluated. For this evaluation, 200 cells per slide were counted by two independent observers.



Statistical Analysis

Data were analyzed using the program GraphPadPrism 5.0 (GraphPad Software, San Diego, CA, USA). Differences between MoDC frequencies and cytokine levels in patients with leishmaniasis were assessed by non-parametric ANOVA (Friedman test with Dunn's post-test). Differences between lymphocyte frequencies and infectivity among MoDCs were assessed with unpaired T-test. The frequencies of positive cells were expressed as medians (minimum and maximum). Cytokine concentrations were expressed as medians and standard deviations (pg/mL). Statistical significance was established at the 95% confidence interval.




RESULTS


Expression of Molecules Associated With Maturation and Antigenic Presentation in Monocyte-Derived Dendritic Cells (MoDCs) Stimulated With rSm29 and Co-cultured With Autologous Lymphocytes

We evaluated the effect of the addition of the rSm29 antigen on monocyte-derived dendritic cells infected with L. braziliensis and co-cultured with autologous lymphocytes (MoDC-Ly) from patients with cutaneous leishmaniasis (CL).

In cultures infected with L. braziliensis, the addition of rSm29 led to an increase in the frequency of CD11c+CD83+ cells [44% (20–74)] compared to non-stimulated co-cultures [27% (13–63)] or cultures stimulated with LPS [34% (18–59), Figure 1A]. In cultures stimulated with LPS, an increase in CD11c+CD83+ cell frequency was also observed in uninfected MoDCs compared to the non-stimulated cultures from the same group (Figure 1A). We observed an increase in the frequency of CD11c+CD83+ cells in the rSm29-stimulated cultures of L. braziliensis-infected MoDCs [44% (20–74)] compared to uninfected cultures [29% (10–67), Figure 1A].
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FIGURE 1. Frequency of cells expressing molecules associated with maturation [CD83 (A)], antigen presentation, [HLA-DR (B), CD1a (C)], and costimulation [CD80 (D), CD86 (E), CD40 (F)] in MoDCs stimulated by rSm29 (10 μg/mL) or LPS (100 ng/mL), infected or uninfected by L. braziliensis, and co-cultured with autologous lymphoctyes for 24 h. The results are expressed as a median, minumum, maximum, and percentiles. *p < 0.05 and **p < 0.005. Friedman test.



We also observed that the addition of the rSm29 antigen did not alter the MFI of HLA-DR in cultures of MoDCs infected with L. braziliensis [MFI: 87 (27–239)] or in uninfected cultures [MFI: 70 (10–246)] compared to non-stimulated cultures [infected MoDCs: 63 (28–268); uninfected MoDCs: 72 (10–189), respectively] or cultures stimulated with LPS [infected MoDCs: 68 (27–252); uninfected MoDCs: 59 (10–207), respectively, Figure 1B].

Regarding the frequency of MoDCs expressing the lipid antigen-presenting molecule CD1a, we observed a decrease in CD11c+CD1a+ frequency after stimulation with rSm29 [31% (16–68)] in the cultures infected by L. braziliensis compared to non-stimulated cultures [39% (20–66), Figure 1C]. In uninfected MoDC-Ly co-cultures only LPS stimulation showed a reduction in the frequency of CD11c+CD1a+ cells [22% (14–57)] when compared to non-stimulated cultures [27% (16–65), Figure 1C].

As far as the frequency of MoDCs expressing co-stimulatory molecules CD80 and CD86, it was observed that the addition of rSm29 led to an increase in the frequency of these molecules in cultures infected by L. braziliensis [CD80: 41% (23–67); CD86: 92% (66–97)] compared to non-stimulated cultures [CD80: 25% (19–54); CD86: 84% (41–95), Figures 1D,E, respectively]. In these cultures, stimulation of MoDCs with LPS also led to an increase in the frequency of CD80 expressing cells [32% (21–66)] compared to the non-stimulated cultures [25% (19–54), Figure 1D].

In uninfected co-cultures the addition of the rSm29 antigen also led to an increase in the frequency of CD11c+CD80+ and CD11c+CD86+ when compared to non-stimulated cultures (Figures 1D,E, respectively]. In uninfected cultures, MoDC stimulation with LPS also led to an increase in the frequency of CD80-expressing cells compared to non-stimulated cultures (Figure 1D). We also observed that in the cultures stimulated with LPS, there was an increase in CD11c+CD86+ frequency in the infected MoDCs compared to the uninfected MoDCs (Figure 1E).

Regarding, the frequency of CD11c+ expressing CD40, the addition of rSm29 led to an increase in the expression of this molecule only in co-cultures not infected by L. braziliensis compared to non-stimulated cultures (Figure 1F). Figure S4 shows the frequency of these molecules in MoDCs infected or not by L. braziliensis without addition of autologous lymphocytes.

Our findings demonstrate that in cultures stimulated with rSm29, infection of MoDCs with L. braziliensis was not able to diminish the activation profile of these cells.



Frequency of MoDCs Expressing the Intracellular Cytokines IL-10, IL-12, and TNF When Co-cultured With Autologous Lymphocytes

Regarding the frequency of MoDCs expressing IL-10 in L. braziliensis-infected co-cultures, we observed that addition of rSm29 was able to increase the frequency of CD11c+IL-10+ [6.7% (6.2–14)] compared to non-stimulated cultures [3.6% (2.4–8.9), Figures 2A,B]. When we evaluated IL-10 in uninfected MoDCs we found that the addition of rSm29 also led to an increase in the frequency of cells expressing IL-10 [3.1% (2.0–4.8)] compared to non-stimulated cultures [1.5% (1.2–2.2)] or cultures stimulated with LPS [2.2% (1.6–3.6), Figure 2A]. In infected cultures, the frequency of cells expressing IL-10 was higher either with no stimulus, stimulation with rSm29, or stimulation with LPS relative to corresponding uninfected cultures (Figures 2A,B).
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FIGURE 2. Frequency of MoDCs expressing the intracellular cytokines CD11c+IL-10+ (A), CD11c+TNF+ (B), and CD11c+IL-12+ (C) after 24 h of co-culture with autologous lymphocytes infected or uninfected by L. braziliensis and stimulated by rSm29 (10 μg/mL) or LPS (100 ng / ml). Representative plots of one experiment showing the frequency of CD11c+ cells expressing IL-10 (D), TNF (E) and IL-12 (F). Results are expressed as a median, minimum, maximum, and percentiles. *p < 0.05, **p < 0.005, and ***p < 0.001. Friedman test.



Evaluating the frequency of MoDCs expressing the inflammatory cytokine TNF in L. braziliensis-infected cultures, we observed that the addition of rSm29 did not alter the frequency of CD11c+TNF+ compared to non-stimulated cultures or cultures stimulated with LPS (Figures 2C,D). When testing TNF in uninfected cultures we found that the addition of rSm29 was able to increase the frequency of TNF expressing cells [13% (12–15)] compared to non-stimulated cultures [7% (5–8)] or cultures stimulated with LPS [8% (6–16), Figure 2C). Non-stimulated cultures infected by L. braziliensis showed a higher frequency of CD11+TNF+ cells compared to uninfected cultures (Figure 2C).

Concerning the frequency of MoDCs expressing the proinflammatory cytokine IL-12, in co-cultures infected by L. braziliensis we observed that the addition of rSm29 decreased the frequency of CD11c+IL-12+ [15% (10–17)] compared to non-stimulated cultures [18% (16–20), Figure 2E]. On the other hand, in infected cultures we observed an increase in MoDCs expressing IL-12 when stimulated by rSm29 [18% (11–20)] or LPS [14% (11–16)] compared to non-stimulated cultures [8% (6–11), Figure 2E]. As observed with the frequency of cells expressing IL-10 or TNF, the frequency of CD11c+IL-12+ cells was greater in non-stimulated cultures infected with L. braziliensis compared to those cultures that were not infected (Figures 2E,F).



Frequency of MoDCs Expressing IL-10 Receptor After Stimulation by rSm29 and Co-cultured With Autologous Lymphocytes

Since the decrease in the expression frequency of the IL-10 receptor (IL-10R) in situ has been associated with an escalation in the inflammatory process in cutaneous lesions (10), we decided to evaluate whether rSm29 increases the frequency of CD11+IL-10R+ in co-cultures of patients with leishmaniasis infected by L. braziliensis (Figure 3).
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FIGURE 3. Frequency of MoDCs stimulated by rSm29 (10 μg/mL) or LPS (100 ng/mL), infected or uninfected by L. braziliensis, and co-cultured with autologous lymphocytes for 24 h expressing the IL-10 receptor (IL-10R). (A) Frequency of CD11c+IL-10R+ in MoDCs. (B) Representative plot of one experiment. Results are expressed as a median, minimum, maximum, and percentiles. *p < 0.05. Friedman's test.



We observed that the addition of rSm29 led to an increase in the frequency of cells expressing IL-10R in L. braziliensis-infected MoDC co-cultures from patients with CL [19% (6–34)] compared to non-stimulated cultures [16% 7–25); Figure 3A]. The same was observed in uninfected cultures, where the addition of rSm29 also increased the frequency of MoDCs expressing IL-10R [18% (3–43)] compared to non-stimulated cultures [13% (1–23)] or cultures stimulated with LPS [13% (2–23), Figure 3A]. The representative plots are shown in Figure 3B.



Phenotypic Evaluation of CD4+ and CD8+ T Lymphocytes Co-cultured With MoDCs From Individuals With CL After Stimulation With rSm29

The phenotypic profile of the molecules associated with activation/regulation of CD4+ T lymphocytes in the co-cultures of infected and uninfected MoDCs and autologous lymphocytes from patients with CL was also evaluated.

Regarding CD28, the co-stimulatory molecule associated with cell activation, the addition of rSm29 antigen led to a decrease in the frequency of CD4+CD28+ T lymphocytes [35% (22–72)] and CD8+CD28+ T lymphocytes CD28 [23% (10–58)] compared to non-stimulated cultures [CD4+CD28+:56% (17–77) and CD8+CD28+:31% (15–61), Figures 4A,B, respectively]. In uninfected cultures no statistical difference was observed with the addition of rSm29 (Figures 4A,B).
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FIGURE 4. Frequency of CD4+CD28 (A), CD8+CD28 (B), CD4+CTLA-4 (C), CD8+CTLA-4 (D), CD4+CD25high (E), and CD8+CD25+ (F) T lymphocytes co-cultured for 24 h with MoDCs from individuals with CL after stimulation by rSm29. Results are expressed as a median, minimum, maximum, and percentiles. *p < 0.05 and **p < 0.005. Unpaired t-Test.



In relation to the molecules associated with regulation of the immune response we evaluated the frequency of CD4+ and CD8+ T lymphocytes expressing CTLA-4 and CD25. It was observed that the addition of rSm29 increased the frequency of CD4+CTLA-4+ [2.7% (1.3–7.0)] and CD8+CTLA-4+ T lymphocytes [9% (6–13)], compared to the non-stimulated cultures [CD4+CTLA-4+: 0.9% (0.1–2.6) and CD8+CTLA-4: 6% (2–11), Figures 4C,D, respectively]. The frequency of CD4+CTLA-4+ T lymphocytes was also higher in uninfected cultures [2.8% (0.9–5.1)] than non-stimulated cultures [0.7% (0.1–2.5), Figure 4C]. We also observed a higher frequency of CD4+CD25hi [0.8% (0.2–4)] and CD8+CD25+ T lymphocytes [10% (8–14)] in co-cultures of MoDCs-Ly, relative to the non-stimulated cultures [CD4+CD25hi: 0.3% (0.1–2.6) and CD8+CD25+: 7% (5–12), Figures 4E,F, respectively].



Levels of Cytokines in the Supernatants of MoDC-Ly Co-cultures Infected or Uninfected by L. braziliensis

Herein, we also evaluated the levels of cytokines in the supernatants of MoDC-Ly co-cultures infected or uninfected with L. braziliensis. In supernatants of cultures stimulated with rSm29 we observed an increase in IL-10 levels (536 ± 527 pg/mL) relative to non-stimulated cultures (171 ± 134 pg/mL) or cultures stimulated by LPS [(202 ± 253 pg/mL), Figure 5A]. On the other hand, in these infected cultures, there was a decrease in IL-12p40 (257 ± 124 pg/mL) and IFN-γ (1044 ± 501 pg/mL) levels compared to non-stimulated cultures [IL-12p40: 1126 ± 1029 pg/mL; p < 0.05; IFN-γ: 1,810 ± 684 pg/mL). There was no change in TNF levels with the addition of rSm29 to cultures infected by L. braziliensis (Figure 5B). Infected cultures stimulated with LPS showed lower levels of IL-12p40 (376 ± 292 pg/mL) compared to non-stimulated cultures (IL-12p40: 1,126 ± 1,029 pg/mL, Figure 5C).
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FIGURE 5. Levels of IL-10 (A), TNF (B), IL-12p40 (C), and INF-γ (D) in supernatants of cultures of MoDCs stimulated or un-stimulated by rSm29, infected or uninfected by L. braziliensis, and co-cultured with autologous lymphocytes for 24 h. Results are expressed as a median ± standard deviation. *p < 0.05 and ***p < 0.001. Friedman test.



Since IL-10 is a key cytokine in the control of an exaggerated immune response, and we observed that Sm29 induces the production of this cytokine by MoDCs, we decided to investigate whether lymphocytes could contribute to the production of IL-10 seen in the culture supernatant (Figure S5). We observed a higher frequency of lymphocytes expressing IL-10 in the Sm29-stimulated cultures compared to the non-stimulated cultures. In non-infected MoDC-Ly cultures there was no difference in the expression of this cytokine by lymphocytes.

In uninfected MoDC-Ly co-cultures we observed that the addition of rSm29 was able to increase levels of IL-10 (913 ± 794 pg/mL), TNF (204 ± 203 pg/mL), and IL-12p40 (369 ± 248 pg/mL) relative to non-stimulated cultures [IL-10: 499 ± 1,054 pg/mL; TNF: 65 ± 78 pg/mL; IL-12p40: 100 ± 33 pg/mL, Figures 5A–C] or cultures stimulated with LPS [IL-10: 583 ± 487 pg/mL; TNF: 80 ± 86 pg/mL, Figures 5A,B]. Also, in these cultures LPS stimulation led to an increase in IL-12p40 levels (295 ± 270 pg/mL) compared to the non-stimulated cultures (100 ± 33 pg/mL, Figure 5C). In this group, IFN-γ levels were similar between cultures stimulated with rSm29 (37.7 ± 11.9 pg/mL), with LPS (49.8 ± 60.0 pg/mL), or not stimulated at all [(41.0 ± 22.2 pg/mL); Figure 5D].

Infection of MoDCs by L. braziliensis in non-stimulated cultures increased levels of TNF, IL-12p40, and IFN-γ compared to uninfected cultures (Figures 5B–D, respectively).

Regarding IL-4 levels, we observed no differences between both infected and uninfected cultures in the presence of Sm29 in relation to the non-stimulated cultures. Regarding levels of IL-17, infected cultures without stimulation, or stimulated with either Sm29 or LPS showed higher levels of this cytokine in relation to uninfected cultures. As observed with IL-4, the addition of Sm29 did not alter IL-17 levels relative to non-stimulated cultures (not shown).



Evaluation of MoDC Susceptibility to Leishmania Infection After Stimulation With rSm29

Finally, we evaluated the effect of the addition of rSm29 antigen on the susceptibility of MoDCs to infection by L. braziliensis. Initially, we evaluated kinetics of infection in MoDCs by L. braziliensis and did not observe any difference with the addition of rSm29 compared to non-stimulated cells at 2, 24, 48, and 72 h post-infection as evaluated by optical microscopy (data not shown). In the microscopic evaluation, stimulation with rSm29 did not increase the frequency of MoDCs infected by L. braziliensis [39% (26–54)] or the number of amastigotes in 100 cells [220 amastigotes (57–302)] compared to non-stimulated cultures [44% (39–50); 203 amastigotes (68–328), respectively; Figures 6A,D].


[image: image]

FIGURE 6. Infectivity after 2 h of L. braziliensis in MoDCs stimulated by rSm29 (10 μg/mL) and then co-cultured with autologous lymphocytes for 24 h. (A) Frequency of MoDCs infected and number of amastigotes/100 MoDCs. (B) Frequency of CFSE expression in L. braziliensis and mean fluorescence intensity of CFSE-labeled L. braziliensis in MoDCs (CD11c+). (C) Frequency of division of amastigotes in MoDCs and index of proliferation of amastigotes in MoDCs. (D) Visual representation of an experiment evaluating the infectivity of L. braziliensis in MoDCs. (E) Dot plot representing an experiment evaluating the infection rate of L. braziliensis (CFSE+) in MoDCs (CD11c+). (F) Representative histogram of an experiment evaluating proliferation of amastigotes by expression of CFSE in MoDCs (CD11c+). Results are expressed as a median, minimum, maximum, and percentiles.



The addition of rSm29 did not alter the proliferation of the Leishmania within the MoDCs (21%). Using MFI and CFSE as indicators of Leishmania proliferation in MoDCs (CD11c+) we observed that, just as was seen with optical microscopy, the presence of the rSm29 antigen did not alter the proliferation of the parasite within the MoDCs [21%, (13–71); MFI: 663 (222–1089)] relative to non-stimulated cultures [29% (14–63); MFI: 721 (192–1172); Figures 6B,E]. This data can be verified by Figure 6C showing the frequency of division (FD) and proliferation index (PI) of cells stimulated by rSm29 [FD: 35% (23–100); IP: 2.3 (1.2–6.8)] or not stimulated [FD: 64% (30–92); IP: 2.0 (1.1–5.8); Figures 6C,F].




DISCUSSION

Cutaneous leishmaniasis is due to overactivation of the predominantly Th1/inflammatory type of immune response. While the production of IFN-γ and TNF are important for elimination of Leishmania, it is associated with tissue injury when overactivated (4). Therefore, the cellular environment associated with proinflammatory and anti-inflammatory cytokines is important to control parasite multiplication without causing damage to the host (25, 26). In the present study we showed that S. mansoni rSm29 antigen induced a regulatory profile in both monocyte derived dendritic cells (MoDCs) and lymphocytes and thereby regulated the exaggerated inflammation observed in CL.

Little is known about the ability of helminth antigens to induce dendritic cell maturation. In our study we observed that rSm29 antigen induced cell maturation, as assessed by CD83 expression, in MoDCs infected with L. braziliensis. An in vitro study showed that the addition of Taenia crassiceps excretory/secretory antigen (TcES) to MoDC cultures from healthy individuals stimulated by LPS led to an increase in CD83 expression, but the presence of TcES alone did not alter the maturation state of these cells (27). In this study, we did not add LPS to the cultures stimulated with rSm29; however, in cultures stimulated only with LPS, we observed an increase in the maturation of these cells relative to the cultures without stimulus whether infected or not.

Regarding the expression of HLA-DR, a molecule associated with antigen presentation, we observed that stimulation by rSm29 or LPS did not change the mean fluorescence intensity of this molecule in the MoDCs infected or uninfected by L. braziliensis when compared to non-stimulated cultures. Previous data from our group showed that rSm29 stimulation in MoDC cultures from patients with CL yielded HLA-DR expression similar to non-stimulated cells (22). On the other hand, monocytes from CL patients stimulated with rSm29 had lower HLA-DR expression compared to non-stimulated cells (21).

Furthermore, we evaluated the influence of rSm29 antigen on the frequency of MoDCs expressing CD1a, the molecule associated with the presentation of lipid antigens. We observed that in cultures infected with L. braziliensis stimulation by the rSm29 antigen led to a reduction in the frequency of MoDCs expressing CD1a. It has been demonstrated that in vitro stimulation with helminth-derived antigens or helminth infection itself are able to decrease CD1a expression in MoDCs from both helminth-infected and healthy controls (28, 29). Therefore, the decrease in the expression of this molecule observed by stimulation with rSm29 in MoDCs infected by L. braziliensis could interfere with the ability to recognize lipid antigens, but it cannot be inferred if this reduction in T cell antigen presentation impairs the regulation of the immune response.

We know that antigenic co-stimulation is essential for the induction of a complete immune response. The state of activation along with the expression of costimulatory molecules of dendritic cells is important to the stimulation of T lymphocytes to assemble an effector immune response. In our study, we observed that stimulation by rSm29 led to an increase in the frequency of CD11c+ cells expressing both CD80 and CD86 compared to non-stimulated cultures, infected or not with L. braziliensis.

Different pathogens may influence the maturation and activation of dendritic cells differently and thus affect the outcome of the infection. Mice co-infected with Schistosoma japonicum and Plasmodium berghei had lower frequency of BMDCs expressing CD86 than BMDCs from P. berghei-infected mice (30). On the other hand, in MoDCs from healthy individuals, it was demonstrated that neither the presence of L. amazonensis or SLA stimulation altered the expression of CD80 and CD86 molecules when compared to DCs not cultured with the parasite or stimulated with SLA (31). The conflicting data observed in the literature could be associated with the study models, the Leishmania and helminth species used, or the type of dendritic cell studied.

In our study the antigen did not increase the frequency of MoDCs infected with L. braziliensis expressing CD40. This fact may be responsible for the lack of induction of the proinflammatory cytokines, IL-12, and TNF, observed in the study. On the other hand, in the uninfected cultures, where an increase in the frequency of CD11c+CD40+ cells after stimulation by rSm29 was observed, an increase in the frequency of the cells expressing IL-12p40 and TNF was also observed. The interaction of CD40 on human dendritic cells infected with L. major with CD40L on lymphocytes provides a signal for cellular activation and production of proinflammatory cytokines, such as IL-12, which induces a Th1 profile (32).

The pattern of cytokines produced in the course of leishmaniasis is central to the clinical outcome of the disease. In assessing the intracellular expression of cytokines in MoDCs, we observed in infected cultures that the addition of rSm29 led to a decrease in the frequency of cells expressing IL-12 and an increase in the frequency of these cells expressing IL-10. In these cultures there was no change in the expression of TNF. Similar to what was observed with the intracellular expression of cytokines in the MoDCs, in the supernatant of MoDCs infected with L. braziliensis and co-cultured with lymphocytes, stimulation by rSm29 led to an increase in IL-10 regulatory cytokine production and a decrease in the production IL-12p40 and INF-γ, without altering TNF levels. Although TNF and INF-γ are important for activation of infected macrophages and parasitic intracellular elimination, when over-expressed they are associated with increased inflammation and generation of tissue damage in CL (3, 12). Thus, maintenance of appropriate TNF levels is likely required for parasitic control.

In uninfected cultures, there was an increase in the frequency of MoDCs expressing IL-12p40, TNF, and IL-10 following stimulation by rSm29. A likely explanation for this result is the significantly higher induction of IL-10 in infected cultures compared to uninfected cultures that was potentially able to modulate IL-12p40 production only in the infected cultures.

It has been demonstrated, not only in leishmaniasis but also in other disease models that stimulation in vitro with rSm29 results in enhanced production of IL-10 (33–35). This was the rationale for choosing this antigen. IL-10 is an important cytokine with anti-inflammatory and immunosuppressive activities.

Unlike S. mansoni egg antigens that are important inducers of a Th2 response profile with enhanced production of IL-4 (36–38), antigens located in the tegument, likely because they are in constant exposure to the cells of the immune system, are for the most part inducers of a potent regulatory response mainly characterized by IL-10 production. This appears to be a mechanism of parasite survival in host tissues. The native protein Sm29 is present in the tegument of the adult worm and our group's works have demonstrated its ability to induce a regulatory immune response mainly with the production of IL-10. In PBMCs from individuals with CL stimulated with SLA, the Sm29 antigen induces a Treg-like response with IL-10 production but without increasing the Th2-type response (20). Similar findings were observed in PBMCs from patients with asthma, either infected or uninfected by S. mansoni, where the addition of Sm29 antigen led to an increase in the Treg response with IL-10 production and no increase in the Th2 response (39).

The cytokine IL-10 has been also associated with regulation of expression of HLA-DR and costimulatory molecules (40). Activation of DCs isolated from the spleen of IL-10-deficient mice was compared to the same cells from animals infected with S. mansoni and found that in these deficient animals there was an increase in HLA-DR, CD80, CD86, and CD40 expression, suggesting that maturation and activation of DCs was regulated by the production of IL-10 (33). In this study the IL-10 induced by rSm29 in the MoDCs and lymphocytes may be limiting the expression of some activation molecules and costimulatory molecules in MoDCs. This unconventional activation of MoDCs may favor a balance between an effector response against Leishmania and a protective regulatory response against exaggerated imflammation.

Our study also showed that the frequency of cells expressing the IL-10 receptor (IL-10R) is increased in the rSm29-stimulated co-cultures, both in the MoDCs infected and not infected by L. braziliensis. Previously, we had demonstrated that MoDCs of individuals with CL stimulated with rSm29 and SLA had increased IL-10R expression compared to non-stimulated cells, cells stimulated only with SLA, or cells stimulated with rSm29 alone (22). A study published by Faria et al. showed that IL-10R expression deficiency in situ in the lesion would be associated with the exaggerated response observed in mucosal leishmaniasis when compared to CL (41). The increase of IL-10R in MoDCs may contribute to a regulation of these cells and consequently less activation of the inflammatory response responsible for cutaneous lesions in leishmaniasis.

In this study, we further evaluated whether stimulation by rSm29 changes the phenotypic profile of CD4+ and CD8+ T lymphocytes in the MoDC co-cultures of patients with CL infected or not infected by L. braziliensis. We observed a decrease in CD4+ and CD8+ T lymphocytes expressing CD28 in the cultures stimulated with rSm29, as well as an increase in the frequency of these lymphocytes expressing the cell-associated regulatory molecules, CTLA-4 and CD25. In Schistosoma infection, natural Treg cells (CD4+CD25+) and, to a lesser extent, Th2 cells play roles in the suppression of Th1 responses during schistosomiasis (42). Mice coinfected with S. japonicum and P. berghei showed a higher frequency of Treg lymphocytes compared to mice infected with Plasmodium alone (30).

Studies from our group evaluating S. mansoni antigens have shown the ability of these antigens, among them rSm29, to induce the expression of regulatory molecules in T lymphocytes (21, 33–35). This could be one of the mechanisms by which we observed a decrease in the production of IFN-γ and an increase in the production of IL-10 in the supernatants of cultures stimulated with rSm29 in the present study.

Furthermore, our study demonstrated that the rSm29 antigen did not increase the infectivity of L. braziliensis in MoDCs as measured by both the frequency of infected cells and the number of internalized amastigotes. Some studies indicate that S. hematobium coinfection promotes some protection against Plasmodium falciparum infection, due to low parasitemia seen in evaluated children (43).

In the evaluation of CFSE-labeled L. braziliensis by flow cytometry there was no difference in frequency and MFI of CFSE in MoDCs (CD11c+) upon addition of rSm29. These results suggest that the proliferation of amastigotes within the MoDCs was not influenced by this antigen. Therefore, the non-proliferation of this parasite in MoDCs stimulated by rSm29 was an important finding, suggesting an alteration in the immune response controlled mainly by the induction of IL-10 and reduction of IL-12, without a deactivation of the effector response. In addition, macrophages are the effector cells responsible for intracellular destruction of the parasite and, in this context, TNF plays a key role in the control of disease. The presence of this inflammatory cytokine in the cultures stimulated by rSm29 may aid in the maintenance of this macrophage activity without, however, favoring the over activation of the inflammatory response.

There are no data in the literature on the induction of leishmanicidal effector mechanisms by dendritic cells. Dendritic cells (DCs) are recognized for their ability to sensitize naïve T lymphocytes and for contributing to the functional differentiation of regulatory T cells (7), as well as being important sources in the production of cytokines and the presentation of parasite antigens to T cells. However, observation that Sm29 did not increase the parasite burden is very positive suggesting that it despite reduced the immune response is it not associated with parasite multiplication.

Considering that there are few therapeutic options for CL and that lately the incidence of cases refractory to conventional treatment has increased (44, 45), the use of rSm29 may be an alternative to current treatment and may be an important strategy to reduce the healing time of lesions in patients with CL caused by L. braziliensis.

In conclusion the rSm29 antigen was able to increase the in vitro expression of activation markers in MoDCs, the expression of regulatory molecules associated with CD4+ and CD8+ T lymphocytes, and IL-10 levels in the supernatants of MoDCs co-cultured with lymphocytes, without increasing the susceptibility to infection of MoDCs by L. braziliensis. Regulation of the in vitro immune response by this unconventional activation of MoDCs stimulated by rSm29 suggests that this antigen has the potential to induce a desirable, balanced immune response in the control of CL.
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Helminth infections and allergies are characterized by a predominant type-2 immune response. In schistosomiasis, the Th-2 response is usually accompanied by induction of immunoregulatory mechanisms that contribute to worm survival and less severe schistosomiasis. Although helminth-induced immunomodulatory mechanisms seem to affect atopy, epidemiological studies on the relationship between helminths and allergy have been inconsistent, and data suggest that the modulatory effects may be influenced by helminth species, chronicity of infection, and parasite burden. Here we performed a cross-sectional study to investigate the effects of Schistosoma mansoni parasite burden and immune response on allergic reactivity of individuals living in a schistosomiasis endemic area in Brazil. Fecal samples from the participants were collected for extensive parasitological examinations by spontaneous sedimentation, Kato-Katz, Helmintex and Saline Gradient tests and molecular detection of S. mansoni by qPCR. Additionally, the concentrations of cytokines and chemokines, total IgE and IgE-reactivity to common house dust allergens were quantified from serum samples. IgE reactivity to dust allergens was detected in 47 individuals (23.8%), and 140 individuals (54.4%) were diagnosed with S. mansoni infection. Most of the infected population (108 individuals) presented very low parasite burden (≤12 eggs/g of feces). The frequency and intensity (p ≤ 0.03) of allergic reactivity were lower in S. mansoni-infected compared with non-infected individuals. Multivariable logistic regression models adjusted by age revealed that allergic reactivity was positively associated with low IL-10 response (OR, 4.55, 95% CI, 0.56–7.36) and high concentration of the inflammatory mediators IL-33 (OR, 2.70, 95% CI, 1.02–7.15) or TNF-α (OR, 6.88, 95% CI, 0.32–143.39) in serum, and inversely associated with S. mansoni infection (OR, 0.38, 95% CI, 0.16–0.87). Most importantly, the logistic regression demonstrated that the modulatory effects of Schistosoma infection depend on parasite burden, with individuals infected with ≤12 eggs/g of feces showing allergic IgE-reactivity similar to non-infected individuals Altogether, our data show that immunomodulation of allergic reactivity depends on S. mansoni burden, low type-2 inflammatory response, and high level of IL-10.

Keywords: Schistosoma mansoni, low parasite burden, humans, IgE-reactivity, household dust allergen, immunoregulation, IL-10, IL-33


INTRODUCTION

Allergies are chronic diseases characterized by an intense and uncontrolled type-2 inflammation, with increased expression of typical cytokines such as interleukin (IL)-4, IL-5, IL-9, IL-13, eosinophilia and mast cell activation, elevated reactive immunoglobulin (Ig)E production, and increased mucus production in response to allergen exposition (1–3). Recent experimental work demonstrated the essential role of epidermal barrier integrity (4–7) and associated microbiota (8–11) in the production of innate cytokines/alarmins capable of interfering with dendritic cell maturation and innate lymphocyte subset activation, which are essential for differentiation and modulation of Th-2 responses (12).

Allergic inflammation results from a combination of genetic predisposition and environmental exposure and may affect different body parts resulting in clinical manifestations such as asthma, eczema, rhinitis, hay fever, and food allergies (12–14). The prevalence and the severity of these allergic manifestations highly increased among the human population after the second half of the twentieth century, especially among people living in urban areas of industrialized countries (15, 16). The genetic predisposition is, by itself, insufficient to explain the fast and heterogeneous increase of allergies in the human population, suggesting that environmental factors such as air pollution, diet, and exposition to infectious diseases could have an important role in increasing the risk of allergy (17–20). Data from experimental models (21–23) and epidemiological studies (24–27) suggest an inverse association between allergies and helminthic infections.

Although helminth infections are characterized by predominant type-2 immune response, they also stimulate an immune regulatory network response with production of anti-inflammatory cytokines, IL-10 and TGF-β, which modulate the immunopathology and facilitate parasite survival (28–31). Previous experimental data indicate that the regulatory network induced by helminths may also modulate other inflammatory process and, consequently, reduce the severity of inflammatory diseases, such as allergies (19, 32–34).

However, the inverse association between allergies and helminth infection is still unclear. A recent cross-sectional survey performed in fishing communities from Uganda with a high prevalence of intestinal schistosomiasis and soil-transmitted helminthiasis showed strong evidence that individuals with certain helminth infections, especially Schistosoma mansoni and Trichuris trichiura, were more prone to atopy (35). On the other hand, a systematic review and meta-analysis including 33 epidemiological studies demonstrated the lack of a significant effect of nematode parasite infection on the risk of developing asthma (36). In species-specific analysis, this same study showed that Ascaris lumbricoides infection was associated with an increased risk of asthma, while hookworm infection led to a significant reduction of asthma, in a burden-dependent manner (36). Additionally, Hunninghake et al. (37) observed that sensitization to A. lumbricoides was associated with increased severity and morbidity of asthma among children in Costa Rica (37). A suggested explanation for the positive association between Ascaris or Toxocara infection and asthma risk is the presence of high degree of immunological cross-reactivity between worm antigens and the environmental allergens that could increase Th-2 induction (38).

Therefore, the effect of helminth infection on allergic disease is complex and not entirely understood, and multiple factors, including helminth species and time of host infection, parasite burden, site and chronicity of the infection, are determinants in the modulatory outcome (39–42). Most of the experimental studies evaluated the modulatory effect of helminth infection as a preventive strategy to control chronic inflammation (43–45), while clinical trials (46, 47) designed to evaluate the therapeutic effect of helminth infection on chronically established allergy did not show considerable improvements, indicating the need for further studies. Another important aspect to be considered, is that the majority of the epidemiological studies with human subjects showing an inverse association between helminth infection and allergies were performed with chronically exposed human populations with high parasite burden.

In recent years, however, the improvement of sanitation and medical assistance in urban areas of developing countries and the multiple efforts to control helminth infections, including schistosomiasis, have led to a reduction in parasite burden in many areas around the world (47–49). Nevertheless, the effect of this new epidemiological scenario of schistosomiasis on the induction of modulatory response has not yet been evaluated. To better understand the impact of schistosomiasis infection on the development of allergic diseases in this new context, we evaluated the relationship between S. mansoni infection and the circulating levels of immune mediators and the IgE-reactivity to common household dust allergens in individuals from a rural community of a schistosomiasis endemic area in Brazil. Our data showed that Schistosoma infection can reduce the prevalence and intensity of allergic reactivity to common household dust allergens and, most importantly, that helminth-induced modulation is dependent on parasite burden.



MATERIALS AND METHODS


Ethics Statement

The present study was approved by the Ethics Committee of the Research Center René Rachou—FIOCRUZ (Belo Horizonte, MG–Brazil) and all project details have been registered on the Brazilian Platform for Research with Human Subjects (Plataforma Brasil—protocol number: CAAE#21824513.9.0000.5091). Prior to the commencement of the research activities, the subjects were invited to participate in local meetings or receive house-to-house visits to hear about the aims of the research and any possible risks. All enrolled participants and/or their legal guardians agreed to participate in the research and sign an informed consent form. All the data were anonymized prior to analysis. After the evaluations, the individual test results were sent to each participant and, regardless of participation in the study, patients with confirmed parasite infection received treatment and patients with other diseases were either treated at the local health clinic or directed to specialized treatment. Schistosomiasis cases were treated with praziquantel (adults: 40 mg/kg; and children: 60 mg/kg); intestinal helminthiases were treated with albendazole (400 mg); and protozoan parasites were treated with metronidazole (250 mg/2x/5 days).



Study Population and Experimental Design

The current study was conducted in 2014 with individuals from a rural community near the village of Brejo do Amparo, Municipality of Januária, located in the northern area of the state of Minas Gerais, Brazil (15° 29′ 16″ S 44° 21′ 43″ O). This rural community is historically endemic for schistosomiasis and currently presents around 270 residents. According to the Brazilian Schistosomiasis Control Program and local health authorities, the estimated prevalence of schistosomiasis was around 20% in 2010 (50), and no control interventions had been put into place in this locality in the 2 years prior to the present study.

We carried out a cross-sectional population-based study including residents of both sexes, aging between 2 and 88 years old who signed the informed consent form. Pregnant women and individuals who could not understand and/or cooperate with the study protocol were excluded. The participants were asked to provide three fecal samples, which were collected on consecutive days and used for the parasitological analysis by different methods. The first fecal sample, containing at least 50 grams of feces, was collected in a 500-ml plastic container and used for complete fecal evacuation. The other two fecal samples were smaller and were collected in 80-ml plastic pots. Participants aging between 6 and 75 years old were also invited to donate a blood sample, which was used for immunological analysis. Five Milliliter of venous blood were collected from each participant in Ethylenediaminetetraacetic acid (EDTA)-coated tubes (Biocon, Belo Horizonte, Brazil). Hemogram analyses were performed by a clinical laboratory located in the region and peripheral blood eosinophil counts were used in current study. Additionally, 10–15 ml of blood were collected without anticoagulant, and serum samples were aliquoted and stored at −20°C for subsequent quantification of circulating cytokine and chemokines, total IgE, and the level of IgE reactivity to common domestic dust allergens. The flow diagram in Figure 1 illustrates the study design and the total number of samples analyzed by each method.
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FIGURE 1. Flowchart describing the cross-sectional study within the district of Brejo do Amparo population, Januária, Minas Gerais, Brazil. Of the 270 individuals residing in the region, 257 signed the consent form and had stool samples collected for analysis by a combination of parasitological and molecular tests: Kato-Katz, Helmintex, Gradient Saline, spontaneous sedimentation test (HPJ), and qPCR. Blood samples were collected from 215 subjects aging from 6 to 75 years old. Whole blood samples were submitted to a complete blood count while serum samples were used for immunological tests: Total IgE, Dust-allergen specific IgE, and quantification of cytokines and chemokines. The number of samples used in each of the tests is indicated between parentheses. HPJ: Hoffman, Pons, and Janner.



The participants or their legal guardians answered an individual questionnaire providing demographic and occupational information, as well as previous clinical conditions that could be relevant for the research. A family-based questionnaire was also applied to gather information on household construction, water supply, sanitation, and other socio-economical aspects.



Parasitological Analysis

The parasitological analysis adopted herein has been previously described (51). Briefly, 500 mg of feces from the first fecal sample were separated and immediately frozen for molecular diagnostic test. The remaining fecal material from the first stool sample was used to prepare 14 Kato-Katz slides (52). Additionally, 500 mg of feces were used to perform the Saline Gradient technique (47), 30 g were used for the Helmintex® technique (53), and the remaining sample was processed for the spontaneous sedimentation method (54). The second and third stool samples were used to prepare two Kato-Katz slides, thus totalizing 18 Kato-Katz slides per individual. The slides containing fecal material from the different parasitological tests were examined under the microscope by trained technicians to evaluate the presence of helminth eggs or larvae and protozoan cysts.

The clinical record of cutaneous leishmaniasis, diagnosed and documented by the local health program, was included in the analysis since this protozoan disease is also endemic among the study population.



DNA Extraction and qPCR

Total DNA was extracted from 500 mg stool samples using the commercial QIAamp® DNA Stool Mini Kit, following the manufacturer's instructions (Qiagen GmbH, Hilden, Germany). The primers sense 5′-CCG ACC AAC CGT TCT ATG A-3′ and anti-sense 5′-CAC GCT CTC GCA AAT AAT CTA AA-3′ and the probe 5′-6[FAM]/TCG TTG TAT CTC CGA AAC CAC TGG ACG/[(3BHQ1)] (Integrated DNA Technologies—IDT-USA) were used in the PCR reaction, as previously described (55). As reported before (56), these primers and probe sets amplify and detect a 90 bp fragment of a highly repetitive 121 bp sequence of S. mansoni (GenBank, accession number M61098). The amplification reaction was performed in a final volume of 25 μl containing: 12.5 μl of TaqMan® Universal PCR Master Mix (Life Technologies, Thermo Fisher Scientific Inc., USA), 0.1 μM of each S. mansoni-specific primer, 0.25 μM of probe, BSA 0.1 μg/μL; 4 mM of MgCl2; and 4 μl of 5-fold diluted stool DNA sample. For each run, positive (DNA extracted from adult worms) and negative (no DNA template) controls were performed. The amplification reaction was conducted on the StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific Inc., USA) using the universal cycling program with 45 cycles and annealing temperature of 60°C. A 92 pb fragment of the human β-actin gene was amplified and detected as an internal control. The cut-off for positive and negative samples was defined by a standard curve established with S. mansoni DNA extracted from adult worms. The DNA extraction and amplification procedures were performed by a trained researcher in separate rooms inside a biological safety cabinet using disposable sterile pipette tips with filters.



Diagnosis of Intestinal Schistosomiasis and Determination of Parasite Burden

Individuals who presented eggs in any of the parasitological tests or positive PCR-reaction were considered positive. The intensity of infection was calculated by determining the mean number of S. mansoni eggs detected in six slides of Kato-Katz (two slides from each of the three fecal samples) and multiplying the mean value obtained by 24 to determine the number of eggs per gram of feces (EPG). Individuals who had a positive result for S. mansoni infection in qualitative tests (Helmintex®, Saline Gradient and/or qPCR), but were negative in the six Kato-Katz slides were classified as infected with parasite burden < 4 EPG.



Serum Concentration of Total IgE

The total IgE concentration in each serum sample was determined by a commercial kit (Bethyl, Montgomery, USA) following the manufacturer's instructions and a previously optimized protocol (57). Serum samples were diluted 1:100 in Tris-NaCl buffer containing 0.1% of bovine serum albumin (BSA-Sigma) and tested in duplicates. The reaction was developed using Tetramethyl-benzidine (TMB) substrate solution (R&D Systems, Minneapolis, USA). After 30 min, the reaction was stopped with 100 μL of 4NH2SO4 solution, and absorbance was determined using a 450 nm filter in the ELISA reader (VersaMax, Molecular Devices, Sunnyvale, CA). Known concentrations of the recombinant human IgE were used to generate a standard curve, which was used to determine the IgE concentration (ng/mL) in each serum sample based on the optical density (OD) readings.



IgE Reactivity to Household Dust Allergens

The serum samples were additionally used for quantification of IgE reactivity against common household dust antigens using the commercially available IgE REAST kit (Dr. Fooke, Neuss, Germany) and following the manufacturer's recommendations. For the current analysis, we selected the HMx3 allergenic mixture composed of the common household dust allergens, including Dermatophagoides pteronyssinus, D. farinae, Cladosporium herbarum, Aspergillus fumigatus, and cat and dog fur antigens. Undiluted serum samples from the study population, positive and negative serum controls, and samples containing known concentrations of allergen-reactive IgE for the standard curve were added to the anti-human IgE-sensitized microplates provided by the fabricant. Following washing, 100 μl of the biotin-conjugated allergen mixture (HMx3) was added to the wells containing the serum samples and 100 μl of biotin-conjugated anti-IgE antibody solution was added to the wells with the standard curve. This was followed by the addition of peroxidase (HRP)-conjugated streptavidin solution. The reaction was developed with 100 μl/well of the substrate solution containing Tetra-methyl-benzidine (TMB) and stopped after 20 min by the addition of 100 μl of 4NH2SO4 solution. The color intensity was measured spectrophotometrically at 450 nm (Molecular Devices—Versa Max). The concentrations of reactive-IgE in serum from each patient were estimated based on the reactivity of the standard curve and expressed as International Units (IU). All patients with reactivity above 0.35 IU/ml were considered reactive. The intensity of IgE-reactivity was expressed as total concentration or categorized as Non-reactive (<35 IU/ml), Low (0.35–0.7 IU/ml), Moderate (0.7–17.5 Ul/ml), or High (>17.5 IU/ml).



Cytokine and Chemokine Analysis

Concentrations of pro-inflammatory cytokines, such as IL-1β, IL-6, TNF-α, chemokines and cytokines of type1/17, IL-27, CXCL-10, CCL-3, IL-17, regulatory and type-2, IL-10, IL-5, IL-13, IL-33, CCL-5, CCL-11, CCL-17 were measured in duplicate in serum samples from each participant using a sandwich enzyme-linked immunosorbent assay (ELISA) kit, according to the manufacturer's instructions (Duoset, R&D Systems, EUA). Each serum sample was diluted in phosphate buffer (1:2) with 0.1% BSA (PBS/BSA), except for CCL-5, which was diluted 1:20 in PBS/BSA solution. Known concentrations of the recombinant proteins were used to generate a standard curve to determine the concentration (pg/ml) of the samples based on OD readings.



Processing and Analysis of Data

Categorical variables were compared using the x2 test, means were compared using Student's t-test or analysis of variance (ANOVA), and the Kruskal-Wallis test was used to compare medians. Correlation analysis was used to quantify the association between continuous variables. Logistic regression models were used to assess the relationship between IgE-reactivity against common house dust allergens (allergic reactive and non-reactive individuals) and the variables analyzed (demographics, Schistosoma infection and immune mediators). The strength of the association was assessed using the odds ratio (OR) with a 95% confidence interval (CI). Variables with p-values < 0.25 in the univariate analysis were selected for construction of the multivariate logistic regression models. Variables with low frequency and showing co-linearity were excluded from the multivariate analysis. For the categorical variables, the categories non-responder or non-infected were used as reference values for the logistic regression. The likelihood ratio test was used to define the final model with the best data fit (58).




RESULTS


Characterization of the Study Population

At the time of data collection, the rural community of Brejo do Amparo had approximately 270 residents. Among those, 257 individuals, from 53 families, were eligible to participate in the study. Forty-nine percent were males and 51% females, and the age ranged from 2 to 88 years old with a median age of 32 years (interquartile range 15–51 years), equally distributed throughout the age groups (Table 1). Most of the individuals (82%) declared having frequent contact with the river water and soil, which are the main sources of parasite contamination. Moreover, the rural community had no access to treated water or sewage treatment; most residences used the local river as a source of drinking water (60.3%), and most of the sewage was disposed of in rudimentary cesspools (88.6%). Almost 80% of the participants declared having no formal education or only basic educational level and more than 60% of them earned minimal Brazilian wages or less (Table 1).



Table 1. Demographic and socio-economic characterization of individuals living in the rural community of Brejo do Amparo, Januária MG, Brazil.
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Among the participants, 58 individuals had no detectable intestinal parasite infection. Fecal examination by Spontaneous Sedimentation revealed four individuals eliminating Giardia lamblia cysts, nine with Entamoeba histolytica/dispar cysts and 72 individuals with commensal protozoan cysts in their feces (Table 2). To ensure a precise diagnosis of intestinal schistosomiasis, multiple parasitological methods for fecal examination (Kato-Katz, Saline Gradient, Helmintex) and a molecular method (qPCR) were applied. The combined methods identified 140 (54.4%) individuals with S. mansoni infection, including 59 that had only S. mansoni infection and 81 that were co-infected. The analysis also identified 23 individuals eliminating eggs of hookworms and 6 individuals with Enterobius vermicularis, and the majority of these nematode infected individuals were co-infected with another parasite infection (Table 2). Interestingly, 12 of the 19 hookworm co-infected and 4 of the 5 E. vermicularis infected individuals were co-infected with S. mansoni. There was also one case of Trichuris trichiura and one of Strongyloides stercoralis infection. Eighty (35%) participants reported past cutaneous leishmaniasis infection (Table 2).



Table 2. Parasite infection status established by clinical examination and a combination of parasitological and molecular diagnostic tests in residents of the rural community of Brejo do Amparo, Januária MG, Brazil.
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Schistosoma mansoni Infection and IgE-Reactivity to Dust Allergens

The parasite burden in S. mansoni-infected individuals based on egg counts from six Kato-Katz slides from three fecal samples revealed that only 10 individuals (7%) presented with moderate or high parasite burdens (>100 EPG). The remaining 130 infected individual (93%) showed low parasite burden (≤100 EPG). Noteworthy, among the individuals with low parasite burden, the vast majority (83%) eliminated less than 12 EPG (Figure 2A). The schistosomiasis prevalence in individuals under 10 years old was 44%, while 60% of individuals between 11 and 20 years old, and 53–56% of individuals in the older age groups presented the infection (Figure 2C). Although most of the infected individuals had a low number of eggs in feces, the parasite burden was slightly higher in individuals between 11 and 40 years old (Figure 2D). Moreover, S. mansoni parasite burden was significantly lower in IgE-reactive individuals than in non-IgE-reactive (Figure 2B).


[image: image]

FIGURE 2. Prevalence and parasite load of S. mansoni infection among the study population. (A) Frequency of S. mansoni infection and parasite load among the individuals; (B) Parasite load in IgE-reactive and non-reactive individuals. (C) Prevalence of S. mansoni-infection by age range; (D) Parasite load (EPG) by age range. In B and D the points represent number of eggs eliminated by each individual and the horizontal bars the median values. Comparison between the groups were done by Mann-Whitney or Kruskal-Wallis test for multiple comparison and the p-value of the comparison was assigned.



Of the 197 individuals tested for IgE-reactivity against dust allergens, 47 (23.9%) were reactive (≥0.35 IU/mL). The median intensity of IgE-reactivity in this population was 7 IU/mL (IQR 5.1–9.5), and six individuals showed strong reactivity (≥17 IU/mL) (Figure 3A). The rate of IgE-reactivity was 44% among children under 10 years old and remained between 21 and 24% in older individuals (Figure 3B); however, there was no statistical difference in the intensity of IgE-reactivity to dust allergens among the different age groups.


[image: image]

FIGURE 3. Prevalence and intensity of IgE-reactivity against dust mite household allergens among the study population. (A) Frequency and intensity of IgE reactivity among the individuals; (B) Prevalence of IgE reactivity by age range. (C) Intensity of IgE-reactivity among S. mansoni-infected and non-infected individuals; (D) Intensity of IgE-reactivity by parasite load. In (C,D) the points represent the intensity of IgE-reactivity by each individual and the horizontal bars the median values. Comparison between the groups were done by Mann-Whitney or Kruskal-Wallis test for multiple comparison and the p-value of the comparison was assigned.



It is important to mention that among the 47 IgE-reactive individuals, 44.7% presented S. mansoni infection, while up to 60% of non-IgE-reactive individuals (150 individuals) were infected with the parasitic trematode (p = 0.06). Moreover, the intensity of IgE-reactivity against dust allergens was stronger in non-infected individuals in comparison with S. mansoni-infected individuals (p = 0.03) (Figure 3C). Most importantly, a significant reduction of IgE-reactivity to dust allergens was detected only in infected individuals that eliminated more than 12 EPG (Figure 3D).



Immune Response Profile

Most of the individuals evaluated in the current study presented undetectable serum levels of TNF-α, IL-1β, IL-5, IL-10, IL-13, IL-17, and IL-33. Therefore, we compared the frequency of individuals with a detectable level of these cytokines in serum (cytokine-responders) among IgE-reactive and non-IgE-reactive individuals, independently of the parasitological status. As demonstrated in Table 3, the frequency of responders for IL-1β, IL-5, and IL-17 was low and comparable among individuals with and without IgE-reactivity to dust allergen. In contrast, the frequency of TNF-α (p = 0.031) and IL-10 (p = 0.001) responders was significantly higher in the IgE-reactive group in comparison with the non-IgE-reactive individuals. A higher percentage of IgE-reactive individuals showed detectable IL-33 (p = 0.071), while a higher percentage of IL-13 responders was observed in the non-IgE-reactive population (p = 0.085) (Table 3). Figure 4 illustrates the frequencies of cytokine responders in IgE-reactive vs. non-IgE-reactive individuals.



Table 3. Frequency (n and %) of detectable cytokine responses in the serum of individuals with non-reactive and reactive IgE concentrations against common house dust allergens.
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FIGURE 4. Radar graph showing the frequency of cytokine responder in serum of individuals non-IgE-reactive (A) and IgE-reactive (B) to common dust allergens in a rural area endemic for intestinal schistosomiasis.



In contrast, almost all the individuals in the study population showed detectable serum levels of the chemokines CCL-3, CCL-5, CXCL-10, CCL-11, and CCL-17, and the cytokine IL-27. Table 4 shows the median values of these immune mediators for the IgE-reactive and non-IgE-reactive individuals. The concentrations of these mediators were statistically similar in both groups (Table 4).



Table 4. Cytokine concentration (pg/ml) in the serum of individuals with IgE-reactivity against common house dust allergens and non-IgE-reactive individuals of the study population.
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We also evaluated the total IgE concentration in serum and the number of circulating eosinophils (Figure 5). The median values of circulating eosinophils were similar in IgE-reactive and non-IgE-reactive individuals (Figure 5A). However, the total IgE concentration was significantly higher in IgE-reactive compared with non-IgE-reactive individuals (Figure 5B). Spearman correlations of total IgE and eosinophils with parasite burden (EPG) and with intensity of IgE-reactivity revealed no statistically significant associations (data not shown).
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FIGURE 5. Number of circulating eosinophils and total IgE concentration in serum of allergic-reactivity in individuals a rural area endemic for intestinal schistosomiasis. (A) Number of circulating eosinophils in dust-allergen IgE-reactive and non-IgE-reactive individuals. (B) Serum concentration of total IgE in dust-allergen IgE-reactive and non-IgE-reactive individuals. The median values are represented as horizontal bars. Comparison between the groups were done by Mann-Whitney test for multiple comparison and the p-value of the comparison was assigned.





Multivariable Regression Models

Tables 5, 6 show the final logistic regression models that describe the effect of different immune mediators and Schistosoma infection status on IgE-reactivity against common house dust allergens. The first model was built using the presence of Schistosoma infection (mono- and co-infected) or absence of infection (negatives and any other parasitic infection) and it was adjusted by individual age. The analysis showed that allergic reactivity was inversely associated with the presence of infection and positively associated with low (≤100 pg/ml) serum concentration of IL-10 and high (>100 pg/ml) concentration of IL-33. Although CXCL-10 was statistically associated with IgE-reactivity (Table 5), it presented OR close to 1 (OR, 1.0031, 95%, CI = 1.0006–1.0057), and the variable was maintained to better fit the model.



Table 5. Association between allergic reactivity against common house dust allergens, Schistosoma mansoni infection and serum immune mediators, by the final multivariable regression model analysis.
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Table 6. Association between allergic reactivity to common house dust allergens, concentrations of immune mediators and Schistosoma parasite burden, by the final multivariable regression model analysis.
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A second regression model was established following the categorization of Schistosoma infection into very low (≤12 EPG) or high (>12 EPG) parasite burden. The analysis demonstrated an inverse correlation between allergic reactivity and Schistosoma infection only in infected individuals eliminating more than 12 EPG. The risk of development of allergic-reactivity was six times lower in these individuals. On the other hand, the protective effect was not observed in infected individuals with very low parasite burden (≤12 EPG). Additionally, allergic reactivity was also positively associated with low (≤100 pg/ml) serum concentration of IL-10 and high (>10 pg/ml) concentration of TNF-α (Table 6).




DISCUSSION

Helminth parasites are potent inducers of regulatory mechanisms capable of reducing inflammatory processes and autoimmune diseases (19, 35). Induction of immunomodulatory mechanisms has been used to explain epidemiological data reporting an inverse association between exposure to helminth infections and human chronic inflammatory diseases, including allergic conditions (19, 59). However, a putative causal relationship between helminth infection and reduction of allergic diseases is mainly supported by data from experimental animal models, while evidence from human studies are still controversial and suggest that aspects such as helminth species, chronicity and site of infection, and parasite burden should be taken into consideration (45, 60, 61). Here, we conducted a cross-sectional study in a schistosomiasis endemic area where most infected individuals harbor a small number of parasites, with the aim of evaluating whether low parasite burden could affect the modulation of allergic reactivity against common household allergens. Our analysis revealed that S. mansoni infection has a modulatory effect on IgE-reactivity to common house dust allergens in individuals residing in areas with frequent exposure to this helminth infection. However, the modulatory effect was only observed in individuals with parasite burden above 12 EPG. The modulation of allergic reactivity was also accompanied by changes in the systemic immune response, including serum concentrations of IL-33, TNF-α, and IL-10. Altogether, our data suggest that factors associated with helminth species, parasite burden, and frequency of exposition should be further explored in order to better understand the mechanisms underlying the immunomodulatory response derived from helminth infections, which may provide novel tools for the prevention of allergic diseases.

The state of Minas Gerais represents one of the largest endemic areas for schistosomiasis in Brazil, with regions of poor social and sanitary conditions that favors parasite transmission (48, 62, 63). This is the case of the rural community of Brejo do Amparo in the municipality of Januária, which was the focus of the current study. S. mansoni transmission has been historically reported in this endemic area, and the main control strategy consists on the treatment of infected individuals, which has contributed to the significant reduction of parasite infection intensity and, consequently, reduced schistosomiasis severity. Nevertheless, these control measures were insufficient to eliminate Schistosoma-transmission, thus resulting in infected individuals with low parasite burden, which hinders diagnosis of schistosomiasis, as reported in many schistosomiasis endemic areas (47, 48, 64).

Population-based studies evaluating the relationship between the parasitological status and allergic reactivity of individuals residing in such areas would help to understand the role of frequent exposition to infection and low parasite burden on induction of modulatory mechanisms that affect allergic responses. In the current study, we used a combination of different parasitological and molecular diagnostic methodologies to detect Schistosoma-infected individuals with very low parasite burden and identified S. mansoni infection in 54.4% of the studied population. The observed prevalence is much higher than the ~20% estimated by local health authorities (50). This might be explained by the comprehensive diagnostic procedures used herein, which allowed us to identify 108 infected individuals with very low parasite load (51), which would not be diagnosed by the Kato-Katz method only.

We observed that 47 (23.9%) individuals showed IgE-reactivity to a combination of common household dust allergens, which is similar to the prevalence of atopy observed in other areas of helminth transmission in rural communities or poor neighborhoods of Latin America. In the Province of Esmeraldas, Ecuador, it was reported that 26.5% of the population from an urban area and 10.5% of the individuals from rural communities were IgE-reactive (65). In Brazil, a large study with children living in poor neighborhoods of a city with a high prevalence of helminth infection revealed 37% of atopy, evaluated by allergen IgE-reactivity in serum (66, 67).

Our data also showed that the allergic reactivity was more frequent in non-infected than in Schistosoma-infected individuals, with the latter showing lower allergic reactivity intensity. Moreover, non-IgE-reactive individuals showed higher parasite load compared to IgE-reactive individuals, thus suggesting a modulatory effect of S. mansoni infection on the allergic process. The inverse association between allergic reactivity and S. mansoni infection was confirmed by the multivariable logistic regression model, which showed that individuals infected by S. mansoni were three times less likely to develop allergic reactivity to common dust allergens than non-infected individuals. Since schistosomiasis and allergies are chronic diseases, the regression model was adjusted by age, indicating that the effect of Schistosoma infection, as demonstrated here, was not dependent on host age. A similar outcome was observed for allergic reactivity intensity, with S. mansoni-infected individuals showing lower intensity of IgE-reactivity to dust allergens (data not shown).

This is in agreement with epidemiological studies that evaluated allergic reactivity using Skin Prick Test (SPT) or allergen-specific IgE (sIgE) in individuals living in helminth highly endemic areas and showed an inverse association between allergen reactivity and the presence of chronic helminth infections, such as A. lumbricoides and T. trichiura in rural areas of Ecuador (34), ancylostomiasis in Southeast Asia (68), and S. haematobium in children from Gabon (24). In case of S. mansoni infection, Medeiros et al. (69) demonstrated that asthmatic individuals living in areas with high prevalence of schistosomiasis showed milder course of asthma compared to asthmatic patients living in non-endemic areas (69). Moreover, meta-analysis data confirmed that Schistosoma infection reduced atopic risk (70). Altogether, these data show that the frequent exposure to helminthiasis may affect the local immunoregulatory responses that are capable of modulating inflammatory processes against antigens other than the parasite's, as previously suggested (26, 71). In contrast, a positive association between atopy and S. mansoni infection has been reported in a fishing community of Uganda highly exposed to multiple parasite infections and with high prevalence of allergen-reactive IgE (35), thus suggesting that the effect of helminth infection may be influenced by the parasite burden, time and chronicity of the infection, and co-infection with other species.

Although the modulatory mechanisms induced by helminth infection that are capable of regulating allergic reactivity are not fully understood, experimental data obtained from mice models infected with S. mansoni or immunized with schistosome antigens and submitted to ovalbumin-induced asthma (72–74) and studies with asthma patients living in poly-helminthic endemic areas (75) showed that modulation of asthma inflammation was accompanied by induction of Treg and/or IL-10 production and reduction of Th-2 cytokine production, mainly IL-4 and IL-5, eosinophilia, and IgE levels. In the current study, we measured the concentration of different immune mediators in serum or blood samples without further stimulation. Most of the individuals showed undetectable levels of cytokines in the serum, and the categorization of the individuals as non-responders, and high- or low-responders for each immune mediator allowed us to show that the frequency of IL-10-, TNF-α- and IL-33-responders was higher among IgE-reactive individuals. Additionally, we demonstrated that allergic reactivity was positively associated with high levels of IL-33 or TNF-α, but low levels of IL-10, thus indicating a less-modulated type-2 inflammatory response among the atopic population. The role of IL-10 production in the regulatory network induced by helminth infection, including Schistosoma, has been pointed out by many (24, 75). Moreover, the severity of allergic diseases and the susceptibility to helminth infection has been associated with some polymorphic forms of the IL-10 gene (66, 76).

Regarding IL-33, it is well known that this alarmin is produced mainly by the endothelium, epithelium, and fibroblasts, and when secreted after cell damage, it binds to its receptors (ST2) expressed in innate immune cells, such as ILC2, and stimulates the early production of IL-13 and IL-5, which leads to eosinophil infiltration and activation of Th2 response (4, 77, 78). Proteases from helminths and from allergens can promote epithelial damage and secretion of IL-33, which is responsible for potentiating Th-2 inflammation (4), thus indicating that IL-33/ST2 activation is related to type-2 inflammation intensity in epithelial barriers (79). Moreover, IL-33 levels correlate with clinical asthma severity (80), and IL-33 or its receptor (ST2) gene polymorphic variants have been implicated in susceptibility to allergic rhinitis (81) and the risk of asthma (82–84). Similarly, the positive association of allergic reactivity with the production of TNF-α demonstrated in the present study may also be related to the pro-inflammatory role of this cytokine in allergic processes, acting to amplify the type-2 inflammation (85). More recently, Choi et al. (86) demonstrated that house dust mite (HDM)-derived chitin induces TNF-α production, which is a key mediator in the development of Th2-cell response to inhaled allergens (86). Therefore, the positive association of IL-33 or TNF-α high-responders and atopy showed in the current study may reflect a non-modulated type-2 immune response.

The number of circulating eosinophils and the concentration of total IgE in serum was high in individuals living in Brejo do Amparo, independently of the allergic status. Similar results were also reported by Cooper et al. (34) in areas with high exposition to helminth infection (34). Despite the association observed in the univariate analysis, the total concentration of IgE was not associated with allergic reactivity in our multivariate model. However, it is important to consider that helminth-induced polyclonal IgE activation and/or the increase of parasite-induced IgG to carbohydrate determinants in glycoproteins that cross-react with environmental allergens may block allergic hypersensitivity reaction, thus helping with the modulation of allergic diseases symptoms in chronically exposed individuals (12, 87). These mechanisms may be taking place to modulate immune response in S. mansoni-infected individuals and should be better evaluated in the human population.

Finally, the extensive characterization of S. mansoni active infection by a combination of parasitological and molecular tests allowed us to identify a large number of individuals with very low parasite burden. The multivariate logistic regression model confirmed that, while S. mansoni-infected individuals with higher parasite burden (>12 EPG) showed risk of IgE-reactivity 6 times lower, individuals infected with very low parasite burden (≤12 EPG) presented allergic IgE-reactivity similar to non-infected individuals. This is the first time that a minimum threshold of parasite load has been identified as required for modulation of allergic response. The importance of helminth loading for induction of allergic modulation has been suggested by Oliveira et al. (51) in a rural area in northeastern Brazil; and, although they showed that individuals infected with S. mansoni presented reduced risks of developing allergic diseases even with low parasite load, their diagnostic was based on Kato-Katz only, and it is very unlikely that it included individuals with ≤12 EPG (52). Rujeni et al. (88), on the other hand, showed that S. hematobium infection was negatively associated with atopic response only in individuals living in a Zimbabwean village of high transmission, but not for individuals living in a low-transmission village with similar environment conditions, which correlates well with our own results (88).

Although we were able to show the effect of S. mansoni parasite burden and immune response on allergic reactivity, an important methodological limitation inherent of cross-sectional studies is the impossibility of establishing causal inferences. Further cohort studies are required to better elucidate the causal relationship of these effects.

In conclusion, herein we showed that Schistosoma burden is essential for the modulatory effect of allergic reactivity, even in an endemic area where the population is frequently exposed to infection. Besides the inverse correlation between parasite burden and IgE-reactivity, our data clearly show, for the first time, that very low parasite loads (≤12 EPG) are not enough to trigger modulatory mechanisms and, thus, do not affect the prevalence and intensity of the allergic responses. Even though we do not fully understand how S. mansoni infection modulate the allergic response, the current data indicated that the helminth infection, in a burden dependent fashion, induced anti-inflammatory response, including IL-10 production, that reduced IL-33 and/or TNF-α responses, which are associated with decreased IgE-reactivity. These results represent an important contribution to the understanding of helminthic-induced immunomodulatory mechanisms and should be further explored in the search for novel therapeutic strategies for the treatment of both helminthic infections and allergic diseases.
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Schistosomiasis is a neglected parasitic disease that affects millions of people worldwide and is caused by helminth parasites from the genus Schistosoma. When caused by S. mansoni, it is associated with the development of a hepatosplenic disease caused by an intense immune response to the important antigenic contribution of adult worms and to the presence of eggs trapped in liver tissue. Although the importance of the spleen for the establishment of immune pathology is widely accepted, it has received little attention in terms of the molecular mechanisms operating in response to the infection. Here, we interrogated the spleen proteome using a label-free shotgun approach for the potential discovery of molecular mechanisms associated to the peak of the acute phase of inflammation and the development of splenomegaly in the murine model. Over fifteen hundred proteins were identified in both infected and control individuals and 325 of those proteins were differentially expressed. Two hundred and forty-two proteins were found upregulated in infected individuals while 83 were downregulated. Functional enrichment analyses for differentially expressed proteins showed that most of them were categorized within pathways of innate and adaptive immunity, DNA replication, vesicle transport and catabolic metabolism. There was an important contribution of granulocyte proteins and antigen processing and presentation pathways were augmented, with the increased expression of MHC class II molecules but the negative regulation of cysteine and serine proteases. Several proteins related to RNA processing were upregulated, including splicing factors. We also found indications of metabolic reprogramming in spleen cells with downregulation of proteins related to mitochondrial metabolism. Ex-vivo imunophenotyping of spleen cells allowed us to attribute the higher abundance of MHC II detected by mass spectrometry to increased number of macrophages (F4/80+/MHC II+ cells) in the infected condition. We believe these findings add novel insights for the understanding of the immune mechanisms associated with the establishment of schistosomiasis and the processes of immune modulation implied in the host-parasite interactions.
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GRAPHICAL ABSTRACT. Volcano plot showing the set of proteins used for quantitative analyses in the spleen after 7 weeks of S. mansoni infection in the Balb/c mice. Differentially expressed proteins are represented as red dots. Proteins that passed both the fold-change threshold and significance criteria but showed low spectral counts were marked by the L-stringency criteria (Blue dots). Gray dots represent proteins that did not meet the statistical criteria to be considered as differentially expressed.




INTRODUCTION

Schistosomes are long-lived blood-dwelling parasites responsible for causing schistosomiasis, a neglected tropical disease afflicting millions of individuals worldwide (1). Their long persistence in the bloodstream implies they must deploy effective mechanisms to guarantee evasion and modulation of the host immune response (2). A number of proteomic investigations have provided relevant information on the molecular composition of the S. mansoni tegument, revealing clues as to how the parasite disguises from the immune system at this host-parasite interface (3–5). Binding of host immunoglobulins and inactivation of complement proteins are proposed strategies but the complex composition and architecture of the tegument offer an unanticipated number of possibilities used by the parasite to circumvent both cellular and humoral responses (6).

Nevertheless, the biology of schistosomes does not guarantee complete masking throughout their residence in the vertebrate host. Once they start feeding on blood, they inevitably regurgitate digestion by-products alongside carried over gut secretions (7). Later, when sexually maturated and paired, female parasites lay a significant number of eggs that ended up trapped in various tissues, in particular the liver (8). There, the eggs containing a viable parasite embryo is capable of protein secretion triggering a granulomatous response around them, ultimately affecting liver homeostasis and function (9). In a previous report we have employed a shotgun proteomic analysis to detect differential expression of liver proteins associated with the onset of oviposition (5 weeks) and at 2 weeks afterwards, when hepatomegaly is fully installed in the murine model of infection (10). In these two time points, we observed a contrasting pattern of protein expression, changing from a “reactive” liver to a “succumbed” tissue due to the intense inflammation induced by parasite antigens. Pioneering observations using 2D-gel based approaches also attested for differential expression of liver proteins during S. mansoni infection and possible biomarkers of liver injury found in the serum have been appointed (11, 12).

The spleen, representing another very responsive organ in the context of schistosomiasis, has received little attention in terms of which molecular mechanisms operate once the infection is established. Splenomegaly is a hallmark of the inflammation induced by schistosomes and the understanding of how it reacts to the parasite-derived antigenic burden using both innate and adaptive immune processes could clarify this long lasting host-parasite interplay (13). A great deal of information is now available on the nature of parasitic antigens that are continuously released by adult worms in the circulation (14–16). In this context, both parasite tegument, eggs and alimentary tract are potential sources of a rich molecular arsenal that could ultimately prime and modulate the function of spleen resident cells (17, 18).

To tackle the challenge of deciphering the complex proteome of the responsive spleen, at the peak of acute phase of inflammation, we have chosen a label-free quantitative shotgun strategy based on spectral count as reported by Lundgren et al. (19). Using the spectral count methodology one intends to quantify a protein by the number of MS/MS spectra detected for its encoding peptides. To minimize potential artifacts in protein quantification, a normalized spectral abundance factor (NSAF) has been proposed (20). In this scenario, the total number of spectral counts associated with a given protein is normalized by its length, leading to a good correlation with protein abundance in a sample. While this approach is dependent on high quality MS/MS data, it is worth mentioning that both identification and quantification can be improved simultaneously using optimized and extensive MS/MS spectra collection.

Here we report the identification of 1,565 proteins in the murine spleen proteome after 7 weeks of the S. mansoni infection and the differential expression of a set of 325 among them. Upregutaled proteins were mostly representative of major pathways of the adaptive immune response, RNA processing and cell cycle, while most downregulated proteins were associated to catabolic metabolism. Flow cytometry and histology analyses, allowed the establishment of a relationship between the variation of protein abundance measured by proteomics and the exchange in the proportions of subpopulations of spleen cells. The variations in the protein expression within pathways of antigen processing and presentation also suggest the activation of immunomodulatory processes to the presence of parasitic antigens. Thus, the aim of our discovery approach is to shed light into molecular mechanisms governing this successful host-parasite relationship.



MATERIALS AND METHODS


Ethics Statement

All experiments involving animals were conducted in accordance with the Brazilian Federal Legislation (Arouca's Law number 11,794), which regulates the scientific use of animals in Brazil. Both the routine methods for maintenance of the S. mansoni life cycle and the experimental procedures involving mice were reviewed and approved by the local Ethics Committee on Animal Experimentation ‘Comissão de Ética no Uso de Animais' (CEUA), Universidade Federal de Ouro Preto (UFOP), and received the protocol numbers 2017/34 and 2017/35, respectively.



Infection Model and Experimental Design

The murine model of schistosomiasis was established as follows. Twenty-three female Balb/c mice aged 30 days were anesthetized using a combination of ketamine hydrochloride (8 mg/kg) and xylazine (4 mg/kg) administered via intraperitoneal injection. Continuing, the animals were infected by S. mansoni larvae (LE strain) through tail immersion, with a dose of 200 cercariae/animal (Infected group). Control groups were established with 18 non-infected individuals of the same age as those in the Infected group. After 7 weeks of infection, both Infected and Control individuals were weighted and sacrificed using anesthetic overdose. Spleens were weighted to calculate the spleen-to-body ratio as a measure of splenomegaly and then washed and maintained in 2 mL of ice-cold RPMI media for further treatments. Fifteen spleens from infected individuals and thirteen from control were used in the two independent flow cytometry experiments. Eight spleens from Infected individuals and five from Controls were used for histology and mass spectrometry analyses. Tissue sections of approximately 0.5 cm2 were collected from these last organs and stored in 3.7% buffered-formalin (pH 7.2) for histological analyses (Supplementary Figure 1).



Characterization of Schistosome Induced Splenomegaly

To corroborate the establishment of splenomegaly in the mouse model of schistosomiasis, the percentage ratio spleen-to-body weight was calculated as suggested by Henderson et al. (21). Histological analyses were also performed. After fixing in 3.7% buffered-formalin (pH 7.2), spleen sections were embedded in paraffin and tissue sections of approximately 4 μm thick were obtained using a microtome. Then, the slides were stained with hematoxylin & eosin (HE) and Masson's Trichrome, and evaluated for morphological differences between Infected and Control individuals. The presence of S. mansoni eggs within stool samples of infected individuals was assessed via the method of spontaneous sedimentation (22), considering the presence of one egg as confirmatory of infection.



Isolation of Spleen Cells

After extraction, spleens were transferred to a 2 mL bounce glass tissue grinder with 2 mL of RPMI media. The organs were homogenized after 3–4 strokes of the pestle and cells in suspension were then transferred using a Pasteur pipette to a 15 mL tube. Cells were pelleted by centrifugation at 210 g for 10min at 4°C in swing bucket rotor. Splenocytes were then resuspended in 5 mL of lysis buffer (Tris-Base 0.206% w/v, NH4Cl 0.77% w/v, pH 7.2) and maintained ice-cold for 2min, in order to promote the lysis of red cells. The lysis was stopped by isotonifying the media after adding 10 mL of PBS (0.1 M, pH 7.2-7.4) and pelleted by centrifugation. Subsequently, isolated spleen cells were washed twice with PBS to eliminate the excess of lysis buffer and stored at −20°C.



Protein Extraction and Sample Preparation

The isolated spleen cells were resuspended in ammonium bicarbonate buffer (25 mM, pH 8.3), supplemented with 1% protease inhibitor cocktail (PIC, Sigma Aldrich, St. Louis, MO, USA) and then homogenized for 2min by using a tight-fitting Teflon pestle attached to a power drill (Potter S, Braum Biotech International, Melsungen, Germany) set to 1,000 rpm. After homogenization, the samples were transferred to fresh mini-tubes (Axygen, Union City, CA, USA) and stored at −20°C to be used as particulated protein extracts. The protein concentration of each sample was measured on microplates, using the Pierce BCA protein assay kit (Thermo Scientific, Cramlington, UK).



In Solution Digestion

Three biological replicates were prepared for each group, using 30 μg aliquot from pooled extracts of five animals. Protein extracts were reduced and alkylated before digestion with MS grade trypsin (Promega, Madison, WI, USA) in the presence of the digestion enhancer RapiGest (Waters, UK). Briefly, samples were added with RapiGest to a final concentration of (0.06% w/v) and incubated at 80°C for 10min. Then, proteins were reduced using dithiothreitol (Sigma Aldrich, St. Louis, MO, USA) to a final concentration of 3.3 mM at 60°C for 10min. Alkylation was achieved using iodoacetamide (GE Healthcare, Little Chalfont, Buckinghamshire, UK) to a final concentration of 9.4 mM at room temperature in the dark, for 30min. Samples were digested using sequencing grade trypsin at a ratio of 50:1 (protein/trypsin) and incubated at 37°C for 16 h. To stop the digestion and precipitate RapiGest, trifluoroacetic acid was added to a final concentration of 0.5% v/v, resulting in a pH ≤ 2. After that, a centrifugation step was performed at 20,000 g for 15min at 7°C (Mikro 200R, Hettich Zentrifugen, Tuttlingen, DEU) for the removal of insoluble particles.



Liquid Chromatography–Mass Spectrometry

After digestion, 0.5 μg of peptide samples solubilized in 2% acetonitrile-0.1% trifluoroacetic acid solution (TFA, Sigma Aldrich, St. Louis, MO, USA) were injected into the nanoUHPLC UltiMate® 3,000 (Dionex, San Jose, USA) system. In first instance, peptides were trapped on a Nano-Trap Acclaim PepMap100 C18 column (100 μm i.d. × 2 cm, 5 μm, 100 Å; Thermo Scientific, Waltham, MA, USA) and washed for 3min in 2% acetonitrile (ACN, HPLC grade, USE)/water/0.1% TFA solution, at a flow rate of 7 μL/min. After that, a reverse phase chromatography was performed using an Acclaim PepMap18 RSLC (75 μm i.d. × 15 cm, 2 μm, 100 Å; Thermo Scientific) column (in tandem with the previously mentioned column), maintained at 40°C with a constant flow rate of 0.3 μL/min. Following, a multistep gradient of solvents A (0.1% Formic Acid, HPLC grade, JTBaker, Mexico) and B (80% ACN, 0.1% Formic Acid) was executed as follows: a conditioning step with 3.8% of B was applied on the first 3min, followed by a ramp from 3.8 to 30% B over 120min and 30–50% B between 120 and 150min, with a final ramp with 99% B to 162min and a reconditioning step with 3.8% B until 180min.

The spectral data was acquired using a Q Exactive mass spectrometer (Thermo Scientific®, Bremen, Germany) operating at full-scan/MS2 mode. The ion source was set at 3.8 kV with a capillary temperature of 250°C. The acquisition method for the survey scans was tuned for a resolution of 70,000 at m/z 200, with a mass range between 300 and 2,000 m/z, and a AGC target of 1e6 ions in up to 120 ms. For MS/MS acquisitions, a Top 12 criteria was used, isolating up to 12 most intense precursors ions with charge state between +2 and +4 from a 1.2 m/z window, excluding isotopes. Selected ions were fragmented by Higher Energy Collision Induced Dissociation (HCD) with a stepped Normalized Collisional Energy (NCE) of 28–30. After collision, the product ion spectra were acquired with a resolution of 17,500 with a maximum injection time of 60 ms and a target value of 5e5 (minimum AGC target 6.25e3) and a Dynamic exclusion time of 40 s.



Analysis of Proteomic Data

After gathering the spectral data, it was submitted to database search for protein identification and quantification using Patternlab for protemics software (version 4.1.0.6) (23). The Uniprot sequence database from Mus musculus (59,517 total sequences) was downloaded and later processed to include also reverse sequences of each protein (labeled as decoy) resulting in a mixed target-decoy database (eliminating subset sequences) which was used as background for the identification algorithm. For spectrum match search, the Comet algorithm was used to compare the experimental tandem mass spectra against those theoretical spectra generated from target and decoy sequences. The parameters applied to establish the theoretical spectra were generated from an in silico digestion of the protein database, which was set to mimic a semi-specific tryptic digestion with up to 2 missed cleavage sites, including cysteine carbamidomethylation (+57.02146 Da) as fixed and methionine oxidation (+15.9949 Da) as variable post-translational modifications (up to 3 variable modifications for peptide), a mass range MS1 precursor peptide of 550–5,500 Da with a mass tolerance error of 10 ppm and considering MS2 ions from B, Y and neutral loss fragmentation. This resulted in a list of candidates for each spectrum, which was later filtered using the Search Engine Processor (SEPro). In this step, pre-processing quality filters were applied as follows: delta mass of 30 ppm, a total DeltaCN of 0.001 and at least 6 amino acids on peptide sequence and post-processing quality filters applying to accept only proteins that have at least 1 peptide, 1 spectral count, PSM with a delta mass of 10 ppm from the average delta mass obtained and a Normalized primary score (XCorr) of at least 2.0 for proteins identified with only 1 mass spectrum and at least 1.8 for proteins identified with at least 2 mass spectra. Identifications were grouped by number of enzymatic termini and a Bayesian score, which included XCorr, delta CN, peaks matched values, delta mass error, spectral count score and secondary rank, was used to sort the identification in a non-decreasing order of confidence. Later, a cutoff score was applied to accept a false-discovery rate (FDR) of 3% for spectra, 2% for peptide and 1% for protein identification based on the number of labeled decoys into the identification list.

Quantification was based on the number of peptide spectral counts, normalized using the spectral abundance factor (NSAF) (20). The relative quantification of proteins was performed using the TFold method (24), setting the F-stringency to 0.03 and the L-stringency to 0.4. The BH q-value threshold for the significance test was set to 0.05. These parameters were set to reach a fold-change threshold of ~1.2 and a p-value of 0.05, as the criteria to consider proteins as differentially expressed. The whole quantitative data, along with the set of differentially expressed proteins, was exported into a CSV file for enrichment analysis and data visualization using the R programming language (version 3.5.1) running on R Studio (version 1.1.442). The reproducibility of the protein quantifications was evaluated through the Pearson's correlation test between each biological replicate (Supplementary Figure 2).

Enrichment analysis based on Reactome categories was performed using the package “ReactomePA” (25) and the package “clusterProfiler” (26) was used for the categorization based on KEGG pathways. The hypergeometric model was used as the statistical method for enrichment and categorization. All categories with a geneset size between 100 and 1,000 were tested, with a significance threshold per enriched category set to P ≤ 0.05 with FDR adjustment. For the visualization of the functional enrichment results, both the “enrichplot” (27) and “pathview” (28) packages were used.



Ex-vivo Immunophenotyping of Splenocytes

Fifteen infected mice and 13 controls were used for immunophenotyping via flow cytometry experiments. After isolation (see Isolation of Spleen Cells), spleen cells were counted and resuspended at a concentration of 1 × 107/mL. Then, a total of 5×105 splenocytes were transferred to fresh polystyrene tubes in the presence of 0.5 μg IgG anti-Fc receptors CD32 and CD16 and incubated for 5min at room temperature. Cells were then incubated with the diluted anti-mouse cell surface monoclonal antibody (mAb) for 30min, at room temperature (RT), in the dark. The following mAbs were used: 0.25 μg of anti-CD3ε (PE, clone 145-2C11, BioLegend); 0.025 μg of anti-CD4 (FITC, clone FM4-5, BioLegend); 0.125 μg of anti-CD8 (PE-Cy7, clone 53-6.7, BD Pharmigen); 0.1 μg of anti-F4/80 (PE, clone BM8, BioLegend); 0.03 μg of anti-MHC II (Alexa Fluor 647, clone M5/114.15.2) and 0.5 μg of anti-CD11c (PE-Cy7, clone HL3, BD Pharmingen). The splenocytes were then washed in PBS pH 7.2 and centrifuged at 400 g for 10min at RT. Then, the labeled cells were fixed for 30min at RT, with 200 μL of FACS fix solution (10 g/L paraformaldehyde, 1% sodium cacodylate, 6.67 g/L sodium chloride, pH 7.2). The staining was performed in two different tubes with the respective panels of mAbs: (1) CD3-PE, CD4-FITC and CD8-PECy7–to measure the frequencies of subpopulations of T lymphocytes and (2) F4/80-PE, CD11c-PECy7 and MHC-II-AF647–to analyze the subpopulations of antigen-presenting cells (macrophages and dendritic cells) expressing MHC-II. The data were collected using a flow cytometer FACSCalibur (Becton Dickinson, USA) and a total of 50,000 events were acquired for each tube. The Cell-Quest software package was used for data acquisition. Data analysis was performed using the FlowJo software (Tree Star, USA). Gating strategies were used according to the subpopulation of splenocytes studied and were representative of the whole population of spleen cells (Supplementary Figure 3A) and depicted by the pseudocolor bi-dimensional fluorescence graphs. For T-lymphocytes, two cell scatter plots were used by evaluating the FL2/anti-CD3 PE vs. FL1/anti-CD4 FITC and FL2/anti-CD3 PE vs. FL3/anti-CD8 PE-Cy7. The gating strategy involved identification of the double-positive quadrant representative of the CD3+/CD4+ and CD3+/CD8+ T-lymphocyte subpopulations (Supplementary Figure 3B). Antigen-presenting cells (APCs) were identified based on the expression of the membrane marker CD11c (dendritic cells) using the FL3/anti-CD11c vs. SSC (Supplementary Figure 3C) and the marker F4/80 (macrophages) using the FL2/anti-F4/80 vs. SSC (Supplementary Figure 3D). The proportion of each APC expressing MHC-II was identified based on the correspondent parent gate as illustrated in the Supplementary Figures 3C and 3D, and these proportions were extrapolated to the whole population of spleen cells (percentage of grandparent). The results were expressed as percentage of positive cells within the whole population (Supplementary Table 1). The percentages of cell populations for each sample were exported into Excel files and loaded into R for data analysis. The Shapiro-Wilk normality test was performed for each cell population under investigation. To evaluate the differences between Infected and Control individuals, the Student's t-Test was performed in cases of parametric data and the Wilcoxon test in cases of non-parametric.




RESULTS


Characterization of the Splenomegaly in the Murine Model

In first instance, the spleen-to-body weight ratio was used as a measure of splenomegaly as previously suggested (21). The spleen-to-body ratio (gram/gram × 100) was significantly augmented in infected individuals (2.24 ± 0.184) when compared to uninfected controls (0.475 ± 0.0149) (P-value of unpaired Student's t-test < 0.001) (Figure 1A). The parasitological examination allowed confirmation of an active infection through the detection of eggs in the feces of infected mice. The histological analyses of the spleen also attested for morphological differences between infected and control individuals. In non-infected controls, the splenic parenchyma showed normal histology. The white pulp is formed by the periarteriolar sheaths of lymphocytes with lateral expansions forming lymphatic follicles frequently without germinal centers (primary follicles) (Figure 1B). In infected animals there is a significant expansion of the white pulp, markedly of the lymphatic follicles that present with evident germinal centers and expansion of mantle and marginal zones (secondary follicles) (Figure 1C) and an increased number of lymphocytes and phagocytes in the region of the red pulp are observed. It was not possible to delimitate the expansion of the lymphatic follicles in the spleens of infected individuals due to the intense hyperplasia. With these observations, along with the positivity in the copro-parasitological test, we were able to corroborate the establishment of the splenomegaly associated with the acute phase of inflammation in the murine model (21).
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FIGURE 1. Corroboration of the establishment of splenic disease after 7 weeks of S. mansoni infection. (A) Dot and box plots showing the differences in the median Spleen/body ratio and the interquartile range. (B) Histological aspect in the spleen of a control individual, showing the normal organization of the white and red pulps, with primary follicle predominance (arrow). (C) Histological aspect in the spleen of an infected mouse, showing large lymphatic follicles with prominent germinal centers. Reference bar represents 100 μm.





The Composition of the Spleen Proteome

We were able to identify 3,326 total proteins resulting in 1,565 grouped entries on maximum parsimony from both infected and uninfected individuals (see data availability statement). The FDR for these identifications was reported to be 0.05% for spectra, 0.08% for peptides and 0.10% for proteins. We then used the normalized spectral abundance factor (NSAF) as the measure of abundance (20).

The cumulative abundance plot shows the arrangement of the proteins in ascending order as a representation of the contribution of each protein to the total mass of the spleen proteome. Notably, 50% of the total protein extract is accounted by the abundance of 88 proteins, mostly represented by structural proteins (Filamin, Lamin, Actin, Tubulin, Talin-1, Cofilin, Coronin, among others), histones and some associated with mitochondrial metabolism. Only 10% of the extract could be represented by over 720 lowly abundant proteins (Figure 2A). To assess the dynamic range of protein abundance, we plotted the log10 of the spectral counts for each of the proteins arranged according to their contribution to the total mass. It was observed a variation of more than 4 orders of magnitude between the most and the less abundant protein in the samples (Figure 2B). A histogram for the logarithm of the spectral counts was used to evaluate the frequency distribution of protein abundance in spleen cells. The graph appears visually skewed toward more abundant components (Figure 2C). This observation was tested via the Shapiro-Wilk normality test, proving a non-Gaussian distribution (P-value = 0.0006307).
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FIGURE 2. Composition analyses of the spleen proteome. (A) Cumulative abundance plot shows the total number of identified proteins in ascending order in relation to their mass contribution to the spleen proteome. Red dots represent differentially expressed proteins. (B) Dynamic abundance plot showing the variability in abundance of the identified proteins. (C) Histogram for the frequency distribution of protein abundance in the samples.





The Differential Expression of Proteins in the Spleen at 7 Weeks Post Infection

The TFold test underpinned by the Patternlab software yielded NSAF values of the identified proteins to detect the differential expression of 325 proteins in the spleen of infected individuals. Among these proteins, 242 were found upregulated in the experimental condition and 83 were downregulated. One hundred and fifty proteins were marked by the L-Stringency filter, indicating that they passed the fold-change and significance criteria but exist in low abundance in the samples. In practical terms, we found that 20.7% of the detected proteins in the spleen are differentially expressed, and 74.5% of them are found upregulated (Graphical Abstract). The whole set of proteins used for the quantitative analysis is available in the Supplementary Table 2.



Functional Enrichment of Cellular Pathways Shows the Development of an Adaptive Immune Response

The differentially expressed proteins were used to feed a hypergeometric model for their functional categorization based on the Reactome database. Among these proteins, 218 had mappings within Reactome categories and were tested in the model. After the analysis, 55 pathways were significantly enriched (P-value < 0.05, controlled by FDR). We manually dropped enriched categories which were considered to have too general or specific pathways with redundant proteins, ending up with 27 functional terms. A heatplot was employed in order to visualize the quantitative information of the proteins enriching each pathway and to determine if particular pathways were better represented by upregulated or downregulated proteins.

In general terms, the differentially expressed proteins were categorized within pathways associated with innate and adaptive immunity (Neutrophil degranulation, Antigen processing and presentation, TCR signaling and Signaling by interleukins), RNA processing (Translation and Splicing), Cell cycle (Synthesis of DNA, replication and packaging), vesicle transport, and catabolic metabolism (TCA cycle and electron transport, Metabolism of amino acids).

Pathways Associated With the Immune Response Are Mostly Enriched by Upregulated Proteins

The pathways with better representation were those related to the immune response. Major pathways such as Innate immune system and Neutrophil degranulation included more than 25% of the mapped proteins and these were mostly upregulated (>70%). Within the aforementioned categories, we observed a pronounced enrichment for eosinophil granule proteins such as eosinophil-associated ribonucleases (Ear1, Ear2, Ear6, and Ear10; Fold-change: +3.02, +2.94, +3.26, +2.65, respectively) and eosinophil peroxidase (Epx; Fold-change: +2.24), along with bone marrow proteoglycan 2 (Prg2; Fold-change: +2.80), galectin-3 (Lgals3; Fold-change: +1.74), malectin (Mlec; Fold-change: +1.99), purine-nucleoside phosphorylase (Pnp; Fold-change: +1.68) and the SGT1 protein homolog (Sugt1; Fold-change: +1.52). It was also found upregulation of STAT1 transcription factor (Stat1; Fold-change: +1.47) and protein-tyrosine kinase 2-beta (Ptk2b; Fold-change: +1.60), both of them categorized within the signaling pathway of interleukins. On the other hand, haptoglobin (Hp; Fold-change: −4.02), hemoglobin (Hbb-bs; Fold-change: −1.34), matrix metallopeptidase 9 (Mmp9; Fold-change: −2.14), proteinase-3 (Prtn3; Fold-change: −2.06) and neutrophil elastase (Elane; Fold-change: −1.90) were found downregulated (Table 1; Figure 3).



Table 1. Consolidated list of differentially expressed proteins after 7 weeks of S. mansoni infection in female Balb/c mice.
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FIGURE 3. Heatplot for the visualization of the functional enrichment analysis based on Reactome categories. The expression levels of 218 differentially expressed proteins are showed in the vertical axis in association with 27 cellular pathways in which they are included (horizontal axis). Squares in the intersection between a particular protein and a category, indicate the presence of the protein within the pathway. The color of the square represents the expression level of the protein as the Log2 of the fold-change.



Major Components of Antigen Processing and Presentation Pathways Were Found Differentially Expressed

Representative pathways of the Adaptive Immune System and other associated subcategories were significantly enriched, including 17% of the mapped proteins with 66% of them upregulated. Both MHC class I and II antigen presenting pathways were significantly enriched in this analysis with both upregulated and downregulated proteins. In terms of MHC class I antigen processing and presentation, upregulation of three Class I histocompatibility antigens (H2-D1 L-D alpha chain, D-P alpha chain and D-D alpha chain; Fold-change: +1.32, +1.38, +1.42, respectively) was observed in parallel to an increased expression of calnexin and calreticulin cheperones (Canx, Calr; Fold-change: +1.51, +1.29, respectively). Also one activator subunit and two regulatory subunits of the proteasome were found upregulated (Psme1, Psmd3, and Psmd14; Fold-change: +1.28, +1.40, +1.60, respectively), along with the ubiquitin-conjugating enzyme E2D 3 (Ube2d3; Fold-change: +2.00). In contrast, two proteolytic subunits of the proteasome (Psmb4, Psmb8; Fold-change: −1.55, −1.27, respectively) and the aminopeptidase puromycin sensitive protein (Npepps; Fold-change: −2.21) were found downregulated in the infective condition (Table 1; Figure 3).

Within the MHC class II antigen presentation pathway, we found the upregulation of four histocompatibility antigens (H2-Aa, H2-DMb2, H2-Ab1, H2-Eb1; Fold-change: +1.57, +1.41, +1.34, +1.29, respectively), the CD74 antigen (Cd74, Fold-change: +1.56) and traffic-related proteins such as tubulins (Tubb1, Tubb4b; Fold-change: +1.47, +1.33, respectively), the Sec31 homolog (Sec31a; Fold-change: +2.63) and RAB7 (Rab7, Fold-change: +1.41). We also observed the downregulation of two cathepsins (Ctsd, Ctsb; Fold-change: −1.62, −1.54, respectively) and the dynein light chain LC8-type (Dynll2; Fold-change: −1.33). It is worth mentioning that the NSAF for MHC class II histocompatibility antigens is one order of magnitude higher when compared to MHC class I histocompatibility antigens, indicating a higher relative expression of these molecules in the samples from infected individuals after 7 weeks of infection (Table 1, Figure 4).
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FIGURE 4. KEGG Pathway enrichment result visualization from differentially expressed proteins in spleen cells after 7 weeks of S. mansoni infection. Color marks represent the expression levels of proteins participating in the cellular pathway of Antigen processing and presentation. Uncolored proteins were neither identified nor differentially expressed after quantitative analyses.



There Is an Important Upregulation of Proteins Associated With RNA Processing, Translation and Vesicle Transport

The general Reactome pathway of RNA metabolism was significantly enriched after our analysis, including 18.5% of the mapped proteins with most of them upregulated (79.5%). Included in this category, we found the upregulation of nucleolar RNA helicase 2 (Ddx21; Fold-change: +1.31), Nucleolar protein 58 (Nop58l; Fold-change: +1.44), Exportin-1 (Xpo1; Fold-change: +1.98), and several ones related to the specific pathway of RNA Splicing. This last category was represented by various small nuclear ribonucleoproteins (Snrpb2, Snrpn, Snrpa1, U2af2, Hnrnpul1, Snrnp200; Fold-change: +1.75, +1.48, +1.38, +1.31, +1.30, +1.30, respectively), pre-mRNA processing factor 8 (Prpf8; Fold-change: +2.25), poly-U binding factor 60 (Puf60; Fold-change: +1.93), Pleiotropic regulator 1 (Plrg1; Fold-change: +1.73) and the polypyrimidine tract binding protein 1 (Ptbp1; Fold-change: +1.48). Among the downregulated proteins, we found the heterogeneous ribonucleoprotein A0 (Hnrnpa0; Fold-change: −1.91), protein phosphatase 2 (Ppp2ca; Fold-change: −1.41), one RNA binding motif protein (Rbmx; Fold-change: −1.33), and a non-histone chromosome protein (Nhp2l1; Fold-change: −1.28) (Table 1; Figure 3).

In terms of Translation, several ribosomal proteins were found upregulated (Rps10, Fau, Rps17, Rps7, Rpl13a, Rps3; Fold-change: +1.75, +1.53, +1.48, +1.31, +1.24, +1.23, respectively) along with translation factors (Eif2s2, Eif3a, Eif3l, Eif2s1, Eif3f, Eif4a1, Eef2; Fold-change: +2.61, +2.53, +1.67, +1.53, +1.46, +1.30, +1.28, respectively). The ribosomal protein S16 was found downregulated (Rps16l; Fold-change: −1.32) (Table 1; Figure 3).

In this context, several proteins were found upregulated within the pathway of Vesicle-mediated transport. Among them, we observed four RAS-related proteins (Rab10, Rab5c, Rab7, Rab11b; Fold-change: +2.38, +1.55, +1.41, +1.38, respectively), four coatomer complex subunits (Copz1, Arcn1, Copb2, Copa; Fold-change: +3.13, +1.88, +1.62, +1.60, respectively), sorting nexins (Snx5, Snx2; Fold-change: +2.32, +1.36, respectively), charged multivesicular body protein 4B (Chmp4b; Fold-change: +2.10), spectrin beta (Sptb; Fold-change: +1.72) and a mannose-6-phosphate receptor (M6pr: Fold-change: +1.47) (Table 1; Figure 3).

Many Proteins Related to Cell Cycle and DNA Replication Are Found Upregulated

The Cell Cycle major pathway was significantly enriched by our set of differentially expressed proteins. Twelve percent of the mapped proteins were included within this category, with 76.9% of them upregulated. Among the most prominent, we found the DNA replication licensing factor MCM6 (Mcm6; Fold-change: +4.80), an actin dependent regulator of chromatin (Smarca5; Fold-change: +2.15), two DNA helicase components (Mcm5, Mcm7; Fold-change: +1.74, +2.10, respectively), proliferating cell nuclear antigen (Pcna; Fold-change: +2.05), the nucleoporin 93 (Nup93; Fold-change: +1.83), lamin A (Lmna; Fold-change: +1.70), the mitotic checkpoint protein BUB3 (Bub3; Fold-change: +1.60) and the histone binding protein 7 (Rbbp7; Fold-change: + 1.31). In contrast, the protein 1A for structural maintenance of chromosomes was found downregulated (Smc1a; Fold-change: −1.79) (Table 1; Figure 3).

The Pathways Associated With Catabolic Metabolism Were Mostly Downregulated

Pathways related to the TCA cycle, respiratory transport and amino acid metabolism were predominantly enriched by downregulated proteins. A set of seven dehydrogenase subunits were found in this condition (Pdha1, Ldhb, Sdha, Ndufs4, Idh2, Pdhb, Glud1; Fold-change: −2.36, −2.29, −1.68, −1.32, −1.32, −1.30, −1.31, respectively), as well as Acetyl-CoA acetyltransferase 1 (Acat1; Fold-change: −1.34), creatine kinase (Ckb, Fold-change: −1.33) and a peptidase subunit of the proteasome (Psmb8; Fold-change: −1.27), also enriching pathways of antigen processing and presentation. Conversely, two ubiquinone proteins (Ndufb4, Ndufs1; Fold-change: +2.22, +1.85, respectively), an ATP synthase subunit (Atp5d; Fold-change: +1.45) and adenosine deaminase (Ada; Fold-change: + 1.47) were found upregulated (Table 1, Figure 3).



Proteins With Exclusive Identifications by Experimental Condition

Although our analyses were mainly focused on proteins that were differentially expressed between Infected and Control individuals, there is an important set of proteins with unique identifications in the two conditions. When comparing the protein sets of identified proteins, it is observed that 289 were exclusively identified in samples from Infected individuals while 263 were found only in the Control group (Supplementary Figure 4). Among the exclusive proteins in the infected condition, we found a set of splicing factors subunits, several proteins related to DNA metabolism and a few proteins representatives of alternative pathways of catabolic metabolism such as arachidonate lipoxygenase. Some of the uniquely identified proteins in the control condition were those associated with mitochondrial metabolism such as cytochrome subunits and NADH dehydrogenase (Supplementary Table 3).



The Immunophenotyping of Splenocytes Reveals a Change in Cell Proportions and MHC II Presentation by Macrophages

The composition of immune cells in the spleen showed important variations after the establishment of splenomegaly in terms of lymphocyte populations. The mean percentages of both T CD3+CD4+ and CD3+CD8+ lymphocytes were decreased in infected individuals (8.7 and 2.85%, respectively). In the same context, CD3− spleen cells (not T-lymphocytes) were found increased during splenomegaly, representing more than 85% of the cell population (Figure 5A). In terms of APCs, we found an increased frequency of macrophages (F4/80+ cells) in infected individuals, which was also accompanied by a higher proportion of MHC-II-presenting macrophages (F4/80+/MHC-II+ cells) in this condition. Finally, no significant differences were found in the proportions of CD11c+ dendritic cells during splenomegaly, along with no differences in the numbers of CD11c+/MHC II+ cells and the expression levels of MHC-II receptors in the latter population (Figure 5B).


[image: image]

FIGURE 5. Variations in the cell populations in the spleen after 7 weeks of S. mansoni infection in Balb/c mice. (Top section, from left to right) (A) Violin plots showing the mean proportions of antigen presenting cells by experimental condition. Upper panel shows the proportions of macrophages (F4/80+ cells) and MHC-II-presenting macrophages (F4/80+/MHC-II+ cells) as a fraction of the whole population of spleen cells. Bottom panel shows the proportion of dendritic cells (CD11c+ cells) and MHC-II-presenting dendritic cells (CD11c+/MHC-II+ cells) as a fraction of the whole population of spleen cells (B) Violin plots showing the mean proportions of the subpopulations of T lymphocytes as a fraction of the whole population of spleen cells.






DISCUSSION

Here we aimed to provide the first large-scale quantitative examination of the spleen proteome during murine schistosomiasis caused by S. mansoni infection. Using highly sensitive proteomic tools for identification and stringent statistical criteria for label-free quantification, we were able to describe minor variations in the abundance of an important set of proteins in splenocytes. The findings should have implications in the development of the host response during the helminthic infection and the complex dynamic associated with the immune pathology that could potentially lead to establishment of the chronic disease. After 5 weeks of infection, sexual maturation of the parasites is fully accomplished and female worms have started oviposition at the intestinal mesenteric veins (29, 30). Under this condition, some eggs are transported through vein circulation and reach the liver, where they promote an exaggerated immune response in the tissue with the formation of granuloma and the installation of a hepatic fibrosis (8), resulting in the establishment of a hepatosplenomegaly in the murine model (21). In this study we have chosen to investigate the spleen proteome, at the peak of acute phase of inflammation, to add understanding into how the organ responds to the buildup of parasitic antigens in the circulation mostly represented by egg secretions and regurgitation contents of adult parasites.

In this context, we first set up an experimental scheme to distinguish the establishment of splenomegaly in the Balb/c strain. After 7 weeks of infection, spleen histology revealed a marked rearrangement in tissue morphology. Evaluation of the spleen-to-body ratio in infected individuals, compared to control non-infected animals also demonstrated a > 4-fold increase in this parameter. This, along with a high egg count in the feces of infected individuals, allowed us to corroborate the presence of hepatosplenic schistosomiasis in our infection model.

High throughput proteomic sequencing approaches provide a manner to make inferences on the variation of protein abundance under distinct biological conditions. The “bottom-up” label-free shotgun analysis initiates by the proteolysis of complex protein extracts for the production of peptides that are then separated through high-resolution chromatography. Coupled to highly sensitive mass analyzers, it is possible to obtain peptide spectral data that are interrogated for identification and quantification of proteins within a sample (31). This method offers an unbiased approach for the discovery of systematic changes in protein expression and molecular signatures in tissues and cells during particular experimental conditions can be revealed (32). In contrast to classic targeted antibody-based approaches, the study of the immune system through large scale proteomics is potentially useful for a comprehension of the highly interconnected cellular networks associated with the response to infection or disease (33).

In this study, Patternlab for proteomics (23) was employed as the software platform for the identification and label-free quantification of proteins from spleen cells. The compositional analyses showed the complexity of the protein extracts, with a dynamic range of abundance varying over four orders of magnitude. Almost a half of the identified proteins were those of low abundance, representing only 10% of the total mass of the extract. Nevertheless, the use of a stringent criteria allowed the identification of differentially expressed proteins all along the encompassed dynamic range. We then used a volcano plot in order to visualize the 325 proteins that showed a differential abundance of at least 20% (Fold-change ±1.2) between the two conditions. Most of them (242, > 70%) were upregulated in infected individuals and 83 were downregulated. The L-Stringency criteria pinpointed 150 proteins considered to be differentially expressed but presented low spectral counts, artificially decreasing the p-value of the comparison of the particular protein between conditions, and possibly leading to false positives (24).

The spleen, as the largest lymphoid organ in the body, contains a complex tissue organization that is anatomically connected to the liver via the portal vein system. An essential association has been described between the development of schistosomiasis and other liver diseases with morphologic modifications and clinical manifestations in the spleen. It has been suggested that these splenic abnormalities may play a key role in the progression and prognosis of liver fibrosis (34). Studies in human patients suggest the spleen as a key site for T-cell activation, with an important exchange of cells with the liver during S. mansoni infection (35, 36). However, the precise mechanisms governing the interphase of the immune modulation in the spleen and the hepatosplenic pathology are still poorly understood.

In our study, both the Reactome and KEGG databases were used for the functional characterization of the set of differentially expressed proteins in spleen cells, with emphasis in the quantitative information in cases of positive and negative regulation. Using this approach, we were able to evaluate the simultaneous variation in abundance of proteins enriching specific pathways in the context of splenomegaly at the acute phase of inflammation. It was observed that most upregulated proteins were categorized in pathways related to the immune system, RNA processing, translation, vesicle transport and cell cycle. Specifically, the pathways of innate immunity and neutrophil degranulation showed a positive regulation of eosinophil-associated ribonucleases, eosinophil cationic proteins, eosinophil peroxidase and bone marrow proteoglycan 2. All of these proteins are featured within the eosinophil granules and have been associated with the response to allergens, asthma and helminth infections (37, 38). In relation to S. mansoni, the eosinophil granule proteins have been described as highly cytotoxic against schistosomula in vitro (39). In accordance, eosinophils are found to be major components of the liver granuloma and, specifically, the eosinophil cationic protein (ECP; Ear2 in the mouse) has been studied as an important factor involved in the defense and prognosis of hepatic fibrosis during S. mansoni infection in humans. Highly cytotoxic isoforms of this protein tend to be related with a lower parasitic burden and a reduction of morbidity associated with hepatic fibrosis in endemic areas (40).

When focusing on the comparative analysis of the spleen proteome, it was noticeable the increased contribution of the eosinophil granule proteins in infected individuals. The eosinophil peroxidase (Epx) and the bone marrow proteoglycan 2 (Prg2) happened to be among the one hundred most abundant proteins in this condition. Respectively, Epx has been described as the only protein uniquely expressed in eosinophils, while Prg2 is among the top 10 most abundant proteins in these granulocytes (41). In similar sense, studies on the development of the immune pathology have demonstrated the requirement of particular Th2 cytokines for the consequent differentiation and activation of eosinophils (42, 43). These have been classically associated with an eosinophilia peak in the murine model after 7–8 weeks of primary infection (44). Altogether, the most plausible explanation for the presence of eosinophil proteins in the spleen proteome is due to a high blood eosinophilia, noticing the extensive vascularity of this organ. Although the eosinophils have been described to be implied in processes of antigen presentation and T cell activation (45, 46), our current approach does not allow for further inferences on a possible process of cell recruitment and the presence of an eosinophil infiltrate in the spleen. Alternatively, we cannot rule out the possibility that these proteins are also expressed by other spleen resident cells. Inspection of public databases, showed the expression of these proteins in macrophages and dendritic cells after whole-genome expression analyses based on RNA-seq and microarrays (47, 48).

In terms of adaptive immunity, the categorization analyses showed enrichment of pathways related to both MHC class I and II of antigen presentation. This label-free shotgun approach confidently measured the upregulation of several H-2 class I histocompatibility antigen alpha chains, chaperone proteins involved in folding, assembly and peptide loading and one activator subunit of the immunoproteasome. Along with these observations, it was found an important upregulation of class II histocompatibility antigens and a significant set of proteins associated with the activation, degradation, processing and transit of external proteins. The development of the immune pathology during the S. mansoni infection is characterized by an intense polarization from a Th1 to a Th2 immune response which is associated with the complete maturation of worms and the start of the oviposition (29). In this context, our findings revealed increased levels for MHC class II molecules compared to MHC class I, which is consistent with the priming of CD4+ T cells and the development of T helper-dependent immune responses (49).

This complex immune dynamic after a helminthic infection has been related to mechanisms of host-parasite co-evolution, that allows the parasite to impair a totally effective immune response from the host against its presence. Both adult worms and eggs have an important antigenic contribution, and several excretory and secretory molecules from helminth parasites have been associated with particular modulatory functions and mechanisms of immune evasion (50), such as the proteinase inhibitors serpin and cystatin (51). In accordance, we found the downregulation of key proteins for the processes of antigen processing and presentation and neutrophil recruitment and degranulation. Two serine proteases (neutrophil elastase-Elane and proteinase-3-Prtn3) and one cysteine protease (Cathepsin B-Ctsb) were found at decreased levels. A recent study on the S. mansoni serine protease inhibitor SmKI-1, points out the implication of this molecule on the decreased activity of neutrophil elastase (Elane) and the consequent impairment of neutrophil activity in various models of inflammation (52). Although their role in MHC class II antigen presentation is still discussed, Elane and Prtn3 are expressed in the azurophilic granules of neutrophils and are thought to be involved in the clearance of internalized pathogens and the activation of cell receptors (53). Continuing, Ctsb is deemed relevant in the lysosomal processing of external antigens for their further presentation by antigen presenting cells. Its inhibition has been recently associated with the activation of APC-mediated anti-inflammatory immunity in hepatic pathology (54). Here we also reported the negative regulation of two subunits of the proteasome: the β8 subunit of the immunoproteasome (Psmb8) and the canonical β4 from the 20S core complex (Psmb4) suggesting a possible regulatory process related to proteasome-mediated protein degradation. Nonetheless, further experimentation and validation on these latter observations are recommended, since the quantification of Psmb8 was marked by our L-stringency criteria due to its low spectral abundance.

Along with a conspicuous enrichment of pathways related to antigen presentation, we observed upregulation of proteins associated with transcription, translation and vesicle transport. These are also in conjunction with increased expression of several proteins related to pathways of cell cycle, metabolism of DNA and replication such as DNA helicase, replication licensing factors and adenosine deaminase. Among other proteins of RNA synthesis and processing, the positive regulation of a handful of small nuclear ribonuleoproteins and other proteins involved in alternative RNA splicing were detected. This is consistent with an active immune response, which requires the diversity and plasticity of effector cells for the production of antibodies, receptors and adhesion molecules (55) to sustain the demand for T cell differentiation and proliferation, leading to the development of splenomegaly in this condition. In the same context, we found a significant downregulation of proteins within pathways associated with catabolic metabolism, suggesting a metabolic reprogramming that has been related to the activation and differentiation of immune cells (56, 57).

A notable caveat of a shotgun investigation applied to a whole organ or tissue refers to the difficulty in assigning a particular protein expression to a given cell population. In this context, proteomic data combined with RNA-seq analyses directed to a specific cell type can potentially provide relevant clues to segregate the observed differential expression of proteins associated with a particular condition. Another approach is the use of flow cytometry, provided specific antibody cell markers are available. Here, we employed immunophenotyping of spleen cells in attempt to initiate the establishment of an association between the proteomic results with the concurrent variations in the population of immune cells, at the peak of the acute phase during schistosomiasis in the murine model. At first, an important decrease in the contribution of T lymphocytes to the total population of splenocytes is perceived. Both CD4+ and CD8+ T cells are found in minimal proportions during splenomegaly, while non-T CD4−/CD8− cells take the leading role in abundance. It was showed and increased contribution of macrophages to the cell population, whilst other antigen presenting cells (CD11c+) remained unchanged. Taking into account the predominant cells in the spleen constitution, the decreased number of CD4+ and CD8+ T lymphocytes could suggest an increased proportion of B lymphocytes which agrees with the expansion of the lymphatic follicles observed in the spleen. This is consistent with the activation of the previously described processes of cell differentiation and protein synthesis and could be associated with the peaks in antibody titers in mice serum after 7 weeks of infection (58). In the context of antigen presentation, we found that macrophages seem to have an important role as MHC II-presenting cells, pointing out that the increased expression of MHC II molecules, measured by mass spectrometry, could be associated with the increased proportion of these cells in the spleen.

This study represents the first discovery approach based on a LC-MS/MS shotgun analysis of the spleen proteome during the infection by S. mansoni. The findings bring up novel hypotheses on the influence of parasitic antigens for the development of the immune pathology associated with schistosomiasis. In this context, a set of modifications in the molecular dynamics and cellular composition of the spleen, at the peak of the acute phase of infection, mostly associated with immunomodulatory processes were appointed. We are reporting the potential effect of the infection on several proteins within pathways of antigen processing and presentation, RNA processing, cell cycle and catabolic metabolism. Noticing the currently poor understanding of the implications of the spleen in the development of schistosomiasis, we believe that this study represents a starting point for determining the molecular signatures produced by the host in response to the infection. Future research could be pointed out to the expansion of this study to other stages of the infection (i.e., pre-patent and chronic), accounting for the variable antigenic contribution from the different stages of the parasite, as a way of improving the representation of the complex host-parasite interplay during the course of schistosomiasis.
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Approximately 5% of individuals chronically infected with Schistosoma mansoni develop pulmonary hypertension (PH). The disease is progressive and often fatal, and treatment options are palliative, not curative. Recent studies have unraveled major players of the Th2 inflammation axis in the Schistosoma-induced PH pathology using murine models and studying human samples. TGF-β signaling is a link between the Type 2 inflammation and vascular remodeling, and specifically Thrombospondin-1 (TSP-1) is upregulated by the inflammation and activates TGF-β. Overall, the current model for the pathogenesis of Schistosoma-induced PH is that deposition of Schistosoma mansoni eggs in the pulmonary vasculature results in localized Th2 inflammation, leading to TGF-β activation by TSP-1, and the active TGF-β then results in vascular remodeling and PH.
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INTRODUCTION

Schistosomiasis is caused by infection with parasites from the genera Schistosoma, affecting around 200 million people worldwide. There are several species that infects humans, but Schistosoma japonicum, hematobium, and mansoni are the most prevalent. Although there are effective anti-helminthic drugs available, schistosomiasis is considered a neglected tropical disease, since many social and economic factors impede access to effective prevention and treatment (1, 2).

Pulmonary hypertension (PH) is an obstructive disease of the lung vasculature, defined as a mean pulmonary artery pressure ≥ 25 mmHg (a normal pulmonary artery pressure is usually 12–18 mmHg). There are 5 categories of PH designated by World Health Organization (WHO) consensus guidelines (3). The first category, also called WHO Group 1, involves the pulmonary arterial system specifically, and is more precisely termed pulmonary arterial hypertension (PAH). There are several etiologies which result in WHO Group 1 PAH, including schistosomiasis (3).

Around 10% of chronically and recurrently infected patients will develop the severe hepatosplenic form of the disease which manifests as pre-portal fibrosis, also known as “pipestem fibrosis.” Most of the Schistosoma-associated PAH cases develop in conjunction with hepatic portal fibrosis. About 5 to 8% of the patients with severe schistosomal liver disease will subsequently develop pulmonary hypertension (PH), for an overall incidence of approximately 0.5% of those with acute schistosomiasis developing Schistosoma-PAH, or about 1 million worldwide (3–5).

The physiology of portal hypertension leads to opening of portocaval shunts and embolization of Schistosoma eggs from the portal venous system to the systemic venous system. These shunts facilitate the embolization of eggs which travel through the right heart and lodge in the pulmonary vasculature. Schistosoma eggs have a short axis diameter of about 50 μm, resulting in the eggs ending up in small, pre-capillary vessels of this internal diameter. There the eggs trigger a robust immune response, characterized by Type 2 immunity including eosinophils, macrophages, lymphocytes (including Th2 CD4 T cells) and fibrocytes, with strong expression of the cytokines IL-4, IL-5, IL-10, and IL-13 (6).

Factors which modulate the burden of eggs delivered to the lung can modify the severity of associated PH. For example, blockade of the IL-10 receptor in a mouse model of schistosomiasis led to portal hypertension and increased accumulation of eggs in the lungs, resulting in more severe pulmonary disease (7). In another report, heterozygosity of BMPR2 (a mutation which can separately result in heritable PAH) resulted in worse portal hypertension and increased shunting of eggs to the lungs, similarly worsening the PH phenotype (8).



TYPE 2 IMMUNE RESPONSE

Initially it was thought, based on histopathologic analysis of autopsy specimens from individuals that died of schistosomiasis-associated PAH, that the PH resulted solely from direct, mechanical obstruction of the pulmonary vasculature by diffuse egg embolization. As a consequence, schistosomiasis was initially categorized in the WHO Group 5 classification system of PH, within the “miscellaneous/multifactorial” group. However, at the 2008 world PH consensus conference, schistosomiasis was moved to WHO Group 1 PAH, based on several observations including:

• The histopathology of schistosomiasis-associated PAH resembles other forms of PAH, including characteristic plexiform lesions;

• Patients with schistosomiasis-associated PAH who received late treatment with the antihelminthic praziquantel still died of the condition, with significant pulmonary vascular disease but now with the absence of eggs in the lung; and

• Patients with schistosomiasis-associated PAH clinically respond to pulmonary artery vasodilators, such as sildenafil, as do patients with other forms of WHO Group 1 PAH.

Schistosomiasis-associated PAH is likely proximately triggered by the immune response to the eggs in the lung vasculature. However, once the inflammation has been ongoing long enough and to an adequate degree, permanent schistosomiasis-associated PAH is established, and anti-helminthic drugs are no longer effective (9, 10). At this point, the treatment options are limited to vasodilator therapy, which is palliative, not curative. Patients eventually die of right ventricle failure resulting from the vascular disease, which histopathologically presents with a combination of media thickening and intima remodeling (11) (Figure 1).


[image: image]

FIGURE 1. Data from the case example. (A) The patient's electrocardiogram showed evidence of right atrial enlargement (black arrowheads) and right ventricular hypertrophy. Arrows show large R waves, and gray arrowheads show inverted T waves in V1 and V2. (B) The chest radiograph showed severe cardiomegaly. (C,D) Echocardiography revealed severe enlargement of the right atrium and right ventricle, and Doppler examination of the tricuspid valve resulted in an estimated pressure gradient of 120 mm Hg. Pulmonary pathology found on autopsy included (E) plexiform lesions and (F) concentric intimal thickening. Hematoxylin and eosin stain, original magnification × 20. Scale bars are 100 μm [Reprinted with permission from Graham et al. (11)].



Chronic hepatic disease can result in porto-pulmonary hypertension, likely due to inadequate clearance of toxins which results in pulmonary vascular injury, coupled with increased shear stress in the setting of elevated cardiac output with liver disease. Thus porto-pulmonary hypertension from preportal fibrosis is likely an additional contributor to human schistosomal PAH.

In order to unveil the mechanisms by which the host inflammatory response to the Schistosoma parasite results in pulmonary vascular disease, our lab developed a simplified mouse model of the condition, which adopted the commonly used egg sensitization-egg challenge model used in immunology to study Type 2 lung granulomas. In the PH model, mice are intraperitoneally (IP) sensitized with Schistosoma mansoni eggs, followed by challenge with intravenous (IV) injection by tail vein of purified and live eggs 2 weeks thereafter. The IP sensitization is performed with either frozen or live eggs: we have not detected a different phenotype between the two. One week later, the mice undergo catheterization of the right ventricle, to measure the right ventricle systolic pressure (RVSP), and tissue collection is performed following the catheterization procedure (12). This model is very robust and reproducible, as demonstrated by a significantly higher RVSP as well as pulmonary vascular media thickening in wild type challenged mice as compared to unchallenged animals (Figure 2). The fact that IP/IV eggs alone are able to trigger substantial inflammation PH in mice suggests that in humans the egg embolization to the lungs is likely a major driver of the PAH, which may be further compounded by liver disease. Furthermore, IP sensitization is a necessary prerequisite, as IV eggs alone do not induce PH, supporting the concept that a robust immune response is required for the development of PH (13).
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FIGURE 2. Mice exposed to Schistosoma mansoni eggs develop pulmonary hypertension (PH) and vascular remodeling. (A) Mice intraperitoneally sensitized to S mansoni eggs followed by intravenous augmentation have an increase in right ventricular (RV) systolic pressure (RVSP; mean ± SE; n = 5–6 mice per group; rank-sum test, ****P < 0.001; this experiment was repeated 3 times with similar results). (B) Representative hematoxylin and eosin (H&E) and immunofluorescence staining for α-smooth muscle actin (α-SMA) and thrombomodulin of unexposed and intraperitoneal/ intravenous egg–exposed mouse lungs (scale bars, 50 μm). (C,D) Quantitative fractional thickness of the pulmonary vascular media and intima in unexposed and intraperitoneal/ intravenous egg–exposed mice (mean ± SE; n = 5–6 mice per group; rank-sum test, **P < 0.01; P = 0.66 for intima thickness). (E) Fulton index [RV/(LV+S)] of unexposed and intraperitoneal/intravenous egg– exposed mice (mean ± SE; n = 5–6 mice per group; rank-sum test, P = 0.052) [Reprinted with permission from Graham et al. 12].



Other laboratories have used cercariae infection of mice, which also results in a PH phenotype. However, the cercariae model is more heterogenous, with the PH severity showing significant variation between mice and specifically correlating with the degree of egg embolization into the lungs which varies substantially from mouse to mouse even in inbred strains (8, 14). The embolic egg burden can be titrated somewhat based on the number of cercariae used, but there is a tradeoff between enough eggs to induce PH versus severe enough liver disease resulting in premature death of the experimental animal. Another potential limitation of the cercariae model is that the model includes liver disease which can separately cause PH, potentially confounding interpretation of drivers of the PH phenotype. For example, carbon tetracholoride-induced cirrhosis can also induce PH in mice (15). The cercariae infection model can be modified to result in a more robust and reproducible PH phenotype by administering a bolus of eggs to the lungs by tail vein IV administration, on top of the chronic cercariae infection, although we see unclear benefit of this model vs. the IP sensitization/IV challenge model (13).

Both the IP/IV and cercariae infection models are substantially limited as they do not capture the persistence of disease. As noted, humans with Schistosoma-PAH typically following decades of chronic and recurrent infection are not significantly benefited by treatment with praziquantel to eradicate the parasite. In the IP/IV model, the single bolus of eggs into the lungs results in transient inflammation, lasting 2–3 weeks, which self-resolves as the eggs are degraded by the immune system and the antigenic trigger is cleared. In the cercariae infection model, despite a exposure duration that lasts several months, treatment with praziquantel similarly causes reversal of the PH phenotype (16).

However, we and others believe that the schistosomiasis exposure model, by either IP/IV eggs or cercariae infection, can be useful to understand the pathogenesis of the disease, specifically linking the clear antigenic trigger with the vascular remodeling phenotype. Using the IP sensitization/IV challenge model, our lab has dissected a series of mechanistic steps by which the Type 2 immune response results in pulmonary vascular remodeling.

We have observed that Schistosoma exposed mouse lung tissue contains higher levels of IL-4 and IL-13, while mice with blocked Type 2 immunity by combined deficiency of IL-4 and IL-13 were protected from Schistosoma-PH, with a significant reduction in right ventricle systolic pressure, less pulmonary vascular media thickening, and smaller peri-egg granuloma volumes compared with wild type mice (17). This protection was not observed in mice singly deficient for either IL-4 or IL-13, probably due to redundant effects of the other ligand for their shared receptor IL-4Rα/IL-13Rα1. This data was corroborated by immunostaining of human lung tissue of patients with Schistosoma-induced PAH, which presented higher staining intensity for IL-13, IL-4Rα, phospho-signal transducer and activator of transcription factor 6 (pSTAT-6, a key target of IL-4 and IL-13), and periostin (another target of IL-4 and IL-13 signaling), which reinforces the clinical importance of these findings.

We sought to determine the origin of IL-4 and IL-13 using IL-4GFP and IL-13YFP reporter mice, and observed that about 75% of each derived from CD3+CD4+ T cells (17). Of the CD4 T cells present, about 3.7 and 1.1% were positive for IL-4 and IL-13, respectively. We confirmed the bone marrow origin of these IL-4 and IL-13 producing cells by transferring Il4−/−Il13−/− BM cells into lethally irradiated wild type-mice recipients, and observed protection from Schistosoma induced PH as well as lower levels of IL-4 and IL-13 in the lungs when compared to wild-type mice that received wild-type BM donor cells. Of note, an increased density of CD4 T cells has also been reported in the lung tissue of patients who died of schistosomiasis-associated PAH based on analysis of tissues collected at autopsy (18).

Other cells like eosinophils, basophils, mast cells and ILC2 cells can also secrete IL-4 and IL-13 (19, 20), and could also contribute to the Schistosoma-PH phenotype. It has been previously reported that eosinophils and basophils are both dispensable in the liver phenotype resulting from Schistosoma infection (21, 22), so we suspect these cells may well be dispensable for the PH phenotype as well, but this has not been tested experimentally. Overall, we suspect that Th2 CD4+ T cells in particular are critical for the Type 2 immunity which drives the development of Schistosoma-PH in mice and possibly humans as well.

There may be a direct effect of IL-13 and/or IL-4 on the lung vascular cells which could result in PH. In vitro studies have demonstrated that treatment of human pulmonary artery endothelial cells (HPAECs) with IL-13 upregulates Rictor expression via reduction of miR-424/504, enhancing HPAEC migration which is associated with PH (23). IL-13 can also stimulate pulmonary artery smooth muscle cell migration in vitro (14). However, others have shown IL-13 can suppress pulmonary artery smooth muscle cell proliferation (24).



TGF-β ACTIVATION BY THROMBOSPONDIN-1 (TSP-1)

Based on our studies, we consider TGF-β to be the critical downstream signaling mediator which links proximate Type 2 inflammation to distal vascular remodeling. Dysregulated TGF-β signaling has also been implicated in many different forms of WHO Group 1 PAH, including heritable disease (resulting from mutations in the TGF-β signaling family, mostly commonly BMPR2), idiopathic, and auto-immune disease triggered PAH. TGF-β has the ability to induce pathology in pulmonary artery endothelial and smooth muscle cells including promoting vasoconstriction, hypertrophy, proliferation and apoptosis—phenotypes which result in vascular lumen obstruction (12, 25, 26).

We have previously observed that TGF-β signaling is increased in the pulmonary vessels in patients with Schistosoma associated PAH and in Schistosoma challenged mice (12, 13). Another group has reported higher levels of TGF-β1 in serum samples of patients with Schistosoma associated PAH, compared to patients with acute Schistosoma infection, corroborating these results (27). TGF-β isoform 1 (but not isoforms 2 or 3) is upregulated at the mRNA level in Schistosoma-PH mice, so we suspect but have not yet directly tested that this isoform in particular drives the pathology. We also found that expression of the canonical TGF-β target phospho-Smad2/3, which is upregulated in the pulmonary vasculature following Schistosoma exposure (12, 13), was reduced in double-deficient Il4−/−Il13−/− mice compared to wild-type mice (12), supporting that this is a target of Type 2 immunity. We have found that blocking TGF-β signaling by the pan-neutralizing antibody 1D11, by TGF-β receptor small molecule inhibitors, or by deficiency of the intracellular canonical signaling mediator Smad3 all protected mice from Schistosoma-induced PAH, exemplified by lower RVSP as well as reduced media thickness when compared to mice treated with the appropriate controls (12).

As noted above, another group using the cercariae model of Schistosoma-PH found that mice with heterozygosity of the TGF-β family receptor BMPR2 have a worsened PH phenotype, primarily mediated by increased liver disease and more shunting of the parasite eggs to the lungs (8): dominant negative BMPR2 mutations are a common cause of heritable human PAH.

It has been previously described that TGF-β is highly regulated at the level of activation, as it is secreted into the extracellular matrix in an inactive form, bound to the latency-associated peptide (LAP). Several compounds, including serine proteases, integrins and thrombospondins (TSPs) activate TGF-β by removing the active ligand from the LAP complex. We assessed TSP-1 levels in the lung and we observed increased mRNA levels of Thbs1 (the TSP-1 encoding gene) in Schistosoma-exposed wild type mice compared to unexposed animals. Similar to the TGF-β signaling phenotype above, we observed a significant decrease in protein and mRNA levels of TSP-1 in the double deficient Il4−/−Il13−/− mice, compared to wild type mice, indicating that TSP-1 expression is Th2 dependent (28).

The TSP-1 protein contains a conserved amino acid motif (KRFK) that interacts with a corresponding LSKL amino acid sequence present in the LAP, resulting in mechanical alteration of the LAP structure and the release of active TGF-β (29). We competitively blocked the TGF-β-activating function of TSP-1 by treating Schistosoma-challenged and unchallenged mice with a synthetic LSKL peptide, as compared to scrambled control peptide SLLK, and observed the mice treated in this manner were protected from PH, exemplified by lower RVSP and media thickness. In addition, we observed that TSP-1 blockade did not change IL-4 and IL-13 levels at protein or mRNA levels, confirming that this event occurs downstream of both cytokines (28).

We then performed flow cytometry of dispersed lung murine cells and observed the emergence of a TSP-1+ population in the Schistosoma-exposed group, which could be subdivided into two subgroups: one was CD64lo, MerTkint and Ly6Chi which is consistent with intravascular Ly6C+ monocytes, and another population characterized by CD64int, MerTkhi and Ly6Cint which resembles the intra-parenchymal macrophage population. Most of the cells in these groups were TSP-1 positive, and were also likely to express Tsp1 mRNA, since the TSP-1 signal was intracellular. In particular, we hypothesized that the interstitial macrophage population was derived or recruited from the circulating Ly6C monocyte population. To investigate if bone marrow (BM) derived cells (including Ly6C+ monocytes) are critical, we transplanted BM cells from TSP-1−/− mice into lethally-irradiated wild-type mice, followed by Schistosoma challenge. We observed that these mice were significantly protected from Schistosoma-PH, with lower RVSP levels and less media thickening compared to mice that received wildtype BM cells (28).

Ly6C+ monocytes express CCR2, and are recruited into tissues by ligands such as CCL2, CCL7, and CCL12 which bind to CCR2. By flow cytometry, we found that the lung interstitial macrophages from Schistosoma-exposed mice expressed higher levels of Ccl2, Ccl7, and Ccl12, suggesting that these macrophages, activated by the proximate Th2 CD4 T cells, call in the Ly6C+ monocytes. Next we blocked the recruitment of Ly6C+ monocytes by BM transplant of cells derived from Ccr2−/− mice into lethally irradiated wild-type animals. We observed these mice when challenged with Schistosoma had significantly lower RVSP and less right ventricle hypertrophy compared to animals that received control wild-type BM cells. We also analyzed lung dispersed cells by flow cytometry and observed that challenged animals that had received Ccr2−/− BM had increased numbers of intravascular monocytes, similar to the phenotype of wild-type mice, but a failure of the monocytes to enter into the lung parenchyma (28).

To address if the TSP-1 pathological function correlates with TGF-β activation, we measured the concentration of active TGF-β levels in murine lung lysates using a cell line transfected with a Pai1 promoter-luciferase reporter (PAI-1 is a classic target of canonical TGF-β signaling), and observed significantly increased levels of luciferase (i.e., active TGF-β) in Schistosoma-exposed mice. On the other hand, we observed a decrease in active TGF-β when these mice were treated with LSKL peptide, reinforcing that activation of TGF-β by TSP-1 is critical for Schistosoma-PH (28).

We find similarities with other inflammation-driven etiologies of PAH, as well. TSP-1 has been reported in the plasma and skin of patients with scleroderma, a connective tissue disease that often progresses into PAH. In order to address if our findings correlate with PAH in humans, we used a bank of previously collected plasma of patients with scleroderma, drawn before and after the development of PAH. In these samples, we found the concentration of TSP-1 increased significantly after the patients developed PAH (28). TSP-1 gene expression in peripheral blood mononuclear cells in patients with scleroderma has also been reported to predict the diagnosis of PAH (30). These results are corroborated by another recent report that higher TSP-1 levels in patients with varied forms of PAH correlate with worse prognosis (31). Overall, TSP-1 likely plays a key pathological role in Schistosoma-PH and potentially other forms of PAH.



CONCLUSION

Current therapies cannot reverse established Schistosoma-induced PAH in patients, and treatment options are limited to primarily vasodilator therapy. Recent investigations by others and ourselves have identified several components of the axis between Th2 inflammation, TGF-β signaling and pulmonary vascular disease, which links Schistosoma exposure to the subsequent development of PAH. To bring a therapy to patients, an important consideration will be to avoid immunosuppressing the individuals, who are at risk for recurrent infections due to the environment in which they live. The ideal drug target will be a downstream mediator (such as TSP-1) which is relevant in the lung pathology but is not critical to the host immune defense (such as blocking Type 2 inflammation more broadly). More studies need to be done in order to better understand the host-parasite pathophysiological interactions and identify candidate targets.
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Eukaryotic protein kinases (ePKs) are good medical targets for drug development in different biological systems. ePKs participate in many cellular processes, including the p38 MAPK regulation of homeostasis upon oxidative stress. We propose to assess the role of Smp38 MAPK signaling pathway in Schistosoma mansoni development and protection against oxidative stress, parasite survival, and also to elucidate which target genes have their expression regulated by Smp38 MAPK. After a significant reduction of up to 84% in the transcription level by Smp38 MAPK gene knockdown, no visible phenotypic changes were reported in schistosomula in culture. The development of adult worms was tested in vivo in mice infected with the Smp38 knocked-down schistosomula. It was observed that Smp38 MAPK has an essential role in the transformation and survival of the parasites as a low number of adult worms was recovered. Smp38 knockdown also resulted in decreased egg production, damaged adult worm tegument, and underdeveloped ovaries in females. Furthermore, only ~13% of the eggs produced developed into mature eggs. Our results suggest that inhibition of the Smp38 MAPK activity interfere in parasites protection against reactive oxygen species. Smp38 knockdown in adult worms resulted in 80% reduction in transcription levels on the 10th day, with consequent reduction of 94.4% in oviposition in vitro. In order to search for Smp38 MAPK pathway regulated genes, we used an RNASeq approach and identified 1,154 DEGs in Smp38 knockdown schistosomula. A substantial proportion of DEGs encode proteins with unknown function. The results indicate that Smp38 regulates essential signaling pathways for the establishment of parasite homeostasis, including genes related to antioxidant defense, structural composition of ribosomes, spliceosomes, cytoskeleton, as well as, purine and pyrimidine metabolism pathways. Our data show that the Smp38 MAPK signaling pathway is a critical route for parasite development and may present attractive therapeutic targets for the treatment and control of schistosomiasis.

Keywords: Schistosoma mansoni, p38 MAPK, signaling pathways, development, oviposition, oxidative stress, gene expression


INTRODUCTION

Protein kinases (PKs) have been developed as drug targets, with several inhibitors already registered for clinical trials (1). In different organisms, several cellular processes, including growth, metabolism, apoptosis, and immune responses are regulated by kinases of the family of mitogen-activated protein kinases (MAPKs) (2–4). MAPK signaling pathways are evolutionally highly conserved and respond to a variety of extracellular stimuli, such as growth factors and environmental stresses. The response induces the sequential phosphorylation and activation of other proteins, culminating in changes in the transcriptional profile (5).

MAPK signaling pathways are well-conserved and include members of four subfamilies: extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), Nemo-like kinase (NLK), and p38 MAP kinase (6). In many organisms, the p38 subfamily has four isoforms identified (p38 α/β/γ/δ) that interact with a diverse number of regulatory mechanisms (7–9), many of which are related to stress responses, inflammation, and apoptosis (10, 11).

In Schistosoma mansoni, a parasite that causes schistosomiasis, were identified nine MAPKs, including representatives of the subfamilies ERK, p38, JNK, and, NLK, and only one member of the p38 MAPK subfamily (Smp38, Smp_133020) is present (12). It has been already shown that Smp38 acts on the ciliary movement regulation and in the early post-embryonic parasite development (13, 14). In addition, the attenuation of Smp38 activity reduces the release of gland components in response to light, temperature, and linoleic acid, being critical to the mechanisms of parasite penetration in the intermediate host (15).

To successfully establish in different environments and hosts, schistosomes have evolved a number of evasion mechanisms (16, 17). In this sense, PKs are a very important class of proteins since they are activated in response to several stimuli (18) and thus promote transcriptional changes responsible for the adaptation to the environments to which it is exposed.

In the host-parasite interaction, Schistosoma mansoni is exposed to diverse host humoral and cellular cytotoxic factors (19). Antioxidants enzymes produced by the parasite are an essential survival mechanism to neutralize the oxidative stress generated by its hosts (20). It has already been shown that antioxidant defenses are involved in cellular redox balance, thus contributing to parasite larval survival in their intermediate snail host, Biomphalaria glabrata (19).

In order to elucidate Smp38 roles in the host- S. mansoni parasite interaction and survival to the different milieu, here we contribute to the characterization of Smp38 pathway focusing in the schistosomula and adult stages. We describe the Smp38 requirement for parasite development in the murine model and in vitro, including its survival against oxidative stress. Further, we identified, at the transcriptional level, genes regulated by the Smp38 pathway.



MATERIALS AND METHODS


Ethics Statement

Animal care and experimental protocols were reviewed and approved by the Ethics Committee for Animal Use (CEUA) of Oswaldo Cruz Foundation under licenses numbers LW13/13 and LW12/16. All experimental procedures were performed according to the Brazilian ethical guidelines (Law 11794/08).



Parasite Materials

The S. mansoni LE strain is maintained throughout passages between hamsters and Biomphalaria glabrata hosts, in the “Lobato Paraense” snail facility at the René Rachou Institute—FIOCRUZ.

Schistosomula were obtained by mechanical transformation of cercariae as previously described (21) and cultured in Glasgow Minimum Essential Medium (Sigma-Aldrich, Germany) supplemented with 0,2 μM triiodothyronine (Sigma-Aldrich, Germany); 0.1% glucose; 0.1% lactalbumin (Sigma-Aldrich, Germany); 20 mM HEPES; 0.5% MEM vitamin solution (Gibco, USA); 5% Schneider's Insect Medium (Sigma-Aldrich, Germany); 0.5 μM Hypoxanthine (Sigma-Aldrich, Germany), 1 μM hydrocortisone (Sigma-Aldrich, Germany), 1% Penicillin/Streptomycin (Gibco, USA) and 2% heat-inactivated Fetal Bovine Serum (Gibco, USA).

Approximately 300 cercariae were subcutaneously inoculated in Golden hamsters (Mesocricetus auratus) for adult worm recovery. After 40 days, the hamsters were euthanized by overdose and perfused with a saline solution containing heparin (2,500 U/L) (22). After perfusion, males and females worms were manually separated when necessary. Adult worms were then cultured in RPMI 1640 medium (Gibco, USA) supplemented with 10% heat-inactivated Fetal Bovine Serum (Gibco, USA) and 2% Penicillin/Streptomycin (Gibco, USA).



Amplification, Cloning, and Sequencing

The sequence of Smp38 MAPK (Smp_133020) was obtained from the S. mansoni database, GeneDB (http://www.genedb.org/Homepage/Smansoni). Primers to amplify the complete sequence, fragments for dsRNA synthesis and RT-qPCR were designed using the Primer 3 program (http://primer3.sourceforge.net). Primers designed for dsRNAs syntheses contain the T7 promoter sequence added to the 5′-end. Fragments of green-fluorescent protein (GFP, from pCRII plasmid vector) and Discosoma sp. mCherry fluorescent protein (GenBank AY678264) were used as non-schistosome RNAi controls.

A fragment corresponding to the complete coding sequence was amplified by PCR using primers described in the Table S1 and then cloned into the pCR2.1-TOPO vector. Sequencing was carried out with DYEnamic ET Dye Terminator Cycle Sequencing Kit for MegaBACE DNA Analysis Systems (Amersham Bioscience, UK) according to the manufacturer's instructions. The sequences generated were aligned using the multiple sequence alignment program ClustalW 2.0 (http://www.ebi.ac.uk/Tools/clustalw2/index.html).



Double-Stranded RNAi Exposure

After Smp38 sequence verification, two Smp38 MAPK fragments encompassing two different regions of the CDS (Smp38.1, ranging from the nucleotide position 342 to 894 nt−553 bp and Smp38.2 from the position 463 to 698 nt – 236 bp) were amplified by PCR using specific primers containing the T7 promoter (Table S1). The unspecific controls, mCherry (711 bp), or GFP (360 bp) dsRNAs were also synthesized from fragments cloned in plasmids. Double-stranded RNAs (dsRNAs) were synthesized using the T7 RiboMAX Express RNAi System kit (Promega, USA) according to the supplier's protocol; the reactions were carried out overnight at 37°C. DsRNAs integrity was confirmed in 1% agarose gel electrophoresis.

Immediately after cercariae transformation, schistosomula were exposed to 100 nM of dsRNAs (Smp38.1, Smp38.2, or mCherry—unspecific control) in 24 well-plates containing 3,000 parasites. Cultures were incubated at 37°C, 5% CO2, and 95% humidity with 2 mL of supplemented MEM medium. After two, four and 7 days of dsRNA exposure, 1,000 schistosomula were removed for relative expression evaluation using quantitative real-time PCR (RT-qPCR).

Electroporation of 25 μg of dsRNAs was used for adult worms RNAi assessment. Adult worms (eight males and eight females, separately) were placed into 4 mm cuvettes containing 100 μL of RPMI 1640 medium (Gibco, USA) and dsRNAs (Smp38.2, GFP—unspecific control and untreated) at 125 V for 20 ms. After electroporation, worms were transferred to 24-well plates with 1 mL RPMI 1640 medium (Gibco, USA) supplemented with 10% heat-inactivated Fetal Bovine Serum (Gibco, USA) and 2% Penicillin/Streptomycin (Gibco, USA). The medium was changed daily to measure relative expression using RT-qPCR during three, five, seven, and 10 days after electroporation.



RNA Extraction, cDNA Synthesis, and RT-qPCR Analysis

All RNA extractions were performed using the TRIzol Reagent (Invitrogen, USA) method followed by the RNeasy Mini Kit (Qiagen, Germany), according to the manufacturer's guidelines. For removal of contaminant genomic DNA, samples were treated with TURBO DNA-free kit (Ambion, USA). RNAs were quantified using the Nanodrop Spectrometer ND-1000 (Thermo Fischer Scientific, USA) or the Qubit Fluorometer (Thermo Fischer Scientific, USA) and then stored at −70°C. cDNA was synthesized using the extracted RNAs and the SuperScript™ III Reverse Transcriptase (Invitrogen, USA) or the Illustra PuReTaq Ready-To-Go PCR Beads (GE Healthcare, USA), following manufacturer instructions.

Primers for RT-qPCR were strictly designed following the MIQE guidelines (23) and amplify fragments of 100–150 bp (Table S1). RT-qPCR assays were performed in three technical replicates using the Power SYBR® Green Master mix (Applied Biosystems, USA) with each primer at 200 nM in 20 mL final reaction volume in an ABI 7500 RT-PCR system (Applied Biosystems, USA). PCR efficiency for each pair of specific primers was estimated by titration analysis to be 100 ± 5% (data not shown). The specificity of the PCR product was verified by a melting curve. Internal controls to evaluate genomic DNA contaminations (RNA samples) and reagent purity (no cDNA) were included.

To assess Smp38 expression among the different stages of S. mansoni life cycle, absolute quantification was performed using copy number standards, i.e., 10-fold dilutions of a Smp38 clone. Copy number of each dilution was calculated through the ratio between the molecular mass of the clone and the Avogadro's constant (24). The absolute copy number of the Smp38 transcript was estimated by interpolation of the sample PCR signals from a standard curve.

In samples exposed to specific dsRNAs, Smp38 transcripts levels were analyzed by relative quantification and normalized using the S. mansoni cytochrome C oxidase I gene (Smp_900000). Transcript levels were analyzed using the comparative ΔCt method (25) and expressed as a percentage of difference relative to the unspecific or untreated control. Statistical analysis used the Mann-Whitney test (Wilcoxon-Sum of Ranks, P < 0.05). All statistical analyzes were performed using GraphPad Prism, v. 5 for Windows (GraphPad Software, La Jolla California USA, www.graphpad.com).



Smp38-Knockdown Phenotypic Evaluation

Schistosomula were observed daily by light microscopy inversion (ABO 100–ZEISS) to check phenotypic changes and viability, such as; movement, color, tegument integrity, area, etc. On the seventh day, images of at least 100 schistosomula were recorded, and the area (μM2) of each schistosomulum was measured using AxioVision 4.8 software to compare the area of parasites exposed to Smp38 dsRNAs and unspecific and untreated controls. At least three biological replicates were measured. Statistical analysis employed the Mann-Whitney test (Wilcoxon-Sum of Ranks, p < 0.05, N = 3).

Adult worm motility (eight worms/1 mL medium in 24-well culture plates) was assessed for 10 days using the WormAssay software (26) to analyze parasite viability. Similarly, eight worm couples were electroporated and cultured in 6-well plates, the medium was changed daily to count the number of eggs laid.



In vivo Experiments

After schistosomula exposure to dsRNAs for 4 days, 300 parasites were subcutaneously inoculated in Swiss mice (Mus musculus). Schistosomula treated with unspecific dsRNA-mCherry were inoculated as control. After 40 days, mice were euthanized by cervical dislocation and adult worms were recovered by perfusion (22). After perfusion, the livers from mice were removed, weighed, and treated with 10% KOH, individually, for subsequent egg counting. Egg numbers and adult worms recovered from mice inoculated with schistosomula exposed to Smp38.1 and Smp38.2 dsRNAs were compared to unspecific control group. In each experiment, we used five animals per group, and three independent biological replicates were performed. The significance of the results was tested using the Mann-Whitney (Wilcoxon-Sum of Ranks, p < 0.05, N = 3).

Additionally, worm maturation and morphological characteristics were evaluated by the injection of knockdown schistosomula in Swiss mice 4 days after dsRNA exposure (untreated, unspecific and Smp38 dsRNA treated), as previously described. After 17 and 40 days of infection, mice were euthanized by cervical dislocation and the worms were recovered by perfusion and classified according to the development classification system (Schistogram), as previously proposed elsewhere (27).



Morphometry and Morphology of Adult Worms Recovered From Mice

The adult worms recovered after 40 days of mice infection were fixed and stored in AFA (70 and 95% alcohol, 3% formaldehyde, and 2% acid acetic), stained with 2.5% chloride carmine, dehydrated using alcohol (70, 90%, and absolute), clarified in methyl salicylate with Canadian balsam (1:2), and prepared as whole-mounts (28). Morphometric analyses were performed on male and female worms using computer images (Image Pro Plus—Media Cybernetics, USA) captured by a camera (640/480 pixels, RGB) coupled to a light microscope (Olympus BX50). The following parameters were determined: number and area of testicular lobes, ovary area, the presence of eggs and vitelline glands, the integrity of tegument, and presence and height of surface tubercles in male worms (29). Statistical significance of the morphometric data was analyzed using the Mann-Whitney test (Wilcoxon-Sum of Ranks, p = 0.05).

Whole-mounts were also analyzed under confocal laser scanning microscopy (CLSM), using an LSM-410, (Zeiss) equipped with a 488 nm HeNe laser and an LP 585 filter in reflected mode. We analyzed six males and six females recovered from mice infected with schistosomula previously exposed to dsRNA -Smp38, -mCherry, and untreated, in three biological replicates.



Assessment of Egg Maturation and Viability of Miracidia

In order to evaluate the stage of maturation of eggs laid by knockdown parasites in mice infected for 40 days, 1 cm2 fragment of the intestine (ileum) from each mouse was removed and washed with 0.85% saline to remove feces. The tissue fragments were placed between a glass slide and a plastic coverslip and pressed with an iron press. The slides were taken under a microscope to counting and sorting the eggs (100 eggs/mouse) as previously proposed (30). The significance of the results was tested using the Mann-Whitney (Wilcoxon-Sum of Ranks, p < 0.05, N = 3).

To evaluate egg viability, Smp38 knocked-down schistosomula after 4 days of dsRNA (unspecific, Smp38.1 or Smp38.2) exposure were inoculated in Swiss mice (five mice per group). Mice were euthanized by cervical dislocation 50 days after infection and the liver of each mouse was removed. The eggs were obtained according to the technique previously described (31). The obtained eggs were then counted and used for infection of B. glabrata snails, lineage Barreiro de Cima. Snails with shell diameter ranging from 8 to 10 mm were used. After hatching, 200 miracidia from eggs recovered from a single mouse were exposed to 20 snails in beckers with dechlorinated water (10 miracidia/snail). The snails and miracidia were held in the light for approximately 3 h at 27°C before being placed in the aquarium. After 30 days of infection, the snail was individually exposed to light for 40 min in flasks containing dechlorinated water and examined in a stereomicroscope to verify the cercariae shedding.



Parasite Exposure to p38 MAPK Inhibitors

SB 203580 inhibitor (Sigma-Aldrich, USA), known to inhibit the enzymatic activity of Smp38 in miracidia (13, 14), was tested in schistosomula cultures using four different concentrations (10, 25, 50, and 100 μM). Also, SB 202190 inhibitor (Sigma-Aldrich, USA), was tested in schistosomula culture in different concentrations (3, 6, 12, 25, 50, 100, 200, and 400 μM). Worms exposed to 0.02% v/v DMSO (Sigma-Aldrich, USA), only, were used as controls.



Viability Evaluation of Smp38 Inhibited Parasites and Susceptibility to Oxidative Stress

After parasite exposure to the inhibitor, the number of viable schistosomula was quantified by staining with 5 μg/mL propidium iodide. The significance of results was evaluated by Two-way ANOVA followed by a post hoc Bonferroni multiple comparison test, N = 3.

Susceptibility of parasites depleted for Smp38 to oxidative stress was tested. First, a curve of hydrogen peroxide concentration (5 mM, 100 μM, 50 μM, 25 μM, 10 μM e 5 μM) was performed to establish a sublethal dose (data not shown). After the establishment of 50 μM of hydrogen peroxide, schistosomula treated with dsRNA-Smp38 for 4 days or exposed to SB 203580 inhibitor for 12 h were placed in 24 well-plates containing hydrogen peroxide, in triplicates. The number of dead parasites was quantified using staining with 5 μg/mL propidium iodide, 24 and 48 h after exposure. Results were analyzed by Two-way ANOVA followed by a post hoc Bonferroni multiple comparison test (p < 0.05, N = 3).

Expression of Glutamate-Cysteine Ligase (SmGCL, Smp_013860) and Smp38 were assessed by RT-qPCR in wild schistosomula after 5, 10, and 30 min of exposure to 100 and 200 μM of hydrogen peroxide. Also, to verify if Smp38 induces the expression of this enzyme in S. mansoni, we assessed SmGCL expression in Smp38 knockdown schistosomula.



RNA Isolation, Library Construction, and High-Throughput Sequencing

To globally verify genes that expression is possibly regulated by Smp38 MAPK pathway we used an RNASeq approach. For this, total RNA from ~500,000 schistosomula exposed to 100 nM of Smp38.2 dsRNA and control for 2 days were isolated as described above. Total RNA was quantified using a Qubit fluorometer (Thermo Fisher Scientific, USA) and the quality was assessed using Agilent RNA 6000 Pico kit in a BioAnalyzer 2100 (Agilent Technologies, USA). Barcoded paired-end libraries were constructed using TruSeq® Stranded mRNA kit (Illumina, USA) according to manufacturer's instructions, using 2 μg of total RNA as input. Libraries were made equimolar, pooled with HiSeq® Rapid PE Cluster Kit v2 (Illumina), and sequenced using HiSeq® Rapid SBS Kit v2 (Illumina) on a HiSeq 2500 (Illumina) sequencer. The data was preprocessed using standard Illumina processing pipeline to segregate multiplexed reads of each sample.



Data Processing and Differential Expression Analyses

For the sequence quality assessment, the FastQ files of each sample were submitted to FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) (32). RNASeq reads are available in SRA database under accession numbers PRJNA354932 and PRJNA492452. Reads from each sample were mapped against the S. mansoni reference genome (v. 5.0) (33) using the STAR program (v. 2.5.0a) (34). A count table with the number of reads mapped to each transcript was obtained with the multicov sub-command of bedtools tool (v. 2.15.0). Differential expression of transcripts was performed using DESeq2 package (35) implemented in R (v. 3.3.1) (36).

The functional classification of differentially expressed genes (DEGs) in schistosomula exposed to Smp38 dsRNA was assessed using PANTHER online tool (37–39) to identify enriched Gene Ontology categories (40, 41) and KEGG pathways (42–44).



Validation of Differentially Expressed Genes by RT-qPCR

The relative expression of a subset of DEGs between control and schistosomula treated with Smp38 dsRNA were assessed using RT-qPCR. Primers were designed as previously described to a subset of 14 genes, found as up (5) or down (7) regulated in the RNASeq dataset (Table S2). RNA extraction, cDNA synthesis, RT-qPCR reactions and analysis of transcript levels were performed as described above.




RESULTS


Smp38 Expression Levels Among Developmental Stages of S. mansoni

The expression profile of Smp38 in developmental stages (cercariae, two and 7 days schistosomula, adult male, adult female, and sporocyst) of S. mansoni was investigated by quantitative PCR. Absolute quantification was employed to normalize Smp38 expression among different developmental stages. The Smp38 gene exhibited higher expression levels in schistosomula of 2 days and male adult worms (Figure 1A).
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FIGURE 1. Smp38 transcript levels in the different life stages and after dsRNAs exposure of Schistosoma mansoni in vitro and mice recovered adult worms. (A) Bar graph depicting the absolute Smp38 transcript levels in the different life stages of S. mansoni. Absolute quantification was used to evaluate the expression levels in cercariae, 2 and 7 days schistosomula, male and female adult worms, and sporocysts are presented as copy number per ng of total RNA. Bars represent standard error of the mean of three technical replicates. (B) Bar graph depicting the relative Smp38 transcript levels in adult worms after 3, 5, 7, and 10 days of electroporation with Smp38.2 dsRNA. Bars represent the values relative to unspecific control (■) or untreated control ([image: yes]) (dashed line), for each comparison, data are represented as mean fold-difference (±SE). (C) Bar graph depicting the relative Smp38 transcript levels in schistosomula after 2, 4, and 7 days of exposure to Smp38.1 ([image: yes]) or Smp38.2 ([image: yes]) dsRNAs. For each dsRNA tested, data are represented as mean fold-difference (±SE) relative to unspecific control (dashed line). (D) Bar graph depicting the relative Smp38 transcript levels in ex-vivo adult worms exposed to Smp38.1 ([image: yes]) and Smp38.2 ([image: yes]) dsRNAs. Data are represented as mean fold-difference (±SE) relative to untreated control (dashed line). Transcript levels were determined by RT-qPCR and data analyzed using the ΔΔCt method and unpaired t-test with Welch's correction. Asterisks indicates that Smp38 transcript levels exhibit significantly difference relative to the controls; (*p < 0.05, **p < 0.005, ***p < 0.0005).





Suppression of Smp38 Expression in S. mansoni Using RNAi and Persistency of Knockdown After 40 Days

After Smp38 sequence confirmation, two different regions of Smp38 were synthesized as dsRNAs, referred to herein as Smp38.1 and Smp38.2. Smp38 transcript levels were assessed in adult worms after electroporation and in schistosomula after dsRNAs soaking.

After electroporation with Smp38.2 dsRNA, adult worms cultivated in vitro presented a gradual decrease in the transcript levels, reaching up to 80% reduction on the 10th day (Figure 1B).

Schistosomula treated with dsRNAs in vitro presented a progressive decrease in transcript levels for Smp38.1, with a significant reduction of 85% on the seventh day, while for Smp38.2, we observed a significant reduction of 78% on the second day, followed by a progressive increment in transcript levels (Figure 1C). In addition, the reduction in Smp38 transcript levels was persistent in adult worms recovered from mice after 44 days of dsRNA exposure. Smp38 knockdown was still effective with 67% reduction for Smp38.1 and 60% Smp38.2 when compared to parasites recovered from the unspecific control group (Figure 1D).



Smp38 Knockdown Influences Parasite Survival in vivo but Not in vitro

To investigate whether Smp38 knockdown influences parasite viability in vivo, schistosomula were incubated for 4 days with dsRNAs and then used to infect mice. The efficiency of Smp38 knockdown was checked before each infection (Figure S1). After 40 days, adult worms were perfused from the hepatic portal system and eggs recovered from the liver. Smp38 knockdown resulted in a significant decrease in the number of adult worms (46% for Smp38.1 and 67% for Smp38.2) recovered from infected mice when compared to unspecific control (Figure 2).


[image: image]

FIGURE 2. Adult worm recovery after Smp38 knockdown in vitro and subsequent injection of parasites into mice. Schistosomula were treated with unspecific ([image: yes]), Smp38.1 (■), and Smp38.2 ([image: yes]) dsRNAs for 4 days and then injected into mice. After 40 days, mice were perfused, adult worms were recovered and counted. Each symbol in the chart represents worm counts from each mouse. The horizontal lines represent the median values per treatment group. Data were generated from 3 independent experiments and all treatments were statistically analyzed using Wilcoxon sum of ranks test. ***Significance value of p < 0.0001 for Smp38.1 and Smp38.2 knockdown relative to the unspecific control.



Then, we sought to verify the development of Smp38 knockdown parasites 17 and 40 days after mice infection. After 17 days of infection, the Schistogram (27) of all groups (Smp38 dsRNAs, unspecific, and untreated control) contained parasites from the first to the fourth stage of development (Figure 3A). Confirming previous results, after 40 days, the number of parasites recovered was reduced in the groups exposed to Smp38 dsRNA, however, all parasites were in the 6th evolutive stage of development (Figure 3B).
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FIGURE 3. Evaluation of mice recovered adult worm maturation. Schistosomula were treated with unspecific, Sm38.1 and Smp38.2 dsRNA for 4 days in vitro and then injected into mice. After 17 (A) and 40 days (B), adult worms were recovered. Horizontal bars represent the number of worms recovered from each group: control (□), unspecific control (■), Smp38.1([image: yes]), and Smp38.2 ([image: yes]) and were evaluated according to all developmental stages (1st, 2nd, 3rd, 4th, 5th, and 6th).



Females and males adult worms electroporated with Smp38.2 dsRNA and cultivated in vitro showed no significant differences in motility when compared to controls (data not shown).

Moreover, the area of schistosomula treated with Smp38 dsRNAs and the controls presented no significant difference (data not shown).



Smp38 Knockdown Interferes in Adult Worms Oviposition and Egg Maturation, but Not in Miracidia Viability

Adult worms electroporated with Smp38.2 dsRNA and maintained in vitro presented a significant reduction of 94.4% in oviposition when compared to parasites electroporated with only medium or unspecific dsRNA (Figure 4).
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FIGURE 4. Oviposition in Smp38 knockdown adult worms in vitro after dsRNAs electroporation. Bar graph depicting the percentage of eggs released during 10 days after electroporation with Smp38.2 dsRNA ([image: yes]) compared to the untreated control (■). Data were analyzed using unpaired t-test with Welch's correction (N = 3; ***p < 0.0001).



Also, the number of eggs in the liver of mice infected with schistosomula from the different groups (Smp38.1, Smp38.2, and unspecific control) were counted and a decrease in the number of eggs was observed when compared to control group (55% for Smp38.1 and 85% for Smp38.2) (Figure 5).
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FIGURE 5. Egg recovery from liver after Smp38 knockdown in vitro and subsequent injection of parasites into mice. Schistosomula were treated with unspecific ([image: yes]), Smp38.1 (■), and Smp38.2 ([image: yes]) dsRNAs for 4 days in vitro and then injected into mice. After 40 days, parasite eggs per mouse liver were recovered and counted. Each symbol in the chart represents egg counts from each mouse and the horizontal lines are median values per treatment group. Data were generated from 3 independent experiments and all treatments were statistically analyzed using Wilcoxon sum of ranks test. ***Significance value of p < 0.0001 for Smp38.1 and Smp38.2 knockdown relative to the unspecific control.



In addition, we also checked the influence of Smp38 knockdown on the egg maturation process by performing an intestinal oogram. Eggs were classified as immature, mature and dead as previously described (30). We found that ~86% of the Smp38 knockdown eggs remained in the immature stages or die before reaching the mature stage (~14%) (Figure 6).
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FIGURE 6. Oogram of eggs recovered from mice ileum infected with Smp38 knockdown schistosomula. The graph shows the percentage of immature ([image: yes]), mature ([image: yes]), and dead (■) eggs present in the ileum intermediate portion of mice infected with Smp38 knockdown and unspecific control schistosomula. The data were treated by Wilcoxon sum of ranks test. Percentage values of each egg stage are represented inside the bars (**p ≤ 0.01, ***p ≤ 0.001), N = 3.



The viability of eggs laid by Smp38 knockdown parasites was also assessed. Thus, 40 days after infection, the liver of mice infected with schistosomula exposed to Smp38 dsRNA or controls were processed. After hatching, B. glabrata snails were exposed to miracidia from mature eggs and, 30 days later, snails were exposed to artificial light. It was found that the same number of snails exposed to miracidia from all experimental groups was releasing cercariae. Therefore, the remaining mature eggs from Smp38 knockdown parasites were able to hatch, swim, penetrate and develop in the snail host (Figure S2). Moreover, to check the transference of the knockdown effect to a different generation, miracidia transcript level was assessed and we observed that Smp38 transcription levels of these miracidia were normalized (Figure S3).



Smp38 Knockdown Modify Parasite Morphology

Morphometric analyses of Smp38 knockdown adult worms showed a significant reduction (15%) in the height of the tubercles of the Smp38 knockdown males compared to the untreated controls (Figure 7A). No alterations were observed in the number and area of testicular lobes or the seminal vesicle. However, dsRNA exposed female worms showed significantly reduced ovary area (32.5%) (Figure 7B).
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FIGURE 7. Morphometric analyses of adult worms recovered from mice infected with Smp38 knockdown schistosomula. Morphometry was performed to compare phenotypic characters of adult worms recovered after infection with Smp38 (■) knockdown schistosomula compared to worms recovered from untreated ([image: yes]) and unspecific ([image: yes]) control groups. Symbols represent a single worm for each experimental group. Data were analyzed by the Mann-Whitney test. Asterisks indicates significant reduction of tubercles height (A) or ovary area (B) when compared to unspecific control and/or untreated control; (**p < 0.001, ***p < 0.0001), N ≥ 12.



Confocal microscopy provided a qualitative analysis of the structural changes due to Smp38 knockdown. Smp38 knockdown worms presented morphological changes characterized by a low density of tubercles, low density, and undifferentiated germ cells within testicular lobes (Figures 8A–D). As expected, control male worms showed an intact tegument with well-developed tubercles which were regularly distributed on the parasite dorsal surface. These worms also have fully developed testicular lobes with well-differentiated germinative cells (Figures 8E–I).
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FIGURE 8. Confocal images of S. mansoni adult male worms recovered 44 days after Smp38 knockdown and subsequent injection of parasites into mice. (A–D) illustrate worms recovered from mice infected with schistosomula-treated with Smp38 dsRNA; (E,F) illustrate recovered worms from the unspecific control group; (G–I) illustrate recovered worms from the untreated control. For each experimental group, six male worms from three biological replicates were analyzed. TT, tubercles; TE, tegument; TL, testicular lobes; SV, seminal vesicle. Scale bars, 20 μm.



In addition, Smp38 knockdown females showed tegument changes characterized by profound muscular contraction. The ovary displayed a high density of immature cells, while areas free of cells and lower density of vitelline cells were observed as well. The ootype showed characteristic developing eggs (Figures 9A–D). Whereas, female worms from controls showed fully developed seminal receptacle with visible spermatozoa, vitelline glands, various stages of oocyte maturation within the ovary, including a high density of mature oocytes, developing eggs into the oocyte, and uterine eggs. No tegument abnormality was observed in the females from control groups (Figures 9E–I).
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FIGURE 9. Confocal images of S. mansoni adult female worms recovered 44 days after Smp38 knockdown and subsequent injection of parasites into mice. (A–C) illustrate worms recovered from mice infected with schistosomula-treated with Smp38 dsRNA; (D–F) illustrate recovered worms from the unspecific control group; (G–I) illustrate recovered worms from the untreated control. For each experimental group, six female worms from three biological replicates were analyzed. The ovary displayed a high density of immature cells and free-cells space area (arrowhead) in (B). The vitelline cells showed a lower density in the vitellarium in (A). E, egg; IC, ovary immature cells; MO, mature oocytes; OV, ovary; SR, seminal receptacle; VG, vitelline glands; OO, ootype. Scale bars: 20 μm.





Smp38 Biological Role Against Oxidative Stress

Later, the effect of SB 202190, a human p38 inhibitor, was evaluated in schistosomula and found not to cause alteration in schistosomula mortality in any of the eight inhibitor concentrations tested (data not shown), which could corroborate to the lack of phenotype alteration in Smp38 knockdown schistosomula in vitro or could be that the inhibitor is not active in the parasite protein.

Another inhibitor, SB 203580, has been demonstrated to attenuate Smp38 phosphorylation activity in a dose-dependent manner (13, 14). To investigate the potential role of Smp38 in parasite evasion from oxidative stress, first we performed a viability curve using six concentrations of hydrogen peroxide and defined 50 μM of hydrogen peroxide as a sublethal dose (data not shown). Subsequently, schistosomula were exposed to four different SB 203580 concentrations (Figure S4) and 15 μM was the dose in which schistosomula were viable for at least seven days after SB 203580 inhibitor exposure (data not shown). After the establishment of a sublethal dose for both, hydrogen peroxide and inhibitor, schistosomula were exposed to 15 μM of SB 203580 for 12 h and then exposed to 50 μM hydrogen peroxide. Schistosomula treated with the SB 203580 inhibitor were considerably more susceptible to oxidative stress after 24 and 48 h of hydrogen peroxide exposure, showing an increase in mortality of 21.6 and 45%, respectively, when compared to control parasites (0.02% DMSO) (Figure 10A). To ensure that hydrogen peroxide was the oxidant factor, 12 h after exposure to SB203580 inhibitor, parasites were exposed to 50 μM H2O2 in the presence or absence of 0.025% bovine catalase (neutralizing agent), and the viability was assessed after 24 h (Figure 10B). In the presence of catalase, no decrease in viability was detected, while, again, in the presence of hydrogen peroxide the same levels were detected.
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FIGURE 10. Mortality of schistosomula treated with SB 203580 inhibitor and exposed to hydrogen peroxide for 24 and 48 h. (A) Parasites treated with 15 μM SB 203580 for 12 h and exposed to 50 μM hydrogen peroxide. Schistosomula viability was evaluated 24 h (■) and 48 h ([image: yes]) after hydrogen peroxide exposure. (B) Parasites treated with 15 μM SB 203580 for 12 h and exposed to 0.025% bovine catalase only ([image: yes]); 50 μM hydrogen peroxide in the presence (■) or absence ([image: yes]) of bovine catalase. Schistosomula viability was evaluated 24 h after hydrogen peroxide exposure. Significance was analyzed by Two-way ANOVA and significant results were treated by the Bonferroni's test (*p < 0.05, ***p < 0.001, N = 3). Bars represent the standard error between replicates.



Expression of Glutamate-Cysteine Ligase (SmGCL) in B. malayi and C. elegans is induced by the Smp38 MAPK signaling pathway (45, 46) and its expression is triggered by oxidative stress. To verify if Smp38 also induces the expression of this enzyme in S. mansoni, we assessed Smp38 and SmGCL transcripts levels in wild schistosomula exposed to hydrogen peroxide and Smp38 knockdown schistosomula. Smp38 and SmGCL transcript levels in schistosomula increases after oxidative stress (Figures 11A,B). However, SmGCL transcript levels are not reduced in Smp38 knockdown schistosomula (Figure 11C).
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FIGURE 11. Evaluation of Smp38 and SmGCL transcript levels in Smp38 knockdown schistosomula and after parasite exposure to exogenous oxidative stress. Bar graph indicating the relative steady-state transcript levels of Smp38 (A) or SmGCL (B) 5 ([image: yes]), 10 ([image: yes]), and 30 min (■) after exposure to 100 and 200 μM of hydrogen peroxide relative to transcripts levels in schistosomula not exposed to oxidative stress (control). Data are represented as mean fold-difference (±SE) relative to unspecific control (dashed line). (C) SmGCL transcript levels in schistosomula from untreated control (■) or exposed to Smp38.2 dsRNA ([image: yes]). Transcript levels were determined by RT-qPCR and data analyzed using the ΔΔCt method (25), followed by statistical analysis using the Mann-Whitney test (Wilcoxon sum of ranks) (*p < 0.05, **p < 0.01, and ***p < 0.001), N = 3. Bars represent the standard error between replicates.





Transcriptome Profiling in Smp38 Knockdown Schistosomula

To examine the in vitro effect of Smp38 knockdown in schistosomula and aiming at identifying genes regulated by the Smp38 MAPK pathway we analyzed the knockdown parasite transcriptome. Schistosomula were exposed to Smp38 dsRNA, and after 48 h of incubation, RNA was extracted, and the total transcriptome analyzed. The efficiency of Smp38 MAPK knockdown at this time point was assessed using RT-qPCR (Figure S5). We generated 4 paired-end libraries yielding a total of 56.8 Gb data, with more than 9 Gb of data per sample (Table S3). Biological replicates showed a good correlation with samples grouped according to the treatment condition (Figure S6A).

To verify differentially expressed genes (DEGs) after Smp38 dsRNA exposure, we compared expression profiles of Smp38 depleted schistosomula with the untreated control. RNASeq analysis resulted in 1,154 DEGs (766 down-regulated and 388 up-regulated) (padj < 0.01). A complete list of DEGs detected is provided in Table S4. The magnitude distribution for the differentially expressed genes is illustrated using an MA plot analysis (Figure S6B).

Twelve DEGs from the Smp38 knockdown and untreated control samples were selected to validate the RNASeq results. Their relative expression levels were determined by RT-qPCR. Results showed a concordance between RNASeq and RT-qPCR data (Figure S7).



Functional Analysis of Gene Categories Altered in Smp38 Knockdown Schistosomula

We analyzed the gene function of DEGs and compared the functions to the total S. mansoni protein-coding genes. For down-regulated genes, we found that the biological processes enriched categories in Smp38 dsRNA treated parasites are related to diverse cellular processes, among those, we highlight: oxidative phosphorylation, translation, protein folding, nuclear transport, and nitrogen compound metabolic process (Figures 12A–C). For up-regulated genes in Smp38 knockdown schistosomula, only the Biological Process category presented enriched subcategories: cellular, developmental, metabolic, multicellular organismal, primary metabolic, and single-multicellular organismal processes (Figure 12D).
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FIGURE 12. Gene Ontology enrichment of genes regulated by Smp38 MAPK pathway. Gene Ontology enrichment of significantly down-regulated genes in Smp38 knockdown schistosomula is depicted separately into three categories: (A) Biological Process, (B) Molecular Function, and (C) Cellular Component. Gene Ontology enrichment of significantly up-regulated genes in Smp38 knockdown schistosomula presented only the Biological Process category with enriched subcategories (D). In red are represented the proportion of genes in the predicted proteome of S. mansoni for each subcategory; in blue, the proportion of DEGs in each subcategory.






DISCUSSION

Many extracellular stimuli are converted into specific cellular responses through the activation of mitogen-activated protein kinases (MAPKs). The p38 MAPK signaling cascade is preferentially activated by non-mitogenic stimuli, such as environmental stress and proinflammatory cytokines (8).

In the present report, we demonstrated that Smp38 MAPK is involved in parasite survival and reproduction when exposed to the host immune system, as there was a significantly lower number of adult worms and eggs recovery from Smp38 knockdown schistosomula. Despite all parasites recovered from mice infected with Smp38 knockdown schistosomula were in the 6th evolutive stage after 40 days, Smp38 is likely related to parasite survival and maturation of reproductive organs.

In addition, our results demonstrate that Smp38 knockdown causes phenotypic changes in the reproductive biology of schistosomes. It has been long known that paired worms migrate to mesenteric venules (47), where females lay hundreds of eggs daily. It is noteworthy that females cannot undergo dislocation on their own because they lack a specialized tegument and musculature, which is present in male worms (48). One possible implication is that migration could be hampered since Smp38 knockdown males presented lower tubercles height which helps in the adherence to the walls of the blood vessels, which could influence female oviposition in the mesenteric veins.

Over the last years, several studies focused on investigating gene function in S. mansoni evolutive stages using RNAi (49–51). It has even been shown that some genes, when knocked down at an early stage of parasite development, such as schistosomula, may be sufficient to promote long-term changes that affect the growth and development of the worm in the mammalian host (49, 52). In the present study, confocal images markedly showed that Smp38 knockdown in schistosomula induced changes in the reproductive organs of adult worms from both genders. In males, despite the changes in the structural organization of testicular lobes, this fact does not seem to have affected spermatogenesis. The finding of spermatozoa within the seminal vesicle in male worms and stored in the seminal receptacle of females provide support for this hypothesis.

A recent study showed differences in gene expression between the anterior (ootype) and posterior end (vitellarium, ovary, and seminal receptacle) of female adult worms (53). Consistent with previous investigation of the roles of SmERK1 and SmERK2 (49), our results showed that the vitellarium and the ovary were target organs in parasites knockdown for those MAPKs, which could impair eggs production. After Smp38 knockdown, females showed vitellarium with reduced density of vitellocytes, cells that play a key role in egg production by providing nutritive reserves (lipid droplets and glycogen particles) for the developing embryo into the ootype. Additionally, the ovary was disturbed with a high density of immature oocytes, egg production was dramatically reduced, and oocytes were not tightly packed. It remains possible that Smp38 knockdown impaired the physiological process of vitellocyte and oocyte production, as well as, oocyte maturation (54).

Although the male and female reproductive systems of Smp38 knocked-down parasites showed relevant morphological changes, in females, developing eggs within the ootype were observed. These findings raise some questions. In the absence of Smp38 are the eggs produced viable? Are the larvae able to infect the intermediate host?

In seeking answers to some of these questions, we observed that most of the eggs of the Smp38 knockdown females remain in the immature stages or die before reaching maturity. Smp38 is therefore essential for S. mansoni egg maturation and a potential target for drug development. We found that Smp38 knockdown is persistent in adult worms, interfering with egg maturation, but transcription levels were recovered in miracidia, not interfering with miracidia infectivity and development in the snail host. The involvement of Smp38 in miracidia ciliary movement and larvae development in the snail host has been previously demonstrated (13, 14), but, due to the normalization of Smp38 transcript levels in miracidia, no alteration in the phenotype was observed. It is worth noting that mature eggs may have been produced by females refractory to RNAi treatment since heterogeneity of dsRNA uptake in larvae has been demonstrated (55).

During S. mansoni infection, cells from hosts defense system respond to the presence of parasites and eggs producing reactive oxygen species (ROS), such as superoxide radical (O[image: image]) and hydrogen peroxide (H2O2), generating oxidative stress (56). Therefore, ROS has been shown to play a crucial role in the host defense mechanism against parasites (57). Parasites have evolved strategies to evade the immune system, one such mechanism is the expression of antioxidant enzymes, which are essential for protection against ROS (19, 50). The role of p38 MAPK in the activation of protection responses against oxidative stress has already been studied in several organisms (45, 46, 58) but remains unknown in S. mansoni.

Schistosomula treated with the SB 203580 inhibitor were significantly more susceptible to oxidative stress, indicating that the parasite activates the p38 MAPK signaling pathway in reaction to ROS exposure. Additionally, we have shown that oxidative stress in schistosomula increases Smp38 and SmGCL transcription levels. However, SmGCL expression does not seem to be regulated by Smp38 pathway as in other organisms like C. elegans and B. malayi (45, 46). Yet, the parasite seems to require a robust p38 MAPK pathway activation for the detoxification of ROS, once Smp38 knockdown S. mansoni seem to regulate many other enzymes related to oxidative stress response, such as Thioredoxin 1 (Trx1, Smp_008070), Glutathione peroxidase (Smp058690), Glutathione-S-transferase (GST-26, Smp_102070), Methionine sulfoxide reductase (Smp_196790), Lactoylglutathione lyase (GLX I, Smp_001410) (50, 59–61).

To elucidate which genes are modulated by the Smp38 MAPK in the schistosomula life stage, RNASeq was used to globally evaluate the effect of Smp38 knockdown. We observed that there was an enrichment of genes included in the category of structural composition of ribosome and polypeptides synthesis; those were down-regulated (S8 Figure S8) in samples treated with Smp38 dsRNA. Under normal conditions, ribosomal proteins and RNAs are synthesized in stoichiometric amounts (62). The differential expression of specific ribosomal proteins has been reported in several pathological conditions, could be a signal of a systemic disruption of physiological regulatory mechanisms (63), or be involved in the adaptation to stress, as has been reported for the tsetse fly during stress caused by trypanosome invasion (64).

We also observed a significant decrease in the expression of genes with structural functions, such as those encoding the tubulin and collagen type 1 proteins. Accordingly, inhibition of the p38 MAPK and Smad2/3 signaling pathways has been shown to reduce collagen expression type 1 in hepatic cells and the inhibition of both pathways resulted in a complete blockage of collagen type 1 expression (65). Inhibition of p38 MAPK activation in human epithelial cells also down-regulated the expression and synthesis of type 1 collagen induced by TGFβ-2 (66). Since schistosomula develop a heptalaminate tegument membrane composed by different proteins and glycoproteins (tubulin, collagen) (67), decreased expression of those proteins could contribute to a generalized disorganization of tissues earlier on in the parasite development, thus reducing their protection against the host's immune system, reducing survival.

Further, Smp38 knockdown parasites exhibited several down-regulated genes related to spliceosome; those were highlighted in the KEGG pathway (Figure S9) and are likely another example of a systemic effect on schistosomula homeostasis. Splicing factor expression reflects the specific patterns of alternative splicing in different cells and tissues (68). It has already been demonstrated that p38 MAPK can control tumor suppressor PTEN expression and cytokine production through U6atac modulation, a minor spliceosome snRNP (69).

The oxidative phosphorylation pathway also presented significant enrichment in down-regulated genes in knocked-down parasites (Figure S10). p38 MAPK may play an important role in controlling the biogenesis of mitochondrial proteins (70), being activated after muscle contraction in rodents and humans (71). Furthermore, the mitochondrial oxidative phosphorylation system plays a fundamental role in the production of energy, in the generation of free radicals, and in apoptosis (72). Unbalance of these proteins can alter the electron transport chain functioning and the maintenance of the mitochondrial membrane potential, leading to an accumulation of free radicals and triggering a higher susceptibility to oxidative stress. We also observed a decrease in the expression of genes encoding vacuolar H+-ATPases (v-ATPases). The decrease in v-ATPase expression is related to a greater sensitivity to oxidative stress by H2O2 in yeast (72). Such knockdown effects could severely compromise schistosomula development in the host.

Genes related to purine (Figure S11) and pyrimidine metabolism also showed decreased expression as a result of Smp38 MAPK knockdown. This fact is very relevant since Schistosoma does not use the de novo pathway for purine nucleotide synthesis (73). The pathways involved in purine metabolism are highly regulated and is a choke point for parasite survival (74).

Also, the differential expression of genes related to immune responses, especially those mapped in the following pathways: antigen presentation by MHC class I, HMGB1-RAGE inflammatory, and IL-3 signaling via ERK and PI3K were verified. It is known that the parasite modulates the host immune response through the mimicry of host molecules on its surface (75). Thus, changes in the expression of these genes may alter the way the parasite manages to escape and thus migrate and survive within the host.

No remarkable GO enrichment was observed for the up-regulated genes. Although many of the DEGs (up- and down-regulated) are found in one (or more) GO functional categories, we observed that approximately 27% of DEGs are annotated as hypothetical or uncharacterized proteins, for which there is no GO annotation available. These uncharacterized proteins may be related to or responsible for some of the phenotypic alterations observed in this study, may represent parasite-specific genes, and promising targets in schistosomula for further investigation.

In summary, the data presented here demonstrate, for the first time, the importance of Smp38 in the schistosomula development into adult worms in face of the host immune system, since fewer worms were recovered when Smp38 was knocked-down and these worms presented morphological changes as a low density of tubercles. Smp38 knockdown also affects the parasite reproduction, demonstrated by the malformation of reproductive structures in females, decreased oviposition in vitro and in vivo, and a significant increase in the number of immature and dead eggs in vivo. Smp38 MAPK pathway is proven to be essential for parasite protection against endogenous and exogenous oxidative stress sources, as was shown in vivo and by the regulation of expression of several genes related to detoxification mechanisms. Moreover, the functional characterization of the targets regulated by Smp38 MAPK may reveal new strategies to combat schistosome parasites, besides the contribution to a better understanding of the parasite development and interaction with the definitive host.
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Parasite-derived lipids may play important roles in host-pathogen interactions and immune evasion mechanisms. Remarkable accumulation of eosinophils is a characteristic feature of inflammation associated with parasitic disease, especially caused by helminthes. Infiltrating eosinophils are implicated in the pathogenesis of helminth infection by virtue of their capacity to release an array of tissue-damaging and immunoregulatory mediators. However, the mechanisms involved in the activation of human eosinophils by parasite-derived molecules are not clear. Here we investigated the effects and mechanisms of schistosomal lipids-induced activation of human eosinophils. Our results showed that stimulation of human eosinophils in vitro with total lipid extracts from adult worms of S. mansoni induced direct activation of human eosinophils, eliciting lipid droplet biogenesis, synthesis of leukotriene (LT) C4 and eoxin (EX) C4 (14,15 LTC4) and secretion of eosinophil pre-formed TGFβ. We demonstrated that main eosinophil activating components within S. mansoni lipid extract are schistosomal-derived lysophosphatidylcholine (LPC) and prostaglandin (PG)D2. Moreover, TLR2 is up-regulated in human eosinophils upon stimulation with schistosomal lipids and pre-treatment with anti-TLR2 inhibited both schistosomal lipids- and LPC-, but not PGD2-, induced lipid droplet biogenesis and EXC4 synthesis within eosinophils, indicating that TLR2 mediates LPC-driven human eosinophil activation. By employing PGD2 receptor antagonists, we demonstrated that DP1 receptors are also involved in various parameters of human eosinophil activation induced by schistosomal lipids, but not by schistosomal LPC. In addition, schistosomal lipids and their active components PGD2 and LPC, triggered 15-LO dependent production of EXC4 and secretion of TGFβ. Taken together, our results showed that schistosomal lipids contain at least two components—LPC and PGD2—that are capable of direct activation of human eosinophils acting on distinct eosinophil-expressed receptors, noticeably TLR2 as well as DP1, trigger human eosinophil activation characterized by production/secretion of pro-inflammatory and immunoregulatory mediators.

Keywords: eosinophil, PGD2, lipids, schistosoma, TLR, LPC, TGFβ, eoxin


INTRODUCTION

Schistosomiasis is a chronic parasitic infection caused by five species of trematode helminths of the genus Schistosoma that infects more than 200 million people in developing countries (1). The major pathologic manifestations of the chronic Schistosoma mansoni disease are the eosinophil-enriched granulomatous response usually accompanied by severe hepatic and periportal fibrosis, portal hypertension, and portosystemic shunting of venous blood (2). S. mansoni are complex multicellular parasites that evolved some unique processes which are vital for their long-term survival within the mammalian host. This worm is capable of secreting molecules that subvert or suppress host immune responses and its cover tegument acts as an immune refractory barrier (1, 2). Schistosomal tegumental outer-surface structure appears to be critically involved in complex host–parasite interactions. Besides S. mansoni protein composition, schistosomal lipids have gained increased attention due to their important immunomodulatory properties (3–6). The most predominant phospholipid in S. mansoni cercariae, schistosomula and adults worms is phosphatidylcholine (7). S. mansoni lipids are required by the parasite not only to maintain its surface integrity and structural requirements but also for egg production, cell-cell signaling, and modulation of immune system (3, 8). Accordingly, employing a murine model of S. mansoni infection we have recently demonstrate that TLR2-dependent pathways activated in vivo by schistosomal-derived lipids play an important immunomodulatory role contributing to the pathogenesis and lethality in the chronic phase of infection (3, 4). Of note, we have shown that schistosomal-derived lipids, mostly lysophosphatidylcholine (LPC), were able to induce macrophage activation and polarization toward a M2 phenotype, and in vivo eosinophilic response (3, 4).

Eosinophils play an important role in modulating the host immune response to helminth infections (9), and eosinophilia has been largely recognized as a characteristic host response during schistosomiasis (10). Accumulating evidence has established eosinophils as multifunctional leukocytes with varied effector and immunomodulatory functions not only in allergic or helminthic disease but also in the initiation and amplification of numerous inflammatory and infectious responses and as modulators of innate and adaptive immunity (11). Although the roles of eosinophils as a defense mechanism against S. mansoni infection have been challenged and remain controversial (12–14), eosinophils may play modulatory roles in maintaining the Th2 response to infection via cytokine secretion, and may contribute to the cytokine-mediated pathogenesis (15, 16). Here we hypothesized that parasite-derived lipids may play roles in host-pathogen interactions by activating eosinophils to release immunomodulatory and pro-fibrotic mediators.



MATERIALS AND METHODS


Purification and Analysis of S. mansoni Lipids

The total lipid extracts were isolated from adult worms of S. mansoni and lipids were extracted as describe (3). Briefly, lipids from S. mansoni worms were extracted for 2 h with a chloroform-methanol-water solution (2:1:0.8, v/v). After centrifugation, the supernatant was collected and the pellet subjected to a second lipid extraction for 1 h. Schistosomal total lipids (Schisto-TL) were used to stimulate eosinophils (see below) or were subjected to two dimensional thin-layer chromatography (TLC) for phospholipid fractionation and analysis and lysophospholipid (LPC) extraction. Schistosomal LPCs (Schisto-LPC) were removed from TLC using the method previously described (3). The composition and purity of schistosomal derived-LPC fractions were analyzed by ES-MS/MS and by GC/MS. As previously demonstrated (3), Schisto-LPC contained principally the fatty acids palmitic acid (m/z 518.3 = 16:0 LPC [M + Na]+; m/z 496.3 = 16:0- LPC [M + H]+) or stearic acid (m/z 546.3 = 18:0-LPC [M + Na]+; m/z 524.3 = 18:0-LPC [M + H]+). The analysis of the mass spectra both on positive and negative modes (not shown) confirmed the purity of the LPC fraction. The LPC species on schistosomal-derived samples were further confirmed by GC/MS. Together LPC C16:0 and LPC C18:0 comprises over 94% of the LPC species identified in 4 independent purifications of schisto-derived LPC.



Isolation of Human Blood Eosinophils

Peripheral blood was obtained with informed consent from healthy donors. Briefly, after dextran sedimentation and Ficoll gradient steps, eosinophils were isolated from contaminating neutrophils by negative immunomagnetic selection using the EasySep™ system (StemCell Technologies Inc.)(cell purity ~99%; cell viability ~95%) (17). The protocol was approved by ethical review boards of the Beth Israel Deaconess Medical Center Committee on Clinical Investigation and Federal University of Rio de Janeiro (Rio de Janeiro, Brazil).



In vitro Stimulation of Human Blood Eosinophils

Human eosinophils (2 × 106 cells/mL) were incubated in Ca2+/Mg2+ HBSS (HBSS+/+; pH 7.4) for 1 h (37°C) with schistosomal total lipids extract (Schisto-TL; 1 μg/mL); purified schistosomal LPC (Schisto-LPC; 0.01 or 0.1 μg/mL), arachidonic acid (AA; 10 μM), PGD2 (5 or 25 nM), a combination of LPC (0.01 μg/mL) and PGD2 (5 nM), EXC4 (0.03–3 μM) or LTC4 (0.03–3 μM). AA, PGD2, EXC4, and LTC4 were from Cayman Chemicals. For mechanistic studies, eosinophils were pretreated for 30 min with a TLR2 neutralizing antibody (1 μg/mL; Invitrogen), an inhibitor of 15-LO-1 enzymatic activity (15-lipoxygenase inhibitor 1, 200 nM; Cayman Chemical), or selective antagonists of DP1 (BWA868c, 200 nM; Cayman Chemicals) and (Cay 10471, 200 nM; Cayman Chemicals) DP2 receptors prior to stimulation. Each experiment was repeated at least three times with eosinophils purified from different donors.



Lipid Droplet Staining and Enumeration

Lipid droplets were stained and enumerated as previously described (18). For lipid droplet enumeration within eosinophil cytoplasm, cytospin cells were fixed in 3.7% formaldehyde (diluted in HBSS−/−), rinsed in 0.1 M cacodylate buffer (pH 7.4), stained with 1.5% OsO4 for 30 min, rinsed in distilled H2O, immersed in 1.0% thiocarbohydrazide for 5 min, rinsed in 0.1 M cacodylate buffer, restained with 1.5% OsO4 for 3 min, rinsed in distilled water, and mounted. Lipid droplets were enumerated by light (osmium staining) microscopy. Fifty consecutively scanned eosinophils were evaluated in a blinded fashion by more than one individual, and the results were expressed as the number of lipid droplets per eosinophil.

Alternatively, analysis of lipid droplets was performed with Nile Red (Sigma-Aldrich) for better visualization of the cytoplasmic distribution of eosinophil lipid droplets. Briefly, while still moist, eosinophils on cytospin slides were fixed in 3.7% formaldehyde in HBSS−/− pH 7.4, rinsed with PBS buffer and then incubated with Nile Red for 30 min, rinsed in dH2O, incubated with DAPI (4′,6-Diamidino-2-phenylindole dihydrochloride) (Sigma-Aldrich) per 5 min, rinsed in dH2O, and then dried and mounted.



Expression of Perilipin 2 (PLIN2)/Adipose Differentiation-Related Protein (ADRP) and 15-LO

Analysis of PLIN2/ADRP and 15-LO expression within human eosinophils were done by western blotting. In brief, eosinophil lysates were prepared in reducing and denaturing conditions and subjected to SDS-PAGE. Samples were submitted to electrophoresis in 5–15% acrylamide gradient SDS-PAGE gels. After transfer onto nitrocellulose membranes, non-specific binding sites were blocked with 5% non-fat milk in Tris buffered saline-Tween (TBST; 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20). Membranes were probed with guinea pig polyclonal ADRP antibody (AP 002; Fitzgerald, MA); anti-15-LO-1 (Cayman Chemical), and anti-β-actin mAb (BD Transduction Laboratories) in TBST with 1% non-fat dry milk. Proteins of interest were then identified by incubating the membrane with HRP-conjugated secondary antibodies in TBST, followed by detection of antigen-antibody complexes by Supersignal Chemiluminescence (Pierce). The detection was done by exposing membranes to autoradiography film.



TLR2 Expression

Analysis of TLR2 expression was performed by flow cytometry analysis. Human eosinophils were washed with HBSS−/− and then incubated for 30 min with FITC-conjugated anti-TLR2 mAb (clone TL 2.1) or IgG2a k isotype control-FITC from eBioscience. After washings, cells were analyzed by flow cytometry in a FACS Calibur (BD Biosciences) flow cytometer.



EicosaCell for Intracellular EXC4 Immunodetection

EicosaCell technique (19) was used to immunodetect EXC4 at its intracellular synthesis sites. In vitro-stimulated human eosinophils were mixed with an equal volume of water-soluble 1-ethyl-3-(3-dimethylamino-propyl) carbodiimide (EDAC; 0.2% in HBSS containing 1% BSA for 10 min) (Sigma), used to cross-link eicosanoid carboxyl groups to amines in adjacent proteins. Eosinophils, washed, cytospun onto glass slides and subjected to a blocking step (1%BSA for 30 min), were incubated with rabbit anti-EXC4 Abs (Cayman Chemicals) overnight and secondary DyLight488 green fluorochrome anti-rabbit IgG (Jackson ImmunoResearch Laboratories) for 1 h. As specificity controls for the immunolocalization of EXC4, rabbit IgG (Sigma) was routinely included as a non-immune control for the primary anti-EXC4 (with no detectable staining; data not shown). Mounting medium containing DAPI was applied to each slide before coverslip attachment to allow visualization of blue-stained eosinophil nuclei. Images were obtained using an Olympus BX51 fluorescence microscope at 100x magnification and photographs were taken with the Olympus 72 digital camera (Olympus Optical Co., Tokyo, Japan) in conjunction with CellF Imaging Software for Life Science Microscopy (Olympus Life Science Europa GMBH, Hamburg, Germany).



Eicosanoid Quantification

LTC4 or EXC4 (14, 15 LTC4) found in eosinophil supernatants and PGD2 found in schistosomal lipid extracts were measured by specific commercial EIA kits, according to the manufacturer's instructions (Cayman).



Analysis of TGFβ Secretion

Cell-free supernatants from in vitro stimulated eosinophils were collected and stored at −20°C until the day of analysis. Human TGFβ were measured by commercial ELISA kits, according to the manufacturer's instructions (R&D Systems).

In addition to the study of TGFβ release, the intracellular TGFβ levels were assessed by flow cytometry. Briefly, eosinophils were stimulated for 1 h with Schisto-TL (1μg/mL), Schisto-LPC (0.1μg/mL) or vehicle. After that, cells were fixed in 4% paraformaldehyde fixative (PFA), washed with PBS and incubated for 15 min with permeabilization buffer (saponin 0.05% in PBS containing 2% BSA). Cells were then washed and incubated for 30 min with FITC-labeled goat anti-TGFβ Ab from eBioscience (or FITC-labeled isotype) diluted in permeabilization buffer. After washings, cells were analyzed by flow cytometry in a FACSCalibur flow cytometer (BD Biosciences).



Statistical Analysis

Data are expressed as mean ± SEM of at least three independent experiments. Multiple comparisons among groups were performed by one-way ANOVA followed by Student-Newman-Keuls test, with the level of significance set at p < 0.05.




RESULTS


Schistosomal Lipids Directly Activate Lipid Droplet Biogenesis in Human Eosinophils in a TLR2 Dependent Manner

To verify if schistosomal lipids could directly trigger eosinophil activation, we isolated human eosinophils and stimulated them with schistosomal lipid extract (Schisto-TL) or purified schistosomal-derived lysophosphatidylcholine fraction (Schisto-LPC). Increased numbers of lipid droplets in eosinophils have been considered as markers of cell activation and have been associated with increased capacity of eosinophil eicosanoid synthesis (20, 21). As shown in Figure 1, schistosomal lipids as well as purified schistosomal-derived LPC triggered significant increases in lipid droplet numbers and increased expression of the lipid droplet structural protein and marker PLIN2/ADRP after 1 h (Figures 1A,B,D) when compared to non-stimulated eosinophils. Since schistosomal lipids were described as a TLR2 signaling pathway activators in murine infections (3), we checked if human eosinophils were able to express TLR2. The results demonstrated that human eosinophils constitutively express cell surface TLR2, which was upregulated after stimulation with Schisto-TL or Schisto-LPC as assessed by FACS analysis (Figure 1C). Similarly, TLR2 mRNA levels assessed by RT-PCR were also upregulated by schistosomal lipids (Supplementary Figure 1). To confirm that TLR2 was playing a role in the lipid droplet biogenesis triggered by Schisto-TL and Schisto-LPC in eosinophils, we blocked TLR2 with a neutralizing antibody, and analyzed lipid droplet biogenesis as well as the levels of ADRP. Our results indicated that lipid droplet biogenesis and ADRP expression triggered by Schito-TL and Schisto-LPC occurred in a TLR2-dependent manner (Figures 1B,D).
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FIGURE 1. Schistosomal total lipids and LPC purified fractions triggers assembly of new lipid droplets within human eosinophils via TLR2 activation. Human eosinophils were pretreated with neutralizing anti-TLR2 antibody (as indicated) 30 min before stimulation with Schisto-TL (1 μg/mL), Schisto-LPC (0.1 μg/mL), or AA (10 μM) for 1 h. (A) Shows the cytoplasmic distribution of lipid droplets stained by Nile Red within human eosinophils. (B) Shows the intracellular expression of the lipid droplet protein marker ADRP evaluated by Western blot of eosinophil lysates. In (C), Increases in surface expression of TLR2 were detected by flow cytometry. In (D), lipid droplets were enumerated in 50 consecutive osmium-stained cells. Values are expressed as the mean ± SEM of at least three distinct donors. +p < 0.05 compared with non-stimulated eosinophils. *p < 0.05 compared with lipid-stimulated eosinophils.





Eosinophil Lipid Droplet Biogenesis Elicited by S. mansoni-Derived Lipids Is Also Mediated by DP1 Activation

Since it has been demonstrated that the helminth S. mansoni is capable of producing PGD2 (22), we wondered if lipid droplet biogenesis triggered by Schisto-TL and Schisto-LPC could be mediated by PGD2 receptors, DP1 and DP2, in addition to TLR2. To address this question, we treated human eosinophils with DP1 receptor antagonist BWA868c and DP2 receptor antagonist Cay10471 prior to stimulation with Schisto-TL and Schisto-LPC. Our results showed that schistosomal TL triggered DP1 dependent but DP2 independent lipid droplet biogenesis (Figure 2A). Of note, eosinophils stimulated with PGD2 display similar DP1 dependent- but DP2 independent lipid droplet biogenesis, as previously reported [Figure 2A and (23)]. In addition, treatment with an anti-TLR2 neutralizing antibody, while effective against Schisto-LPC (Figure 1D), failed to inhibit lipid droplet formation induced by PGD2 (from 17.67 ± 0.10 to 19.5 ± 0.2 lipid droplets/eosinophil in PGD2 compared to anti-TLR2 plus PGD2; non-significant).
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FIGURE 2. Schistosomal lipid, other than LPC, triggers lipid droplet biogenesis within human eosinophils via activation of PGD2 receptor DP1. In (A), human eosinophils were pretreated with DP1 (BWA868c; 200 nM) or DP2 (Cay10471; 200 nM) antagonists 30 min before stimulation with Schisto-TL (1 μg/mL) or PGD2 (25 nM) for 1 h. In (B), human eosinophils were pretreated with DP1 (BWA868c; 200 nM) or DP2 (Cay10471; 200 nM) antagonists 30 min before stimulation with Schisto-LPC (0.1 μg/mL) for 1 h. (C) Shows synergism effect of human eosinophils stimulated with PGD2 (5 nM) and Schisto-LPC (0.01 μg/mL) for 1 h. Lipid droplet counts were evaluated in osmium-stained cells. Values are expressed as the mean ± SEM of at least three distinct donors. +p < 0.05 compared with non-stimulated cells. *p < 0.05 compared with lipid-stimulated eosinophils.



We also verified if LPC could trigger lipid droplet biogenesis in eosinophils signaling through DP1 receptors. However, different to what was observed with Schisto-TL-stimulated eosinophils, Schisto-LPC triggered DP1-independent lipid droplet formation (Figure 2B). Additionally, we showed that PGD2 induced lipid droplet formation in a dose-dependent manner, and we observed a synergistic effect in lipid droplet formation when eosinophils were stimulated along with subliminal concentrations of both PGD2 and LPC (Figure 2C). Of note, the presence of PGD2 in the schistosomal lipid extract was confirmed by EIA (~150 pg/mL of PGD2/Schisto-TL), indicating that Schisto-TL effects on eosinophils may be due to synergistic interactions between both lipids PGD2 and Schsito-LPC present in the total lipid extract of S. mansoni.



Schistosomal-Derived Lipids Induce Leukotriene C4 (LTC4) and EXC4 (14,15 LTC4) Generation by Human Eosinophils

Considering that lipid droplets are major intracellular sites involved in eicosanoid synthesis during inflammatory conditions (21) and eosinophils are an abundant source of 5-LO and 15-LO derived lipid mediators, we analyzed if Schisto-TL and Schisto-LPC could activate generation of 5-LO-derived LTC4 and 15-LO-derived EXC4 by human eosinophils. Our results showed that both Schisto-TL and Schisto-LPC triggers LTC4 and EXC4 synthesis by human eosinophils (Figure 3A). Different from AA- or PGD2-stimulated eosinophils for which LTC4 is the major leukotriene formed within eosinophils, the relative amounts of EXC4 induced by Schisto-TL and Schisto-LPC were higher than LTC4 amounts (Figures 3A,B). The increased EXC4 levels induced by Schisto-TL and Schisto-LPC in comparison with AA stimulation could be also visualized intracellularly in human eosinophils as assessed by Eicosacell assay (Figure 3C). Detailed analysis revealed that most newly synthesized EXC4 (green labeling) within Schisto-TL-, Schisto-LPC, and PGD2-stimulated eosinophils was in a punctate cytoplasmic pattern proximate to, but separate from, the nucleus and fully consistent in size and form with eosinophil lipid droplets (Figure 3C).
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FIGURE 3. Differential synthesis of LTC4 vs. EXC4 triggered by schistosomal bioactive lipids within human eosinophils. In (A), human eosinophils were stimulated with Schisto-TL (1 μg/mL), Schisto-LPC (0.1 μg/mL), or AA (10 μM) for 1 h. In (B), human eosinophils were stimulated with PGD2 (25 nM) for 1 h. (C) Shows confocal images overlays of intracellular EicosaCell immuno-detection of newly formed EXC4 (green) and DAPI stained nuclei (blue) within AA, Schisto-TL-, Schisto-LPC-or PGD2-stimulated human eosinophils. In (D), human eosinophils were pretreated with neutralizing anti-TLR2 antibody 30 min before stimulation with Schisto-TL (1 μg/mL) or Schisto-LPC (0.1 μg/mL) for 1 h. (A,B,D) Show LTC4 and/or EXC4 production in cell-free supernatants quantified by specific EIA kits. Values are expressed as the mean ± SEM of at least three distinct donors. +p < 0.05 compared with non-stimulated cells. *p < 0.05 compared with lipid-stimulated eosinophils. #p < 0.05 as indicated.



In order to understand which receptor could be playing a role in EXC4 generation by Schisto-TL and Schisto-LPC, human eosinophils were pre-treated with TLR2 blocking antibody prior to stimulation with Schisto-TL and Schisto-LPC. The results demonstrated that EXC4 secretion induced by Schisto-TL or by Schisto-LPC occurred in a TLR2- dependent manner (Figure 3D).



Schistosomal-Derived Lipids Trigger 15-LO Dependent EXC4 Generation and Preformed TGFβ Release by Human Eosinophils

Human eosinophils constitutively express 15-LO, which can be further upregulated upon activation (24–26). We first analyzed if Schisto-TL and Schisto-LPC could modulate eosinophil 15-LO expression. Our data showed that both Schisto-TL and Schisto-LPC induced significant increases of 15-LO-1 expression in human eosinophils (Figure 4A). Pre-treatment with a selective 15-LO inhibitor demonstrated that EXC4 synthesis triggered by Schisto-TL and its two components studied here, Schisto-LPC and PGD2, is dependent on 15-LO enzymatic activity within eosinophils, inasmuch as the 15-LO inhibitor blocked EXC4 synthesis within Schisto-TL, Schisto-LPC, PGD2, or AA-stimulated eosinophils (Figures 4B,C).
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FIGURE 4. Schistosomal lipids promote up-regulated expression and activation of the EXC4-synthesizing enzyme 15-LO within human eosinophils. (A) Shows intracellular expression of the 15-LO protein evaluated by Western blot of cell lysates of human eosinophils stimulated with Schisto-TL (1 μg/mL) or Schisto-LPC (0.1 μg/mL) for 1 h. In (B,C), human eosinophils were pretreated with inhibitor of 15-LO enzymatic activity 30 min before stimulation with Schisto-TL (1 μg/mL), Schisto-LPC (0.1 μg/mL), PGD2 (25 nM) or AA (10 μM) for 1 h. EXC4 contents in cell-free supernatants were evaluated by specific EIA kit. Values are expressed as the mean ± SEM of at least three distinct donors. +p < 0.05 compared with non-stimulated cells. *p < 0.05 compared with lipid-stimulated eosinophils.



Eosinophils store pro-fibrogenic cytokines including TGFβ (27) in their intracellular granules. Among schistosomiasis-related eosinophil functions, secretion of such fibrogenic cytokines as TGF-β appear to have roles in this hepatic granulofibrotic disease (28, 29). Stimulation of human eosinophils with Schisto-TL and Schisto-LPC triggered rapid (within 1 h of stimulation) TGFβ secretion, as assessed by both decrease of intracellular preformed stores of TGFβ by flow cytometry (Figure 5A) and increase of released extracellular levels of TGFβ in human eosinophil supernatants (Figure 5B).
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FIGURE 5. 15-LO-driven EXC4 synthesis mediates schistosomal lipids-induced rapid TGFβ secretion from human eosinophils. (A) Shows decreases in intracellular expression of TGFβ detected by flow cytometry within human eosinophils stimulated with Schisto-TL (1 μg/mL) or Schisto-LPC (0.1 μg/mL) for 1 h. In (B), human eosinophils were pretreated with an inhibitor of 15-LO enzymatic activity 30 min before stimulation with Schisto-TL (1 μg/mL) or Schisto-LPC (0.1 μg/mL) for 1 h. In (C), human eosinophils were pretreated with inhibitor of 15-LO enzymatic activity 30 min before stimulation with EXC4 (0.3 μM) or LTC4 (0.3 μM) for 1 h. TGFβ content in cell-free supernatants were evaluated by specific ELISA kit. Values are expressed as the mean ± SEM of at least three distinct donors. +p < 0.05 compared with non-stimulated cells. *p < 0.05 compared with lipid-stimulated eosinophils.



In order to study potential roles of eosinophil 15-LO-driven EXC4 synthesis on TGFβ release from human eosinophils, we analyzed whether 15-LO inhibitor could impair schistosomal lipids-induced secretion of preformed TGFβ from human eosinophils. As shown in Figure 5B, our data indicated that both Schisto-TL- or Schisto-LPC-triggered TGFβ secretion were dependent of 15-LO activity, since 15-LO inhibition reduced eosinophil extracellular levels of TGFβ. As shown in Table 1, while either EXC4 or LTC4 failed to induce lipid droplet biogenesis within eosinophils, stimulation of human eosinophils by EXC4, but not by LTC4, lead to increased TGFβ release by human eosinophils (Figure 5C). Of note, EXC4-triggered TGFβ secretion was not modified by 15-LO inhibition (Figure 5C), therefore supporting EXC4-mediated autocrine activity of 15-LO-driven TGFβ release by human eosinophil stimulated with schistosomal lipids.



Table 1. In vitro stimulation with EXC4 is not able to trigger lipid droplet biogenesis within human eosinophilsa.
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Discussion

Eosinophils are known to display defensive and pro-inflammatory activities in a variety of helminth infections. However, rather than effector cells of helminthiasis, eosinophils have recently emerged as immunomodulatory cells capable of acting to maintain homeostasis, resolve inflammation, promote Th2 immune responses, and repair damaged tissues, by inducing, for instance, secretion of pro-fibrotic mediators like TGFβ. While mediators known to activate the effector functions of eosinophils in helminth infection-associated eosinophilia are mostly host-derived molecules, direct stimulation of eosinophils with helminth-derived molecules is poorly or not studied and may trigger such immunomodulatory eosinophils. Stimulatory molecules that trigger fine-tuned eosinophil activation characterized by secretion of eosinophil-derived molecules with pro-resolving/repairing, pro-fibrotic impacts remain largely uncharacterized, here; we showed that schistosomal derived lipids can directly stimulate human eosinophils to secrete pro-fibrotic TGFβ.

Here, we demonstrated that schistosomal lipids exhibit distinctive regulatory functions in activating arachidonic acid metabolism and cytokine release from human eosinophils. Both schistosomal-derived LPC and PGD2 acting on specific membrane receptors, TLR2 and DP1 respectively, activated a 15-LO-driven intracellular pathway promoting lipid droplet-compartmentalized EXC4 synthesis and rapid secretion of eosinophil preformed TGFβ (Figure 6). Full eosinophil secretory capability upon stimulation with schistosomal lipids (including LPC, PGD2 and any other bioactive schistosomal lipid not studied here) are far from fully characterized. Nevertheless, our study is pioneer in demonstrating that schistosomal lipids are indeed capable of directly activating secretion of immunomodulatory/pro-fibrotic molecules from human eosinophils.


[image: image]

FIGURE 6. Schistosomal lipids LPC and PGD2 trigger 15-LO-driven EXC4 synthesis via TLR2 and DP1 activation which culminates with TGF-β secretion. Schistosomal total lipids stimulation of eosinophils activates at least two receptors on eosinophils membranes, including TLR2 and DP1, due agonistic effect of LPC and PGD2 present in the lipid extract. Then, both LPC and PGD2 are able to evoke lipid droplet biogenesis, activation of 15-LO enzyme within these lipidic organelles and lipid-droplet-compartmentalized EXC4 synthesis. Although levels of EXC4 are secreted by eosinophils under schistosomal lipids stimulation, newly synthesized EXC4 may act intracellularly to trigger the rapid TGF-β secretion observed.



Our current findings demonstrate that schistosomal LPC and PGD2, are recognized, respectively, by TLR2 and DP1 receptors on human eosinophils, to trigger secretion of at least three active molecules: EXC4, LTC4, and TGFβ from eosinophils. While the last two eosinophil-derived molecules are well recognized mediators of eosinophil responses in several eosinophilic conditions as helminth infections, EXC4 is a more recently described eicosanoid produced in high quantities by eosinophils through the 15-LO pathway associated with asthma (30, 31). For EXC4 there is no receptor identified to date and virtually no cellular activity has been described. Exception is the in vitro demonstration that, similar to receptor-mediated LTC4-induced effect, EXC4 is able to directly increase cell permeability of human endothelial cells (30). Specifically regarding human eosinophil activation and again similar to LTC4 (32), EXC4 does not have the ability to trigger lipid droplet biogenesis and therefore may be unable to assemble the intracellular compartments of eicosanoid synthesis within eosinophils. On the other hand, EXC4 was capable of inducing TGFβ secretion from human eosinophils (or mouse eosinophils; data not shown), showing that EXC4 stimulation is not species-specific and triggers a specific pattern of eosinophil activation compatible with a receptor-initiated event. While other eosinophil stimulatory functions triggered by exogenous or eosinophil-derived 15-LO-driven EXC4 are still pending characterization, our data shows that EXC4 synthesis and TGFβ secretion are mediated by eosinophil 15-LO activity. In agreement, 15-LO has been show to participate in the regulation of cytokine expression and release in other cell types (33), in addition to involvement in the biosynthesis of pro-resolving lipids, such as lipoxins (31), resolvins (34), maresins (35), and protectins (36). Based in a history of autocrine (or even intracrine) activities of eosinophil-derived eicosanoids mediating eosinophil functions (37), as well as, EXC4 ability to induce TGFβ secretion from eosinophils seen here, it would be reasonable to postulate that 15-LO-driven synthesized EXC4 under schistosomal lipids-stimulation mediates subsequent TGFβ secretion by eosinophils. Further assays are needed to confirm such hypothesis, inasmuch as other 15-LO metabolites could participate in TGFβ release. Unfortunately, studies of putative autocrine activities of eosinophil-derived EXC4 are still hampered by the lack of receptor identification and, therefore antagonist availability. On the other hand, the partial involvement of 15-LO on TGFβ secretion from eosinophils (since inhibition of 15-LO activity did not block completely TGFβ secretion) indicates that besides 15-LO-driven eosinophil-derived molecules, 15-LO-independent eosinophil-derived mediators secreted by eosinophils upon schistosomal-derived lipids activation may also be regulating TGFβ secretion. Among 15-LO-independent eosinophil-derived molecules secreted upon schistosomal lipids-stimulation, we have discarded 5-LO metabolite LTC4 as an autocrine/paracrine mediator of schistosomal lipids-induced TGFβ secretion, since in contrast to EXC4, LTC4 failed to trigger TGFβ secretion from eosinophils. Although LTC4 does not control TGFβ secretion by human eosinophils, cross-talks between leukotrienes and TGFβ have been appreciated in a variety of cell sources, including stellate hepatic cells, macrophages and eosinophils (38–42). In addition, concerning S. mansoni infection where IL-4-mediated Th2 immune response play major roles in pathology (2), LTC4 can function as an eosinophil-derived signal that promotes IL-4 secretion from eosinophils (43, 44). Accordingly, studies employing 5-LO deficient animals have demonstrated an immune-regulatory role for 5-LO in schistosomal infection by the demonstration of decreased levels of IL-4 and IL-13, and decreased granuloma size in 5-LO deficient animals, while exhibiting increased levels of TGFβ and fibrosis (45, 46).

We have previously shown that schistosomal-derived lipid LPC induces in vivo eosinophil recruitment and activation in a murine model of S. mansoni infection via TLR2-initiated signaling pathways (3). Moreover, TLR2 expression on human eosinophils have been already shown, however its activation is reported to trigger eosinophil effector functions, such as eosinophil degranulation of cytotoxic ECP protein and superoxide production (47), rather than immunomodulatory ones. More consonant with our data showing LPC/TLR2-driven secretion of immunomodulatory molecules from human eosinophils, as recently reported, schistosomal LPC can induce macrophage activation and polarization toward the anti-inflammatory M2 phenotype with TGFβ secretion (4).

Schistosomiasis is a major intravascular infection, and adult worm live in direct contact with the mesenteric or portal vein endothelium. Adult worms continuously expose, secrete and excrete numerous substances that may directly or indirectly activate eosinophils in the liver and eosinopoiesis in the bone marrow and/or extramedullary. Here we demonstrate that adult worm lipid extracts contain at least two molecules, LPC and PGD2, capable to directly activate human through TLR-2 and DP1 pathways, respectively. Adult worms also produce large numbers of intravascular eggs, and indeed schistosomal trapped eggs in the host tissue have important pathological roles in eosinophil-granulomatous inflammatory response, raising the intriguing question as whether schistosomal eggs have similar eosinophil activation capacity to directly activating secretion of immunomodulatory/pro-fibrotic molecules from human eosinophils, through TLR-2 and DP1 pathways. Of note, recent lipidome characterization of S. mansoni has demonstrated that egg-derived lipids from S. mansoni exhibit similar content of LPC and PGD2 as the adult worm (48). Moreover, egg-derived lipids activate murine macrophages through TLR2-dependent pathways as observed for adult worms lipid extracts (3). As such, similar direct eosinophil activation is expect to occur with egg-derived lipids, but further experiments will be necessary to fully address this question.

Regarding DP1 activation by PGD2 on eosinophils, in addition to prior studies by our group that have shown its ability to promote lipid droplet-driven 5-LO-mediated LTC4 synthesis, the current study is the first to show 15-LO activation by PGD2. Of note, besides eosinophils and virtually all other immune cells, DP1 is widely expressed on tissues, including the vasculature, the central nervous system, the retina, and the lungs (49–52). Therefore, schistosomal PGD2 has the potentiality to affect a variety of physiological functions in the host tissues. Even though PGD2 has been initially perceived as a pro-inflammatory mediator, the exact function of DP1 activation has not been fully elucidated yet, but the understanding of PGD2/DP1 functions are now evolving to a more immunomodulatory/pro-resolving type similar to eosinophils themselves (53). For instance, by activating DP1 receptors, PGD2 is known to inhibit the functions of platelet, neutrophils, basophils, and dendritic cells (54). In agreement, based on a study employing in vivo model of S. mansoni infection in DP1 deficient mice, authors have postulated that DP1 activation by S. mansoni-derived PGD2 represent a schistosomal strategy to evade host immune defenses via altered balance of Th1/Th2 immune responses (55). In human eosinophils, activation of DP1 is not down-regulatory per se, however it appears to evoke primarily secretion of potential down-modulators. It is noteworthy that LPC and PGD2 molecules are lipids that can also be produced by host cells during S. mansoni infection. For instance, we have shown that S. mansoni infection-derived stellate hepatic cells are able to synthesize LTC4 and PGD2, which control in an autocrine fashion TGFβ release (40, 56). Similarly, commercial LPC has been shown to modulate secretion of TGFβ by different cell types (4, 57).

In conclusion, our findings provide original evidence that schistosomal lipids contain at least two components that are capable of direct activation of human eosinophils, LPC and PGD2 that through receptor-mediated response trigger eosinophil activation characterized by rapid release of pro-inflammatory and pro-fibrotic mediators. The identification of bioactive schistosomal lipids and mapping the functional impact of these lipids on eosinophils are germane to better understanding the schistosomal pathology, as well as, may lead to new insights into improved treatment for both schistosomiasis and other eosinophilic immunological diseases.
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Schistosomiasis is a major helminthic disease in which damage to the affected organs is orchestrated by a pathogenic host CD4 T helper (Th) cell-mediated immune response against parasite eggs. In the case of the species Schistosoma mansoni, the resulting granulomatous inflammation and fibrosis takes place in the liver and intestines. The magnitude of disease varies greatly from individual to individual but in a minority of patients, there is severe disease and death. S. mansoni infection in a murine model similarly results in marked strain variation of immunopathology. In the most commonly examined mouse strain, C57BL/6 (BL/6), there is relatively mild hepatic pathology arising in a Th2-dominated cytokine environment. In contrast, CBA mice develop decisively more severe lesions largely driven by proinflammatory IL-17-producing Th17 cells. Dendritic cells (DCs) from CBA mice differ sharply with those from BL/6 mice in that they vastly over-express the C-type lectin receptor (CLR) CD209a (SIGNR5), a homolog of human DC-SIGN, which senses glycans such as those produced by schistosome eggs. Silencing of CD209a, and recent studies with CD209a KO CBA mice have shown that this receptor is crucial to induce the pathogenic Th17 cell response; indeed, CD209a KO mice display markedly reduced immunopathology akin to that seen in BL/6 mice. Mechanistically, CD209a synergizes with the related CLRs Dectin-2 and Mincle to stimulate increased DC production of IL-1β and IL-23, necessary for pathogenic Th17 cell development. These findings denote key molecular underpinnings of disease variability based on selection and function of contrasting Th cell subsets.
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SCHISTOSOME HELMINTHS, HUMAN SCHISTOSOMIASIS, AND THE EXPERIMENTAL MURINE MODEL

Schistosomes represent a genus of trematode helminths (blood flukes) that have parasitized mammals for millions of years before parasite and host acquired present-day configurations. Infection in humans occurs when free swimming parasite larvae (cercariae), released from fresh water vector snails, penetrate the skin. Over several weeks, the parasites evolve through several stages to finally home in specific venous beds, where adults mate and lay eggs of which a fraction is trapped in regional organs. Infection with the species Schistosoma mansoni (S. mansoni) targets the liver and intestines, where the eggs trigger granulomatous inflammation and fibrosis. There is great variation in the severity of the resulting hepatic immunopathology. Most often there is relatively limited symptomatology and good survival; however, a minority of patients develop severe disease leading to portal hypertension, splenomegaly, ascites, gastro-intestinal hemorrhage, and death (1).

Today, schistosomiasis is considered to be the second most important human parasitic disease and remains a major health and socio-economic concern in many parts of the developing world (2). Despite important measures in sanitation, vector control and treatment programs, new cases are on the rise. Expectations to produce a protective vaccine against the parasite have so far not materialized and the specter of parasite resistance to drug therapy looms large. Although substantial progress has been made in elucidating the immune nature of the schistosome egg-induced inflammation, there is still much to be learned about the mechanisms underlying the marked variation in severity of disease, which is the main focus of the present article.

Our laboratory has investigated the immune response and immunopathology in murine infection with S. mansoni using a well-established experimental model that bears remarkable resemblance to the human condition, in terms of immunopathogenesis, anatomic localization, and heterogeneity of disease severity among various mouse strains.



THE SPECTRUM OF HOST IMMUNE RESPONSE AND IMMUNOPATHOLOGY ELICITED BY SCHISTOSOME EGGS

All stages of the schistosome life cycle inside the mammalian host elicit immune responses, but only the eggs are the target of a vigorous granulomatous inflammatory reaction that is the cause of the observed morbidity. The hepatic inflammation is mediated by CD4 Th cells specific for egg antigens, making schistosomiasis an immunologically mediated disease, since the damage to the affected tissues is largely inflicted by the host's own immune system rather than by the parasite itself. However, despite identical infection protocols, there is considerable lesional variation among different inbred mouse strains (3). CBA, C3H, SJL, and MOLF mice all develop large egg granulomas with inflammatory cell spillage into the surrounding hepatic parenchyma, whereas in BL/6 mice, the most commonly used strain in experimental schistosomiasis research, they are more confined and significantly smaller in size (4–7). Additionally, the high-pathology strains display significantly enhanced hepatomegaly, splenomegaly as well as mesenteric lymphadenomegaly. Crosses between the high-pathology strains with BL/6 yield low-pathology F1 offspring, and in F2 cohorts the pathology typically ranges from low to severe (6). Different high- x low-pathology crosses reveal considerable variation in the number and location of the quantitative trait loci involved in the control of immunopathology, indicating that the molecular mechanisms mediating these responses are complex (6). In our studies, we have largely focused on CBA and BL/6 mice as our model high- vs. low-pathology strains.

Cytokines produced by egg antigen-stimulated liver, mesenteric lymph node or spleen T cell populations from infected mice are faithful correlates of immunopathology. In BL/6 mice, an initial short-lived elevation in IFN-γ-producing Th1 cells gives way to a largely host-protective Th2 (IL-4, IL-5, IL-13)-dominated environment (8), whereas high-pathology strains sustain a proinflammatory Th1 and Th17 (IL-17) cell-polarized response alongside the Th2 response (6). The Th1/Th17 phenotype is largely driven by antigen presenting cells (APCs) expressing markers consistent with classical activation, while the Th2 response is supported by alternatively activated APCs (9). A prompt and effective down-modulation of the proinflammatory response is critical to limit immunopathology and enhance host survival (10).

In vitro lymphoid cell cultures have traditionally been stimulated with a soluble preparation of schistosome egg antigens (SEA) (11). However, in our lab we have gradually replaced SEA with freshly harvested live eggs, as they obviate the risk of losing temperature-sensitive, short-lived or short-ranged components, and more physiologically embody those released during the in vivo infection. A vast array of egg-secreted products, mostly glycoproteins, have been identified (12), with some of the most abundant ones having been the subject of closer analysis. IPSE (SmEP-25) (13), Omega 1 (14), Kappa 5 (15), largely tested in BL/6 mice, stimulate Th2 cytokine production, whereas Sm-p40 elicits a prominent oligoclonal Th1/Th17 cell response in the CBA strain (4, 6, 16, 17).



TH17 CELLS ARE DRIVERS OF SEVERE PATHOLOGY IN SCHISTOSOMIASIS

In the early 2000's the newly discovered Th17 cells, rather than Th1 cells, were found to play a central role in mediating the immunopathology in a number of autoimmune conditions, including experimental allergic encephalomyelitis, collagen-induced arthritis, psoriasis and colitis (18). Th17 cells are a distinct lineage of proinflammatory CD4 T cells characterized by expressing the master lineage-specific transcription factor RORγt and secreting the key signature cytokine IL-17A, herein termed IL-17 (19, 20). Analogous to the autoimmune diseases, we demonstrated that Th17 cells, rather than the originally presumed Th1 cells, are the main drivers of pathology in schistosome-infected CBA mice (21). Th17 cells were also shown to drive high pathology in a surrogate model afforded by simultaneously immunizing infected BL/6 mice with SEA emulsified in complete Freund's adjuvant (CFA) (9, 22). Neither SEA or CFA by themselves were able to achieve disease exacerbation and a Th17 cell response, suggesting that this effect was due to concurrent stimulation of relevant innate receptors with egg antigens plus mycobacterial antigens contained in CFA (23), analogous to what has also been described with the use of other microbial products (24). Since the description of their role in the development of severe immunopathology in S. mansoni infection, Th17 cells were also reported to mediate hepatic egg-induced pathology in murine infection with S. japonicum (25–27), and to be associated in humans with bladder pathology caused by eggs of S. hematobium (28). Th17 responses have also been associated with Ascaris suum infection, as has morbidity in filariasis (29–32).

Among the splenic APC populations purified from egg-stimulated CBA mice, DCs optimally activated Th17 cell responses in in vitro co-cultures with T cells, while macrophages, B cells and neutrophils were ineffective in this regard (33). GM-CSF-elicited bone marrow-derived (BMDCs) from CBA mice were also effective inducers of IL-17, whereas BL/6-derived BMDCs induced little to no IL-17 production (33). Analysis of supernatants from live egg-stimulated CBA BMDCs revealed that IL-1β and IL-23 were the critical cytokines inducing Th17 cell differentiation and that they cooperate to achieve maximal IL-17 production by T cells (6, 21, 34).

The secretion of mature IL-1β requires the transcriptional activation of the IL-1β locus and the proteolytic processing of cytoplasmic pro-IL-1β. The latter event is controlled by a family of intracellular immune receptors that are assembled into inflammasomes, which facilitate the activation of caspase-1, enable the cleavage of pro-IL-1β, and trigger the release of bioactive IL-1β (35, 36). A previous relevant study described the participation of the NLRP3 inflammasome in the secretion of IL-1β following stimulation with SEA and a TLR agonist, with neither stimulus being capable of doing so independently (37). This contrasts with our model in which live eggs can deliver all of the signals necessary for IL-1β production by DCs, although the precise identity of these compounds is currently unknown.



CD209A EXPRESSION ON BMDCS ENHANCES THE PRODUCTION OF PATHOGENIC TH17-ASSOCIATED PROINFLAMMATORY CYTOKINES

A genome-wide gene profiling analysis to account for genetic differences between CBA and BL/6 BMDCs surprisingly disclosed a significant disparity in the expression of several C-type lectin receptors (CLRs). CLRs are a family of calcium-dependent pattern recognition receptors bearing conserved carbohydrate-recognition domains that bind a wide variety of host- and pathogen-derived glycans (38). Specifically, expression of CD209a (SIGNR5, mDC-SIGN), a murine homolog of human DC-specific ICAM-3 grabbing non-integrin (DC-SIGN/CD209), was strikingly higher (~18x) in unstimulated BMDCs from CBA mice relative to BL/6 mice (33). Similar changes in CD209a expression were observed in the spleens and liver egg granulomas of infected CBA vs. BL/6 mice by mRNA analysis, flow cytometry, and immunofluorescent tissue staining (33).

To test whether the enhanced expression of CD209a on BMDCs from CBA mice plays a crucial role in the development of egg-induced Th17 responses and severe immunopathology we used lentivirally-expressed short hairpin RNAs (shRNAs) to suppress CD209a in CBA BMDCs. This treatment markedly decreased the production of IL-1β and IL-23 following stimulation with live eggs, and profoundly attenuated IL-17 production by co-cultured CD4 T cells. Conversely, the lentiviral over-expression of CD209a conferred on egg-stimulated BL/6 BMDCs the ability to produce IL-1β and IL-23, and to induce Th17 cells (33, 39). Thus, the relative inability of BL/6 mice to mount pathogenic Th17 responses in response to schistosome eggs cannot be attributed to intrinsic defects present in BL/6 T cells, and is instead linked to the inability of BL/6 BMDCs to elicit these responses.

To facilitate analogous studies in vivo, we produced CD209a KO mice backcrossed to the CBA background. After a 7-week infection, these mice were far less prone to hepatic granulomatous inflammation, splenomegaly and mesenteric lymphadenomegaly than their wild-type CBA counterparts, and instead resembled wild-type BL/6 mice. Immune cells from the spleen and livers of the CD209a-deficient CBA mice, as opposed to wild-type CBA mice, produced less IL-1β, IL-23, IL-17, IFNγ, IL-6, and TNFα, and more of the Th2-associated cytokines IL-4, IL-5, and IL-13. The egg-specific recall responses of CD209a KO spleen, MLN and liver granuloma cells yielded similar CD209a-dependent shifts in cytokine production. In vitro, CD209a KO CBA BMDCs failed to produce significant IL-1β and IL-23 in response to live eggs, and could not induce effective IL-17 production by CD4 T cells, even though CD209a did not affect the levels of TNF-α. Thus, both in vivo and in vitro, CD209a selectively enhances proinflammatory pathways associated with the induction of Th17 responses (40).



THE CD209/DC-SIGN FAMILY OF CLRS AND THEIR EGG LIGANDS

Although the functions of CD209a have not been well characterized, human DC-SIGN has been intensively studied given its roles in adhesion, pathogen uptake, and pathogen-dependent signaling. Like most members of this family of CLRs, DC-SIGN is a type II transmembrane protein, with a cytoplasmic tail, a transmembrane region, a tetrameric neck domain, and an extracellular C-type lectin domain. DC-SIGN, present on monocyte-derived DCs and immature tissue DCs, recognizes and internalizes a wide range of mannose and fucose-containing glycans derived from fungi, bacteria, viruses, parasites, and, of relevance to this work, schistosomes (41–43). In addition, DC-SIGN shapes the induction of adaptive cellular and humoral immune responses, favoring Th1 responses when presented with mannosylated ligands, and favoring Th2 or follicular T helper cell (TFH) responses when presented with fucosylated ligands (44–46). DC-SIGNR (CD209L), a closely related human paralog, interacts with similar pathogens, but is primarily found on endothelial cells and macrophages and favors mannosylated glycans (41, 47, 48).

The murine receptors within this family are less well understood, as they are not direct orthologs of the human receptors. Of seven paralogous CD209-related proteins, only three clearly function as membrane-bound receptors: CD209a (SIGNR5), CD209b (SIGNR1), and CD209d (SIGNR3) (41, 49). CD209a and CD209d are expressed in DCs, and may function in a manner analogous to DC-SIGN, while CD209b is expressed in a pattern resembling that of DC-SIGNR. The murine CD209 proteins also bind a spectrum of mannose- and fucose-containing ligands (50).

Schistosome eggs express the relevant mannosylated and fucosylated glycans, which are largely attached to glycoproteins. Typical motifs include Lewis X (Lex), Poly Lex, pseudo Lewis Y (Ley), LacdiNac (LDN), and variously fucosylated (F) forms of LDN (F-LDN, LDN-F, F-LDN-F) (51–54). Many of these glycan moieties bind human DC-SIGN, suggesting that murine homologs of DC-SIGN function as receptors for schistosome egg glycans [reviewed in (54)]. Indeed, CD209b interacts with multiple S. mansoni antigens in vitro; however, the loss of CD209b has no impact on schistosome-induced immunopathology (55).

Because no ligands of CD209a have been discovered, we examined whether the sugar-binding site in the C-type lectin domain is required for the biological activity of CD209a. Mutations affecting the calcium-dependent fucose- or mannose-binding site prevented the expression of CD209a. However, nearby surfaces involving residues analogous to Y164 and L202 of CD209a influence the specificity of CLR-glycan interactions (56, 57). When we replaced two nearby and distinctive surface-exposed residues with residues common to DC-SIGN, DC-SIGNR, and CD209d (CD209a R211S/D212G, Figure 1) the resulting receptor was surface-expressed but could not enhance the production of proinflammatory cytokines by BL/6-derived BMDCs challenged with live schistosome eggs. This strongly suggests that the specific recognition of a schistosome-derived ligand by CD209a is required to initiate proinflammatory signaling pathways (40).


[image: image]

FIGURE 1. Hypothetical model of CD209a binding Lewis X. A model of murine CD209a was based on an existing DC-SIGNR structure (PDB 1sl6) using the Phyre2 web interface. The Lewis X trisaccharide (blue) is predicted to bind CD209a (tan). Side chains involved in calcium or sugar binding are shown. Calcium ions are shown in green; side chain oxygen and nitrogen atoms are shown in red and blue, respectively. Residues analogous to Y164 and L202 influence ligand selectivity in DC-SIGN and DC-SIGNR. In this model of CD209a, R211, and D212 are oriented toward the ligand-binding site.



To clarify the nature of the schistosome-derived ligand(s) that triggers CD209a-dependent signals we generated recombinant CD209a chimeras via a tandem affinity purification tag placed at the amino-terminus of the full-length receptor. Using this recombinant protein, we were able to screen a glycan library for the first time. Although no overwhelming candidates were identified, there was a trend toward the recognition of multi-antennary glycan structures containing Lewis-related antigens, consistent with the properties of the DC-SIGN receptor family.



CD209A ACTIVATES RAF-1 TO PROMOTE INFLAMMATION

DC-SIGN and CD209a are capable of enhancing the production of proinflammatory Th1- and Th17-associated cytokines following pathogen challenge. The relevant mechanisms are best understood for human DC-SIGN, which signals via a constitutively associated adaptor, lymphocyte-specific protein 1 (LSP1). LSP1 provides a platform for the recruitment of a tripartite “signalosome” consisting of KSR1, CNK, and Raf-1. When mannosylated ligands are delivered concurrently with LPS, this LSP1-associated “signalosome” mediates the activation of Ras and Raf-1. In turn, Raf-1 phosphorylates the canonical NF-κB subunit p65 (RelA) on S276. This directs the acetylation of p65, which enhances the activity of p65 and enables p65 to antagonize non-canonical RelB signaling (44, 58). Although less is known about the mechanisms by which the murine CD209 family members signal, we determined that CD209a-dependent increases in the production of IL-1β and IL-23 following stimulation with live eggs require the activity of Raf-1 (40) (Figure 2). This effect is specific, as perturbations of Raf-1 did not block the production of egg-induced TNFα. Thus, the schistosome egg-induced responses mediated by CD209a may require LSP1-dependent pathways analogous to those employed by human DC-SIGN during the recognition of mannosylated ligands. Although CD209a enhances Th17 responses and promotes immunopathology in murine schistosomiasis, DC-SIGN can also favor the Th2 responses when challenged by fucosylated ligands. To date, the relevant mechanisms have only been studied in human cells, where fucosylated ligands drive the dissociation of the KSR1/CNK/Raf-1 signalosome from LSP1, precluding the activation of Raf-1 (44). Instead, an alternative LSP1-dependent signaling complex is assembled, resulting in the nuclear translocation of Bcl-3, which pairs with p50/p50 homodimers to drive the transcription of Th2-associated cytokines and chemokines (45). It remains to be seen whether the murine homologs of DC-SIGN are capable of directing Th2-promoting events when presented with fucosylated ligands, or whether the murine CD209 family members have evolved fixed, specialized, proinflammatory functions.
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FIGURE 2. CD209a synergizes with Dectin-2-related receptors to drive the pro-inflammatory cytokine responses triggered by live schistosome eggs. Schistosome egg ligands interact with Dectin-2, Mincle, and CD209a. Dectin-2 and Mincle initiate immunoreceptor-like signals that are mediated by the FcRγ subunit and the tyrosine kinase Syk. Downstream of Syk, Card9 nucleates complexes containing Bcl10 and Malt1, which drive the translocation of the canonical NF-κB heterodimers required for the transcription of proinflammatory cytokine mRNAs. CD209a ligation activates Raf-1 most likely via the scaffold LSP1. By analogy with human DC-SIGN, Raf-1 is predicted to drive the phosphorylation (P) and acetylation (Ac) of p65, and to thereby enhance and sustain the activation of NF-κB. Schistosome eggs also activate the NLRP3 inflammasome, likely via ROS and K+ efflux, which enables the processing of pro-IL-1β and secretion of mature IL-1β. IL-1β together with IL-23 induce the differentiation and activation of Th17 cells.





CD209A DRIVES INFLAMMATION IN SYNERGY WITH DECTIN-2 AND MINCLE

Our recent work suggests that variable function of DC-SIGN may not need to be dictated by the recognition of distinct ligands but may instead be determined by the combinatorial detection of ligands by additional receptors. In particular, we confirmed that the pattern-recognition receptor Dectin-2 plays a role in the detection of schistosome-derived glycans and revealed that synergy between CD209a and Dectin-2 maximizes the proinflammatory cytokine responses initiated by live schistosome eggs (37, 40). Dectin-2 is a member of a group of CLRs that includes Mincle, Dectin-3, and the dendritic cell activating receptors, Dcar1 and Dcar2 (59). These receptors respond to “non-self” glycans and signal via the gamma subunit of the high affinity IgE receptor (Fcer1g, known as FcRγ), which enables antigen receptor-like signaling via the tyrosine kinase Syk (60, 61). Using egg-challenged BL/6-derived knockout BMDCs expressing CD209a, we determined that Mincle, FcRγ, and Syk also contribute to the induction of proinflammatory signals (40).

In agreement with prior reports revealing a role for the Card9/Bcl10/Malt1 complex downstream of Dectin-2 (62), we demonstrated that the loss of Card9 or the inhibition of Malt1 hinder the production of IL-1β and IL-23 by DCs stimulated with live eggs (40). This is consistent with the role of Malt1 in the Dectin-2-mediated activation of the NF-κB subunit c-Rel, which is a key player in the induction of Th17 responses (63). Therefore, we postulate that a LSP1-dependent, Raf-1-activating pathway initiated by CD209a synergizes with a Card9- and Malt1-dependent pathway initiated by Dectin-2, and, further, that this synergy is mediated via the prolongation of canonical NF-κB signaling and the suppression of the non-canonical and Bcl-3-dependent NF-κB complexes associated with Th2-biased immune responses (Figure 2).



CONCLUSIONS

Infection with schistosomes can result in clinical syndromes of dissimilar severity. In the experimental model, with genetically inbred mouse strains, identical parasite loads and similar infection protocols, disease heterogeneity is largely based on the predominant activation of pro- vs. anti-inflammatory Th cell subsets. Here we have described the synergistic crosstalk of egg antigen-sensing CLRs CD209a with Dectin-2 and Mincle, and analyzed how the interaction of their respective signaling pathways results in the activation of pathogenic Th17 cell responses and the consequent development of severe egg-induced immunopathology. The broader implication of our findings is the knowledge that receptors can collaborate with one another to shape immunopathological responses in a combinatorial fashion and that their signaling pathways can be individually targeted for the purpose of ameliorating disease.
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The study of molecular host–parasite interactions is essential to understand parasitic infection and adaptation within the host system. As well, prevention and treatment of infectious diseases require a clear understanding of the molecular crosstalk between parasites and their hosts. Yet, large-scale experimental identification of host–parasite molecular interactions remains challenging, and the use of computational predictions becomes then necessary. Here, we propose a computational integrative approach to predict host—parasite protein—protein interaction (PPI) networks resulting from the human infection by 15 different eukaryotic parasites. We used an orthology-based approach to transfer high-confidence intraspecies interactions obtained from the STRING database to the corresponding interspecies homolog protein pairs in the host–parasite system. Our approach uses either the parasites predicted secretome and membrane proteins, or only the secretome, depending on whether they are uni- or multi-cellular, respectively, to reduce the number of false predictions. Moreover, the host proteome is filtered for proteins expressed in selected cellular localizations and tissues supporting the parasite growth. We evaluated the inferred interactions by analyzing the enriched biological processes and pathways in the predicted networks and their association with known parasitic invasion and evasion mechanisms. The resulting PPI networks were compared across parasites to identify common mechanisms that may define a global pathogenic hallmark. We also provided a study case focusing on a closer examination of the human–S. mansoni predicted interactome, detecting central proteins that have relevant roles in the human–S. mansoni network, and identifying tissue-specific interactions with key roles in the life cycle of the parasite. The predicted PPI networks can be visualized and downloaded at http://orthohpi.jensenlab.org.
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INTRODUCTION

Parasites are responsible for many diseases that result in millions of deaths each year. For instance, the World Health Organization published data in 2016 estimating that Plasmodium falciparum alone was responsible for around 214 million malaria cases, and 438,000 deaths worldwide (1). As well, around 7 million people worldwide were reported to be infected with Trypanosoma cruzi, which causes Chagas disease that results in life-long morbidity and disability and more than 7,000 deaths per year (1). Another highly prevalent disease, Leishmaniasis accounts for 20 to 30 thousand deaths a year and is caused by protozoan parasites of the Leishmania genus (1). Similarly, Schistosomiasis, a neglected parasitic disease of high relevance in this work, is mainly caused by five species of the genus Schistosoma. The disease has an estimated prevalence of 200 million cases worldwide (2). The available treatment for schistosomiasis is limited, and the development of resistance is a concern. Thus, there is an urgent need to develop novel drugs or vaccines.

The development of vaccines or treatments has been impeded by the lack of understanding of the parasites infection and survival mechanisms. Typically, parasites have complex life cycles with several morphological stages and infect distinct host cell types and tissues. For that, parasites display a resourceful capacity to live in different environmental conditions (intra and extracellular parasites) and also resist the immunological response of hosts (3). For example, extracellular parasites remodel tissues to migrate and evade the immune system (4). Similarly, intracellular parasites shape cellular processes and remodel host cells to adjust their niche during infection (5). The manipulation of these processes and pathways happens through molecular interactions that parasites use to their advantage.

The study of molecular host–parasite interactions is essential to understand parasitic infection, local adaptation within the host, and pathogenesis. These complex interactions can be described as a network (6). Pathogens affect their hosts partly by interacting with host proteins, which defines a molecular interplay between the parasite survival mechanisms and the host's defense and metabolic systems (7). Understanding this molecular crosstalk can provide insights into specific interactions that could be targeted to avoid the pathological outcomes resulting from the parasitism (8).

Intra-species protein–protein interactions (PPIs) have been studied in depth and there exist large datasets containing experimentally or computationally predicted interactions (9, 10). However, the number of available datasets providing host–pathogen PPIs is limited and challenged by the intrinsic difficulties of analyzing simultaneously both host and pathogen systems in high-throughput experiments (11). Thus, host–pathogen PPIs have mainly been predicted computationally using distinct strategies such as approaches based on sequence (8, 12–15), structure (16, 17), and gene expression (18). Homology-based prediction is one of the most common approaches to predict host–pathogen PPIs. These approaches have been extensively used to infer intra-species interactions (10, 14, 19–22) as well as host–pathogen PPIs (13, 15, 17, 23) based on the assumption that interactions between proteins in one species can be transferred to homolog proteins in another species (interologs).

In this work, we have followed a similar prediction strategy to identify common and specific mechanisms of parasitic infection and survival across 15 human parasites, namely Trypanosoma brucei, Trypanosoma cruzi, Trichinella spiralis, Schistosoma mansoni, Giardia lamblia, Plasmodium falciparum, Plasmodium vivax, Plasmodium knowlesi, Cryptosporidium hominis, Cryptosporidium parvum, Toxoplasma gondii, Leishmania braziliensis, Leishmania mexicana, Leishmania donovani, and Leishmania infantum. Our computational prediction approach is based on orthology transfer. However, we have constrained the method by (1) incorporating only high-confidence intra-species interactions, and interactions mined from the scientific literature (10), (2) using fined-grained orthology assignments instead of simple sequence similarity, and (3) including parasite-specific biological context such as lifestyle (uni- or multi-cellular) and tissue infection.

The objective of these constraints was to reduce the number of falsely predicted interactions, increase reliability, and thereby provide a better understanding of the parasites' molecular mechanisms of interaction with the host. The evaluation of the predicted host–parasite PPIs requires repositories of high-throughput experimental data that are not yet existent. However, we present here extended literature references supporting some of the predicted interactions relevant in the host–parasite molecular crosstalk. We also evaluated the predicted PPIs based on the functional relevance by identifying significantly enriched processes annotated in the human proteins predicted to interact with parasites. Finally, we propose that this approach can be applied to any host–pathogen system to predict relevant molecular interactions and define the context in which they unfold.



MATERIALS AND METHODS


Proteome Filtering: Adding Parasite-Specific Biological Context

The first step in the prediction pipeline is to filter both the host and parasite proteomes according to the specific characteristics of the studied parasite (Figure 1A). All the human eukaryotic parasites (18 parasites) available in the STRING database were included in our analysis. Firstly, for the interaction to happen, proteins in the parasite need to be secreted or membrane proteins depending on the type of parasite (unicellular or multicellular). When analyzing parasites such as helminths (multicellular and extracellular) we used the soluble secretome. Conversely, in the case of unicellular parasites, we used both the soluble secretome and membrane proteins.
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FIGURE 1. Method workflow. (A) The method input consists of the host and parasite proteomes, parasite attributes (uni- or multicellular), and tropism (tissues). Our approach filters the host proteome according to the specified list of tissues using TISSUES database and limits it to only cellular membrane and extracellular proteins extracted from the COMPARTMENTS database. The parasite proteome is filtered to include membrane and secreted proteins (unicellular parasites) or only secreted proteins (multicellular parasites). The next step in the pipeline uses the eggNOG database to identify orthologous proteins for both the filtered proteomes of both the host and the parasite. The workflow continues with the extraction of intra-species protein–protein interactions from STRING database for all the orthologous proteins. These intra-species interactions are then transferred to the host–parasite system as long as the interacting proteins have an orthologous host and parasite proteins. (B) Workflow for soluble secretome prediction in parasites (MT, mitochondrial; TM, transmembrane; TMHMM, transmembrane hidden markov model). (C) A simple scheme of how the orthology transfer is implemented.



To identify soluble and membrane proteins in parasites, we used different available bioinformatics tools to predict subcellular localization (Figure 1B). SignalP (24) was used to identify classically secreted proteins that were then scanned for the presence of mitochondrial sequences using TargetP (25) and transmembrane helices by the transmembrane identification based on hidden Markov model (TMHMM) method (26). We filtered host proteins to consider only those located on the cellular membrane and extracellular space by using the COMPARTMENTS database, which provides high-confidence information on cellular localization of proteins (confidence score >3) (27).

Additionally, we included context on the specific tissue tropism of the studied parasite by limiting the predictions to host proteins expressed in tissues relevant in the parasite's life cycle, since parasites need to migrate through distinct host tissues to complete their life cycles. Tissue tropism information for each parasite was based in information available on https://www.cdc.gov/parasites/. For this purpose, we used the TISSUES database (28), which provides protein profiles of tissue expression. Protein-tissue associations in this database are also scored in a similar way to the COMPARTMENTS database, which allowed us to use only high-confidence associations (confidence score >3).

The reason for choosing these specific databases is, that they have been designed to work well together. In addition to the wide range of evidence types considered and the consistent scoring schemes, the protein identifiers are synchronized across all of these databases (COMPARTMENTS, TISSUES, eggNOG, and STRING), which enables a smooth integration and a dynamic recovery of orthologs, mapped tissues, and compartments.



Orthologs Identification and PPIs Transfer

Host–parasite PPIs were predicted using orthology-based transfer. This approach relies on cross-species data integration to predict inter-species protein–protein interactions. Conserved intra-species interactions from multiple organisms, namely interologs, are transferred to the host–parasite system when orthologous proteins exist in these species. For example, an intra-species interaction between protein A and protein B is transferred if the host and the parasite have orthologs to A and B, respectively (Figure 1C).

To obtain intra-species PPIs, we used the STRING database (10). STRING provides PPIs from a variety of sources and evidence types, each with associated confidence scores, which allows us to expand the list of high-confidence PPIs beyond known physical interactions. The interaction file used contains confidence scores for the individual evidence channels (Neighborhood, Gene fusion, Co–occurrence, Co–expression, Experiments, Databases, and Text-mining), which are further subdivided into direct and transferred evidence. The transferred scores come from the orthology transfer performed by the STRING database itself (interologs); we excluded these to only include direct evidences. Consequently, we needed to recalculate the combined score following how scores are combined within the STRING database (Equation 1).
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where i is the different evidence channels (Neighborhood, Gene Fusion, Co–occurrence, Co–expression, Experiments, Databases, and Text-mining) and p is the prior probability of two proteins being linked, which is the same value as the one used in the STRING database (p = 0.063). The recalculated score was then used to filter for only high-confidence interactions (scorecombined > 0.7).

For each of the interactions from STRING, we used the fine-grained orthologs functionality derived from phylogenetic analysis in eggNOG database (29) to identify orthologous proteins in human and in the parasites. We transferred an interaction as long as it involved proteins that had an orthologous protein in the parasite and another one in human among the ones retained in the filtered proteomes. Several metrics were collected to facilitate the analyses of the predicted interactions: maximum confidence score transferred, maximum confidence score transferred from the Experiments channel in STRING, the species from which the interactions were transferred, and the eggNOG non-supervised orthologous groups (NOGs) the proteins belong to.



Domain-Domain and Linear Motif-Domain Annotations

To know which of the predicted interactions may be physical rather than only functional associations we annotated our interaction predictions with domain–domain interaction predictions from iPfam (30) and 3did (31), and linear motif–domain interactions from ELM database (32). These databases provide predictions based on structural information from the Protein Data Bank (33). Human and parasites protein domains were predicted using Pfam scan, which combines the HMMER tool (34), and the domain models from Pfam version 31 (35). Linear motif–domain interactions are predicted using the regular expressions provided in the ELM database. We decided that a protein-protein interaction is supported by domain-domain and/or linear motif-domain interactions whether the interacting domains or linear motif-domain interactions reported by the databases (iPfam, 3did, ELM) appeared in the predicted host-parasite interaction. These data are available in the web resource: https://orthohpi.jensenlab.org/ the tab separated files (tsv) downloadable in the web contain a column (#11) indicating which of the predicted interactions are supported by interacting domains or domain-motif pairs.



Network Analysis

Once we obtained the predicted host–parasite PPI networks, we used the topology of the network to identify relevant proteins that may play critical roles in the host–parasite crosstalk. There are several centrality measures that can be used to reveal node importance based on different node attributes such as degree. These different measures correlate to some extent and may highlight other nodes (36). Here, we used betweenness centrality to pinpoint proteins whose targeting would most disrupt this communication (37) but provide the code to generate several correlation measures (Supplementary File 1) with the provided networks in OrthoHPI website (http://orthohpi.jensenlab.org).

To identify key biological processes enriched in the predicted host–parasite PPI networks, we performed functional enrichment analysis using Gene Ontology terms (biological processes) (38) and Reactome pathway annotations (39). The lack of existing annotations in the parasite species limited the analysis to only the human proteins predicted to interact. This analysis revealed common and specific biological processes and pathways targeted by parasites. The functional enrichment was performed using Fisher's exact test and correction for multiple testing (Benjamini–Hochberg; FDR < 0.05). The enrichment was calculated using as background only the filtered proteome.

To overcome the lack of functional characterization of the studied parasites, we also investigated the functional classification of COGs (40) provided by the eggNOG database (29). These annotations classify COGs into broad functional categories that can be used to characterize the proteins grouped in these clusters (Supplementary Figure 1). These categories were transferred to the parasite proteins in the network and when the category was “Function unknown” we assigned as putative functions the categories of their interaction partners in human (Supplementary Table 1).



Web Interface

To provide access to the predictions generated by our approach, we developed a web interface for OrthoHPI (http://orthohpi.jensenlab.org/). This web site provides interactive, predicted host–parasite PPI networks, which are visualized with d3.js (https://d3js.org/) and allow the user to easily navigate the full networks as well as the tissue-specific ones. The nodes in these networks represent parasite and human proteins and their sizes correspond to their betweenness centrality in the network. The edges between nodes show predicted molecular host–parasite interactions and are weighted using the maximum score transferred from STRING database. The predictions can be downloaded in tab-separated values file format or in Graph Modeling Language format, which is compatible with Cytoscape (41).




RESULTS


Computational Prediction of 15 Host–Parasite Interactomes

We applied our integrative orthology-based approach to predict the host–parasite PPIs networks for 18 different eukaryotic parasites and obtained predicted PPIs for 15 of them (Table 1 and Figure 1). PPIs for Entamoeba histolytica, Trichomonas vaginalis, and Leishmania major could not be predicted due to the lack of orthologs. Our predictions returned a total of 27,352 interactions for 14,340 proteins (12,218 host proteins, 2,122 parasite proteins) being T. gondii and C. hominis the largest and the smallest predicted PPIs networks, respectively (Table 2). The large differences in the number of proteins in parasites and host after filtering process depend on whether the parasite is unicellular (filtering process included membrane and secreted proteins) or multicellular (filtering process included only secreted proteins) and in the number of human tissues related with the parasites tropism (Table 2). Our prediction approach transferred most of the STRING high-confidence intra-species interactions from model organisms (M. musculus, S. cerevisiae, D. melanogaster, D. discoideum, etc.) and Homo sapiens (Supplementary Figure 2).



Table 1. Human parasites analyzed.
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Table 2. Human–parasite PPI networks.

[image: image]




The resulting host–parasite PPIs networks were analyzed to identify central proteins in the networks, tissue-specific connections, and enriched biological processes and pathways. The lack of experimentally validated host–parasite interactions that could be used as a gold standard prevented direct validation of the quality of the predicted interactions. Instead, we evaluated the plausibility of the network by looking at the known functions in which the involved proteins participate. The analyses are divided into two: a global study of the common mechanisms targeted by the studied parasites and the shared human interactors. We also provide a study case focusing on a closer examination of the human–S. mansoni predicted interactome.



Common and Specific Mechanisms Targeted by the Studied Parasites

We used annotations from both biological processes GO terms and Reactome pathways in human to get an overview of the shared pathways targeted by the studied parasites (Figure 2A). In total, 1,910 GO terms (biological process) were identified in human proteins targeted by parasites across all the interactomes (Supplementary Table 2). In the analysis, we found the biological process Protein folding enriched across 14 interactomes (Figure 2A). This biological process has been identified already as enriched and crucial in several host–pathogen systems, including mouse–P. falciparum (18); human–M. tuberculosis (42); B. glabrata–S. mansoni (43); L. salmonis–F. margolisi (44), based on transcriptomics and proteomics data. The protein folding biological process appears to be a conserved natural response to the infection and is related to a response to stress.


[image: image]

FIGURE 2. Targeted host processes and proteins. (A) Common and most relevant human biological processes (GO BP) targeted by the parasites. (B) Common human proteins across interactomes some of which have been already linked to pathogenic activity. Both the targeted processes and pathways and these common host interacting proteins may open new therapeutic possibilities.



Different lifestyles (intra- and extracellular parasites) may define specific targeted pathways in the host. We analyzed the common processes and pathways enriched in intracellular and extracellular parasites specifically. The human GO terms and pathways enrichment analysis on networks for the extracellular parasites did not suggest any lifestyle-specific targeted mechanisms. However, the specific lifestyle requirements of the intracellular parasites revealed two (thioester and acyl-CoA metabolic process) exclusive biological processes related to exploitative mechanisms to acquire nutrients from the cytosol of host cells (i.e., de novo lipid synthesis) carrying out a type of sustainability interactions. In terms of host immune response to parasitic infection we obtained a Reactome pathway common to intracellular parasites: antigen presentation: folding, assembly, and peptide loading of class I MHC. This pathway belongs to the human innate immune defense by acting as pattern-recognition receptors, in particular against intracellular pathogens.

The host–parasite interactome of the intracellular P. falciparum has been to some extent studied both experimentally and computationally (13, 17, 23, 45–47). In order to establish a successful infection, P. falciparum proteins interact with a variety of human proteins on the surface of different cell types, as well as with proteins inside the host cells (47). For instance, the parasitophorous vacuole protein called ETRAMP5 was found to interact with the human apoliproteins ApoA, ApoB, and ApoE, which may be involved in the invasion of liver cells by sporozoites (47). Alternatively, this interaction may be important for parasite survival inside red blood cells or hepatocytes (47). Similarly, our results predict the interaction of human APOB with P. falciparum endoplasmin (PFL1070C) and phospholipase (PFF1420w) both parasitophorous vacuole proteins. These interactions were also predicted in liver tissue, which may be related to the parasitophorous vacuole function.

Cell signaling and cell adhesion have also been identified as a relevant biological processes targeted in the interaction between human and P. falciparum proteins. For instance, the parasite chaperone PFI0875w was found to interact with many prominent regulation and signaling host proteins such as members of the TNF pathway (13). Our results predicted the interaction between PFI0875w and human HSP70 protein, which promotes TNF-mediated apoptosis. Similarly, cell adhesion is crucial for host cell invasion and has been shown previously in receptor-mediated viral infections. For example, human protein CD55 (complement decay-accelerating factor) was related to infection by coxsackievirus (23). In P. falciparum protein TRAP (PFC0640w) was found to interact with leucine-rich proteins involved in cell adhesion (13). In our study, the same protein TRAP and a reticulocyte binding protein (PFD0110w) were predicted to interact with receptor proteins involved as well in viral infection like integrins and may play a role in the initial process of cell invasion by P. falciparum (48).

Across the Leishmania species, we identified a genus-specific biological processes related to lipid and fatty acid metabolism. In species that cause mucocutaneous leishmaniasis (L. braziliensis, L. mexicana), we found nine human specific processes, interestingly many of them related to cellular oxygen levels such as: cellular response to decreased oxygen levels, cellular response to oxygen levels, negative regulation of cellular respiration, and cellular response to hypoxia. Regarding visceral leishmaniasis (L. donovani, L. infantum) we found 40 specific GO terms associated with a relevant biological process in the host–parasite interaction such as regulation of defense response to virus by virus and receptor-mediated endocytosis.

In helminths (S. mansoni, and T. spiralis) we identified 24 specific biological processes, some of which were involved in specific process related to blood tissue, for example, platelet degranulation and blood vessel development. Several helminth parasites imbibe host blood, including hookworms, the flukes, and the major livestock nematode parasites (50). Helminth migration through different organs requires the degradation of the extracellular matrix and the disruption of cell junctions by some secreted proteolytic enzymes, causing damage along the path of the migration (51). According to our results, we found some GO terms enriched probably related to helminth migration such as extracellular matrix disassembly and regulation of cell adhesion to be enriched.

We studied the common host proteins to all or most of the studied parasites (Figure 2B). In all the inferred interactomes, GANAB (neutral alpha glucosidase AB) and P4HB (protein disulfide isomerase) proteins were predicted to interact with parasite proteins. GANAB protein is related to the host defense mechanisms and P4HB is relevant in the internalization of broad spectrum of pathogens such as Leishmania, HIV, dengue virus, and rotavirus.



The Human–S. mansoni Interactome Reveals Relevant Central Proteins

We identified 695 interactions (491 host proteins, 74 S. mansoni proteins), and 178 were supported by domain-domain and domain-linear motif interactions (https://orthohpi.jensenlab.org/). In this analysis, we use the topological characteristics of the predicted human–S. mansoni PPI network to identify central proteins. Network centrality helped to prioritize proteins by identifying nodes with a relevant role in the communication flow in the network, which may translate into biological relevant essentiality (52, 53). In the human–S. mansoni interactome network (Figure 3) the nodes with the highest centrality are shown in Table 3 and Figure 3. Within the Gene Ontology biological process, we found 325 gene ontology terms enriched in S. mansoni targets in the host (Supplementary Table 2). GO terms associated with human proteins involved with host–parasite interaction were also retrieved (Table 4). PPIs for each term are available in Supplementary Table 3.



Table 3. Top 10 of proteins with the highest centrality in the human–S. mansoni interactome.
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FIGURE 3. Human–S. mansoni predicted interactome. The layout of the nodes in the network (ellipses: human proteins, diamonds: S. mansoni proteins) uses Markov Clustering to group and locate the nodes. The tools used to visualize the networks in this article are: Cytoscape (41) and the clusterMaker app (49). The central nodes are calculated using betweenness centrality and highlighted in the figure with a higher size.





Table 4. GO term enrichment analysis of the most relevant biological process in the H. sapiens—S. mansoni interactome.
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The human–S. mansoni interaction network is not static and the tissue expression data used to filter the host proteome can also be used to give context to the predicted molecular associations. Modeling spatial context into the predicted network allowed the identification of relevant interactions associated to tissues through the parasite's life cycle. 1,096 interactions were identified in five tissues related with the parasite tropism (Intestine 114, lung 191, blood 195, liver 443, skin 153) (see https://orthohpi.jensenlab.org/) (Table 5). Top 10 of highest centrality proteins were also identified in every tissue network (Table 5) and two central proteins were conserved across five tissues: Smp_089670 (Alpha-2 macroglobulin) and Smp_171460 (Cell adhesion molecule).



Table 5. Human–S. mansoni tissues PPI networks.
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Tissue-specific interactions are relevant to know the specificities in different relevant tissues related to S. mansoni lifecycle. In total, we found 375 tissue-specific interactions (skin 44, lung 66, liver 188, intestine 40, blood 37) (Figure 4) (Supplementary Table 4). Eight interactions were conserved across tissues (blood, intestine, liver, lung, skin) (Supplementary Table 4). Four S. mansoni proteins (Smp_089670, Smp_018760, Smp_049550, Smp_056760), which were part of the eight conserved interactions across tissues are central proteins in the whole interactome human–S. mansoni. P4HB a common targeted host protein across the 15 interactomes appeared in six of the eight interactions conserved across five tissues.
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FIGURE 4. Upset plot of tissue-specific interactions in the human–S. mansoni predicted interactome. The bar chart on the left indicates the total of interactions in each of the five tissues associated with S. mansoni tropism: Liver is the tissue with the most interactions (443 interactions). The upper bar chart indicates the intersection size of shared interactions across tissues and tissue-specific interactions. Blood and Liver are the tissues with more shared interactions (65 interactions) and liver is the tissue with the most tissue-specific interactions (188 interactions).



The OrthoHPI Web Resource

We developed a web resource (http://orthohpi.jensenlab.org) to provide all the predicted interactomes for all the studied parasites (Figure 5). The aim of OrthoHPI is to facilitate the analysis of the predicted host–parasite PPI networks, provide easy access to the full and tissue-specific networks and produce visual, navigable, and interactive networks easily manipulated by users.
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FIGURE 5. The OrthoHPI web resource. The website (http://orthohpi.jensenlab.org) allows you to visualize the predicted interactomes for all the studied parasites in three simple steps. (1) Select parasite, (2) Choose to visualize the full network or a tissue–associated interactions, and (3) Visualize the interactive network and download the interactions.






DISCUSSION

The efficacy of treatments for parasitic diseases is still limited, and in many cases, parasites develop resistance. Thus, there is an urgent need to discover novel drugs or vaccines for these neglected diseases. However, our understanding of host–parasite molecular crosstalk is still very limited, as only a few systematic experimental studies have so far been performed. Being this the main reason to predict PPIs using computational approaches.

Here, we predicted host–parasite PPI networks for 15 diverse parasitic species and studied the functional relevance of these interactions by analyzing enriched processes among the human proteins predicted to interact with parasite proteins. The different enrichment analyses allowed us to compare and identify commonalities and specificities across the studied parasites. Additionally, these analyses revealed biological processes and metabolic pathways previously described in the literature as being affected during parasitic infection, which helped to validate functionally the predicted interactions. In the case of the most studied parasite from our list, namely P. falciparum, we were able to compare the list of GO terms enriched in the human-P. falciparum predicted PPI network with an already published functional study (13). In this study, the authors report a list of GO biological processes in human that are most affected by the interaction with P. falciparum (100 GO terms). From this list, 51 terms were in common with our results. The overlapping terms were related mainly with intracellular process in general such as to intracellular transport, signal transduction, cell cycle, actin filament-based process among others. The remaining non-overlapping 49 terms were related with more specific biological process targeted by P. falciparum such as cell death, apoptosis, intracellular protein kinase cascade among other (Supplementary Table 5).

The 15 parasites included in our study are different regarding phylogeny and biology, for example, distinct forms of invasion and the invasion of different types of host tissues (Table 1). Nonetheless, when combining all the predicted PPI networks, we were able to identify common core pathways and biological processes, which were targeted in the host by all the studied parasites. Indeed, it has been previously shown that evolutionarily distinct parasites can target the same pathways as a result of convergent evolution, for example in Arabidopsis pathogens, such as the bacterium Pseudomonas syringae and the eukaryote Hyaloperonospora arabidopsidis (54).

Eukaryotic pathogens are able to synthesize a number of nutrients required for de novo growth; however, it is more advantageous for them to conserve energy and take host derived resources (55, 56). The enriched processes in intracellular parasites are related to the acquisition of host lipids necessary for the parasites to assemble a large amount of new membranes during replication within host cells. The uptake of host lipids may be associated with how Leishmania species deplete membrane cholesterol and disrupt lipid rafts in host macrophages during the invasion process (57).

Concerning the host immune response to parasitic infection we found one Reactome pathway that is common to intracellular parasites: antigen presentation, folding, assembly, and peptide loading of class I MHC. This suggests that innate sensing of parasites is important for the induction of pro-inflammatory responses aimed at controlling infection (56, 58) and belong to the innate immune defense by acting as pattern-recognition receptors, in particular against intracellular pathogens (59) and parasites as the analyzed in this work (60).

In mucocutaneous leishmaniasis, the enriched process make sense, since in skin infected wounds, low oxygen tensions (hypoxic conditions) prevail, whereas oxygen supply promotes wound healing, and helps to control infections (61). Hypoxia can have multiple effects on host–pathogen interactions, many intracellular pathogens successfully adapt to hypoxic conditions and according to our results, the enriched process are showing a kind of response from the host based on the proteins that are part of these enriched biological process.

For intracellular parasites, the first challenge during infection is to gain access to the intracellular environment. Cell invasion starts when parasites contact the surface of the host cell and cellular receptors mediate parasite internalization (62). Consistent with this, we found the GO term receptor-mediated endocytosis to be significantly enriched in the PPI networks for Leishmania parasites.

Some parasites, such as schistosomes, are in constant contact with blood as they inhabit the host's veins. Blood coagulation is triggered by several pathways, which are targeted by blood-feeding parasites to inhibit coagulation and prolong blood flow (50). In helminths, we found specific biological process (blood vessel development and platelet degranulation) related to the inhibition of blood coagulation, which is also related to proteinases that facilitate the invasion of host tissues and digest host proteins. Additionally, parasite proteinases help pathogens evade the host immune response and prevent blood coagulation (63). Helminths-specific enriched Reactome pathways targeted two host mechanisms, sphingolipid metabolism, and glycosphingolipid metabolism, which are known to have a key role in the interaction host–helminths.

In addition to metabolic pathways and GO terms shared by parasites, certain host proteins targeted by parasites were also recurring across interactomes. One of them is protein disulfide isomerase (P4HB), which plays a key role in the internalization of certain pathogens (64). For example, during the host invasion process of L. chagasi increased levels of P4HB were found to induced phagocytosis in the promastigote phase and inhibition of expression of this gene reduced phagocytosis (65). The role of P4HB has also been associated with other pathogens such as HIV, dengue virus, or rotavirus (66–68). In dengue virus, P4HB was linked to a reduction of β1 and β3 integrins allowing for the entry of the virus (68) and in MA104 cells, thiol blockers, and P4HB inhibitors decreased the entry of rotavirus (66). The other recurring human protein is GANAB, which is related to the alteration of eosinophil proteome (69). Strikingly, eosinophils are important mediators of allergies, asthma, and adverse drug reactions, and are also related to the host defense mechanisms against helminth infections, which are characterized by eosinophilia (70–72). Straub et al. (69) conducted a comparative proteomic analysis of eosinophils (healthy vs. hypereosinophilia from acute fascioliasis), and GANAB was one of the four proteins significantly upregulated in the Fasciola-infected patient.

These results show that GANAB and P4HB are relevant proteins not only in our 15 interactomes but also in other host-pathogen systems, which confirm these proteins as possible hallmarks of the host–parasite interaction. Other host proteins that were not recurring across the 15 interactomes but common in other interactomes (Figure 2B) such as HYOU1, PDIA3, HSPA9, CTSS, etc., have been already also found deregulated upon pathogenic infection (73–78).

According to our network topology results, we chose betweenness centrality as a measure to predict central proteins in the human-S. mansoni interactome, there are multiple network centrality measures, and they do correlate to some degree (79). We have generated a correlation analysis between different centrality measures for human-S. mansoni interactome (Supplementary Figure 3). In this case, we chose betweenness centrality because we are interested in highlighting nodes that are central to information flow in the network, which may translate into more relevant nodes for the human-S. mansoni interactome. We identified central proteins in the human–S. mansoni PPI network (Table 3) involved in crucial biological processes needed for invasion and survival of the parasite: protease activity regulation, inhibition of blood coagulation, cell adhesion, and migration (80).

Our results predict that the S. mansoni protein Alpha-2 macroglobulin (Smp_089670) interacts with host proteins involved in extracellular matrix organization such as SERPINE1 or metalloproteases (MMP2, MMP3, MMP13, MMP8, and MMP1). Interactions with the extracellular matrix (ECM) components influence several biological processes and ultimately the fate of the host cell (81). Parasites encounter the ECM as a barrier and they deploy several mechanisms to overcome it such as cell adhesion, induction of ECM degradation, and regulation of the immune response (4, 82, 83). For example, Alpha-2 macroglobulin inhibits the predicted five metalloproteases by a trapping mechanism that limits their access to substrates (80). Laminin subunit beta 1 (Smp_148790) interacts with host protein PLEC, which strengthens cells and tissues by acting as a cross-linking element of the cytoskeleton (84). This interaction may compromise cell and tissue integrity (cell junction) and may be used by the parasite to migrate across different host tissues. The alteration of cell junction and tissue remodeling has been observed in some helminth parasite infections (85). The cell adhesion protein (Smp_171460) is also involved in migration and has interacting partners belonging to the metalloprotease, collagenase, and laminin families, according our results. Histone H2A, another central protein has been identified as part of the secretome in S. mansoni mainly from eggs (86). This protein has moonlight functions outside of the nucleus in parasites and has evolved additional functions in invasion and interaction with the host (87).

Among the central proteins, we found several S. mansoni immunoreactive proteins, namely protein disulphide-isomerase, heat shock protein 70, and eukaryotic translation elongation factor. These proteins were experimentally supported as immunoreactive in a study using adult worm protein extracts probed with pooled sera of infected and non-infected (naturally resistant) individuals from an S. mansoni endemic area (88). Neutral alpha-glucosidase, a central protein in the S. mansoni network, was also detected as immunoreactive in S. mekongii in mouse and patient sera (89). These results showed that probably central proteins are more related to the stimulation of the immune response that non-central proteins in the host–S. mansoni interactome. Functional significance of a protein is related to its position in the PPI network, as deletion of hub proteins (central proteins) have more impact than non-hubs in the interactome, explaining the function essentiality of the central nodes (52). In our case probably are relevant proteins to keep the host–parasite interaction since pathogens may have adapted to “attack” proteins involved in specific pathways, most importantly in immunity and defense mechanisms (53) as evidenced in this work.

Regarding tissue-specific network analysis, we found that in the blood-specific PPI network, there are H. sapiens proteins targeted by S. mansoni involved in biological processes such as response to stress, blood coagulation, regulation of immune process among others (Supplementary Table 4). Two interactions between alpha 2 macroglobulin (Smp_089670) and coagulation factors like platelet factor four (ENSP00000296029) and Kallikrein (ENSP00000314151), could result in inhibition of the coagulation factors, which may facilitate the migration of the parasite through the broken tissue/vessels (80). Equally compelling is the predicted lungs-specific interaction between the host protein FZD10 (ENSP00000229030), previously implicated in the inflammatory response in the alveolus (90), and the parasite protein Wnt (Smp_151400).

Here, we identified relevant PPIs in the human–S. mansoni interactome related with different stages of the host–parasite interaction such as: adhesion, invasion, feeding, migration, immune evasion, and interactions with specific environments like tissue-specific interactions. Thus, the reported interactions can be used as a starting point in follow up experiments that could lead to better understanding of the disease pathogenesis and the parasite's biology, as well as open new frontiers in the identification of novel therapeutic targets against neglected diseases.



CONCLUSION

In the present study, we provide 15 predicted host–parasite interactomes, a functional analysis of the main common and specific processes targeted by diverse parasites, and an in-depth analysis of the human–S. mansoni PPI network. As well, we highlighted biological processes, pathways, and tissue-specific interactions that may be essential in the life cycle of the parasites. Moreover, our results highlight mechanisms and specific components that may be candidates for the study of new druggable targets.

One of the advantages of our prediction method is that it combines an orthology method with biological context relevant in the parasite's life cycle, which provides higher quality by reducing noise. Further, we integrate high-quality information from well-known and benchmarked sources of orthology prediction, intra-species protein-protein interactions, and protein location. The approach is scalable, and can be applied to many different host–pathogen systems.

Our study could also be used to assign functions to parasite's hypothetical proteins, assuming that clustered proteins tend to have similar functions and functionally related proteins can interact with each other (91–93). This application would be useful in parasite genomics, considering that a large number of parasite proteins are annotated as hypothetical proteins, and our networks provides a useful resource for annotation of those proteins.

Despite the limitations of homology prediction methods that tend to yield a high number of false positives, our approach constrained the predictions by including parasite-specific biological context, which filtered out some of the interactions otherwise transferred by orthology but biologically inconsistent with the life cycle of the parasite. Unfortunately, the lack of experimental data limited the options to benchmark the accuracy of the method. However, we provide several evidence from scientific literature of known host-parasite protein-protein interactions and established biological processes targeted by the parasites, which we also predicted in this study. Hence, we believe that the predicted interactions provide a base for hypothesis generation and help to focus follow up experiments that can prove the interaction and also find new druggable targets (11). Additionally, the common and specific biological processes identified help to understand parasitic invasion, infection, and persistence in the host and thereby the biology of parasitic diseases.
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Schistosomiasis remains a serious zoonotic disease in China and the Philippines. Water buffalo and cattle account for the majority of transmission. Vaccination of water buffalo is considered a key strategy to reduce disease prevalence. Previously, we showed that vaccination of water buffalo with SjC23 or SjCTPI plasmid DNA vaccines, induced 50% efficacy to challenge infection. Here, we evaluated several parameters to determine if we can develop a two dose vaccine that maintains the efficacy of the three dose vaccine. We performed four trials evaluating: (1) lab produced vs. GLP grade vaccines, (2) varying the time between prime and boost, (3) the influence of an IL-12 adjuvant, and (4) a two dose heterologous (DNA-protein) prime-boost. We found the source of the DNA vaccines did not matter, nor did increasing the interval between prime and boost. Elimination of the IL-12 plasmid lowered homologous DNA-DNA vaccine efficacy. A major finding was that the heterologous prime boost improved vaccine efficacy, with the prime-boost regimen incorporating both antigens providing a 55% reduction in adult worms and 53% reduction in liver eggs. Vaccinated buffalo produced vaccine-specific antibody responses. These trials suggest that highly effective vaccination against schistosomes can be achieved using a two dose regimen. No adjuvants were used with the protein boost, and the potential that addition of adjuvant to the protein boost to further increase efficacy should be evaluated. These results suggest that use of these two schistosome vaccines can be part of an integrated control strategy to reduce transmission of schistosomiasis in Asia.
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INTRODUCTION

Schistosomiasis continues to be a serious public health problem worldwide, with more than 200 million people infected and with an estimated 700 million people in 74 countries at risk of infection (1). Three species, Schistosoma japonicum, S. mansoni, and S. haematobium, cause the majority of disease. S. japonicum is the causative agent of schistosomiasis in China, the Philippines and other regions of southeast Asia (1). Unlike S. mansoni and S. haematobium, S. japonicum is a zoonotic disease (2–5). Epidemiological studies have shown that bovines, particularly water buffalo play a major role in the transmission of schistosomiasis in China and the Philippines (6, 7). Despite more than 50 years of intensive control efforts, including the World Bank Schistosomiasis Control Project from 1992 to 2001, schistosomiasis remains a major public health concern in these regions, with over one million Chinese currently infected and another 40 million living in areas at risk of infection (4, 8). The majority (>80%) of schistosomiasis cases occur around the Dongting and Poyang lakes and the marshland regions of Hunan, Jiangxi, Anhui, Hubei, and Jiangsu Provinces of China, where elimination of transmission has proved difficult (9–12).

Schistosomiasis control in China includes simultaneous praziquantel (PZQ) treatment of humans and water buffalo and reducing the number of water buffalo in endemic areas by replacing them with cattle or motorized tractors (13, 14). These control measures are time consuming, expensive, and for praziquantel treatment, recurring annually. A more sustainable option would be development of an integrated control program that, in addition to praziquantel treatment, adds vaccination of water buffalo and cattle to further reduce transmission of S. japonicum from bovines, potentially leading to long-term sustainable control of schistosomiasis (7, 15–17). It is important to vaccinate cattle in endemic settings as they are more susceptible to schistosome infection than water buffalo (18). In this regard, a mathematical model of schistosome transmission predicts that schistosome vaccines capable of reducing schistosome fecal egg output from water buffalo/cattle by 40% will lead to a significant reduction in transmission of schistosomiasis (3, 16).

Efficacy of the SjTPI and SjC23 plasmid DNA vaccines in water buffalo was previously shown to be 50% when administered three times using an IL-12 plasmid DNA adjuvant (16, 19). In the current study, our goal was to evaluate GLP quality plasmid DNA vs. lab-produced plasmid DNA and to reduce the vaccine regimen from three doses to two coincident with increased efficacy for these two vaccines. We found vaccine efficacy of plasmid DNA vaccines to be the same independent of the source of the plasmid DNAs. We found that extending the time between prime and boost did not change levels of plasmid DNA vaccine efficacy. We did note the positive influence on vaccine efficacy when a pIL-12 plasmid DNA was used with the pSjC23. Importantly, we observed that the two-dose, heterologous prime-boost regimen induced the highest levels of efficacy we have seen in water buffalo trials. Here, the rec SjC23 and SjCTPI proteins were administered in saline without adjuvant, suggesting that additional vaccine trials in buffalo should be performed to ascertain whether a recombinant protein homologous prime-boost vaccine regimen with adjuvant will yield significantly higher levels of efficacy than reported here.



MATERIALS AND METHODS


Buffalo and Trial Site

Water Buffalo were purchased from Huilong county, Hunan province, from an area with no history of schistosomiasis transmission, and transported to the field site. Age, sex and weight of the different water buffaloes used in this study are summarized in the Supplementary Tables 1–4. Upon arrival at the field site, the buffalo were quarantined for 4 weeks, confirmed schistosome-free by the miracidial hatching test and ELISA, and treated with levamisole to eliminate other gastrointestinal geohelminths, as described (16). Water buffalo were then tagged with an identification number on the collar, the right ear, and into one of the horns, then divided randomly into different trial groups such that buffalo in each trial cohort had similar numbers of male and female buffalo and were of similar age and weight (Supplementary Table 1). The study site selected for the vaccine trials was Huaqiao village, Linxiang city, Hunan province.



DNA Vaccines and Recombinant Proteins

All DNA vaccine constructs were constructed as described in Da'dara et al. (16). GLP standard plasmids (SjC23-Hsp70 and SjTPI-Hsp70) including control plasmid pVAX1, and pUMVC3-hIL-12 plasmid DNA encoding human IL-12 (pIL-12) were manufactured by Aldevron (Fargo, ND). Recombinant SjTPI (rSjTPI) and SjC23 (rSjC23) were purified using similar protocols as previously described (16). Briefly, for SjC23, the large extracellular hydrophilic domain (amino acids 108–183) of SjC23 (SjC23-loop) was expressed in Escherichia coli using the prokaryotic expression plasmid pET32b (Novagen, Madison, WI, USA). For SjCTPI, the pTrcHisB plasmid (Invitrogen) was used to produce full-length recombinant SjCTPI. Recombinant SjC23 and SjCTPI proteins were purified using His-Trap HP columns (GE Healthcare, Piscataway, NJ, USA). Purified recombinant proteins were analyzed by SDS-PAGE and Western blotting.



Vaccine Study Design, Vaccination, and Challenge Infection

Initially, we compared immunogenicity and efficacy of in-lab produced SjC23 plasmid DNA vaccines to commercially produced, GLP grade, SjC23 plasmid DNA vaccines. The trial was a randomized double-blinded study, comprised of 45 buffalo divided randomly into three groups. Plasmid DNAs were coded by an independent laboratory at the Harvard School of Public Health (HSPH), then shipped to China. Animals were immunized intramuscularly with 1 ml of 300 μg of schistosome-DNA or control pVAX vaccine plus 300 μg of IL-12 plasmid DNA for priming (Figure 1). One month after the last immunization, water buffalo were challenged with 1,000 freshly shed cercariae kindly provided by Jiangsu Institute of Parasitic Diseases, China. Eight weeks post-challenge, water buffalo were euthanized and adult worm burdens determined by perfusion. Additionally, when possible, identical portions of liver lobes were obtained to determine liver egg burdens, and fresh fecal samples were obtained to determine fecal egg counts and miracidial hatching rates as previously described (16).
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FIGURE 1. Evaluation of commercially produced, GLP grade DNA vaccine pSjC23-hsp70. (A) Buffalo were vaccinated with saline or pSjC23-hsp70 plasmid produced by Harvard or Aldevron three times at 1 month intervals. All animals were also given pIL-12 adjuvant plasmid at the first (prime) vaccination. One month after the third vaccination, buffalo were challenged with 1,000 cercariae. Two months post challenge, buffalo were perfused. (B) Worm and (C) fecal miracidia burdens were measured. The average and standard deviations are graphed. Percent reductions and total animals per group are listed within each bar. **p < 0.02, ***p < 0.01 by one-way ANOVA with Turkey's post-test.



The second goal of this study was to determine if extending the time between prime and boost would improve DNA vaccine efficacy. Animals were immunized intramuscularly with schistosome-DNA or control DNA vaccines as previously described (Figure 2A). We compared 1- and 3-month intervals between prime and boost. One month after the last immunization, water buffalo were challenged with 800 cercariae freshly shed from native/local, infected snails.
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FIGURE 2. Comparison of inter-vaccination interval length. (A) Buffalo were vaccinated with saline, pVAX control or pSjC23-hsp70 plasmid three times at 1 month (Regular) or 3 month (Extended) intervals. All groups except for the saline injection were also given pIL-12 adjuvant plasmid at the first (prime) vaccination. One month after the third vaccination, buffalo were challenged with 800 cercariae. Two months post challenge, buffalo were perfused. (B) Worm, (C) liver egg, and (D) fecal miracidia burdens were measured. The average and standard deviations are graphed. Percent reductions and total animals per group are listed within each bar. **p < 0.01, ***p < 0.001 by one-way ANOVA with Turkey's post-test.



We then examined the importance of the IL-12 plasmid DNA for induction of optimal levels of efficacy. Buffalo were immunized as previously described with schistosome-DNA or control DNA vaccines with or without the pUMVC3-hIL-12 plasmid DNA (Figure 3). The pUMVC3-hIL12 was administered at the prime only. One month after the last immunization, water buffalo were challenged with 800 cercariae.
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FIGURE 3. Determination of pIL-12 adjuvant requirement. (A) Buffalo were vaccinated with pVAX control or pSjC23-hsp70 plasmid three times at 3 month intervals. Half of the animals receiving pSjC23-hsp70 were also given pIL-12 adjuvant plasmid at the first (prime) vaccination. One month after the third vaccination, buffalo were challenged with 800 cercariae. Two months post challenge, buffalo were perfused. (B) Worm, (C) liver egg, and (D) fecal miracidia burdens were measured. The average and standard deviations are graphed. Percent reductions and total animals per group are listed within each bar. **p < 0.01, ***p < 0.001 by one-way ANOVA with Turkey's post-test.



Finally, we evaluated efficacy of a heterologous plasmid DNA prime with a recombinant protein boost. In this trial, we employed combination SjTPI/SjC23 vaccines. Buffalo were primed as described with 300 μg of both the SjC23 and SjTPI DNA vaccines or control DNA vaccine. Booster vaccination was with plasmid DNAs or with 100 μg each, recombinant SjC23 and SjTPI proteins (Figure 4A). One control group received control pVAX DNA as prime and were then boosted with recombinant antigens. One month after the last immunization, water buffalo were challenged with 1,000 freshly shed cercariae.
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FIGURE 4. Assessment of heterologous vaccination regimen. (A) Buffalo were vaccinated with a DNA prime, followed by a recombinant protein boost 3 months later, as indicated. All animals were also given pIL-12 adjuvant plasmid at the first (prime) vaccination. One month after the booster vaccination, buffalo were challenged with 1,000 cercariae. Two months post challenge, buffalo were perfused. (B) Worm, (C) liver egg, and (D) fecal miracidia burdens were measured. The average and standard deviations are graphed. Percent reductions and total animals per group are listed within each bar. *p < 0.05, ****p < 0.0001 by one-way ANOVA with Turkey's post-test.





Water Buffalo Perfusion and Analysis of Worm Burden

Two months post-challenge, water buffalo were weighed then euthanized. Adult worms were obtained from the portal vein by perfusion of the descending thoracic aorta with physiologic saline. Worms trapped in intestinal tissue or caught up in tissues near where the portal vein was cut, were collected by hand and counted. All adult worms recovered from each water buffalo were counted and recorded as total worm burdens.



S. japonicum Eggs in Liver

Two samples from the left lobe and one sample from the right lobe were taken from the livers of each water buffalo and weighed. Each piece was placed in 20 ml of 4% (w/v) KOH for 2 days at 37°C. The suspension was then agitated to re-suspend the mixture, 1 ml of the liver suspension was collected, centrifuged at 3,000 rpm for 1 min, the pellet re-suspended in 200 μl of PBS and the total eggs present were counted under a microscope. Using the average of three separate samples, the number of eggs per gram of liver tissue were calculated for each animal.



S. japonicum Eggs in Stool Samples

Three fecal samples were collected from the rectum of each water buffalo 2 days and 1 day prior to perfusion and again on the day of perfusion. For each fecal sample, the number of eggs per gram (EPG) of stool was determined by microscopy and the number of hatched miracidia per gram (MPG) of stool was determined as previously described (20).



Serological Immunoassay

Serum samples from four different buffalo from each group were randomly selected then analyzed by Western blot and ELISA to determine the antigen-specific antibody levels in sera from vaccinated buffalo as described (16).



Statistical Analysis

GraphPad Prism version 5 was used for statistical analysis. One-way ANOVA with Tukey's post-test or two-way ANOVA and Bonferroni's post-test were used to identify the significance between various groups. Statistical significance was accepted at p < 0.05.




RESULTS


GLP Grade DNA Vaccine Sj23-Hsp70 Has Similar Efficacy to In-lab Produced DNA Vaccine

In order to meet potential larger vaccine doses and reduce costs, we contracted with Aldevron, a leading company in the production of plasmid DNA and recombinant proteins, to produce each DNA vaccine and the control plasmid DNA under GLP conditions. To determine if GLP grade production would influence vaccine efficacy, we compared the Aldevron GLP grade vaccines to our in-house DNA vaccines using the regimen outlined in Figure 1A. Vaccination of water buffalo with the Sj23-Hsp70 construct produced at the Harvard School of Public Health or from Aldevron resulted in nearly identical levels of efficacy, 23.5 and 25.7% respectively, with no significant differences of mean adult worm burdens (p = 0.816) between these two vaccine groups as determined by One-ANOVA with Turkey's post-test (Figure 1B). Interestingly, we also observed lower reductions in miracidial hatching rates of 19 and 10% respectively (Figure 1C). Table 1 summarizes this data.



Table 1. Vaccination with pSj23-hsp70 from 2 sources.
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Extending the Time Between Priming and Boosting May Reduce DNA/DNA Vaccine Efficacy

Previous studies have reported that extending the interval between priming and boosting can influence vaccine efficacy (21–24). To test this, we increased the time between prime and boost from 1 to 3 months. Using the SjC23 DNA/DNA prime boost-boost with 1 or 3-month intervals, we found that efficacy, as determined by worm burden, liver eggs/gram and fecal eggs/gram, was higher in animals where boosts were given at 1-month intervals (Table 2 and Figure 2). We observed significant reductions in adult worm burdens of 37.2 and 41.2% and reductions in eggs/gram liver of 30.4 and 37.5% for SjC23 DNA vaccinated groups at extended (3 month) or regular (1 month) intervals, respectively (Figures 2B,C). The reduction in eggs per gram stools of 31.5 and 45.8% for extended and regular month interval groups (Figure 2D). However, there was no statistically significant difference between the extended and the regular immunization regimen in all measured parameters.



Table 2. Comparison of time between vaccinations: 1 month (regular) or 3 months (extended).
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Influence of IL-12 Plasmid DNA on DNA Vaccine Efficacy

IL-12 is an important cytokine that has the potential to activate natural killer cells and promote cytolytic T cell proliferation and has been used as an adjuvant to promote Th1-type and cellular immune responses in various DNA vaccine trials (25–29). We previously reported that administration of IL-12 with the boost enhanced host immunity and better protective efficacy in water buffalo (16, 19). However, we did not know if our DNA vaccines would retain similar protection without IL-12. The vaccination trial in water buffalo performed here showed that addition of Plasmid DNA encoding IL-12 enhanced all aspects of DNA vaccine efficacy (Table 3). Adult worm burdens were reduced by 46.6% in buffalo co-administered plasmid DNA IL-12 compared to 30.2% in buffalo vaccinated with SjC23 plasmid DNA and no IL-12 (Figure 3B). Similarly, the number of eggs/gram liver tissue was reduced 45% in buffalo co-administered plasmid DNA IL-12 compared to 31% in buffalo vaccinated with SjC23 plasmid DNA and no IL-12 (Figure 3C). A similar influence of co-administering plasmid DNA encoding IL-12 was seen in eggs/gram stool (Figure 3D). Overall, efficacy data from the DNA prime-boost experiments evaluating interval between prime and boost or value of the IL-12 plasmid were similar to what we previously reported for our plasmid DNA vaccines (16) and show that co-administration of the IL-12 encoding plasmid enhances DNA vaccine efficacy, yet not statistically significant from the no IL-12 plasmid.



Table 3. The role of IL-12.

[image: image]






Boosting With Recombinant SjTPI and/or SjC23 Improves Vaccine Efficacy

Boosting with recombinant proteins following a DNA prime immunization elicits a broad humoral immune response and enhances the cell-mediated immune responses in mice and non-human primates (30–34). Therefore, here we moved from a three-dose plasmid DNA vaccine regimen to a two-dose plasmid DNA prime and recombinant protein boost regimen with a 3-month interval between prime and boost (Figure 4A). Groups of water buffalo were primed with pVAX control plasmid DNA, SjC23-Hsp70 plasmid DNA, or with a combination of SjC23-Hsp70 and SjTPI-Hsp70 plasmid DNAs. Three months post-prime, groups of water buffalo were boosted with recSjC23 or a combination of recSjC23 and recSjTPI (Figure 4). The results of these trials demonstrated that buffalo only receiving recSjC23 following the control pVAX prime had adult worm burdens reduced by 32.2% compared to pVAX primed and boosted buffalo (Table 4; Figure 4B). Similarly, eggs/gram liver were reduced by 31.0% in buffalo that only received the SjC23 boost following control pVAX prime (Figure 4C). Vaccine efficacy significantly increased in the two-dose regimen when buffalo were primed with SjC23-Hsp70 DNA then boosted with recSjC23. Here, adult worm burdens were reduced by 50.0% compared to controls and eggs/gram liver were reduced 47.0% compared to control vaccinated buffalo. However, we observed the highest levels of efficacy in this two-dose regimen trial when buffalo were primed with the combination of SjC23-Hsp70 and SjTPI-Hsp70 plasmid DNAs followed by boost with a combination of recSjC23 and recSjTPI. This combination yielded the highest level of vaccine efficacy that we have observed to date for these candidate vaccines in water buffalo. Adult worm burdens were reduced by 55.1% and eggs/gram liver by 53.2% compared to levels in control vaccinated buffalo (Figures 4B,C). Using DNA prime/protein boost, the reduction in worm burdens (Figure 4B), eggs in liver tissues (Figure 4C) and hatched miracidia in stool (Figure 4D) were dramatic compared to that in the control vaccinated group (p < 0.0001).



Table 4. DNA prime with recombinant protein boost.
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We next evaluated sera from control and immunized animals for anti-SjC23 or SjTPI specific antibodies using Western blots and ELISA (Figure 5). We randomly picked four or more individual serum samples from each group to detect antigen-specific antibodies using Western blot. Sera from animals primed with SjC23-Hsp70 alone in in combination with SjTPI-Hsp70 then boosted with the correlate recombinant antigen elicited specific antibody responses to the respective antigens (Figure 5A). In contrast, sera from animals primed with the control pVAX plasmid and boosted with either pVAX or recombinant proteins did not react with rSjC23 (Figure 5A left panel, lanes 1-8) or rSjTPI (Figure 5A right panel, lanes 1-8). Individual sera collected at different time points from animals were used in ELISA. ELISA results showed that antibody levels are significantly increased after boosting with recombinant proteins in group 3 and 4 (Figure 5B).
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FIGURE 5. Analysis of the humoral immune response to heterologous vaccine regimen. (A) Western Blot analysis of individual serum samples obtained from vaccinated animals from each group prior to challenge infection. Sera from animals primed with pVAX and boosted with pVAX (lanes 1–4) or primed with pVAX and boosted with rSjC23 and rSjCTPI (lanes 5–8) did not react with rSjC23 (left panel) or rSjCTPI (right panel). Sera from animals primed with pSjC23-Hsp70 DNA vaccine and boosted with rSjC23 (lanes 9-12) elicited specific antibody responses with rSjC23, approximate MW of fusion protein is 26kDa (left panel) but not with rSjTPI, approximate MW of fusion protein is 31 kDa (right panel). Sera from animals in group 4 can elicit immune responses to both specific antigens rSjC23 (left panel, lanes 13-16) and rSjTPI (right panel, lanes 13-20). (B) Total IgG antibodies for all individual animals were analyzed by ELISA. Serum samples were obtained at 4 days prior to prime, 2 days prior challenge infection, and 2 days prior to perfusion. Left panel: anti-SjC23; right panel: anti-SjTPI. Values are expressed as means ± SE of the OD values of all animals within the same group. *p < 0.05, ****p < 0.0001, analyzed with two-way ANOVA.






DISCUSSION

Over the past 60 years, despite great progress in China to control S. japonicum, national surveys have shown that prevalence in humans in areas of endemicity did not substantially change from 1995 (4.9%) to 2004 (5.1%) (35). The current control strategy for schistosomiasis in humans and water buffalo has provided prevalence at the targeted 5% level. The targeted level was revised with the goal of reducing prevalence and infection to under 1% by 2015 (14).

Bovines (cattle and water buffalo) are the major reservoirs for S. japonicum infection in China and the Philippines, with estimates that 75–90% of egg contamination comes from this source. Maintaining the current praziquantel-based control strategy for bovines in the Lakes and Marsh regions of China will be difficult and costly. In addition, there is always the possibility that new endemic regions will be found in China. However, the use of integrated control strategies that incorporate a schistosome vaccine that significantly reduces passage of eggs from buffalo and cattle will aid these long-term schistosome control strategies (36–38). The level of efficacy required for the transmission blocking schistosome vaccine to help reduce prevalence of schistosomiasis has been estimated to be 45–50% reduction in fecal eggs (4). Such a vaccine could be incorporated as part of a multi-component integrated control program (39).

Our previous studies in Hunan province evaluated the efficacy of two vaccine candidates (SjTPI and SjC23) as three-dose plasmid DNA vaccines against S. japonicum in water buffalo (16, 19). Mathematical modeling suggests that either of these two vaccines, in combination with human chemotherapy, could lead to a significant reduction in schistosome transmission (3, 16). Here, we report the results from four recent vaccine trials performed at the same site with the goal of reducing the vaccine regimen from three to two vaccinations, coincident with increasing vaccine efficacy. Focusing on eventual large scale production of these vaccines we initially compared GLP grade plasmid DNA vaccines to lab produced plasmid DNA vaccines. GLP plasmid DNAs are better quality and a necessary step toward GMP product. Large scale production by GLP/GMP capable contractors is also less expensive than lab grade produced plasmid DNA vaccines. The results from Trial 1, shown in Figure 2, demonstrate that there is no statistical difference in vaccine efficacy in buffalo vaccinated with GLP grade SjC23 DNA vaccines vs. vaccinated with lab-produced SjC23 DNA vaccines. Thus, if plasmid DNA vaccines are to eventually be part of a vaccine regimen employing pSjC23 and/or pSjCTPI schistosome vaccines, cost-effective GMP production will benefit scale up for future vaccine trials. We were surprised by the overall low levels of protective efficacy induced by either vaccine in Trial 1. The level of efficacy observed in Trial 1 is approximately 50% lower than previously reported by us, and 50% lower than seen in Trials 2 and 3 reported in this study. The data from Trials 2 and 3 are closer to those previously reported for SjC23 DNA vaccine. We do not have an explanation as to why the level of efficacy in Trial 1 was lower than that seen in the other trials

In Trial 2 we tested for an effect of the prime-boost interval, comparing a 1 month interval to a 3 month interval. Surprisingly, increasing the interval between vaccine doses to 3 months did not increase efficacy as we hypothesized. In fact, although the differences between groups are not significant, the 1 month interval group had a trend toward higher levels of efficacy in all parameters measured as compared to the 3 month interval group, Figure 2. As expected, IL-12 as an adjuvant is proved to be important for the three-dose SjC23 DNA vaccine if protection levels of 40–50% are minimum targets of vaccine efficacy. Of note, although the use of pIL-12 plasmid during the prime increased efficacy in all parameters measured, the differences in level of efficacy between the pSjC23 vaccinated group and the pIL-12+pSjC23 groups were not significant.

The final approach to increase vaccine efficacy and reduce the regimen to two doses, was to employ a heterologous prime-boost vaccination strategy. Here plasmid DNA vaccines are used for the with recombinant protein antigens used for the boost. Heterologous prime-boost strategy has been successfully applied to many different types of diseases in animal models, including acquired immune deficiency syndrome (AIDS) (40), Japanese encephalitis virus (33) and malaria (41), and have shown greater efficacy than the homologous prime. Here we compared prime with pIL-12+SjC23, boost with recSjC23 to buffalo that were primed with pIL-12+SjC23+SjCTPI plasmid DNAs, then boosted with both recSjCTPI+recSjCTPI in saline and no adjuvant. This work led to two important observations. First, using SjC23 we demonstrated that the heterologous prime-boost, two-dose regimen induced levels of efficacy similar to that reported by us using a 3-dose plasmid DNA vaccine regimen (16, 19). Second, by employing both antigens for the plasmid DNA prime and the recombinant protein boost, we increased levels of efficacy further, resulting in a 55% reduction in adult worms and 53% reduction in eggs/gram liver compared to levels in control vaccinated buffalo. These are the highest levels of vaccine efficacy observed by us to date and this was achieved using a simple prime-boost regimen without addition of any adjuvant or delivery vehicle for the recombinant protein boost.

Several schistosome vaccines have been developed, all providing partial protection against Schistosoma infection. The majority of schistosome vaccines reduce adult worm burdens by <50% (42). Further, the majority of these vaccines have only been evaluated for efficacy in genetically identical inbred mice. The SjCTPI Heterologous prime-boost vaccine is currently being field-tested in bovines under natural challenge infection conditions in Samar, the Philippines as part of an integrated control package involving bovine vaccination, chemotherapy, and snail control (7). The linking of vaccination with chemotherapy would reduce overall morbidity and limit the impact of re-infection. Such a novel control program for schistosomiasis would improve significantly on the current strategy, which is based on chemotherapy alone.

Overall, our data provides considerable optimism toward the development of schistosome vaccines that are efficacious in natural, outbred hosts. Further, as these two vaccines can be further optimized by inclusion of adjuvant with the recombinant proteins, it is likely efficacy will further increase. This study also demonstrates how international team collaborations contribute to the development of effective vaccines for schistosomiasis. New antigen formulation and delivery methods of these vaccine are currently being tested in the Philippines. We believe that eventually, addition of effective schistosome vaccines as components of integrated control will be what is needed for long term control of disease.
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The growth and development of schistosome has been affected in the immunodeficient hosts. But it remains unresolved about the molecular mechanisms involved in the development and reproduction regulation of schistosomes. This study tested and compared the metabolic profiles of the male and female Schistosoma japonicum worms collected from SCID mice and BALB/c mice at 5 weeks post infection using liquid chromatography tandem mass spectrometry (LC-MS/MS) platform, in which the worms from SCID mice were the investigated organisms and the worms from BALB/c mice were used as the controls. There were 1015 ion features in ESI+ mode and 342 ion features in ESI- mode were identified after filtration by false discovery rate. Distinct metabolic profiles were found to clearly differentiate both male and female worms in SCID mice from those in BALB/c mice using multivariate modeling methods including the Principal Component Analysis (PCA), Partial Least Squares Discriminant Analysis (PLS-DA), and Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA). There were more differential metabolites in female worms than in male worms between SCID mice and BALB/c mice. And common and uniquely perturbed metabolites and pathways were identified among male and female worms from SCID mice when compared with BALB/c mice. The enriched metabolite sets of the differential metabolites in male worms between SCID mice and BALB/c mice included bile acid biosynthesis, taurine and hypotaurine metabolism, sphingolipid metabolism, retinol metabolism, purine metabolism, etc. And the enriched metabolite sets of differential metabolites in female worms included retinol metabolism, alpha linolenic acid and linoleic acid metabolism, purine metabolism, sphingolipid metabolism, glutamate metabolism, etc. Further detection and comparison in transcript abundance of genes of the perturbed retinol metabolism and its associated meiosis process in worms identified clues suggesting accumulated retinyl ester and perturbed meiotic process. These findings suggested an association between the schistosome with retarded growth and development in SCID mice and their perturbed metabolites and metabolic pathways, and provided a new insight into the growth and development regulation of S. japonicum worms from the metabolic level, which indicated great clues for discovery of drugs or vaccines against the parasites and disease with more researches.
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INTRODUCTION

Schistosomiasis, caused by infection with a parasitic blood fluke of the genus Schistosoma, of which Schistosoma mansoni, S. haematobium, and S. japonicum are of particular health significance, is still one of the most serious neglected tropical disease in the endemic countries (Gray et al., 2010; WHO, 2014). Unlike other trematodes, adult schistosomes are dioecious and display a fascinating codependency in that the female worm is dependent on the male worm to grow and sexually mature by residing in the male’s gynecophoral canal (Ross et al., 2002). The adult worms in pairs inhabit the mesenteric veins in the portal venous system of host, and every sexually mature female worm release thousands of eggs each day. And eggs deposited in the liver, intestinal wall and other tissues are the main pathogenic factor to the severe schistosomiasis (Ross et al., 2002). The highly evolved host-parasite relationship, especially that between schistosomes and their definitive hosts, is complex and long-lived (Halton, 1997; de Mendonca et al., 2000; Saule et al., 2002; Davies et al., 2004; Hernandez et al., 2004; You et al., 2015).

Interestingly, however, it was found that schistosomes showed retarded growth, development and reproduction in the immunodeficient mammalian hosts, resulting in attenuated pathogenesis with decreased egg-laying and hepatic granulomas formation in the hosts (Amiri et al., 1992; Davies et al., 2001; Blank et al., 2006; Cheng et al., 2008; Lamb et al., 2010; Tang et al., 2013). Some researches focusing mainly on the host revealed that the host’s factors interleukin (IL)-2 and IL-7 indirectly modulated the development of blood fluke through CD4+ T cells lymphocytes (Davies et al., 2001; Blank et al., 2006; Lamb et al., 2010). TNF was also identified to participate in maintaining the viability of adult worms with independence of the receptors TNFR1 and TNFR2 (Davies et al., 2004). However, few researches is available about the schistosomes’ molecular regulation on their growth and development.

Metabolic profile investigation is a promising approach to identify the key molecules or signaling pathways competent for addressing the phenotypic differences between worms from different hosts (Hellerman et al., 1946; Bowman et al., 1960; Thompson, 1985; Wang et al., 2004, 2008; Garcia-Perez et al., 2008; Li et al., 2009; Teng et al., 2009; Legido-Quigley, 2010; O’Sullivan et al., 2013; Sengupta et al., 2013; Zhou et al., 2015, 2016; Adebayo et al., 2018). Ultra high performance liquid chromatography and mass spectroscopy (HPLC-MS) is capable of simultaneously detecting a wide range of small molecule metabolites and providing a “metabolic fingerprint” of biological samples, and has been used as a well-established analytical tool with successful application in different fields, e.g., studying of disease progress, detection of metabolites of inborn defects, phenotypic differentiation of experimental animal models (Want et al., 2010, 2013; Cui et al., 2016). In this study, therefore, we tested and compared the metabonomic perturbations of S. japonicum worms with sex separation from the severe combined immunodeficient (SCID) mice at the fifth week post-infection, which were compared with those from BALB/c mice as the normal control. The results will provide new insights into understanding of the molecular regulations of growth and development of schistosomes in their hosts from the metabolic level, as well as clues for discovery of drugs and vaccines against the parasites and disease.



MATERIALS AND METHODS

Ethics Statement

All experiments using the S. japonicum parasite, Oncomelania hupensis (O. hupensis) snails, and mice were performed under protocols approved by Wuhan University Center for Animal Experiments (WUCAE) according to the Regulations for the Administration of Affairs Concerning Experimental Animals of China (Ethical Approval Number: 2016025).

Parasites and Animals

Oncomelania hupensis snails infected with Schistosoma japonicum were purchased from the Institute of Parasitic Disease Control and Prevention, Hunan Province, China. Immunocompetent BALB/c mice and severe combined immunodeficient (SCID) mice of BALB/c genetic background, approximately 6∼8 weeks old, were purchased from Beijing Hua Fu Kang Bioscience Co. Inc.1 via WUCAE. Cercariae were released by exposing the infected snails in aged tap water (which refers to the tap water stored in a clean plastic bucket for 3–5 days before use) under a light for a minimum of 2 h at 25°C, and were used to infected the above two kinds of mice via percutaneous exposure at approximately 40 ± 1 cercariae per mouse after 12 days of acclimatization. Intuitively, viable cercariae with intact head and tail observed under anatomical lens were counted and used for the artificial infection experiment, but the dead cercariae in motionless or cercariae with the tail off were excluded. Adult worms were collected by hepato-portal perfusion of mice with phosphate buffered solution (PBS) on the 35th day 5 weeks post infection according to our previous research (Tang et al., 2013), which had reported the detailed data illustrating the abnormal phenotype in worms from the infected SCID mice compared with those from BALB/c mice and is cited here as the research basis. The phenotypic measurement data and comparisons in their differences, therefore, were not repeatedly performed and reported here. The worms were washed with PBS twice and the male and female worms were separated manually using dissecting needle carefully under an anatomical lens (10× magnification) if necessary. Finally, the worms were collected separately with 20 worms in each aliquot, which were labeled as (1) IB-MALE for male worms collected from BALB/c mice, (2) IB-FEMALE for female worms collected from BALB/c mice, (3) IS-MALE for male worms collected from SCID mice and (4) IS-FEMALE for female worms collected from SCID mice, respectively. All the samples were frozen immediately in liquid nitrogen and then stored at -80°C until use for metabolite extraction. In addition, the blood of mice was collected and serum was isolated and stored at -80°C for serum metabolomics investigation, the paper about which was submitted elsewhere.

Metabolite Extraction

Totally 20 frozen schistosome samples from the above four groups with five replicate samples in each group (5 replicate samples per group × 4 groups of worms = 20 samples) were sent to Wuhan Anlong Kexun Co., LTD.2 for metabonomic detection and analysis using HPLC-MS/MS. The LC-MS grade methanol and acetonitrile was purchased from Merck & Co., Inc., and formic acid was from Sigma-Aldrich Co. LLC. Other reagents were all analytically pure. The schistosome samples were thawed and ground after adding 0.5 ml of methanol/distilled water (8:2, v/v) with 4 μg/ml of 2-Chloro-L-phenylalanine as the internal standard substance, and were then centrifuged at 13000 rpm under 4°C for 10 min. Two hundred μl of supernatant from each sample was carefully transferred to a vial of autosampler for examination. All samples were kept at 4°C and analyzed in a random manner. Additionally, isometric supernatant from each sample of the above four groups were mixed for QC sample. The QC sample was run after every 2 tested samples to monitor the stability of the system.

Metabolomics Analysis by HPLC-MS/MS

Liquid chromatography was performed on a 1290 Infinity UHPLC system (Agilent Technologies, Santa Clara, CA, United States). The separation of all samples was performed on an ACQUITY UPLC @HSS T3 column (Waters, United Kingdom) (100 mm ∗ 2.1 mm, 2.5 μm). A gradient elution program was run for chromatographic separation with mobile phase A (0.1% formic acid in water) and mobile phase B (0.1% formic acid in acetonitrile) as follows: 0∼2 min, 95%A–95%A; 2∼13 min, 95%A–5%A; 13∼15 min, 5%A–5%A. The sample injection volume was 3 μL and the flow rate was set as 0.4 mL/min. The column temperature was set at 25°C, and the post time was set as 5 min.

A 6538 UHD and Accurate-Mass Q-TOF (Agilent Technologies, Santa Clara, CA, United States) equipped with an electrospray ionization (ESI) source was used for mass spectrometric detection. The ESI mass spectra for sample analysis were acquired in both positive ion mode (ESI+) and negative ion mode (ESI-). The operating parameters were as follows: capillary, 4000 V (ESI+) or 3000 V (ESI-); sampling cone: 45 V; source temperature: 110°C (ESI+) or 120°C (ESI-); desolvation temperature: 350°C; desolvation gas, 11 L/min; source offset (skimmer1): 60 V; TOF acquisition mode: sensitivity (ESI+) or sensitivity (ESI-); acquisition method, continuum MSE; TOF mass range: 100–1000 Da; scan time: 0.2 s; collision energy function 2: trap CE ramp 20–40 eV. Quality control (QC) samples were used in order to assess the reproducibility and reliability of the LC-MS/MS system. QC samples prepared as mentioned above were used to provide a ‘mean’ profile representing all analyses encountered during the analysis. The pooled ‘QC’ samples were run before and after every two study samples to ensure system equilibration. Two reference standard compounds purine (C5H4N4) (with m/z 121.0509 in ESI+ mode and m/z 119.0363 in ESI- mode) and hexakis (1H,1H,3H-tetrafluoro-pentoxy)-phosphazene (C18H18O6N3P3F24) (with m/z 922.0098 in ESI+ mode and m/z 966.0007 in ESI- mode) were continuously infused into the system to allow constant mass correction during the run.

Metabolic Data Analysis

Raw spectrometric data were uploaded to and analyzed with the MassHunter Qualitative Analysis B.04.00 software (Agilent Technologies, United States) for untargeted peak detection, peak alignment, peak grouping, normalization and integration on each full data set (study samples and QC samples). The molecular features, characterized by retention time (RT), chromatographic peak intensity, and accurate mass, were obtained by using the Molecular Feature Extractor algorithm. The features were then analyzed with the MassHunter Mass Profiler Professional software (Agilent Technologies). Only features with an intensity of ≥ 20,000 counts (approximately three times the detection limit of the LC-MS/MS instrument used in this study) that were found in at least 80% of the samples at the same sampling time point were kept for further processing. Next, a tolerance window of 0.15 min and 2 mDa was used for alignment of retention time and m/z values, and the data were also normalized by the internal standard 2-Chloro-L-phenylalanine added when sample preparation. The generalized log2 transformation and Pareto scaling (mean-centered and divided by the value range of each variable) were performed on the preprocessed data matrix prior to multivariate analysis (MVA) using Principal Component Analysis (PCA), Partial Least Squares Discriminant Analysis (PLS-DA), and Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) to discriminate comparison groups using the function module Statistical Analysis on the online application MetaboAnalyst3 (Xia et al., 2015; Xia and Wishart, 2016; Chong et al., 2018). The quality of the models of PCA, PLS-DA and OPLS-DA was evaluated with the relevant parameters R2 and Q2, which were discussed elsewhere (Lee et al., 2003). And differential metabolites between groups (IS-MALE vs. IB-MALE, and IS-FEMALE vs. IB-FEMALE) were determined when variable importance in the projection (VIP) values obtained from the PLS-DA model were larger than 1.0 or the Student’s t-test with adjusted P-value (false discovery rate, FDR) of < 0.05. Fold change (FC) analysis, which was used to show how the selected differential metabolites varied between the compared groups, was also performed to further filter the features/metabolites of particular concern with an FC of ≥1.2 or ≤0.8 between the compared groups.

The structure identification of the differential metabolites was based on the methods described as follows. Briefly, the element compositions of the metabolites were first calculated with MassHunter software from Agilent based on the exact mass, the nitrogen rule, and the isotope pattern. Then, the elemental composition and exact mass were used for open source database searching, including LIPIDMAPS4, HMDB5, METLIN6, and MassBank7. Next, MS/MS experiments were performed to obtain structural information via the interpretation of the fragmentation pattern of the metabolite. The MS/MS spectra of possible metabolite candidates in the databases were also searched and matched.

MetaboAnalyst was used to perform metabolic pathway analysis of the differentially expressed metabolites. The identified pathways associated with the abnormal growth and development of schistosome in SCID mice are presented according to the P-values from the pathway enrichment analysis (y-axis) and pathway impact values from pathway topology analysis (x-axis), with the most impacted pathways colored in red color.

Transcriptional Verification of Enzymes in Some Altered Metabolic Pathways

As a representative, genes of enzymes involved in some altered metabolic pathways with significant biological process were selected for transcriptional validation using quantitative polymerase chain reaction (qPCR). Total RNA of the schistosomes samples (IS_FEMALE, IS_MALE, IB_FEMALE, and IB_MALE), which were another replicate sample in each group collected in the same batch of experiment, was isolated using TRIzol reagent (Invitrogen, United States) according to the manufacturer’s instructions. For each sample, 1 μg of total RNA was used to synthesize the first strand cDNA using a Reverse Transcriptase Kit (TaKaRa, Dalian, China) with oligo (dT)18 primers in a final volume of 20 μl. QPCRs were performed in technological duplicate in an optical 96-well plate on StepOne Plus Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific, United States) using SYBR® Green PCR Master Mix (TaKaRa, Dalian, China) according to the manufacturer’s instructions. Each real-time PCR reaction (in a final volume of 20 μL) contained 10 μL of 2 × SYBR® Green Real-time PCR Master Mix, 0.25 μL of each primer (10 μM) (the forward and reverse primers), 1 μL of cDNA, 0.4 μL of ROX Reference dye (50×) and 8.1 μL of sterile distilled water. In parallel for each sample, 1 μL of sterile distilled water as the blank template was included as negative control. The cycling conditions included an initial denaturation and activation at 95°C for 3 min, and followed by 45 cycles at 95°C for 10 s and 60°C for 20 s. All amplifications were followed by dissociation curve analysis of the amplified products by a dissociation step (95°C for 15 s, 65°C for 10 s, 95°C for 10 s) to confirm the amplicon specificity for each gene. Specific primers of the validated genes were designed using the NCBI/Primer-BLAST8 with specific parameters set as PCR amplicon length of 100 – 200 bp, melting temperature (Tm) of approximately 60°C and primer pair specificity checking against Refseq mRNA (Database) of Schistosoma (taxid:6181) (Organism), and were commercially synthesized by Sangon Biotech (Shanghai, China) Co., Ltd. Gene expression levels were normalized to 26S proteasome non-ATPase regulatory subunit 4 (PSMD4)(Liu et al., 2012), and the relative expression levels were calculated using the 2ˆ(-ΔΔCt) method. Statistical significance between groups was determined using the one sample t-test with the cutoff P-value being set at 0.05.



RESULTS

Metabolic Profiles

All total ion chromatograms (TIC) of QC samples exhibited stable retention times without obvious peaks’ drifts (Supplementary Figure S1), which indicated good capability of the LC-MS/MS based-metabolomics approach used in this study. Totally, 1015 ion features in ESI+ mode and 342 ion features in ESI- mode were obtained in all the male or female S. japonicum worms samples, respectively. The stability and reproducibility of the HPLC-MS/MS method was evaluated by performing PCA on all the samples, together with 10 QC samples. The QC samples are generally clustered closely to each other and are separated from the tested samples in the two-dimensional PCA score plots (Figures 1A,B) and PLS-DA score plots (Figures 1C,D), though a moderate separation among the QC samples in ESI+ mode was observed (Figure 1A), which confirms good stability and reproducibility of the chromatographic separation during the whole sequence. In addition, although the male worms (both IS-MALE and IB-MALE) were clearly separated from the female worms (both IS-FEMALE and IB-FEMALE), the male worms IS-MALE and IB-MALE were partially overlapped in the two-dimensional PCA score plots in both ion modes (Figures 1A,B), while the female worms IS-FEMALE and IB-FEMALE were completely separated in ESI- mode (Figure 1B), which indicated larger differences between male and female worms than the differences between the worms of the same sex derived from two different hosts, and larger differences between IS-FEMALE and IB-FEMALE than that between IS-MALE and IB-MALE. Similar results were also found in the two-dimensional PLS-DA models performed on all the samples, and it yielded distinct separation of the tested four groups of worms in both ESI+ (Figure 1C) and ESI- mode (Figure 1D).
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FIGURE 1. Differential metabolic profiles of male and female S. japonicum worms between SCID mice and BALB/c mice at 35 days post infection. Principal Component Analysis (PCA) score scatter plots of metabolites obtained from LC-MS/MS fingerprints in ESI+ (A) and ESI- mode (B). Partial least-squares discriminant analysis (PLS-DA) separating metabolites of the four groups of worms and QC sample in ESI+ (C) and ESI– mode (D). IB-MALE denotes the male worms from BALB/c mice, which are marked with green plus sign. IB-FEMALE denotes the female worms from BALB/c mice, which are marked with red triangles. IS-MALE denotes the male worms from SCID mice, which are marked with blue diamonds. IS-FEMALE denotes the female worms from SCID mice, which are marked with purple cross. QC denotes the quality control samples, which are marked with pink triangles. The sample size is 5 in each group of worm samples.



Metabolomic Profiles Distinguish Between S. japonicum Worms From SCID Mice and Those From BALB/c Mice

Correlation analysis, PLS-DA permutation test (Supplementary Figures S2A,C) and score scatter plots for two-dimensional OPLS-DA model in both ESI+ mode (Figure 2A) and ESI- mode (Figure 2B) showed good discrimination between the male worms from SCID mice and those from BALB/c mice (IS-MALE vs. IB-MALE), which was also demonstrated in the heatmap based on the differential metabolites of the 10 male worms samples (Figures 2C). Likewise, Correlation analysis, PLS-DA permutation test (Supplementary Figures S2B,D) and the score plots for two dimensional OPLS-DA mode in both ESI+ mode (Figure 2D) and ESI- mode (Figure 2E) also showed distinct group separation between the female worms samples from SCID mice and those from BALB/c mice (IS-FEMALE vs. IB-FEMALE), which was further supported by the heatmap constructed based on the 10 female worms samples (Figure 2F).
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FIGURE 2. Discrimination between the S. japonicum worms from SCID mice and those from BALB/c mice with S. japonicum infection for 35 days based on ESI+ and ESI- mode-derived metabolic phenotypes and heatmaps of the differential metabolites between the compared groups. (A,B): Orthogonal partial least-squares discriminant analysis (OPLS-DA) score plots in ESI+ mode (A) and ESI– mode (B) for comparison between male worms from SCID mice and those from BALB/c mice (IB-MALE denotes the male worms from BALB/c mice and IS-MALE denotes the male worms from SCID mice). (C): Heatmap of the differential metabolites between male worms from SCID mice and those from BALB/c mice. (D,E): Orthogonal partial least-squares discriminant analysis (OPLS-DA) score plots in ESI+ mode (D) and ESI– mode (E) for comparison between female worms from SCID mice and those from BALB/c mice (IB-FEMALE denotes the female worms from BALB/c mice and IS-FEMALE denotes the female worms from SCID mice). (F): Heatmap of the differential metabolites between female worms from SCID mice and those from BALB/c mice. For the heatmaps, normalized signal intensities (log2 transformed and row adjustment) are visualized as a color spectrum and the scale from least abundant to highest ranges is from –3.0 to 3.0 as shown in the colorbar. Green indicates decreased expression, whereas red indicates increased expression of the detected metabolites between compared groups. The sample size is 5 in each group of worm samples.



Patterns of Metabolites With Differential Amount in Schistosome

Twenty-nine differential ion features/metabolites (FDR < 0.05, and FC ≥ 1.2 or ≤ 0.8), with nine increased and twenty decreased, were identified between IS-MALE vs. IB-MALE (Supplementary Table S1 and Figure 2C). Five of the increased metabolites, PC (22:6/20:1) (which was traditionally named as lecithin), L-allothreonine, L-serine, glycerophosphocholine, and 5-aminoimidazole ribonucleotide, even had an FC > 1.5, particularly for PC (22:6/20:1) involved in the glycerophospholipid metabolism having an FC of 17.53 between IS-MALE vs. IB-MALE (Figures 3A–E). None of the twenty decreased metabolites had an FC < 0.5 between IS-MALE vs. IB-MALE. Meanwhile, 41 differential features/metabolites were identified between IS-FEMALE and IB-FEMALE (Supplementary Table S2 and Figure 2F). Retinyl ester, a metabolite of the retinol metabolism pathway, is the only metabolite that showed up-regulated between IS-FEMALE and IB-FEMALE. Four of the remained forty decreased metabolites, 5-phosphoribosylamine, PC(16:0/0:0), PC(22:6/20:1) and ergothioneine, even had an FC < 0.5 between IS-FEMALE and IB-FEMALE (Figures 3F–J).
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FIGURE 3. Scatter plots of differential metabolites with FC ≥ 1.5 or FC ≤ 0.5 in comparison groups. (A–E): Differential metabolites between IS-MALE vs. IB-MALE; (F–J): Differential metabolites between IS-FEMALE vs. IB-FEMALE. The sample size is 5 in each group of worm samples.



Comparison of differential metabolic profiles between IS-MALE vs. IB-MALE and IS-FEMALE vs. IB-FEMALE found that eleven features/metabolites were common in their differential metabolites (Table 1 and Figures 4A,B). Most of the common differential metabolites in both male and female worms had the similar decrease trend in the SCID mice, except that PC(22:6/20:1) increased in male worms but decreased in female worms in SCID mice compared with BALB/c mice (Table 1 and Figure 4B). After removing the common differential metabolites, eighteen differential metabolites were distinct in IS-MALE vs. IB-MALE (Table 2 and Figure 4C), and 30 differential metabolites were distinct in IS-FEMALE vs. IB-FEMALE (Table 3 and Figure 4D), which is more than male worms.

TABLE 1. List of the common differential metabolites in male and female worms from SCID mice.
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FIGURE 4. Comparison of metabolomics between the S. japonicum worms from SCID mice and those from BALB/c mice with S. japonicum infection for 35 days heatmaps of their differential metabolites. (A): Differential metabolites across comparison groups showing unique and common metabolites between IS-MALE vs. IB-MALE and IS-FEMALE vs. IB-FEMALE. Venn diagram displays comparatively the differentially expressed metabolites. All the differentially expressed metabolites are clustered into two comparison groups represented by two circles. The sum of all the figures in one circle represents the number of differentially expressed metabolites in one comparison group (e.g., IS-MALE vs. IB-MALE). The overlapping part of the two circles represents the number of differentially expressed metabolites shared between the two comparison groups. The single-layer part represents the number of metabolites distinctly found in a certain comparison group. (B–D): Heatmap of the common (B) and distinct [(C) is for male worms and (D) is for female worms] differential metabolites between male worms and female worms. For the heatmaps, normalized signal intensities (log2 transformed and row adjustment) are visualized as a color spectrum and the scale from least abundant to highest ranges is from –3.0 to 3.0 as shown in the colorbar. Green indicates decreased expression, whereas red indicates increased expression of the detected metabolites between compared groups. The sample size is 5 in each group of worm samples.



TABLE 2. List of the male worm-specific differential metabolites between SCID mice and BALB/c mice.
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TABLE 3. List of the female worm-specific differential metabolites between SCID mice and BALB/c mice.
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By searching against “The Human Metabolome Database” (HMDB9) for metabolite classification, “glycerophospholipids,” “organonitrogen compounds” and “carboxylic acids and derivatives” were found as the top three categories (≥3 differential metabolites involved) of differential metabolites between IS-MALE vs. IB-MALE (Figure 5A). Metabolite set enrichment analysis (MSEA10) found that “bile acid biosynthesis,” “taurine and hypotaurine metabolism,” “sphingolipid metabolism,” “retinol metabolism,” “purine metabolism,” “fructose and mannose degradation,” “ammonia recycling,” “glycine and serine metabolism,” “homocysteine degradation,” “phosphatidylethanolamine biosynthesis,” “methionine metabolism” and “selenoamino acid metabolism” were the prominently enriched metabolite sets (with adjusted P-values < 0.05) based on the differential metabolites between IS-MALE vs. IB-MALE (Supplementary Table S3 and Figure 5B). Meanwhile, “glycerophospholipids,” “carboxylic acids and derivatives,” “organonitrogen compounds,” “fatty acyls” and “purine nucleosides” were the top five enriched categories of differential metabolites between IS-FEMALE vs. IB-FEMALE (Figure 5C). And MSEA based on the differential metabolites between IS-FEMALE vs. IB-FEMALE found that “retinol metabolism,” “alpha linolenic acid and linoleic acid metabolism,” “purine metabolism,” “sphingolipid metabolism” and “glutamate metabolism” were the prominently enriched metabolite sets with raw P-values < 0.05 but only “retinol metabolism” has an adjusted P-value < 0.05 (Supplementary Table S4 and Figure 5D). Moreover, most (9/11) of the common differential metabolites between IS-MALE vs. IB-MALE and IS-FEMALE vs. IB-FEMALE belong to glycerophospholipids (Figure 5E), which was enriched by MSEA to phospholipid biosynthesis (Supplementary Table S5 and Figure 5F). The differential metabolites distinct in IS-MALE vs. IB-MALE were classified prominently into “organonitrogen compounds,” “glycerophospholipids” and “carboxylic acids and derivatives” (Figure 5G), which were enriched prominently to “sphingolipid metabolism,” “purine Metabolism,” “methionine metabolism,” “selenoamino acid metabolism,” “bile acid biosynthesis,” “taurine and hypotaurine metabolism,” “retinol metabolism” and “betaine metabolism” (Supplementary Table S6 and Figure 5H). The differential metabolites distinct in IS-FEMALE vs. IB-FEMALE were classified prominently into “glycerophospholipids,” “carboxylic acids and derivatives,” “fatty acyls,” “organonitrogen compounds” and “purine nucleosides” (Figure 5I), which were enriched prominently to “retinol metabolism,” “purine metabolism,” “glutamate metabolism,” “alpha linolenic acid and linoleic acid metabolism” and “warburg effect” (Supplementary Table S7 and Figure 5J).
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FIGURE 5. Enrichment analysis of the differential metabolites across comparison groups. (A): Top 8 enriched metabolite terms of the differentially expressed metabolites of IS-MALE vs. IB-MALE. The bars on x-axis represent the number of metabolites for the chemical classes mentioned on the y-axis. (B): Enriched metabolite sets of the differentially expressed metabolites of IS-MALE vs. IB-MALE. (C): Top 11 enriched metabolite terms of the differentially expressed metabolites of IS-FEMALE vs. IB-FEMALE. (D): Enriched metabolite sets of the differentially expressed metabolites of IS-FEMALE vs. IB-FEMALE. (E): Enriched metabolite terms of the common differentially expressed metabolites between IS-MALE vs. IB-MALE and IS-FEMALE vs. IB-FEMALE. (F): Enriched metabolite sets of the differentially expressed metabolites between IS-MALE vs. IB-MALE and IS-FEMALE vs. IB-FEMALE. (G): Enriched metabolite terms of the differentially expressed metabolites distinct in IS-MALE vs. IB-MALE. (H): Enriched metabolite sets of the differentially expressed metabolites distinct in IS-MALE vs. IB-MALE. (I): Enriched metabolite terms of the differentially expressed metabolites distinct in IS-FEMALE vs. IB-FEMALE. (J): Enriched metabolite sets of the differentially expressed metabolites distinct in IS-FEMALE vs. IB-FEMALE.



Altered Metabolic Pathways With Biological Significance

The pathway analysis performed using MetaboAnalyst for the involved biological pathways and biological roles of the above differentially expressed metabolites determined that the perturbed metabolic pathways reporting lower p-values and higher pathway impact in male worms from SCID mice compared with those from BALB/c mice mainly included arachidonic acid metabolism, alpha-linolenic acid metabolism, taurine and hypotaurine metabolism, sphingolipid metabolism, glycerophospholipid metabolism, and etc (Supplementary Table S8 and Supplementary Figure S3A). Meanwhile, more affected metabolic pathways in female worms from SCID mice compared with those from BALB/c mice were determined, and the top 5 metabolic pathways included biotin metabolism, tryptophan metabolism, purine metabolism, glyoxylate and dicarboxylate metabolism, tyrosine metabolism (Supplementary Table S9 and Supplementary Figure S3B).

Metabolic pathways analysis based on the common differential metabolites between IS-MALE vs. IB-MALE and IS-FEMALE vs. IB-FEMALE found that tryptophan metabolism, aminoacyl-tRNA biosynthesis, purine metabolism, glycerophospholipid metabolism, arachidonic acid metabolism and alpha-linolenic acid metabolism were commonly perturbed in both male and female worms from SCID mice compared with BALB/c mice (Supplementary Table S10 and Supplementary Figure S3C). Metabolic pathways analysis based on the differential metabolites distinct in IS-MALE vs. IB-MALE found their involved metabolic pathways included sphingolipid metabolism, glycerophospholipid metabolism, taurine and hypotaurine metabolism, purine metabolism, glycine/serine/threonine metabolism, cysteine and methionine metabolism, cyanoamino acid metabolism, glyoxylate and dicarboxylate metabolism and aminoacyl-tRNA biosynthesis (Supplementary Table S11 and Supplementary Figure S3D). More metabolic pathways based on the differential metabolites distinct in IS-FEMALE vs. IB-FEMALE were found and the top five metabolic pathways were arachidonic acid metabolism, glycerophospholipid metabolism, glycosylphosphatidylinositol (GPI)-anchor biosynthesis, alpha-linolenic acid metabolism and glyoxylate and dicarboxylate metabolism (Supplementary Table S12 and Supplementary Figure S3E).

QPCR Examination of Enzymes in Retinol Metabolism and Meiosis

To find evidences in transcript level, four genes in “retinol metabolism” (Figure 6) and eight genes in the associated meiosis process with “retinol metabolism” (O’Byrne and Blaner, 2013), as representatives, were selected for transcript abundance comparison. They are S. japonicum diacylglycerol O-acyltransferase 1 (SjDGAT1), retinol dehydrogenase 12 (SjRDH12), short chain dehydrogenase/reductase (SjDHRS), aldehyde dehydrogenase 1B1 precursor (SjALDH1B1) involved in retinol metabolism, and meiotic recombination protein SPO11 (SjSPO11), double-strand break repair protein MRE11A (SjMRE11), S-phase kinase-associated protein 1A (Sjskp1a), meiotic nuclear division protein 1-like protein (SjMND1), polo-like kinase 1 (SjPLK1), polo-like kinase 4 (SjPLK4), DNA repair protein RAD51 (SjRAD51), and meiotic recombinase DMC1 (SjDMC1). These genes and their full or partial mRNA sequences were obtained by name searching or sequence blast from a known gene sequence of other species against the public databases NCBI and WormBase ParaSite. The detailed information of primers of the tested genes are listed in Supplementary Table S13. The qPCR results found the transcript levels of SjDGAT1, SjDHRS and SjRDH12 in “retinol metabolism” were elevated in female worms from SCID mice when compared with those in female worms from BALB/c mice (Figures 7A,B,D), though only P-value of SjDHRS was smaller than 0.05, but not in male worms from SCID mice. No significant difference was detected in the level of SjADH1B1 in both female and male worms from SCID mice when compared with those from BALB/c mice (Figure 7C). The transcript levels of SjSPO11, SjMND1 and SjDMC1 were elevated in female worms from SCID mice when compared with that in female worms from BALB/c mice (Figures 7E,G,L), SjMRE11 decreased almost half in female worms from SCID mice when compared with that in female worms from BALB/c mice (Figure 7F). Meanwhile, SjSPO11, SjMND1, SjPLK4, SjRAD51, and SjDMC1 were elevated in male worms from SCID mice (Figures 7E,G,J–L), while SjMRE11 and Sjskp1a decreased in male worms from SCID mice (Figures 7F,H) though some P-values were larger than 0.05. No significant difference was detected in the level of SjPLK1 in both female and male worms from SCID mice when compared with those from BALB/c mice (Figure 7I).
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FIGURE 6. The metabolism of retinoids. Retinal can be originally formed by the cleavage of proretinoid carotenoids such as beta-carotene by the enzyme BCMO1 (not shown here). Retinol is formed by the reversible reduction of retinal by one of the retinal reductase family members. The enzyme lecithin:retinol acyl-transferase (LRAT) [with an ortholog gene called diacylglycerol O-acyltransferase (DGAT) in Schistosoma] synthesizes retinyl esters by transferring a fatty acyl moiety from the sn-1 position of membrane phosphatidyl choline such as lecithin [PC(22:6/20:1)] to retinol. Unesterified retinol is liberated from retinyl ester stores by the catalysis of a retinyl ester hydrolase (REH). Retinol is oxidized by catalysis of one retinol dehydrogenase (RDH) to retinal, which is then irreversibly oxidized by one retinal dehydrogenase (RALDH) to form transcriptionally active retinoic acid. Retinoic acid is finally oxidized/catabolized to more water-soluble hydroxy- and oxo- forms by one of several cytochrome P450 enzyme family members.
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FIGURE 7. Transcriptional verification of some genes involved in retinol metabolism and the associated meiosis process by qPCR. The tested four genes in “retinol metabolism” are: (A) S. japonicum diacylglycerol O-acyltransferase 1 (SjDGAT1), (B) short chain dehydrogenase/reductase (SjDHRS), (C) aldehyde dehydrogenase 1B1 precursor (SjALDH1B1), and (D) retinol dehydrogenase 12 (SjRDH12). The tested eight genes involved in meiosis are: (E) S. japonicum meiotic recombination protein SPO11 (SjSPO11), (F) double-strand break repair protein MRE11A (SjMRE11), (G) meiotic nuclear division protein 1-like protein (SjMND1), (H) S-phase kinase-associated protein 1A (Sjskp1a), (I) polo-like kinase 1 (SjPLK1), (J) polo-like kinase 4 (SjPLK4), (K) DNA repair protein RAD51 (SjRAD51), and (L) meiotic recombinase DMC1 (SjDMC1). S_F: IS-FEMALE, B_F: IB-FEMALE, S_M: IS-MALE, and B_M: IB-MALE. Two duplicate examinations were performed for each group of worm samples.





DISCUSSION

In this study, an untargeted LC-MS/MS-based high-resolution metabolomic investigation was performed and distinct bio-signatures in the metabolic profiles of male and female S. japonicum worms in SCID mice were found when compared with those in BALB/c mice, respectively. In the results, MVA by both PCA and PLS-DA found larger differences between IS-FEMALE and IB-FEMALE than that between IS-MALE and IB-MALE. This indicates the female schistosome worms were affected more severely than the male worms in SCID mice, which was verified by the subsequent finding that more differential metabolites were acquired in IS-FEMALE vs. IB-FEMALE than IS-MALE vs. IB-MALE. This is expectable and reasonable as the growth and development of female worms were affected by male worms as well as the host’s factors, i.e., the sexual maturation of female worms depends on pairing with male worms (Shaw et al., 1977; Popiel, 1986; Gupta and Basch, 1987; Boissier and Mone, 2001; Kunz, 2001; Osman et al., 2006; Quack et al., 2006; LoVerde et al., 2009; Wang et al., 2017). These differential metabolites common and distinct in male worms or female worms in SCID mice compared with BALB/c mice may be associated with the abnormal growth and development of worms in SCID mice, and the differential metabolites distinct in male worms or female worms should be associated with larger differences between IS-FEMALE and IB-FEMALE than those between IS-MALE and IB-MALE.

In the list of differential metabolites of IS-FEMALE vs. IB-FEMALE, retinyl ester was the only up-regulated metabolite of female worms from SCID mice, which was enriched in “retinol metabolism.” Numerous researches reported that the retinol metabolism, in which retinyl ester is involved, regulates gametogenesis and reproduction by the product transcriptionally active retinoic acid (Chung and Wolgemuth, 2004; Koubova et al., 2006; Alsop et al., 2008; Kim et al., 2008; Amory et al., 2011). In the retinol metabolism pathway of animals, all-trans retinyl esters in the body is formed by transferring a fatty acyl moiety from the sn-1 position of membrane phosphatidyl choline [e.g., PC(22:6/20:1), traditionally named as lecithin] to all-trans-retinol under the catalysis of lecithin:retinol acyltransferase (LRAT), whose ortholog in Schistosoma is diacylglycerol O-acyltransferase 1 (DGAT1). Unesterified all-trans-retinol, which could be reversibly liberated from all-trans retinyl esters stores through the action of a retinyl ester hydrolase (REH), is oxidized by one retinol dehydrogenase (RDH) to all-trans-retinal, which can be also reversibly transformed to all-trans-retinol by the catalysis of retinal reductase (RALR). All-trans-retinal, which is originally derived from the decomposition of proretinoid carotenoids such as dietary β-carotene, is then irreversibly oxidized by one retinal dehydrogenase (RALDH) to form transcriptionally active all-trans retinoic acid (O’Byrne and Blaner, 2013). LRAT is a key enzyme involved in retinoids homeostasis and is regulated in response to retinoic acid, and it can also negatively regulate retinoic acid biosynthesis by diverting retinol away from oxidative activation (O’Byrne and Blaner, 2013). Therefore, we speculate higher level of retinyl ester found in the female worms from SCID mice logically means lower level of lecithin, which should be consumed to synthesize retinyl ester. What was consistent with this inference in the results was that PC(22:6/20:1) (HMDB0008735, with full name as 1-docosahexaenoyl-2-eicosenoyl-sn-glycero-3-phosphocholine, or traditional name as lecithin) happened to be decreased in the female worms from SCID mice when compared with those from BALB/c mice (Figure 6). So, we speculated that the accumulated retinyl ester in the female worms from SCID mice resulted in insufficient formation of the active retinoic acid. It is known that retinoic acid is the meiosis-inducing factor in both sexes, and inhibition of retinoic acid biosynthesis would markedly suppresses gametogenesis (Kim and Griswold, 1990; Chung and Wolgemuth, 2004; Bowles et al., 2006; Koubova et al., 2006; Doyle et al., 2007; Alsop et al., 2008; Anderson et al., 2008; Kim et al., 2008; Amory et al., 2011; Duester, 2013; Nicholls et al., 2013; Paik et al., 2014; Liu R. et al., 2018; Nourashrafeddin and Hosseini Rashidi, 2018). In addition, overexpression of LRAT will favor retinyl ester formation, which would disrupt retinol homeostasis and interrupt the ability of downstream metabolites to regulate transcription of genes involved in various biological processes. Various cancer cells have been found to have low levels of LRAT and retinyl ester levels. Overexpression of LRAT or increased level of retinyl esters themselves makes cells more sensitive to carcinogen-induced tumorigenesis and leison (Tang et al., 2009; Ghosh, 2014). So, insufficient retinoic acid biosynthesis due to prevailing retinyl ester formation could be a significant cause for the retarded development and declined fertility appeared in female worms from SCID mice in this study. QPCR verification in transcript abundance of some genes in “retinol metabolism” and the associated meiosis process found SjDGAT1, which encodes a protein catalyzing the conversion of all-trans-retinol and lecithin to retinyl ester, was elevated in female worms from SCID mice when compared with those in female worms from BALB/c mice. This was just consistent with the metabolic finding that there was higher level of retinyl ester in female worms from SCID mice. In addition, SjSPO11, which encodes a protein involved in the creation of double stranded breaks in the DNA in the early stages of meiotic recombination, was found with higher level in female worms as well as male worms from SCID mice when compared with those from BALB/c mice. Meanwhile, SjMRE11 and SjRAD51, which encode enzymes involved in DNA double-strand break repair, were found with lower level in female worms from SCID mice when compared with those from BALB/c mice. So, both of these were consistent with the above speculation that prevailing retinyl ester formation could lead to retarded development and declined fertility in worms due to affected meiotic process.

Meanwhile, lecithin is a source of several active compounds: choline and its metabolites are needed for several physiological purposes, including cell membrane signaling and cholinergic neurotransmission during growth and reproduction (Attia et al., 2009; Attia and Kamel, 2012). So, excessive lecithin consumption in retinyl ester formation probably lead to worse effect in the development and reproduction of schistosomes besides insufficient retinoic acid biosynthesis. In contrast, however, an extremely higher level of lecithin was detected in the male worms from SCID mice than BALB/c mice, with a relative fold as high as 17.53 for IS-MALE vs. IB-MALE. It is known that the schistosomes are dioecious trematodes, and embracing with the male worm by residing in the male’s gynaecophoric channel is crucial for the female worm to grow and sexually mature (Gryseels et al., 2006). So, we speculated that insufficient interaction between the male and female worms, which manifested as decreased percent of worm pairs reported in our previous research (Tang et al., 2013), resulted in insufficient material exchange or transfer between them, such as the probable lecithin transfer from male worms to female worms. Similar alterations in fatty acyls, glycerophospholipids, purine nucleosides, imidazopyrimidines and indoles and derivatives were detected in both male and female worms from SCID mice when compared with BALB/c mice, but opposite alterations were detected in carboxylic acids and derivatives (Figures 5A,C,E). Common decrease in glycerophospholipids synthesis with lysoPCs, lysoPEs and PCs as the top three alter metabolites, one of the main functions of which is to serve as a structural component of biological membranes (Farooqui et al., 2000; Zufferey et al., 2017), indicated attenuated parasite establishment with smaller body size and attenuated reproduction due to potentially deficient glycerophospholipids in worms from SCID mice.

Sphingolipids are commonly believed to protect the cell surface against harmful environmental factors (Hannun and Obeid, 2008; Bartke and Hannun, 2009), and arachidonic acid is involved in cellular signaling as a lipid second messenger as a polyunsaturated fatty acid present in the phospholipids (Wang et al., 2006; Fukaya et al., 2007). Their involved metabolic pathways of important biological significance such as sphingolipid metabolism and arachidonic acid metabolism were also found abnormal with decreased sphingolipids in male and arachidonic acid in female worms from SCID mice, respectively, which may be also associated with the developmentally stunted worms.

Furthermore, the level of tryptophan, an essential amino acid, was found decreased in both male and female worms from SCID mice. Tryptophan acts as a precursor for the synthesis of the neurotransmitters melatonin and serotonin and then, any reduction in tryptophan will lead to a number of conditions or diseases, e.g., dermatitis and psychiatric symptom – depression in animals, it seems in this study to contribute to inhibiting of the growth and reproduction of worms finally (Jing et al., 2009; Shen et al., 2012; Tsuji et al., 2013; Liu et al., 2015, 2017; Zhang et al., 2018). Ergothioneine is a product of plant origin that accumulates in animal tissues and a naturally occurring metabolite of histidine that has antioxidant properties though its physiological role in vivo is undetermined (Aruoma et al., 1999). Decrease of ergothioneine was found in female worms from SCID mice, which indicated increased susceptibility to oxidative damage in them (Zhu et al., 2011; Cheah and Halliwell, 2012; Cheah et al., 2017).



CONCLUSION

The identified differential metabolites and their involved metabolic pathways are likely associated with the abnormalities in growth and development of S. japonicum worms in SCID mice when compared with those in BALB/c mice. Differential alterations in metabolic profiles between male and female worms from SCID mice when compared with BALB/c mice indicated the degree and mechanism of the influence the host on male and female worms were different. Our data has demonstrated the great ability of LC-MS/MS-based metabolomics to detect a broad range of differential metabolites in worms that strongly distinguished between their different hosts – the SCID mice and BALB/c mice. The above mentioned differential metabolites, together with the others not mentioned here in particular, need further verification and investigations for their underlying mechanisms in the regulation of growth and development of schistosomes. As a result, this study, which described the application of metabolomics method to better understand S. japonicum biology, will greatly facilitate the discovery of new drugs and vaccines against schistosomes and schistosomiasis.
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FIGURE S1 | The stacked total ion chromatograms of QC sample. (A) The stacked total ion chromatogram of QC sample in ESI+ mode. (B) The stacked total ion chromatogram of QC sample in ESI- mode. The bars on x-axis represent the retention time (0∼15 min) and the bars on y-axis represent the total ion strength. The sample size is 5 in each group of worm samples.

FIGURE S2 | Correlation analysis and PLS-DA permutation test between samples. (A) Correlation Analysis between male worm samples. (B) Correlation Analysis between female worm samples. (C) PLS-DA Permutation test of male worm samples. (D) PLS-DA Permutation test of female worm samples. Distance measurement for Correlation Analysis is performed by Spearman rank correlation. Permutation numbers for Permutation test equal to 1000.

FIGURE S3 | Summary of the aberrant metabolic pathways based on the significantly altered metabolites of the comparison groups as analyzed by Pathway Analysis of MetaboAnalyst. Plots show the matched pathways depicted according to P-value from pathway enrichment analysis and pathway impact score from pathway topology analysis. (A) Enriched metabolic pathways based on the differential metabolites between IS-MALE vs. IB-MALE. (B) Enriched metabolic pathways based on the differential serum metabolites between IS-FEMALE vs. IB-FEMALE. (C) Enriched metabolic pathways based on the differential metabolites common in IS-MALE vs. IB-MALE and IS-FEMALE vs. IB-FEMALE. (D) Enriched metabolic pathways based on the differential metabolites distinct in IS-MALE vs. IB-MALE. (E) Enriched metabolic pathways based on the differential metabolites distinct in IS-FEMALE vs. IB-FEMALE. Color gradient and circle size indicate the significance of the pathway ranked by P-value (yellow: higher P-values and red: lower P-values) and pathway impact score (the larger the circle the higher the impact score), respectively. Significantly affected pathways with low P-value and high pathway impact score are identified by name.

TABLE S1 | Differential metabolites of male worms from SCID mice compared with those from BALB/c mice. This table contains a list of the differential metabolites between male worms from SCID mice and male worms from BALB/c mice.

TABLE S2 | Differential metabolites of female worms from SCID mice compared with those from BALB/c mice. This table contains a list of the differential metabolites between female worms from SCID mice and female worms from BALB/c mice.

TABLE S3 | Metabolite set enrichment of the differential metabolites of male worms between SCID mice and BALB/c mice. Metabolite sets are enriched of the differential metabolites between male worms from SCID mice and male worms from BALB/c mice.

TABLE S4 | Metabolite set enrichment of the differential metabolites of female worms between SCID mice and BALB/c mice. Metabolite sets are enriched of the differential metabolites between female worms from SCID mice and female worms from BALB/c mice.

TABLE S5 | Metabolite set enrichment of the common differential metabolites in male and female worms from SCID mice. Metabolite sets are enriched of the common differential metabolites between male worms and female worms from SCID mice compared with those from BALB/c mice.

TABLE S6 | Metabolite set enrichment of the male worm-specific differential metabolites between SCID mice and BALB/c mice. Metabolite sets are enriched of the male worm-specific differential metabolites between SCID mice and BALB/c mice.

TABLE S7 | Metabolite set enrichment of the female worm-specific differential metabolites of those between SCID mice and BALB/c mice. Metabolite sets are enriched of the female worm-specific differential metabolites between SCID mice and BALB/c mice.

TABLE S8 | Pathway analysis of the differential metabolites of male worms between SCID mice and BALB/c mice. This list contains the enriched metabolic pathways of the differential metabolites of male worms between SCID mice and BALB/c mice.

TABLE S9 | Pathway analysis of the differential metabolites of female worms between SCID mice and BALB/c mice. This list contains the enriched metabolic pathways of the differential metabolites of female worms between SCID mice and BALB/c mice.

TABLE S10 | Pathway analysis of the common differential metabolites in male and female worms from SCID mice. This list contains the enriched metabolic pathways of the common differential metabolites between male worms and female worms from SCID mice compared with those from BALB/c mice.

TABLE S11 | Pathway analysis of the male worm-specific differential metabolites between SCID mice and BALB/c mice. This list contains the enriched metabolic pathways of the male worm-specific differential metabolites between SCID mice and BALB/c mice.

TABLE S12 | Pathway analysis of the female worm-specific differential metabolites between SCID mice and BALB/c mice. This list contains the enriched metabolic pathways of the female worm-specific differential metabolites between SCID mice and BALB/c mice.

TABLE S13 | Information of qPCR primers of the tested genes 1 involved in retinol metabolism and meiosis. This list contains the detailed information of qPCR primers of the tested genes involved in retinol metabolism and its regulated process of great biological significance - meiosis.



FOOTNOTES

1 http://www.hfkbio.com/

2 www.anachro.com.cn

3 http://www.metaboanalyst.ca/

4 http://www.lipidmaps.org/

5 http://www.hmdb.ca/

6 http://metlin.scripps.edu/

7 http://www.massbank.jp/

8 https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome

9 http://www.hmdb.ca/

10 http://www.metaboanalyst.ca/
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Background and aims: Mice orally infected with T. gondii develop Crohn's disease (CD)-like enteritis associated with severe mucosal damage and a systemic inflammatory response, resulting in high morbidity and mortality. Previously, helminthic infections have shown therapeutic potential in experimental colitis. However, the role of S. mansoni in T. gondii-induced CD-like enteritis has not been elucidated. Our study investigated the mechanisms underlying T. gondii-induced ileitis and the potential therapeutic effect of S. mansoni coinfection.

Methods: C57BL/6 mice were infected by subcutaneous injection of cercariae of the BH strain of S. mansoni, and 7–9 weeks later, they were orally infected with cysts of the ME49 strain of T. gondii. After euthanasia, the ileum was removed for histopathological analysis; staining for goblet cells; immunohistochemistry characterizing mononuclear cells, lysozyme expression, apoptotic cells, and intracellular pathway activation; and measuring gene expression levels by real-time PCR. Cytokine concentrations were measured in the serial serum samples and culture supernatants of the ileal explants, in addition to myeloperoxidase (MPO) activity.

Results: T. gondii-monoinfected mice presented dense inflammatory cell infiltrates and ulcerations in the terminal ileum, with abundant cell extrusion, apoptotic bodies, and necrosis; these effects were absent in S. mansoni-infected or coinfected animals. Coinfection preserved goblet cells and Paneth cells, remarkably depleted in T. gondii-infected mice. Densities of CD4- and CD11b-positive cells were increased in T. gondii- compared to S. mansoni-infected mice and controls. MPO was significantly increased among T. gondii-mice, while attenuated in coinfected animals. In T. gondii-infected mice, the culture supernatants of the explants showed increased concentrations of TNF-alpha, IFN-gamma, and IL-17, and the ileal tissue revealed increased expression of the mRNA transcripts for IL-1 beta, NOS2, HMOX1, MMP3, and MMP9 and activation of NF-kappa B and p38 MAPK signaling, all of which were counterregulated by S. mansoni coinfection.

Conclusion: S. mansoni coinfection attenuates T. gondii-induced ileitis by preserving mucosal integrity and downregulating the local inflammatory response based on the activation of NF-kappa B and MAPK. The protective function of prior S. mansoni infection suggests the involvement of innate immune mechanisms and supports a conceptually new approach to the treatment of chronic inflammatory diseases, including CD.

Keywords: S. mansoni coinfection, T. gondii-induced ileitis, mucosal immunity, Paneth cells, intestinal epithelial barrier, Crohn's disease


INTRODUCTION

Inflammatory bowel disease (IBD) constitutes a complex and heterogeneous disorder of the gastrointestinal tract, comprising both Crohn's disease (CD) and ulcerative colitis (UC). Despite the recent progress achieved in understanding IBD pathogenesis, encompassing genetic predisposition, and the interactions between the immune system and environmental and microbial elements, the cause of disease is still unclear, and therapy remains mostly empirical with limited effectiveness (1). Although the available data from developing countries are still limited, there is currently a general consensus that the incidence and prevalence of IBD are progressively increasing, and IBD is emerging as a worldwide disease (2). In fact, the results from a recent systematic review indicate an accelerating incidence in countries that are becoming more industrialized and more westernized, corroborating the notion of a global distribution of IBD (3).

Nevertheless, it is interesting to notice that the epidemiological evidence also unveils a link between the reduction in the burden of infectious diseases and the emergence of allergic and immune-mediated chronic inflammatory disorders (4). In this context, while the incidence of CD has been associated with improvements in socioeconomic status, fewer infections and high domestic hygiene in childhood (5), it has been inversely correlated with the distribution of helminthic infections (6, 7). These findings are compatible with the hygiene hypothesis, in which environmental elements, including the microbiota, are essential to the education of the immune system beginning very early in life (8). In the last few years, an evolutionary mismatch, particularly the loss of helminths from the human biome, has been proposed to be the underlying cause of the widespread increase in immune-related disorders (9). One mechanistic explanation of the potential protection conferred by helminth worm parasites from allergic and inflammatory conditions is that helminths can modulate the immune response, preventing the host from eliminating the parasites while concomitantly decreasing the reactivity against other pathogens (10). The shift in the immune reactivity caused by helminth infections is characterized by the silencing of the proinflammatory Th1 and Th17 T-cell subsets (11), and a synchronous promotion of regulatory T cells (Tregs) (12), including a prominent role for the regulatory cytokine interleukin (IL)-10 (13).

Attempts to treat CD and other autoimmune diseases using helminths to downregulate the inflammatory response, especially responses based on Th1 and Th17 immunity, have been reported occasionally (14). In human CD, pilot studies reported the beneficial effects of administering Trichuris suis ova to patients, indicating a possible downregulation of aberrant intestinal inflammation and reinforcing the notion that natural exposure to helminths may afford protection from immune-mediated diseases (15). Moreover, in another pilot study using helminths to treat CD, the investigators also found significant clinical improvement in patients infected with Necator americanus larvae (16). In experimental CD, using a model of 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis, which prompts a predominant Th1-type immune response (17), investigators showed that helminthic infection with S. mansoni attenuates intestinal inflammation (18).

In the last three decades, animal models of intestinal inflammation have contributed important information on intestinal homeostasis and mucosal immunity, critical elements for the understanding of IBD pathogenesis. However, all models of IBD have limitations, and most of the models affect only the colon (17, 19). Previous studies have demonstrated that oral infection with T. gondii induces severe inflammation in the small intestine, and T. gondii infection has been proposed as a model for CD ileitis (20). The inflammatory response resulting from T. gondii infection involves the systemic and local induction of the Th1 response and of IL-23/IL-22 cytokines, which are implicated in the disruption of intestinal homeostasis, with an overexpression of matrix metalloproteinases (MMPs) and increasing host morbidity and mortality regardless of parasite control (21, 22). Considering that oral T. gondii infection fosters compartmental and systemic inflammatory responses resulting in intestinal tissue damage in mice resembling human CD ileitis, we hypothesized that prior infection with S. mansoni would render mice less susceptible to the development of enteritis.



MATERIALS AND METHODS


Ethics Statement for Animal Studies

The institutional animal care committee of the Health Sciences Centre of the Federal University of Rio de Janeiro approved the care and use of the animals and procedures reported in this study (approval ID: 01200.001568/2013-87), in accordance with the guidelines of the International Care and Use Committee of the National Institutes of Health and the Guide for the Care and Use of Laboratory Animals (23).



Animals

We utilized 6- to 8-week-old C57BL/6 mice, which were kept at constant temperature (25°C) in a room with a 12-h light-dark cycle. Standard laboratory pellet formula and tap water were provided ad libitum.



Parasites and Infections

The T. gondii strain ME49 was kindly provided by Dr. R. Gazzinelli (UFMG, Minas Gerais, Brazil) and Dr. J. Lannes-Vieira (Fiocruz, Rio de Janeiro, Brazil). For oral infection, mice were infected by gavage using 100 ME49 cysts/animal. The cysts were obtained from C57BL/6 brain homogenates, as previously described (24). The S. mansoni strain BH was kindly provided by the Malacology Laboratory, Fiocruz (Rio de Janeiro, RJ, Brazil). To induce infection, 50 cercariae were inoculated in the back of each animal by subcutaneous injection.



Experimental Design

After an acclimation period of 1 week, the mice maintained under specific pathogen-free conditions were randomly assigned to one of four groups, each containing 15 animals. Next, the animals of both the S. mansoni monoinfection and the coinfection groups were inoculated with S. mansoni cercariae. After 7 weeks, enteritis was induced through the introduction of T. gondii cysts by gavage in the animals of both the T. gondii monoinfection and the coinfection groups. A group of uninfected animals constituted the control group. Blood samples were collected from the tail vein at days 0, 4, and 7 after T. gondii infection. After harvesting, the blood samples were frozen and stored at −80°C for further analysis. For the surgical procedure, the animals were anesthetized subcutaneously with ketamine (35 mg/kg) and xylazine (5 mg/kg) and underwent a laparotomy performed with sterile technique. The ileal samples were opened longitudinally and rinsed in saline several times before being processed for the histological assessment and other studies. Histopathological analysis was also conducted on livers, due to the expected changes associated with the experimental model. The animals were euthanized by asphyxiation using increasing concentrations of CO2, and death was confirmed by cervical dislocation in experimental week 8 (seven days after T. gondii infection).



Histological Assessment

The specimens were fixed in 40 g/L formaldehyde saline, embedded in paraffin, cut into 5-mm sections, stained with hematoxylin and eosin, and examined microscopically. The histological scores of the ileum were determined by two independent observers, as previously described (25). To further analyze the histopathological changes, we used the periodic acid-Schiff (PAS) technique to stain goblet cells within the intestinal epithelium. The density of the goblet cells was defined as the percentage of PAS-positive cells within at least 500 epithelial cells in the crypts and the surface epithelium of longitudinally sectioned intestinal pits. To assess eosinophils within the intestinal mucosa, sections were stained with Sirius red and counterstained with hematoxylin. Liver sections were stained with hematoxylin and eosin, and examined microscopically.



Immunohistochemistry

Briefly, paraffin sections were cut onto slides pretreated with polylysine to characterize Paneth cells and intracellular signaling pathways using the indirect immunoperoxidase technique. Briefly, deparaffinized sections were first incubated at 90°C in 0.01 M sodium citrate buffer (pH 6.0) for 30 min for antigen retrieval. Then, the slides were immersed in 3% hydrogen peroxide in methanol for 10 min to block endogenous peroxidase activity. After being rinsed in phosphate-buffered saline (PBS) containing 0.5 % Tween 20 for 10 min, the tissue sections were incubated with non-immune horse serum for 30 min and subsequently, with the appropriate monoclonal antibody. Immunohistochemical staining was performed using the following primary antibodies: rabbit monoclonal anti-CD4 antibody (1:50; Santa Cruz Biotechnology Inc., Santa Cruz, CA); rabbit monoclonal anti-CD11b antibody (1:100; ab133357, Abcam, Cambridge, United Kingdom); rabbit polyclonal anti-lysozyme antibody (1:500; OriGene Technologies, Inc. Rockville, MD, USA); rabbit polyclonal anti-p38 [Thr180/Tyr182] (1:200) and anti-NFkB1/NFkB p105 (1:200) antibodies (both from Novus Biologicals, Littleton, CO, USA). Two sections from each sample were incubated with either PBS alone or with an isotype monoclonal IgG (concentration matched) and served as the negative controls. After incubation in a humidified chamber overnight at 4°C, the tissue sections were rinsed with PBS and incubated with a Dual Link System-HRP (Dako, Glostrup, Denmark) for 30 min at room temperature. Additional rinsing was followed by development with a solution containing hydrogen peroxide and diaminobenzidine (Dako, Glostrup, Denmark). The preparations were lightly counterstained in Harris's hematoxylin, dehydrated, and mounted in Permount (Fisher Scientific, Pittsburgh, PA, USA).



Assessment of Apoptosis in the Ileum

Apoptosis was assessed in tissue sections of the ileum by a terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay. Samples from all experimental groups were analyzed using an ApopTag Peroxidase in situ Apoptosis Detection Kit (Millipore Corporation, Billerica, MA, USA). First, the paraffin sections were deparaffinized, hydrated, and incubated with a proteinase K solution. After blocking endogenous peroxidase activity, the slides were covered with the equilibration buffer and then incubated with a solution containing TdT enzyme. For the negative controls, we incubated a second section from each sample without TdT enzyme. For the positive controls, we pretreated samples with DNAse I (Sigma-Aldrich, Deisenhofen, Germany). After the reaction was terminated, the specimens were incubated with non-immune horse serum and then incubated with an anti-digoxigenin antibody peroxidase conjugate. As described above, the sections were developed with diaminobenzidine, counterstained in Harris's hematoxylin, dehydrated, and mounted in mounting medium. Morphologically preserved TUNEL-positive cells and apoptotic bodies were defined as apoptotic cells.



Quantitative Assessment of Ileal Sections

The tissue sections were observed under a light microscope, and the quantitative analysis was carried out using a computer-assisted image analyzer (Leica QWin Plus V 3.5.1, Leica Microsystems Ltd, Switzerland). In the immunoperoxidase studies, the results of the quantitative analysis of the cell subsets were expressed as cell numbers per crypt (Paneth cells) or per mm2 lamina propria (eosinophils, CD4-, CD11b-, NF-kappa B-, and phospho-p38-positive cells). The density of apoptotic cells was defined by the number of immunoreactive cells in relation to total cells (immunoreactive and non-immunoreactive cells) in at least 500 epithelial cells in the crypts and the surface epithelium of longitudinally sectioned intestinal crypts. Two independent observers who were unaware of the experimental data examined all tissue sections and captured images.



RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR

The expression levels of selected genes were validated by quantitative real-time PCR (qRT-PCR). First, total RNA isolation from ileal specimens was performed using SV Total RNA isolation systems (Promega, Madison, WI, USA) following the manufacturer's protocol. A Nanodrop 2000 UV–Vis Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) was used for quantifying and determining the purity of the RNA samples. Equal amounts of total RNA were reverse transcribed using a High-Capacity cDNA Archive kit. To quantify the mRNA, real-time RT-PCR was performed with an ABI Prism 7500 (Applied Biosystems, Foster City, CA, USA) using a CustomTaqMan® Array Gene Signature Plate (Thermo Scientific, Wilmington, DE, USA), including the IL-4, IL-17A, IFN-gamma, IL-1 beta, IL- 22, TGF beta-1, MMP3, MMP9, HMOX1, NOS2, CCR5, CC3CR1, NF-kappa B, and MAPK14 genes. The mRNA levels were normalized to the expression levels of the control genes 18S and GAPDH. For the data analysis, the ΔΔCt method was used to determine the fold change of all of the target genes in each sample with 95 % confidence. The qRT-PCR reaction for each gene was performed in duplicate, and each experiment was repeated at least three times. The PCR cycles were performed according to the manufacturer's instructions.



Organ Culture, Cytokine Measurements, and Aminotransferase Assays

Ileal explants were cultured in RPMI 1640 medium supplemented with 10 % fetal calf serum (Gibco-Invitrogen, Carlsbad, CA, USA), 2 mM L-glutamine, 50 mM 2-mercaptoethanol, 10 mM HEPES, penicillin (10,000 units/mL), and streptomycin (10 mg/mL) (all from Sigma Chemical Co., St. Louis, MO, USA) for 24 h at 37°C in a 5% CO2 humidified incubator. The samples were centrifuged, and the supernatants were aliquoted and stored at −80°C. The plasma samples obtained at different time points and explant culture supernatants were then subjected to cytokine measurement with a Cytometric Bead Array Mouse Th1/Th2/Th17 Cytokine Kit (BD Biosciences, San Jose, CA, USA), using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). The results were provided and analyzed with BD CBA Analysis software. The total protein content of the biopsy specimens was estimated using a Pierce BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA) and was used to normalize the results. To measure the liver-associated enzymes aspartate (AST) and alanine ALT) transaminase in serum (day 7), a protocol modified from commercial colorimetric kits (Sigma Chemical Co., St. Louis, MO, USA) was employed. Briefly, 20 μl of serum was added to each well containing 100 μl of a master reaction mix, including enzyme mix, developer, substrate, and assay buffer. Plates were protected from light, mixed and incubated at 37°C. After 5 min, the initial measurements were obtained, measuring the absorbance at 450 nm, for AST, and at 570 nm, for ALT. Measurements were taken every 5 min, until the value of the most active sample was greater than the value of the highest standard (10 nmole/well).



Myeloperoxidase Activity Assessment

After being used in organ cultures, ileal samples were collected and frozen at −80°C until the extraction of myeloperoxidase (MPO) when they were homogenized in potassium phosphate buffer (pH 6.0), frozen and defrosted twice, homogenized again in the potassium phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethyl-ammonium bromide (Sigma Chemical Co., St. Louis, MO, USA), and centrifuged at 40,000 g for 30 min at 4°C. The supernatants were discarded and the insoluble pellets were rehomogenized in the potassium phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethyl-ammonium bromide. Ten microliters of the supernatants was added to a 96-well plate containing 290 μl of 50 mM potassic PBS (pH 6.0), 3 μl of substrate solution, containing 20 mg/ml o-dianisidine (Sigma Chemical Co., St. Louis, MO, USA), and 3 μl of H2O2 (20 mM). The plate components were rapidly mixed and the absorbance was determined at 460 nm for 1 min with a spectrophotometer. MPO activity was measured by a standard curve of the samples in units of MPO/mg of colonic samples.



Statistical Analysis

Statistical analyses were performed using SPSS 20.0 software (SPSS Inc., Chicago, IL, USA). Statistical differences between the experimental groups were evaluated with the Mann–Whitney test or the Kruskal–Wallis ANOVA on ranks test, in which multiple comparisons were carried out using Dunnett's test, as appropriate. The values are expressed as the medians with interquartile ranges. The survival data are presented as a Kaplan-Meier survival curve and were analyzed with the log-rank test. For the serum cytokines, an analysis was performed by linear regression. All tests were two-tailed, and statistical significance was established as P-values <0.05.



Availability of Materials and Data

Materials, such as protocols, analytic methods, and study material, are available upon request to interested researchers. The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.




RESULTS


T. gondii Monoinfection and Coinfection With S. mansoni Lead to Increased Morbidity and Mortality

Following the same protocol of oral T. gondii infection, we have previously shown that C57BL/6 wild-type infected mice have increased mortality in association with the inflammatory response within the intestinal mucosa (26). In this study, we detected body weight loss as early as day two after T. gondii infection and increased mortality throughout the follow-up period. While monoinfection with S. mansoni did not affect the general health status of the animals, coinfected mice had weight loss similar to that of T. gondii-infected animals and a higher mortality rate than S. mansoni-monoinfected mice (Figure 1). The histopathological examination of liver sections from T. gondii-infected mice revealed the presence of foci of inflammation, with a relative preservation of the general tissue structure. S. mansoni monoinfection resulted in large multifocal eosinophilic granulomas, with the preservation of the essentially normal liver architecture. However, in coinfected mice, larger and less eosinophilic granulomas, surrounded by extensive areas of coagulative necrosis, and hepatocyte vacuolization were consistently observed. In parallel, significantly increased levels of AST and ALT, liver-associated enzymes, were detected in the serum of coinfected mice, compared to the other experimental groups. Levels in coinfected animals were almost twice as much of those observed among T. gondii-infected mice, measured at day 7 (Supplementary Figure S1). Together, histopathological findings and biochemical evidence for liver dysfunction support the notion of a synergistic effect of concurrent S. mansoni and T. gondii infections promoting severe liver damage. These results regarding hepatic damage may explain the higher morbidity and mortality observed among the coinfected animals.
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FIGURE 1. Increased morbidity and mortality in T. gondii-infected mice and in mice coinfected with T. gondii and S. mansoni. The survival curves for C57BL/6 mice (A) showed a significant reduction in the survival of mice infected with T. gondii alone compared with that of the controls and S. mansoni-infected animals (a, p < 0.001) and in the survival of mice coinfected with T. gondii and S. mansoni compared to that of the controls (b, p < 0.001) and S. mansoni-infected animals (c, p < 0.001). Morbidity was evaluated by determining the relative weight loss (B). Mice infected with T. gondii alone and mice coinfected with T. gondii and S. mansoni presented progressive weight loss (a, p = 0.001; b, p < 0.001) compared with the controls and S. mansoni-infected mice. The data are representative of three independent experiments, with 5–7 animals per group. The survival curves were analyzed, and the p-values were determined by the log-rank test.





Prior Infection With S. mansoni Attenuates the Intestinal Injury From T. gondii Infection

Next, we investigated the effects of T. gondii and S. mansoni monoinfections and coinfection on intestinal injury. No histological damage was detected in the ileum of control and S. mansoni-monoinfected mice. T. gondii-induced ileitis manifested predominantly as continuous inflammatory lesions in the terminal ileum, including edema, ulceration, and evidence of transmural inflammation. Ileal samples from animals with concurrent infections with S. mansoni and T. gondii showed less inflammation compared to samples from T. gondii-monoinfected animals. Typically, intestinal damage in T. gondii-infected samples displayed several histological changes, including inflammatory infiltration of the entire lamina propria, blunting of the villi, abnormal crypt architecture, and areas of epithelial disruption, necrosis, and cell extrusion into the lumen. The tissue damage was determined by histopathological scores of the terminal ileum, and most samples from T. gondii-monoinfected mice presented significantly higher scores compared to samples from controls and S. mansoni-mono- and -coinfected animals (Figure 2A). To further characterize the nature of the inflammatory cell infiltrate within the intestinal lamina propria, we assessed eosinophils by immunohistochemistry. Ileal samples from S. mansoni-monoinfected or -coinfected animals showed significantly higher densities of eosinophils compared with those from T. gondii-infected mice or non-infected controls (Figure 2B).
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FIGURE 2. Prior S. mansoni infection attenuates T. gondii-induced inflammation and intestinal damage. Histopathological analysis by hematoxylin and eosin (HE) staining of the terminal ileum shows that S. mansoni infection prevents the severe inflammatory changes and tissue damage caused by T. gondii infection (A). Sirius red staining revealed higher densities of eosinophils in S. mansoni-monoinfected or -coinfected animals compared with those from T. gondii-infected mice or non-infected controls (B). The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The scale bars represent 20 μm. The data are representative of three independent experiments, with 5–7 animals per group.



In the epithelial compartment of the ileum, the density of mucous-secreting goblet cells was significantly lower in T. gondii-infected samples compared to samples from the normal control group or S. mansoni-monoinfected or -coinfected animals (Figure 3A). In addition, ileal samples from T. gondii-infected mice displayed significantly lower numbers of Paneth cells, labeled by immunohistochemistry with an anti-lysozyme antibody, compared to those from non-infected normal controls and S. mansoni-infected animals (Figure 3B).
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FIGURE 3. Prior S. mansoni infection preserves specialized epithelial cells in the ileum upon T. gondii challenge. Coinfection reduces the loss of goblet cells induced by T. gondii infection (A). Coinfection also reduces the loss of Paneth cells induced by T. gondii infection (B). The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The scale bars represent 20 μm. The data are representative of three independent experiments, with 5–7 animals per group.



To characterize the different cell populations present in the lamina propria, we performed immunohistochemistry experiments to label CD4- and CD11b-positive cells. The dense inflammatory cell infiltration observed in the lamina propria of T. gondii-infected mice, comprised an increased concentration of both CD4- and CD11b-positive cells. Prior S. mansoni infection attenuates T. gondii-induced accumulation of CD4- (Figure 4A) and CD11b-positive cells (Figure 4B).
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FIGURE 4. T. gondii-induced ileitis is characterized by an intense inflammatory cell infiltration in the lamina propria, including CD4- and CD11b-positive cells. Prior S. mansoni infection attenuates T. gondii-induced accumulation of CD4- (A) and CD11b-positive cells (B). The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The scale bars represent 20 μm. The data are representative of three independent experiments, with 5–7 animals per group.



To analyze the role of cell death in tissue damage in this model, we used a TUNEL assay to label apoptotic cells. Mucosal samples from T. gondii-infected animals showed significantly higher rates of apoptosis compared to samples from controls and S. mansoni-infected animals (Figure 5).
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FIGURE 5. Prior S. mansoni infection protects the ileal mucosa against the apoptotic cell loss induced by T. gondii. Apoptotic cells in the terminal ileum were detected using a TUNEL assay, as shown by the representative photomicrographs. The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The scale bars represent 20 μm. The data are representative of three independent experiments, with 5–7 animals per group.



To analyze the participation of neutrophils in the inflammatory response in this model, we measured MPO activity in ileal explants. While MPO activity was significantly higher in T. gondii-infected, prior S. mansoni infection remarkably attenuated MPO activity in the terminal ileum explants of coinfected mice (Figure 6).
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FIGURE 6. T. gondii-induced ileitis is characterized by an increased activity of myeloperoxidase (MPO), compared to S. mansoni monoinfected and control mice. Prior S. mansoni infection attenuates MPO activity in the terminal ileum explants of coinfected mice. The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The data are representative of two independent experiments, with 5–7 animals per group.





Concurrent Infection With S. mansoni Controls the T. gondii-Mediated Inflammatory Response

Next, we investigated whether concurrent infection with S. mansoni could affect the production of inflammatory mediators mechanistically involved in the intestinal inflammation associated with T. gondii oral infection. For this purpose, we used a commercial mouse Th1/Th2/Th17 cytokine kit, which is based on a bead array technology to simultaneously detect several cytokine proteins in samples (IL-2, IL-4, IL-6, IFN-gamma, TNF, IL-17A, and IL-10). Here, we present only the quantifiable results obtained. The analysis of the supernatants obtained from ileal explant cultures revealed that the concentrations of IFN-gamma, TNF-alpha, and IL-17 were significantly increased in samples from T. gondii-infected mice compared to samples from the controls and S. mansoni-infected animals. The concentrations of IL-6 were not significantly different between the experimental groups, although we detected a tendency toward increased expression in the T. gondii-infected samples (Figure 7).
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FIGURE 7. Prior S. mansoni infection modulates the proinflammatory cytokine production induced by T. gondii in the terminal ileum explants. Ileum explants were cultured for 24 h at 37°C with 5% CO2. The supernatants were used to measure the concentrations of cytokines by CBA. The box plots show the levels of IL-6 (A), TNF-alpha (B), IFN-gamma (C), and IL-17 (D). The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The data are representative of three independent experiments, with 5–7 animals per group.



To investigate potential impacts on the systemic response, we also measured cytokine concentrations in the plasma samples obtained from the peripheral blood in a dynamic fashion. Although the results were not statistically significant, we identified a tendency toward an early elevation in IFN-gamma expression (day 4), a late elevation in TNF-alpha expression, and a possible late elevation in IL-6 expression (day 7) in the T. gondii-monoinfected animals compared to the controls and S. mansoni-infected animals (Supplementary Figure S2).



Concurrent Infection With S. mansoni Modulates the Expression of Genes Involved in T. gondii-Induced Ileitis

To investigate the mechanism by which the infections might regulate the inflammatory response in the intestinal mucosa, we examined the mRNA expression of several genes potentially involved in the inflammatory process and tissue remodeling. Overall, the mRNA levels were increased for all target genes studied in T. gondii-infected ileal samples compared with samples from the other groups. For example, IFN-gamma mRNA expression followed the results obtained from the protein measurements in the supernatants of the explant cultures. The IL-1 beta and HMOX1 mRNA levels were significantly higher in the T. gondii-infected samples than in the control samples. On the other hand, the TGF-beta and NOS2 mRNAs displayed significantly higher levels in samples from the T. gondii-infected mice compared to those from S. mansoni-infected mice. Moreover, in samples from T. gondii-infected mice, the mRNA levels of MMP3, NF-kappa B, and MAPK14 were higher than those in samples from S. mansoni-monoinfected mice, while the mRNA levels of MMP9 were higher in samples from the T. gondii-monoinfected mice than samples from the coinfected mice (Figure 8).
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FIGURE 8. Prior S. mansoni infection modulates the expression of genes involved in the immune response, oxidative stress, tissue remodeling, and intracellular signaling pathways affected by T. gondii. Quantitative real-time PCR was used to measure the levels of (A) IFN-gamma and IL-1 beta; (B) NOS2 and HMOX1; (C) TGF-beta, MMP3, and MMP9; and (D) NF-kappa B and MAPK14 in the terminal ileum biopsies of the control, T. gondii-infected, S. mansoni-infected and coinfected mice. The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The data are representative of three independent experiments, with 5–7 animals per group.





Concurrent Infection With S. mansoni Blunts T. gondii-Mediated NF-Kappa B and MAP Kinase Activation

To confirm the findings obtained with qPCR, the NF-kappa B and p38 MAP kinase intracellular signaling pathways were also investigated at the protein level by immunohistochemistry. NF-kappa B and phosphorylated p38 MAPK displayed similar expression patterns and tissue distributions and were present in both the epithelium and the lamina propria mononuclear cells at significantly higher densities in ileal samples from T. gondii-infected mice compared to those from non-infected normal controls and S. mansoni-infected animals (Figure 9).
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FIGURE 9. Prior S. mansoni infection attenuates the expression of intracellular signaling pathways involved in cytokine production and cell survival triggered by T. gondii. The NF-Kappa B (A) and phospho-p38 (B) expression levels are shown. The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The scale bars represent 20 μm. The data are representative of three independent experiments, with 5–7 animals per group.






DISCUSSION

In the present study, we investigated for the first time the possible effect of concurrent infection with S. mansoni on experimental T. gondii-induced ileitis, which is proposed as an experimental model for human CD ileitis. Oral infection with T. gondii induced a severe inflammatory process in the terminal ileum, with an intense inflammatory cell infiltrate, cell death, disruption of epithelial integrity with Paneth, and goblet cell depletion, and the activation of signaling pathways resulting in the production of several proinflammatory mediators and a predominant Th1/Th17-type immune response. Notably, concurrent infection with S. mansoni remarkably attenuated the inflammatory process and tissue destruction resulting from oral infection with T. gondii.

Experimental IBD is usually generated by chemical induction or immunologic or gene targeting, rendering important limitations regarding the resemblance to the human disease (17). Moreover, in the majority of these models, inflammation develops only in the colon (27, 28). On the other hand, human CD predominantly affects the terminal ileum (29, 30), and the evidence, including genome-wide association studies, supports the suggestion that CD ileitis may actually represent a distinct form of IBD (31). In this study, we worked with a model in which oral T. gondii infection drives an intestinal inflammatory response similar to that observed in human CD (32). Based on the previous knowledge that infections with helminths, such as S. mansoni, can induce a polarization of the immune response toward a Th2 phenotype with enhanced IL-4, IL-5, and IL-13 production (33) and that a soluble antigen from the S. mansoni egg may inhibit the production of IL-12 by dendritic cells (34), we hypothesized that concurrent infection with S. mansoni could be able to control or even neutralize the Th1 immune response induced by T. gondii infection. In fact, this study shows that S. mansoni coinfection appears to preserve the morphological structure of the intestine, including the epithelial layer with all the specialized cells and to control the accumulation of inflammatory cells in the lamina propria compared to T. gondii monoinfection.

The intestinal alterations induced by S. mansoni alone affected both the small bowel and the colon, resulting in granuloma formation, but with practically no effect on the lamina propria or the epithelial layer. S. mansoni granulomas were sparsely distributed throughout the gut, with a typical cellular infiltrate composed of a large number of eosinophils, as expected. Although the exact mechanism by which S. mansoni modulates T. gondii aggression is not fully elucidated, the enhanced presence of eosinophils, per se, may provide protection not only by contributing to parasite destruction but also by regulating important biological functions, such as immunoregulation (35). Interestingly, a recent study by Arnold et al. (36) further confirmed the importance of eosinophils in the regulation of Th1 responses via the IFN-gamma–dependent upregulation of PD-L1, in addition to the bactericidal properties associated with degranulation. Together, these data appear to support the role of eosinophils in the regulation of homeostatic processes within the gut and in antibacterial defense. The novel antibacterial effect of eosinophils may prove particularly relevant here, as in most experimental models of IBD, animals usually do not develop inflammation when raised under germ-free conditions, clearly implicating the intestinal microbiota in IBD pathogenesis (17, 37).

The attenuation of T. gondii-induced intestinal inflammation presented in this study is consistent with the protective effect of S. mansoni observed in a previous investigation on experimental IBD using the haptenating agent 2,4,6-trinitrobenzene sulfonic acid (TNBS), which induces a predominantly Th1-mediated response (18). Moreover, similar to human CD, the TNBS-induced colitis model results in transmural inflammation, characterized by lamina propria infiltration with CD4-positive T cells, macrophages, and neutrophils (38, 39). Regarding neutrophils accumulation and activity, similar to TNBS-induced colitis, in this study we showed that T. gondii-induced ileitis also triggers innate immune mechanisms, including increased myeloperoxidase activity, in addition to potential effects on the adaptive immune response. The accumulation of macrophages and CD4-positive T cells in the lamina propria of samples from T. gondii-induced ileitis is also compatible with the activation of innate and adaptive immune mechanisms, which are attenuated by concurrent infection with S. mansoni. However, although systemic abnormalities based on circulating cytokines were not significant in this study, we noted a tendency toward an increase in Th1 cytokine expression. Nonetheless, it is important to highlight that the higher rates of death in the present study occurred among the coinfected mice. The increased mortality can be explained by our results concerning liver damage, corroborating the findings of a previous study, which showed a remarkable exacerbation in liver injury, probably due to a synergistic effect of T. gondii and S. mansoni concurrent infection (40).

Although it is well established that mucosal immune tolerance depends on the equilibrium between effector and regulatory T cells (41), results from various investigations, particularly genome-wide association studies performed in the last decade, have reinforced the importance of innate immune and epithelial cells in the pathogenesis of CD (42). In addition to composing a physical barrier, the intestinal epithelium also possesses specialized cells, such as goblet cells and Paneth cells, which are able to secrete protective mucous and antimicrobial peptides, respectively (43). Goblet cells secrete mucins that form the gel constituting the intestinal mucous, which comprises a dense and sterile inner layer and a more permeable external layer populated by commensal microorganisms (44). The relationship between the microbiota and the intestinal mucus is still incompletely understood, but there is evidence of a reciprocal interaction, as mucus permeability was shown to depend on the composition of the microbiota, and vice versa (45).

A distinctive feature of the small bowel is the remarkable presence of Paneth cells within the epithelium, lying in the bottom of the Lieberkühn crypts, which have a characteristic antimicrobial function involving the secretion of peptides, such as alpha-defensins (46). The role of Paneth cells in the control of the microbiota has been reinforced by several experimental studies in which cell depletion resulted in microbial accumulation in the lamina propria and mesenteric lymph nodes (47) and susceptibility to infections by the oral route (48). The evidence linking Paneth cells to CD is rather complex and comprises several genetic, microbial and functional aspects. The first hint suggesting a role for Paneth cells in CD came from the observation that NOD2, the first gene polymorphism associated with CD, is highly expressed in Paneth cells (49). Another study described a reduction in the synthesis of defensins by Paneth cells in patients with ileal CD (50). In a British study, the reduction in the production of defensins in patients with CD was shown to be more relevant in a cohort bearing a NOD2 mutation (51). Possible defects in Paneth cell maturation and differentiation may also be important in the pathogenesis of CD. For example, in patients with ileal CD, low expression of Wnt and TCF-4 has been detected, regardless of the presence of inflammation (52). Moreover, the abnormal granule exocytosis observed in ATG16L-deficient animals (53), further supports a role for defects in Paneth cells in CD, as an ATGL16 gene mutation has also been associated with CD (54).

Regarding the mechanisms underlying the inflammatory process and the immune response, the results of this study appear to support the notion that T. gondii-induced ileitis drives a predominant Th1 and Th17 response, with high concentrations of IFN-gamma, TNF-alpha, IL-17, and even IL-1 beta in the explants from the ileal samples. In fact, previous studies have shown that some experimental models of IBD are based on both Th1 and Th17 responses (17, 55), similar to what is observed in human CD (56). Here, IL-6 did not differ significantly among groups and, transforming growth factor (TGF)-beta, the only with direct and consistent anti-inflammatory potential among the molecules analyzed, displayed a similar behavior as TNF-alpha, IL-17, IFN-gamma, and IL1-beta. Although data on IL-2, IL-4, and IL-10 could have helped in further characterizing the immune response, the study protocol and/or the kit performance imposed limitations for the analysis of relevant concentrations of specific cytokine proteins in tissue culture supernatants and serum samples used in this study. On the other hand, the increase in IL-1 beta expression detected in this study may represent additional evidence for innate immune activation in the model in association with defects in the epithelial barrier. IL-1 beta is implicated in immediate and early innate immune responses against microbial constituents (57) and is also directly involved in the activation of the inflammasome (58). In addition, IL-1 beta has been associated with the pathogenesis of IBD, especially CD (39), and in experimental IBD, IL-1 beta has been shown to induce an increase in intestinal permeability in association with NF-kappa B activation (59).

In this model, T. gondii-induced ileitis also induced the activation of intracellular signaling pathways, including the NF-kappa B and p38 mitogen-activated protein kinase (MAPK) pathways, suggesting that these pathways might be involved in the underlying inflammatory process. Nonetheless, it is interesting to note that in this study, S. mansoni infection apparently directs an opposing response, tending to decrease the expression of both NF-kappa B and MAPK induced by T. gondii infection. Notably, abnormalities in intracellular signaling pathways can lead to dysregulation in the immune response favoring the perpetuation of inflammation observed in IBD in a bidirectional fashion, as proinflammatory cytokines can activate NF-kappa B (60), and NF-kappa B can orchestrate inflammation both in experimental models (61) and in human IBD (62). In addition to NF-kappa B, p38 MAPK has also been implicated in the chronic inflammatory process underlying IBD, as the pathway is capable of regulating the expression of proinflammatory cytokines, including TNF-alpha, within the intestinal mucosa of patients with CD (63) and is also involved in the local inflammatory response in experimental IBD (64). In the present study, the downregulation of NF-kappa B and phospho-p38 MAPK expression corroborates the attenuation of the inflammatory process of T. gondii-induced ileitis but does not clarify whether the effect of the concurrent infection with S. mansoni on intracellular signaling pathways is direct or indirect.

Several characteristics of the inflammatory process underlying IBD are consistent with the physiological properties of nitric oxide (NO), which has been implicated in the regulation of motility, mucosal blood flow, and epithelial protection, among other effects (65). In IBD, NO has been shown to mediate macrophage-induced senescence and the DNA damage response, particularly in CD, which presents with higher levels of NO synthase 2 (NOS2) compared to UC (66). Similar to what has been shown in human CD, T. gondii-infected samples also presented higher expression of NOS2 in this study. Another potentially protective molecule analyzed in this investigation was heme oxygenase-1 (HMOX1), an enzyme with anti-inflammatory and immune regulatory functions capable of modulating immune-mediated diseases, experimental colitis (67), and human IBD (68). Together, these findings appear to reinforce the roles of NO and HMOX1 as important regulators in chronic and acute inflammatory processes and suggest their participation in the homeostatic pathways involved in IBD.

Matrix metalloproteinases (MMPs) have been linked to extracellular matrix turnover in physiological and pathological conditions. The activity of MMPs relative to that of tissue inhibitors of MMPs has been shown to be increased in inflamed samples of patients with IBD (69) and in experimental colitis (70). Interestingly, the increased spatial expression of MMPs in segments of resected terminal ileum from patients with CD has been associated with the higher recurrence of intestinal strictures (71). Here, we also identified increased expression of MMP3 and MMP9 in the samples from T. gondii-infected animals compared with those from S. mansoni-monoinfected or -coinfected animals. Another important molecule in tissue remodeling, TGF-beta, a pleiotropic cytokine possessing important tolerogenic action in the gut (72), also showed higher expression in T. gondii-induced ileitis in the current study. In fact, the intestinal mucosa from patients with CD has been shown to overexpress TGF-beta (73), particularly in areas of intestinal stricture (74), whereas in vitro studies demonstrated that TGF-beta promotes the production of collagen by human intestinal smooth muscle cells and myofibroblasts (75). In addition, the increased expression of TGF-beta in the mucosa overlying CD strictures was also been shown to stimulate the local production of MMPs (76). The results obtained from the ileal samples of T. gondii-infected animals in the present study appear to be consistent with the expected changes in the expression of MMPs and TGF-beta in acute and chronic inflammation and the abnormal tissue remodeling observed in IBD.

Collectively, our data suggest that concurrent infection with S. mansoni attenuates the course of T. gondii-induced enteritis by downregulating both the adaptive and innate immune responses and by inhibiting the NF-kappa B and p38 MAPK intracellular signaling pathways and oxidative stress-mediated mechanisms. Moreover, the preservation of Paneth cells and goblet cells in coinfected mice further supports the idea that the protection against T. gondii-induced ileitis could be related to mechanisms of innate immunity, with potential effects on the epithelial barrier function and the intestinal microbiota. However, the mechanistic insights to explain the observed results are premature at this stage and constitute part of our ongoing investigations. Nonetheless, the findings presented here appear to be in accordance with the evolutionary concept in which mammalian coevolution with helminths and other species have shaped immune function so that effective responses are dependent on a normal biome (77). Such a normal biome, in turn, most likely encompasses helminth colonization, with a range of direct and indirect influences resulting in the downregulation of the immune system (78). Therefore, we speculate that helminth colonization enhances the production of regulatory elements and diminishes the propensity for immune-mediated disorders. In the context of chronic inflammatory diseases with predominant Th1/Th17 responses, S. mansoni or its constituents emerge as a conceptually novel approach to treatment, potentially including the treatment of CD.
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Supplementary Figure S1. S. mansoni monoinfection resulted in large multifocal eosinophilic granulomas in the liver, although the essentially normal structure was preserved. Liver sections from T. gondii-infected mice displayed foci of inflammation, with a relative preservation of the general structure. In coinfected mice, larger and less eosinophilic granulomas, surrounded by extensive areas of coagulative necrosis and hepatocyte vacuolization were observed. The scale bars represent 10 μm. (A) Significantly increased AST and ALT, liver-associated enzymes, were detected in the serum of coinfected mice, compared to the other experimental groups. Levels in coinfected animals were almost twice as much of those observed among T. gondii-infected mice (at day 7) (B). The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The data are representative of two independent experiments, with 3–5 animals per group.

Supplementary Figure S2. Expression levels of early systemic pro- and anti-inflammatory cytokines are upregulated during coinfection. Plasma samples were used to measure the concentrations of cytokines by CBA: IL-10 (A), IL-17A (B), TNF-α (C), IFN-γ (D), IL-6 (E), IL-4 (F), and IL-2 (G). The analysis was performed by linear regression. Red arrows indicate the highest systemic cytokine levels at day 4. Black arrows point to the highest level of cytokine secretion on day 7. DPI, days postinfection; CTL, control; Sm, S. mansoni infection; Tg, T. gondii infection; COI, coinfection with S. mansoni and T. gondii. The data are representative of two independent experiments, with 3–5 animals per group.
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Despite significant progress, China faces the challenge of re-emerging schistosomiasis transmission in currently controlled areas due, in part, to the presence of a range of animal reservoirs, notably water buffalo and cattle, which can harbor Schistosoma japonicum infections. Environmental, ecological and social-demographic changes in China, shown to affect the distribution of oncomelanid snails, can also impact future schistosomiasis transmission. In light of their importance in the S. japonicum, lifecycle, vaccination has been proposed as a means to reduce the excretion of egg from cattle and buffalo, thereby interrupting transmission from these reservoir hosts to snails. A DNA-based vaccine (SjCTPI) our team developed showed encouraging efficacy against S. japonicum in Chinese water buffaloes. Here we report the results of a double-blind cluster randomized trial aimed at determining the impact of a combination of the SjCTPI bovine vaccine (given as a prime-boost regimen), human mass chemotherapy and snail control on the transmission of S. japonicum in 12 selected administrative villages around the Dongting Lake in Hunan province. The trial confirmed human praziquantel treatment is an effective intervention at the population level. Further, mollusciciding had an indirect ~50% efficacy in reducing human infection rates. Serology showed that the SjCTPI vaccine produced an effective antibody response in vaccinated bovines, resulting in a negative correlation with bovine egg counts observed at all post-vaccination time points. Despite these encouraging outcomes, the effect of the vaccine in preventing human infection was inconclusive. This was likely due to activities undertaken by the China National Schistosomiasis Control Program, notably the treatment, sacrifice or removal of bovines from trial villages, over which we had no control; as a result, the trial design was compromised, reducing power and contaminating outcome measures. This highlights the difficulties in undertaking field trials of this nature and magnitude, particularly over a long period, and emphasizes the importance of mathematical modeling in predicting the potential impact of control intervention measures. A transmission blocking vaccine targeting bovines for the prevention of S. japonicum with the required protective efficacy would be invaluable in tandem with other preventive intervention measures if the goal of eliminating schistosomiasis from China is to become a reality.
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INTRODUCTION

Schistosomiasis, caused by Schistosoma japonicum, threatened many millions of people in the People's Republic of China (P.R. China) prior to initiation of the national schistosomiasis control program in the 1950s when nation-wide surveys identified 12 provinces as endemic, mostly in the south, with 12 million people infected (600,000 advanced cases), and 100 million people at risk of infection (1, 2). Based on the habitat of the Oncomelania hupensis snail intermediate hosts, the endemic areas for zoonotic schistosomiasis japonica in the P.R. China are classified as one of three area types: the lakes and marshlands, situated in Hunan, Jiangxi, Anhui, Jiangsu, and Hubei (currently accounting for over 95% of the snail habitats in the country); hilly and mountainous regions of the upper reaches of the Yangtze River in Sichuan and Yunnan (4.91%); and the plains region, with waterway networks (0.03%), mainly located along the Yangtze River (2). The majority of S. japonicum transmission, which occurs annually from April to October/early November, is predominantly around the Dongting Lake (Hunan Province) and Poyang Lake (Jiangxi Province), China's two largest lakes (2).

The national schistosomiasis control program for the P.R. China achieved transmission control by the mid-1980s, introduced mass chemotherapy and morbidity control by the early 2000s, and has now transitioned to integrated control approach (3). The Chinese government included schistosomiasis, together with three other diseases (AIDS, TB, and Hepatitis B), in the 11th and 12th 5 Year Plan (2005–2015) as one of four main infectious diseases to target for elimination (4). As a result, control efforts were intensified at this time with the aim of reducing the overall infection prevalence to 1% by 2015. The control/elimination program employed a multi-sectoral, collaborative approach that embraced environmental modification, snail control, health education, and chemotherapy. Over the next 10 years, five provinces achieved the national transmission interruption target (i.e., zero infections in humans, animals and snails), with seven other provinces achieving the national transmission control target (i.e., infection prevalence of <1%). Areas endemic for schistosomiasis were reduced from 12 provinces (Jiangsu, Zhejiang, Anhui, Jiangxi, Fujian, Hunan, Hubei, Guangdong, Sichuan, Yunnan, Shanghai, Guangxi) to seven provinces (Hubei, Hunan, Anhui, Jiangxi, Jiangsu, Sichuan, Yunnan) (5–8). Schistosomiasis cases declined substantially from 240,000 (30,000 advanced cases) by the end of 2012, and to 77,190 in 2015; no acute cases have been reported since 2015 (9, 10).

Despite these great strides and considerable achievements, China still faces the challenge of re-emerging transmission in currently controlled areas due, in part, to the presence of more than 40 animal reservoir species capable of harboring S. japonicum infections (2, 3), with over 75% of schistosomiasis transmission attributed to water buffalo and cattle. Recent environmental, ecological, and social-demographic changes such as the effects of global warming and the construction of the Three Gorges Dam on the Yangtze, recently shown to affect the distribution of oncomelanid snails, also have the potential to impact on transmission (11, 12).

In addition to the employment of the customary interventions (chemotherapy, mollusciciding, health education), the current integrated control strategy focuses on interrupting bovine-snail transmission by replacing bovines with mechanized farming, prohibiting the pasturing of animals near lakes and rivers, raising livestock in herds, and creating safe grazing areas. Supplying safe water, building lavatories and latrines, constructing marsh-gas pools, and providing fecal-matter containers for fishermen's boats are aimed at interrupting human-snail transmission (13). However, some interventions may not be effective for all areas. For example, replacing bovines with tractors may not be practical for particular terrains (14).

In light of their importance as major reservoirs for S. japonicum, vaccination of bovines has been proposed as a tool to assist in long-term prevention (2, 15, 16), supported by mathematical modeling (17); the intervention would be particularly applicable for areas where mechanical farming is unsuitable. Vaccination can reduce egg excretion from cattle and buffalo, thereby interrupting transmission from bovines to snails. A schistosome plasmid DNA vaccine (SjCTPI-Hsp70) our team developed showed very good efficacy against S. japonicum in Chinese water buffaloes, when it was co-administered with an IL-12 expressing plasmid as adjuvant (18). The present paper reports the results of a double-blind cluster-randomized controlled trial (CRT) using a multi-factorial randomized design around the Dongting Lake area of Hunan province in P.R. China over the period 2010–2014. The trial aimed to determine the impact of a combination of human mass chemotherapy, snail control through mollusciciding and the SjCTPI bovine vaccine, on the transmission of S. japonicum; the trial profile (Supplementary Figure 1) and baseline results were reported previously (19). The design of the trial (Table 1) is technically known as a “split-plot” design. Developed by RA Fisher in 1925 (20), it was initially used for agricultural testing of fertilizers—where one set of treatments is allocated randomly to predefined “plots” of land (usually predefined subdivisions of a larger area, e.g., gridded squares), then these plots are each subdivided to sub-plots which are then used to test another set of treatments. As far as we are aware this type of factorial design has not been applied hitherto in field/clinical trials of populations before. Furthermore, this study is the first to report on the outcomes of a CRT to test a schistosomiasis transmission blocking vaccine in the field.



Table 1. Intervention matrix conceptually highlighting the factorial study design used in village groups A–F. Reprinted from Gray et al. (19) with permission from Elsevier.
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MATERIALS AND METHODS


Trial Setting, and Baseline and Follow-Up Surveys

The CRT was conducted in 12 administrative villages (Baitang, Ganzhou, Nandi, Shuangzhou, Yuantan, Dongguo, Tuandong, Changjiang, Tuqiao, Xihuyuchang, Chunfeng, and Beihu) in the Dongting Lake area in Hunan province from 2010 to 2014, and aimed to quantify the effects of integrated interventions for eliminating S. japonicum (19). Hunan was selected as the study site because it is an endemic province, with relatively high infection rates, comparatively, in a setting of pre-elimination, many counties in the province are located close to the Lake, and a large stable rural population is at risk of being infected or re-infected with S. japonicum. A baseline survey was conducted in October to November 2010 and the interventions were implemented in six intervention groups from 2011 to 2013. In brief, the baseline survey included: (i) Collection of a human stool sample, which was tested for S. japonicum infection using the miracidial hatching test (MHT) (two stools/three hatches per stool-30 g feces/hatching; read blind) (19), after which the Kato Katz thick smear technique was used on positive samples to determine the infection intensity [Geometric Mean Eggs per Gram (GMEPG)] (19); (ii) A questionnaire survey of village residents to collect information on demographic variables, medical history and water contact (19); (iii) Collection of bovine stool samples, which were tested for S. japonicum infection using the MHT (one stool/three hatches −50 g feces/hatching; read blind), followed by the formalin-ethyl acetate sedimentation-digestion (FEA-SD) test for positive samples to determine infection intensity (19); and (iv) Oncomelanid snail surveys using the Chinese method of random quadrat sampling applied to marshland areas for each village (19).

Villages were then pair-matched for the CRT based on historical prevalence and transmission ecology (19). One of three intervention types (no specific intervention (control), human mass praziquantel (PZQ) treatment, mollusciciding) was randomly assigned to each pair to achieve two pairs per intervention type. Within each pair, one village was randomly assigned the active vaccine for vaccinating bovines and the other village received a placebo vaccine. Bovines received the priming SjCTPI DNA vaccine and protein boost, or placebo control, in 2011 with subsequent booster vaccinations or placebo controls given in 2012 and 2013. All animals present on the marshland at any particular time with active water contact received the vaccine or placebo. Full details of the production and formulation of the SjCTPI vaccines (plasmids encoding SjCTPI-HSP70 and UMVC3-mIL12 and recombinant SjCTPI) and placebo control vaccine, the prime (DNA) and boost (recombinant protein) vaccination regimen, and the procedures for injecting bovines with the vaccine/placebo formulations have been provided (19).

The investigators, including the research team, and study participants were blind to the vaccine allocation. Following the baseline survey, all residents (40 mg/kg) and bovines (25 mg/kg) were treated with PZQ. Human mass treatment with PZQ was carried out annually in the two randomly selected village pairs. Mollusciciding (following the annual snail surveys in March/May, 2011, 2012, 2013, and 2014 in two other randomly chosen village pairs) targeted snail “hotspots” (areas close to human habitation with maximum or daily access to both human and bovines in an environment favored by snails), which were sprayed with niclosamide (2 g/m2) annually.



Study Subjects, Data Collection, and Management

Questionnaire survey data and results of the stool examinations were collected during the baseline survey in October-November 2010 and at follow-ups in October-December from 2011 to 2013. Baseline and follow-up data for each village were cleaned and combined for the analyses in this paper. Based on specified inclusion criteria (19), 6,177 participants (out of a total of 8,066 villagers in the 12 villages assessed for eligibility at baseline) were selected to participate in the CRT (Figure 1). Inclusion criteria for each subject included: (i) age 5–65 years; (ii) had been a resident in the village for >12 months; (iii) would not be migrating in the next 4 years; (iv) continuously resident in the study area over the study period; (v) the resident provided informed consent; and (vi) minors had the informed consent of their parent/guardian.
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FIGURE 1. Trial recruitment, intervention allocation, and follow-up.





Bovine Serology

The majority of bovines involved in the trial were water buffaloes with only a small proportion being cattle. Sentinel water buffaloes, selected randomly from all villages (total = 300 animals), were tagged and bled periodically. Blood samples were taken prior to the commencement of vaccination (January, 2011); after the priming vaccination and primary boost (May, 2011), and then after post-boosts in May 2012 and April 2013. Serum was harvested from each blood sample and stored at −80°C for serology which was performed at trial completion. Western blotting (on a subset of sera) and indirect IgG ELISA were used to determine levels of specific anti-SjCTPI antibodies and anti-S. japonicum SEA (soluble egg antigens, SjCSEA) antibodies in the bovine sera over the course of the trial (18, 19). In brief, 96-well ELISA plates (Maxisorp Immuno; ThermoFisher, Scoresby, Australia) were coated with 10 μg/ml of recombinant SjCTPI (18) or SjCSEA (21) diluted in carbonate coating buffer. The plates were incubated at 37°C for 1 h and then washed three times with 0.05% Tween20 in PBS (PBST). The plates were blocked with 2% casein in coating buffer for 1 h at 37°C and then washed. The freshly thawed bovine serum was diluted 1:100 in 1% milk in PBST and duplicates were incubated for 1.5 h at 37°C. The plates were then washed four times including two times with 5 min of soaking. Diluted detection antibody (1:10,000 rabbit anti-bovine IgG-HRP A5295, Sigma-Aldrich, Castle Hill, Australia) was added to individual wells and the plates incubated for 1 h at 37°C. The plates were washed four times with PBST. The reaction was detected with TMB (3,3′5,5′-tetramethylbenzidine) substrate (Scientific Research Special SRS, Changsha, China) and stopped after 10 min at room temperature with 5% (v/v) hydrochloric acid. Positive controls were included on each SjCTPI and SjCSEA ELISA plate. The positive control wells for the SjCTPI plates were probed with a biotin-conjugated anti-His antibody (mouse IgG2a, clone HIS-1 H1029, Sigma-Aldrich; targeting the His-tag on the recombinant SjCTPI protein) followed by a streptavidin-HRP (Pharmingen, San Diego, USA) detection step. The positive control wells for the SjCSEA plates were probed with a pool of highly reactive sera collected from bovines from schistosomiasis japonica-endemic areas and detected with the same method used for the other serum samples. The negative control wells for both ELISA assays comprised a pool of sera obtained from bovines collected from areas non-endemic for schistosomiasis japonica. The plates were read with a plate reader at OD450 and the duplicates averaged. To account for inter-plate variation, the OD450 of the samples were normalized by multiplying the ratio of the average of the positive controls across all the plates to the plate-specific positive controls. Anti-SjCTPI and anti-SjC SEA antibody OD450 levels for the control samples (non-endemic, endemic positive and blank wells) are shown in Supplementary Figures 2, 3.



Snail Surveys

Snail surveys used the Chinese method of random quadrat sampling (0.11 m2 sized frames, 20 m between frames) located on the marshland areas appropriate for each village (19).



Statistical Methods

The study was designed to have 80% power to detect the intervention effect, using intervention efficacy estimations for vaccine (50%), human chemotherapy (85%), and mollusciciding (75%). Calculations assumed an infection rate of 5–10%, and a design effect of 1.5 to account for cluster effects, and 10% loss-to-follow-up. A SAS program was written to carry out the randomization to each intervention group. Analyses of human infection were restricted to those who satisfied the initial inclusion criteria and had baseline questionnaire and stool results and at least one follow-up stool result.

For intervention assessment the primary outcome was human S. japonicum infection status at follow-ups in 2011, 2012, and 2013, with a positive infection defined as the presence of at least one miracidium from the MHT (19). This was analyzed using a logistic regression model to compare interventions (grouped as control arm, human chemotherapy arm, mollusciciding arm, and vaccine group) over time, using a year-intervention group interaction. The models used Generalized Estimating Equations (GEEs) to take account of clustering and repeated measures, with an unstructured correlation structure for the latter. The model included age group, sex, and baseline infection as covariates. Contrasts were constructed to estimate the overall effect of each intervention (averaged over other intervention groups) for each follow-up year, and overall years. Subgroup effects were similarly estimated for the effect of each intervention within each other intervention group. Odds ratios and 95% confidence intervals were estimated. Sensitivity analyses were conducted by restricting analyses based on water contact exposure (at least monthly exposure), occupation (farming and/or fishing) and season of exposure (summer). Because of the large amount of missing data on water contact, an imputed water contact was calculated, based on the “last-observation-carried-forward” method.

All data management and analyses used SAS (r) Proprietary Software 9.4 (TS1M2) [Copyright (c) 2002–2012 by SAS Institute Inc., Cary, NC, USA, Licensed to UNIVERSITY OF QUEENSLAND—EAS, Site 10005036]. Data were double entered into a specially designed Microsoft Access-based database we developed (19); electronic copies of all entered data were saved offline and backup paper duplicates were stored in a secure location.



Mathematical Modeling

The modeling of schistosomiasis has important implications when considering different control options. Models can predict disease spread, the usefulness of different strategies for treatment coverage, the effect of vaccines and the costs of control. The elimination of schistosomiasis in China will rely on a combination of different integrated control options, such as mollusciciding, environmental modification, drug treatment regimens, health education, improved sanitation, and bovine vaccination could provide an important tool to assist in long term prevention. That such a strategy could prove realistic gains support from studies in China that show that the human-snail-human cycle of transmission is less prominent than the animal-snail-human cycle in sustaining schistosome infection (16). A mathematical model was used to predict longer term effects post-trial. This model is based on that developed by Williams et al. (17), with extensions to include births and deaths of all hosts, with constant net population, and an additional compartment for all hosts to represent infection prior to infectiousness (22). All models included a single human and bovine treatment with efficacy 85% at the start of the intervention period (baseline). The effects of no further intervention and three annual cycles of human mass drug administration (HMA, coverage 80%) and mollusciciding (efficacy 80%, coverage 90%) were modeled separately. The combination of human MDA and mollusciciding, not one of the trial interventions, was also modeled. For each of these scenarios, vaccine effects were modeled with 0, 25, 50, and 75% efficacy and 80% coverage.




RESULTS


Humans

A total of 8,066 residents from the 12 selected villages were screened, with 6,177 satisfying the selection criteria (Figure 1). Those for whom a stool sample was tested at each follow-up year are shown in Figure 1. The number of follow-ups per person varied from one to three, with some being available for a later follow-up, but not an earlier one. The final analysis set, restricted to those with at least one follow-up stool result, comprised 5,848 residents (Figure 1).

The overall prevalence of infection was 6.5% with infection intensity in those infected being 15.5 GMEPG at baseline. Baseline prevalence and infection intensity in 2010 and cumulative prevalence and infection intensity in 2011–2013 are shown by intervention arm (and vaccine group) in Tables 2, 3. Human infection prevalence did not vary significantly among intervention arms at baseline and prevalence decreased over time in all groups, most noticeably in 2012 and 2013.



Table 2. Human infection (%) by intervention group and year.
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Table 3. Human infection intensity in infected persons (Geometric Mean EPG; GMEPG) by intervention group and year.
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Infection intensity varied significantly among intervention arms at baseline, with intensities being significantly lower in the human chemotherapy arm compared to the control arm and mollusciciding arm (P < 0.001 for both comparisons). Infection intensity was significantly higher in the active vaccine group compared with the placebo group within the control arm (P < 0.001). Infection intensity increased over time to 2013, although this was variable and more apparent in the control and human chemotherapy arms.



Bovines

All bovines (a total of 468 animals) present in the 12 villages were examined at baseline, with a prevalence of infection of 11.8% and an infection intensity of 5.5 GMEPG. Baseline prevalence and infection intensity from 2010 to 2013 are shown by intervention group in Tables 4, 5. There was no significant variation in bovine infection prevalence or intensity at baseline.



Table 4. Bovine infection (%) by intervention group and year.
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Table 5. Bovine infection intensity (GMEPG) in infected bovines by intervention group and year.
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The bovine vaccine coverage was high, ranging from 75.6 to 91.6%, overall 83.9% (Table 6). The vaccine and PZQ treatment of bovines were well-tolerated with no direct adverse effects recorded.



Table 6. Bovine vaccine coverage by intervention group.
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Modeling of Human Results

Table 7 shows the results of fitting the logistic regression of human incident infection. Averaged over other intervention arms and the post-baseline period, there was no significant difference between active vaccine and placebo vaccine groups, although the active vaccine group had higher rates of infection in 2011 [OR = 1.44 95% CI (1.11, 1.86)]. Overall, human chemotherapy and mollusciciding showed significant protective effects in 2013 [OR = 0.55 (0.31, 0.96), OR = 0.55 (0.32, 0.96), respectively]. The excess of infections within the active vaccine group was specifically marked in the control arm [OR = 2.27 (1.52, 3.39)]. Over the post-baseline period, human treatment and mollusciciding separately showed a halving of infection rates [OR = 0.48 (0.33, 0.70), OR = 0.50 (0.34, 0.76), respectively] within the active vaccine group.



Table 7. Odds ratios (95% confidence intervals) and P-values for treatment effects on human incident infection, adjusted for baseline infection, sex, and age group; derived from logistic regression using Generalized Estimating Equations (GEEs) for correlated data; participants satisfying initial inclusion criteria, with baseline infection status measured and at least one follow-up stool measurement.
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Table 8 shows the results of fitting the log-transformed intensity (GMEPG) regression model. The active vaccine had no overall effect on intensity. Within those receiving human treatment, the active vaccine was associated with an increase in intensity. Human treatment and mollusciciding were associated with reductions in GMEPG of ~60%: OR: 0.36 (0.29, 0.45) and 0.38 (0.31, 0.48), respectively.



Table 8. Relative increases in human GMEPG (95% confidence intervals) among positives and P-values for treatment effects, adjusted for baseline infection, sex, and age group; derived from logistic regression using GEEs for correlated data; participants satisfying initial inclusion criteria, with baseline infection status measured and at least one follow-up stool measurement.
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Modeling of Bovine Results

An overall model could not be fitted to bovine infection owing to zero prevalence in the placebo group within the control arm. Separate models at 2011 and 2012 showed no significant variation in infection rates among intervention arms. A model for 2013 excluding the placebo vaccine group within the control arm showed significant variation in the remaining five intervention arm/groups, although there was no consistent pattern with the active vaccine vs. placebo vaccine. The active vaccine group within the human chemotherapy arm had significantly lower infection rates at 2013, compared to average; and both mollusciciding groups had significantly higher rates of infection.



Bovine Serology

The active bovine vaccine group had a significantly higher level of anti-SjCTPI IgG antibodies and a significantly lower level of anti-SjC SEA IgG antibodies compared with the placebo vaccinated group after receiving the priming vaccination and primary boost (Table 9; Figure 2; Supplementary Figures 4, 5). Western blot analysis of a subset of individual serum samples obtained from the active priming vaccinated/boosted group at this time point (May 2011) showed the reaction was specific as sera from placebo-vaccinated bovines did not react with SjCTPI (data not shown). The SjCTPI antibody response was maintained after the second boost and increased after the third boost. There was no significant difference in anti-SjC SEA response after either booster (Table 9; Supplementary Figure 5).



Table 9. Geometric Mean (GM) antibody response (OD450) in bovines given vaccine or placebo, for each blood sample.
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FIGURE 2. Anti-SjCTPI antibody OD450 levels in bovine serum samples for all collection time points. The anti-SjCTPI IgG antibody levels (OD450) were measured in sera from individual bovines collected pre-vaccination (January 2011), post primary vaccination (May 2011), post boost (May 2012), and post boost (April 2013). Anti-SjCTPI antibody levels are compared for bovines given active vaccine or placebo for all the collection time points. The box and whisker plot display the median (central horizonal line), first and third quartiles (bottom and top of box, respectively; inter-quartile range), and values within 1.5 times the inter-quartile range of the first and third quartiles (vertical lines).



The GM OD for anti-SjCTPI antibodies was significantly higher in the active vaccine group than the placebo vaccine at all post-vaccination time points (Table 9; Supplementary Figure 4). The GM OD for anti-SjC SEA antibodies was significantly higher in the placebo vaccine group at the first post-vaccination time point in 2011 only (Table 9; Supplementary Figure 5).

The levels of anti-SjCTPI antibodies were negatively correlated with bovine egg counts within the active vaccine group at all post-vaccination time points, although there was a positive correlation pre-vaccination (Table 10). Anti-SjC SEA antibody levels were positively correlated with bovine egg counts after the second booster injection (2012) within this group. Within the placebo vaccine group, anti-SjCTPI antibody levels were negatively correlated with egg counts after the second booster injection (Table 10).



Table 10. Spearman's correlations (rs) between bovine antibody responses to vaccine or placebo and bovine egg counts over the trial course.
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Snail Prevalence and Density of Infected Snails

Snail density was highest in the mollusciciding villages at baseline and decreased markedly over time. The density of infected snails decreased in all intervention groups over time (Table 11).



Table 11. Snail density (per m2) and density of infected snails (per 100 m2).
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Mathematical Modeling of Intervention Arms

Results of the mathematical modeling are as shown in Figure 3. The non-intervention model with zero vaccine efficacy shows a rebound effect after the initial treatment with steadily increasing prevalence to about half the baseline level after 10 years. Further human treatment results in greater short-term decreases with a similar rebound effect upon cessation. Mollusciciding maintains the post-initial treatment level until its cessation, with subsequent rebound effects and steadily increasing prevalence of infection. The vaccine with 25–75% efficacy has the effect of reducing the rebound after mass drug treatment or mollusciciding and further reducing the longer term prevalence at 10 years to around 1%. The combination of mass drug treatment and mollusciciding halves the effect of the single interventions to about 1% immediately post-trial. This is then maintained and then somewhat further reduced over the 10 year period.
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FIGURE 3. Mathematical modeling of the SjCTPI vaccine and integrated control strategies.






DISCUSSION

Elimination of schistosomiasis is now on the immediate horizon for P.R. China but it is important to evaluate which intervention combinations will be needed to achieve this goal. We present the outcomes of a double-blind cluster CRT using a multi-factorial design undertaken in Hunan Province in 2010–2014. We evaluated the impact of a combination of human mass chemotherapy, mollusciciding and bovine vaccination—using the SjCTPI vaccine—on the transmission of S. japonicum. This is the first reported schistosomiasis field trial of its type and magnitude, and the first to report on the outcomes of a CRT, equivalent to a phase III clinical trial, to test a schistosomiasis transmission blocking vaccine in the field.

Results of the multi-factorial trial revealed that human praziquantel chemotherapy is indeed an effective intervention at the population level showing an efficacy of ~50% on human infection and reinfection. Of particular note was our finding that mollusciciding had an indirect ~50% efficacy on human infection rates; as far as we are aware, this is the first time that such an outcome has been demonstrated.

Serology showed that the SjCTPI vaccine was effective in inducing an antibody response in the bovine cohort. This response was maintained over the course of the trial, and a negative correlation with bovine egg counts was observed at all post-vaccination time points. This is in line with the experimental results obtained with the SjCTPI vaccine (18, 23) and reinforces its potential for inducing specific anti-SjCTPI antibodies in bovine hosts within their natural setting.

Despite this encouraging outcome, the effect of the SjCTPI vaccine in preventing human infection was inconclusive in that we were unable to show a difference in human infection rates between the active vaccine and placebo vaccine groups. This is likely due to a number of factors over the 4-year trial duration, including: (a). In one control arm/active vaccine village and one mollusciciding arm/placebo vaccine village, infected humans and bovines were PZQ drug-treated from 2010 to 2012; (b). In one control arm/placebo vaccine village all bovines were slaughtered in 2012 and 2013 to control an outbreak of brucellosis; and (c). In one mollusciciding arm/active vaccine village, the bovines were removed in 2013 (Figure 4). These activities were undertaken by the China National Schistosomiasis Control Program over which we had no jurisdiction. In particular, the loss of bovines compromised the trial design, resulting in reduced power and the contamination of outcome measures necessary for comparing the effect of the active vaccine with the placebo vaccine. This highlights the difficulties in undertaking field trials of this nature and magnitude, particularly over a long period. Mathematical modeling results (discussed below) are thus important in predicting the potential impact of the intervention measures employed.


[image: image]

FIGURE 4. Events compromising the trial. In one control arm/active vaccine village and one mollusciciding arm/placebo vaccine village, infected humans and bovines were PZQ drug-treated from 2010 to 2012 (demarcated by red circles). In one control arm/placebo vaccine village all bovines were slaughtered in 2012 and 2013 to control an outbreak of brucellosis (demarcated by purple circles).In one mollusciciding arm/active vaccine village, the bovines were removed in 2013 (demarcated by a blue circle).



Mathematical modeling has been used to compare and evaluate the impact of various strategies implemented for the control and elimination of schistosomiasis in China (17, 24–28). Here we used an updated version of the Williams et al model (17) to simulate the trial and the combination of interventions employed (human mass chemotherapy, snail control through mollusciciding, and bovine vaccination). The modeling clearly demonstrates that one intervention alone will not work to eliminate schistosomiasis and indicates that an approach integrating multiple interventions would be the most effective in bringing down transmission and sustaining the impact of a control program. Depending on the level of immunological protection, the vaccine was shown to be effective in reducing the rebound in human infection to varying degrees following human treatment and snail control through mollusciciding. A 75% efficacious vaccine in combination with these two other interventions was shown to result in S. japonicum elimination (i.e., <1% prevalence).

The Chinese Government continues in its commitment toward the control of schistosomiasis, developing the new national elimination plan for the period 2016–2020 (10, 29). MDA is now used biannually in the lake areas among boat people and fisher communities living close to water-bodies infested with infected oncomelanid snails. Other high-risk populations with extensive water contact are subjected to questionnaire surveys or serology prior to selective PZQ treatment. Extensive drug treatment of bovines has not reduced schistosomiasis prevalence to acceptable levels and in, some areas, the replacement of these animals with motorized tractors has proved more effective in reducing transmission. Any control program with the goal of schistosomiasis elimination must be mindful of long-term sustainability. Much of China's success in its goal of achieving the elimination of schistosomiasis can be attributed to strong, long-term government commitment and support. The Chinese have recognized that a comprehensive multi-facetted approach is most effective, but that any introduced interventions need to be adapted to local conditions and the associated economic costs need careful consideration. Further, it is clear from the experiences, not only in China but also the Philippines, Cambodia, and the Lao People's Democratic Republic that preventive chemotherapy as the sole intervention is not sufficient to interrupt transmission of Asian schistosomiasis (30).

However, for the long-term sustainability and effectiveness of elimination efforts, preventive measures will become increasingly important. The management of feces of fishermen in areas with persistent transmission and further reducing the infection prevalence in livestock are challenges that need addressing (30). A transmission blocking vaccine targeting bovines for the prevention of S. japonicum with the required protective efficacy would be invaluable along with other preventive intervention measures such as health education and environmental modification for snail control in China. Schistosomiasis vaccine development has, however, proven highly challenging and it is a stark reality that no vaccine with a sufficient level of protective efficacy is currently available for schistosomiasis. Nevertheless, it is likely that the inclusion of effective anti-schistosome vaccines as components of an integrated intervention package will be required if long term and universal control efforts against this disease are to prove successful. Consequently, funding for vaccine research and the development of more specific, sensitive, rapid and cost-effective diagnostic, and snail survey tools for active surveillance should be strongly advocated if the goal of eliminating schistosomiasis from China, and elsewhere, is to become a reality (31–33).
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Techniques with high sensitivity and specificity are required for an accurate diagnosis in low-transmission settings, where the conventional parasitological methods are insensitive. We determined the accuracy of an up-converting phosphor-lateral flow circulating anodic antigen (UCP-LF CAA) assay in urine and serum for Schistosoma mansoni diagnosis in low-prevalence settings in Ceará, Brazil, before and after praziquantel treatment. Clinical samples of a total of 258 individuals were investigated by UCP-LF CAA, point-of-care—circulating cathodic antigen (POC-CCA), soluble worm antigen preparation (SWAP)-ELISA and Kato-Katz (KK); a selection of 128 stools by real-time PCR technique. Three and 6-weeks after treatment, samples were collected and evaluated by detection Schistosoma circulating antigens (CAA and CCA). The UCP-LF CAA assays detected 80 positives (31%) with urine and 82 positives (31.8%) with serum. The urine POC-CCA and serum SWAP-ELISA assays detected 30 (11.6%) and 107 (40.7%) positives, respectively. The Kato-Katz technique revealed only 4 positive stool samples (1.6%). Among the 128 individuals with complete data records, 19 cases were identified by PCR (14.8%); Sensitivities and specificities of the UCP-LF CAA assays, determined versus a combined reference standard based on CCA/KK/PCR positivity, ranged from 60–68% to 68–77%, respectively. In addition only for comparative purposes, sensitivities of the different assays were determined vs. a comparative reference based on CAA/KK/PCR positivity, showing the highest sensitivity for the urine CAA assay (80%), followed by the serum CAA (70.9%), SWAP-ELISA (43.6%), PCR (34.5%), POC-CCA (29.1%), whilst triplicate Kato-Katz thick smears had a very low sensitivity (3.6%). CAA concentrations were higher in serum than in urine and were significantly correlated. There was a significant decrease in urine and serum CAA levels 3 and 6-weeks after treatment. The UCP-LF CAA assays revealed 33 and 28 S. mansoni-infected patients at the 3- and 6-week post-treatment follow-up, respectively. The UCP-LF CAA assays show high sensitivity for the diagnosis of S. mansoni in low-endemicity settings. It detects a considerably higher number of infections than microscopy, POC-CCA or PCR. Also it shows to be very useful for evaluating cure rates after treatment. Hence, the UCP-LF CAA assay is a robust and promising diagnostic approach in low-transmission settings.
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INTRODUCTION

In a nation-wide study during a 12-year period, with 12, 491,280 deaths in Brazil, 76,847 deaths (0.62%) were caused by Neglected Tropical Diseases (NTDs). Schistosomiasis was the second cause of death (6,319 deaths; 8.2%), behind only Chagas disease (58,928 deaths; 76.7%) (1). Although mortality has greatly been reduced over the last years, schistosomiasis is still a neglected cause of death in Brazil, with considerable regional differences (2). According to data obtained by the national prevalence survey (2010–2015), an estimated 1.5 million people are infected in Brazil (nearly 1% of the population) (3). A study performed in Pains, state of Minas Gerais, showed that severe clinical forms of schistosomiasis can be present even in such low-endemic areas (4). Another study with a spatiotemporal analysis identified high-risk clusters of deaths, mainly in highly schistosomiasis-endemic areas along the coast of Brazil's Northeast Region (5). In the Ceará state, some isolated foci of intestinal schistosomiasis remain with low parasite burden. According to data from the Brazilian Ministry of Health, the municipality of Capistrano, from 2008 to 2012, was among the five municipalities with the highest prevalence in Ceará state (6).

The diagnosis of Schistosoma mansoni infections is routinely performed by the microscopic detection of parasite eggs in the stools (7, 8), using the Kato-Katz, the technique that is still most widely used in epidemiological surveys of intestinal schistosomiasis (9). However, there is a marked decrease in the sensitivity of this method in low-endemicity areas, and thus the development of other tools for diagnosis and surveillance is necessary (10).

Antibody detection is considered highly sensitive and it has been suggested as a complementary tool for the schistosomiasis diagnosis in low endemic areas and/or after large-scale chemotherapy (11–13). However, antibody levels are not associated with the actual worm burden and remain unaffected by treatment of the infection and, consequently, this type of assay has no value when surveying endemic regions (14, 15) as it cannot distinguish between past (previously cured) and new infections. Antibody detection to identify active infections in control programmes will only have value several years after transmission has been interrupted and then still only for newborns from after transmission stop was achieved (16). Antibody detection may also be used to screen travelers with no past infection record (17).

Diagnosis by PCR can be used to detect (egg-derived) DNA of Schistosoma in stool (18–21) serum (22, 23), plasma (24), or urine (25–27) and has demonstrated high sensitivity and specificity. A study carried out in Senegal and Kenya raised the PCR as the next reference standard for the diagnosis of Schistosoma in stool, particularly useful for S. mansoni detection in low transmission areas, post-control settings, and to improves schistosomiasis control programs, epidemiological research, and quality control of microscopy (28).

Alternatively, assays for the detection of Schistosoma circulating antigens (adult worm gut-associated antigens) have been described. The circulating cathodic antigen (CCA) and the circulating anodic antigen (CAA) are both applied to diagnose active infections and indicated to be a useful approach also in evaluation drug efficiency, and the assessment of cure (29–32).

Various studies have been conducted in endemic areas of the African, Asian and South American continents to determine the efficacy and field applicability of the commercially available rapid Point-of-Care test (POC-CCA) for diagnosis of intestinal schistosomiasis (i.e., S. mansoni infection). A summary of 5 countries' evaluations of the POC-CCA test, funded by the Schistosomiasis Consortium for Operational Research and Evaluation (SCORE), demonstrated that this method is recommended as a mapping tool for the detection of S. mansoni in endemic areas (33–35). Up to now only a few studies have been published showing the results of POC-CCA trials in Brazil. Overall, they have shown that the POC-CCA is capable of detecting many additional positive cases compared to Kato-Katz thick smears, in particular in low endemic areas, but they also reported that the true significance of the trace readings remains unclear (4, 36–38). A systematic review about Kato-Katz vs. POC-CCA for Schistosoma mansoni indicated that below 50% of prevalence, the POC-CCA test is more sensitive than the Kato-Katz, but that further research in low- prevalence areas is needed to understand how best to manage places that have very low or no prevalence by Kato-Katz, but significant prevalence using POC-CCA or others new assays (39).

In order to continue the development of rapid tests for the schistosomiasis diagnosis that may be employed in future as Point-of-Care applications, and also to further improve robustness, the ultra-sensitive up-converting phosphor (UCP) technology was introduced in combination with a lateral flow-based platform for the CAA detection in serum (UCP-LF CAA assay). This assay achieved an analytical sensitivity below 1 pg/mL, about 10-fold better than that of the CAA-ELISA (29, 40–42). The concentration of 1 pg/mL in serum is expected to allow identification of single worm infections, since in vitro worm culture studies and studies with experimentally infected baboons indicate steady state serum CAA levels of approximately 5 pg/mL (43, 44). Corstjens et al. (29) have shown that the UCP-LF format was also successfully applied for detection of CAA levels in urine and after a concentration step using disposable centrifugal concentration devices shows almost absolute accuracy to diagnose schistosomiasis. Whereas, the POC-CCA test is most applied to demonstrate S. mansoni infection, the UCP-LF CAA test is a genus-specific test which can be applied to demonstrate infections with any Schistosoma species, including veterinarian (29, 45). Variants of the assay format were evaluated with banked urine samples from highly endemic settings in the Philippines for S. japonicum and in Cambodia and Lao People's democratic Republic for S. mekongi (35, 46). The test has also been successfully applied in low transmission settings in the People's Republic of China, in Tanzania and Burundi for the diagnosis of, respectively, S. japonicum (47), S. haematobium (48), and S. mansoni infections (49).

Recently, Colley et al. (16) reported the crucial necessity for continued evaluation of the assays involved and for new guidelines based on the use of the more sensitive assays for those NTD programs that wish to move forward to strategies designed for elimination. Here, the current study focuses on a full evaluation of the UCP-CAA lateral flow test (UCP-CAA LF) in a low endemic area in Brazil, comparing the results with several diagnostic methods including Kato-Katz, POC-CCA, PCR, and antibody detection before treatment (baseline). Additionally, the UCP-CAA LF assays and POC-CCA test were utilized for determining the efficacy of treatment by follow-up testing of urine and serum samples 3 and 6 weeks post-treatment. In an accompanying previous article (36), the performance of the POC-CCA was compared with Kato-Katz technique in the same community, resulting in a 7-fold increase in prevalence of S. mansoni and also it was compared with antibody detection.



MATERIALS AND METHODS


Ethics Statement, Recruitment and Treatment

The study protocol was approved by the Universidade Federal do Ceara ethical committee (application no. 480.719). It was conducted by the Resolution No. 466/12 of the Brazilian Health Council. District health authorities and all community were informed about the purpose, procedures, and potential risks and benefits of the study. Before enrollment, informed consent was obtained in writing or by fingerprint (in cases of illiteracy). Parents/ legal guardians provided informed consent for their children to participate. Participation was voluntary and anyone could withdraw at any time without further obligation. All samples obtained in the study were coded and treated confidentially.

Treatment with praziquantel (PZQ) (Farmanguinhos, Ministry of Health, Brazil) was offered to all individuals free of charge regardless of infection status. The collective treatment was applied because this study is part of a larger project, whose objective is to interrupt the transmission of schistosomiasis in this area. It was done with a single dose of 60 mg/kg for children (≤15 years old) and 50 mg/kg for adults, as recommended by the Brazilian Ministry of Health. All treatment was supervised and confirmed by a doctor and a nurse from district. The younger children participating were treated with crushed PZQ tablets mixed with some of juice and the efficacy and safety of this intervention have been described elsewhere (50).



Study Area and Population

The study pursued a 3- and 6-week longitudinal design with a treatment intervention and was conducted between April and October 2013 in the community of Bananeiras, a rural locality belonging to the Capistrano municipality, in Ceará state, Northeast of Brazil (geographical co-ordinates 4° 28′ 20″S latitude, 38° 54′ 14″W longitude). Capistrano extends for 222.6 km2 and is located at 155 meters of altitude in relation to the level of the sea, about 93 km south of Fortaleza, the capital of Ceará. The region is endemic for S. mansoni and this has been documented since the early surveys in Ceara State by the control program in 1976. Situated in a region of semi-arid climate, the river which passing through the village (Aracoiaba River) remains dry most of the year, with the flood season between the months of December and March. Our door-to-door census conducted in March 2013 revealed 297 people aged 2 years or above in Bananeiras community. This area was chosen because the positivity rate of schistosomiasis reported in 2010 was 1.6% (3 positives/ n = 188) and there has been no specific treatment for schistosomiasis in the past 2 years.

The 3- and 6-week time-points post-treatment were chosen for optimal reduction of test parameters and before reinfection can be recorded (51, 52).



Sample Collection

Infection with S. mansoni was assessed during a baseline cross-sectional survey and again 3 and 6 weeks after PZQ administration. Individuals (aged 2 years or above) with informed consent and no recent treatment for schistosomiasis (at least within in the past 2 years) were invited for stool, urine and blood sample collection at baseline.

At baseline, one day before the collect-day two plastic containers labeled with unique identification numbers (IDs) (stool and urine containers) were delivered to each study participant/mothers or guardians, at this time also venous blood samples were taken. Individual serum samples were obtained after centrifugation of coagulated blood samples at 3,000 g for 5 min and these were stored frozen at −20°C. On the following day, the community was invited to return the containers filled with a fresh morning urine sample and a stool sample to the fieldworkers stationed at Bananeiras Health Center, where the samples were processed the same day. Small aliquots of urine (5 mL) and of serum (2 mL) were frozen and kept at −20°C in Parasitology and Mollusks Biology research laboratory at Universidade Federal do Ceara in Brazil prior to transfer to the Department of Parasitology, Leiden University Medical Center (LUMC) in the Netherlands for circulating anodic antigen testing. Three and six weeks after PZQ administration, urine, and serum samples were collected again, using the same procedures.




LABORATORY PROCEDURES


Microscopy

Three Kato-Katz thick smears slides per stool sample, using 41.7 mg templates, were prepared and quantitatively examined for S. mansoni (53). Each slide was read by two trained microscopists and any discrepancies resolved before results were recorded as egg counts per slide and multiplied by a factor of 24 to convert it into eggs per gram of stool (EPG). For quality control, 10% of the Kato-Katz thick smears were re-examined by a senior technician from Rene Rachou Research Center, Oswaldo Cruz Foundation, Minas Gerais, Brazil.



UCP-LF CAA Assays

Additionally, all urine and serum samples were frozen and transported on dry ice to LUMC in Leiden, where they were stored at −20°C. Overall, urine and serum samples from 128 patients were examined by an upconverted phosphor lateral flow (UCP-LF) assay for schistosome CAA before and 3 and 6 weeks after PZQ administration. Urine samples were investigated by a highly sensitive concentration-based assay (UCAA2000 format, as described elsewhere (29). Briefly, 2 mL urine samples were diluted with an equal volume of 4% (w/v) tri-chloro-acetic acid (TCA), centrifuged and then the clear supernatants were reduced to amounts of 20–30 μL using an Amicon Ultra-4 device (EMD Millipore; Billerica, MA, USA). After incubation with the UCP-antibody conjugate solution, strips were added and the samples allowed to run as described previously (29). Following overnight drying, the strips were scanned for bound UCP, using a Packard FluoroCount microtiter plate reader adapted with an IR laser (980 nm) modified to scan LF strips (54).

The serum samples were examined in a similar way using the UCP-LF assay with a concentration-based assay utilizing 500 μL of serum (SCAA500). It followed an analogous procedure to the UCAA2000 method, with 500 μL serum TCA supernatant being concentrated over an Amicon Ultra-0.5 device to 20 μL.

Test line signals (T) were normalized to flow control signals (FC) of the individual LF strips and results expressed as a ratio value (T/FC) (29, 55). Standard curves of CAA spike in negative urine/serum were used to quantify CAA levels in the clinical samples (30). In more detail, dilution series of partly purified antigen, i.e., the TCA-soluble fraction of S. mansoni adult worm antigen (AWA) containing 3% CAA (AWA-TCA) in negative urine/serum, were assayed with each set of clinical samples (50 urine/100 serum) and the respective standard curves were included for calculation of the CAA concentration (pg/mL urine/serum) in the original sample as described elsewhere (40). The assay cut-offs were decided in accordance with Corstjens et al. (29) using 0.1 pg/mL urine and 1 pg/mL serum as the lower limits of detection (LOD), and 0.05 pg/mL urine and 0.5 pg/mL serum as the LOD if the assay would have been performed with multiple samples under ideal laboratory conditions. The region between the two LODs was designated as “indecisive,” indicating that samples are suspected to be positive but to truly ascertain the positive or negative score, the samples would need to be retested, preferable at higher sample volume.



Circulating Cathodic Antigen (CCA) Test

Urine samples were tested using a commercially available POC-CCA cassette test (Batch no. 33,827, Rapid Medical Diagnostics, Pretoria, South Africa) performed at ambient temperature according to the manufacturer's instructions on the day of sample collection. Briefly, one drop of urine was added to the well of the testing cassette and allowed to absorb. Once fully absorbed, one drop of buffer (provided with the CCA test kits) was added. The test results were read 20 min after adding the buffer. Valid tests were scored as negative, trace or positive, according to the visibility of the color reaction and the manufacturer's instructions. All tests were read independently by two blinded investigators and in case of discordant results discussed with a third independent investigator until agreement was reached. Urine samples collected at all time points in the study were subjected as described above.



DNA Isolation and Real-Time PCR

For specific real-time PCR, total genomic DNA was extracted from stool specimens using the NucleoSpin® Soil (MACHEREY- NAGEL, Düren, Germany) according to the manufacturer's instructions. Stool suspensions from each clinical specimen were prepared from 1 g of unpreserved feces in deionized water. Samples were disrupted in the Mini-Beadbeater-16 cell disruptor instrument (BioSpec Products, Bartlesville, OK, USA) for 1 min. DNA was stored at −20°C until used in real-time PCRs. For the detection of S. mansoni—specific egg DNA, the primers SMCYT748F and SMCYT847R were selected to amplify a fragment of 99 bp, which is detected by the double-labeled probe, SMCYT785T-FAM (19). For the amplification, 5 μL of DNA extracted from stool specimens was used as a template (sample, positive and negative DNA controls) with 11 μL of Platinum Quantitative PCR Supermix-UDG with ROX (Invitrogen, Carlsbad, CA, USA) added with 0.55 μL of each primer, 1.1 μL of the probe, and 1.8 μL of deionized water, resulting in a total reaction volume of 20 μL. Primers and probe were used at 0.19 μM and 0.139 μM concentrations, respectively. Each unknown sample was diluted 1:2 and 1:20, and both dilutions were used in the assay. Amplification consisted of 2 min at 95°C followed by 40 cycles of 15 s at 95°C and 30 s at 60°C. Amplification, detection and data analysis were performed with the Applied Biosystems 7500 Fast Real Time PCR System (Applied Biosystems, Foster city, CA, USA). DNA amplification was positive when Ct values were < 38. We choose the samples from the 128 followed-up individuals to the partial analysis by PCR at baseline.



Serology

The ELISA assay was performed for the detection of IgG antibody against soluble worm antigen preparation (ELISA-SWAP) according to the methodology described by Grenfell et al. (13).



Statistical Analysis

Data were entered in a spreadsheet (Excel 2007TM). Statistical analysis was done using GraphPad Prism 5 (GraphPad Software Inc.; California, USA) and SPSS version 20 (IBM Corp.; Armonk, USA). Non-parametric statistics were used for correlation between test results, to assess the CAA levels before and after drug treatment and the correlation and differences between urine and serum CAA concentrations. Agreement between binary variables was established by determining the kappa statistics (k). Specificity and sensitivity were calculated and used for indication of the performances of the UCP-LF CAA assays and of the SWAP-ELISA against a combined reference standard constructed by Kato-Katz and/or PCR and/or POC-CCA (considering “trace” readings as negative) results; On the other hand, specificity, sensitivity and positive and negative predictive values of the diagnostic tests were calculated following an approach described previously (47, 48), but only for comparative reasons. For this purpose, a comparative reference was constructed, defined as being positive if a sample from an individual presented with Schistosoma mansoni eggs at least once out of three thick smears (Kato-Katz) and/or found positive in the PCR and/or the UCP-LF CAA assay (urine or serum), considering “indecisive” readings as negative. This approach implied that, by definition, the specificities and consequently the positive predictive values of the individual tests were taken as 100%. Due to the very high specificities of the circulating antigen assays used this was considered valid (56). In addition, an “indecisive” or “trace” category was defined and analyzed separately, both for the CAA assays and the POC-CCA results, following the approach described by Coulibaly et al. (57), Van Dam et al. (35), and Vonghachack et al. (46). A two-way analysis of CAA data in urine/serum with “indecisive” results considered infection-negative (UCAA-/SCAA-) and “indecisive” results considered infection-positive (UCAA+/SCAA+) were performed. Moreover, this was not a crossectional study as well as that the parameters are influence by prevalence. Cure rates were calculated from individuals for whom a complete UCAA2000 or SCAA500 results was obtained at all time points in the study. Cure rates were calculated as the proportion of patients positive by UCAA2000 or SCAA500 before treatment who became negative 3 or 6 weeks after treatment. A 5% level of significance was adopted for all inferential procedures.




RESULTS


Adherence and Population Characteristics

Figure 1 shows the adherence of people to the study protocol. Our population census revealed 297 people aged 2 years or above, all of whom were invited to participate. Twelve individuals had no written informed consent. From the 285 individuals participating at the baseline cross-sectional survey, twenty-seven were excluded due to incomplete data (e.g., insufficiently large stool sample for triplicate Kato-Katz thick smears). The 258 remaining people provided stool, urine and blood samples for a suite of diagnostic tests for detection of S. mansoni (triplicate Kato-Katz thick smears, SWAP-ELISA, one POC-CCA test, and UCP-LF CAA assays). There were 140 female (54.3%) and 118 male with a median age of 30 years (range: 2 to 87 years). Among them 230 received PZQ treatment. Three and six weeks post-treatment, except for a few losses in certain tests, we were able to re-examine urine and serum sample from 128 patients (re-examined with one POC-CCA test and UCP-LF CAA assays). Among them 40.6% (n = 52) were male and the median age of the cohort was 19 years (age range 2–87 years). The molecular diagnostic at baseline and consequently the accuracy analysis was focused on this cohort of people.


[image: image]

FIGURE 1. Flowchart showing study participation. Flowchart detailing the study participation and adherence of people for submitting samples for the diagnosis of S. mansoni infection before and after administration of praziquantel in Bananeiras village, Ceara, Brazil, between April and October 2013.





Individual Test Results and S. mansoni Prevalences Before Treatment According to Diagnostic Approach

Only four out of the 258 stool samples at baseline were found positive by Kato-Katz thick smears, owing to a prevalence of 1.6%. The prevalence for a single, duplicate and triplicate smear readings were 0.8, 1.2, and 1.6%, respectively. All the positive ones were classified as having a very low intensity infection (arithmetic means fecal egg counts equal to 8 EPG). Meantime, we found 80 urine CAA positives (31.0%), 82 serum CAA positives (31.8%), and 10 POC-CCA positives (3.9%). Additionally, in the POC-CCA test, 20 cases were scored trace (7.7%) whereas in the urine CAA assay, 13 cases were scored indecisive (5.0%) and 14 cases (5.4%) in the serum CAA. SWAP-ELISA detected 105 (40.7%) positive cases. Table 1 shows those positive for S. mansoni, as assessed by different diagnostic approaches. The 95% confidence intervals (95% CI) for prevalence are shown. In the PCR sampling, we found 19 positives (14.8%; n = 128). There was no association between infection and gender (p = 0.46). Table 2 shows the Kato-Katz, the urine and serum CAA and the PCR positive cases, according to different age-groups. The highest positivity occurred in adults regardless of the diagnostic approach, with a maximum between 20 and 39 years-old.



Table 1. Baseline prevalence of S. mansoni according to different diagnostic approaches (n = 258).
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Table 2. Number of positive cases for the respective age group, according to different diagnostic approaches.
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DIAGNOSIS ACCURACY OF DIFFERENT TESTS BEFORE TREATMENT


Sensitivity and Specificity of Diagnostic Techniques Using a Combined Reference Standard

Table 3 shows the numbers of positive, negative, indecisive and trace results for each diagnostic method combination in 6-cell and nine-cell-matrixes. Of the four egg-positive patients, only one was positive in the POC-CCA and two others were positive both in the UCP-LF CAA assays and in the PCR. Noteworthy, one out of the four egg-positive cases, 11 (57.9%) of the PCR positives and 51 (53.1%) of the CAA positives were antibody negative.



Table 3. Agreement between the different diagnostic approaches.
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The sensitivities and specificities of the SWAP-ELISA and of the UCP-LF CAA assays, including the separate analysis with indecisive results being considered as negative or positive, versus the combined reference standard (combination of the triplicate Kato-Katz thick smears, PCR and POC-CCA test with trace results considered as negative) are summarized in Table 4. A total of 128 cases had data from all assays with 25 positive by Kato-Katz and/or PCR and/or CCA. The sensitivities of the UCP-LF CAA assays were similar in both clinical samples (range 60–68%) and higher than SWAP-ELISA (40%). The specificities of all these assays were similar (range 67–77%).



Table 4. Number of positive and negative results of the up-converting phosphor–lateral flow assay detecting circulating anodic antigen in urine (UCAA2000) and in serum (SCAA500), and the SWAP-ELISA for the diagnosis of S. mansoni against a combined reference standard of infection-positivity by either egg (Kato-Katz) and/or PCR and/or POC-CCA test in samples from Brazil.
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The sensitivities, specificities and the positive and negative predictive values of the different assays, including the separate analysis with trace/indecisive results being considered as negative or positive, vs. a comparative reference (combination of the triplicate Kato-Katz thick smears, PCR and UCP-LF CAA assay (urine and serum) with indecisive results considered as negative) are summarized in Table 5. A total of 128 cases had data from all assays with 55 positive by Kato-Katz, PCR and/or urine or serum CAA. The UCAA2000+ had the highest sensitivity of 83.6%, followed by UCAA2000- and SCAA500+ both with a sensitivity of 80.0%. The sensitivities of UCP-LF CAA assays, SWAP-ELISA (43.6%) and PCR (34.5%) or even the single CCA test (t+ = 29.1%; t– = 10.9%) were considerably higher than the stool examination with three Kato-Katz thick smears, which showed very low sensitivity (3.6%). Also the UCAA2000+ had the highest NPV of 88.5%, followed by the UCAA2000- with a NPV of 86.9%. Sensitivity improvements were obtained by the combination of urine and serum CAA findings (87.3%; 89.1%) and by the combination of CAA assays and CCA test findings (89.1%; 94.5%).



Table 5. Diagnostic characteristics of various assays used for the diagnosis of S. mansoni against a comparative reference of infection-positivity by either egg (Kato-Katz) and/or PCR and/or UCP-LF CAA assaya, in samples from Brazil (n = 55 positives).
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Post-treatment Readings and Efficacy Evaluation

We found 34 (26.8%) and 35 (27.3%) urine and 13 (10.9%) and 11 (8.9%) serum CAA positives at 3 and 6 weeks after treatment, respectively. Additionally, in the urine CAA assay, 6 (4.7%) and 30 (23.4%) cases were scored indecisive at 3 and 6 weeks after treatment and 6 (5.0%) and 7 (5.6%), in the serum CAA assay, respectively (Table 6). Meanwhile, we found 2 CCA positives (1.6%) and 3 (2.3%) trace results in the POC-CCA test at 3 weeks after treatment. At the 6-week post-treatment evaluation, all patients were CCA negatives.



Table 6. Number of urine and serum baseline CAA positive cases, compared to 3 and 6 weeks after treatment with praziquantel.
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Among the 44 patients who were UCAA2000- positives at baseline, 12 (27.3%) became UCAA2000- negatives on repeat testing performed 3 weeks post-treatment. Seven (21.9%) of the remaining UCAA2000- positives (n = 32) became negative based on follow-up UCAA2000- testing at 6 weeks post-treatment. Meanwhile, among the 34 patients who were SCAA500- positives at baseline, 23 (67.6%) became SCAA500- negatives on repeat testing performed 3 weeks post-treatment. Four (36.4%) of the remaining SCAA500- positives (n = 11) became negative based on follow-up SCAA500- testing at 6 weeks post-treatment.

The UCP-LF CAA assays (serum and urine), considering “indecisive” as negative results, revealed 33 and 28 S. mansoni-infected patients at the 3- and 6-week post-treatment follow-up, respectively. The respective Cure Rates (CRs) were 31.2 and 41.7%. The CRs are showed in more details according with the clinical sample applied (UCAA2000/SCAA500), considering “indecisive” as positive or negative results in the Table 7.



Table 7. Diagnosis of S. mansoni infection by UCAA2000 and SCAA500 methods, 3–6-weeks after treatment.
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Correlation of Urine and Serum CAA Levels

A total of 258,118 and 124 patients had both serum and urine samples subjected to CAA testing at baseline, 3 and 6-weeks after treatment, respectively. We found significant correlations between the concentrations in all three points: baseline (panel A, Spearman's rho 0.66, p < 0.001), 3-weeks (panel B, Spearman's rho 0.60, p < 0.001) and 6-weeks after treatment (panel C, Spearman's rho 0.45, p < 0.001) (Figure 2). Serum CAA concentrations were significantly higher than those in urine [Baseline—Serum CAA (24 ± 83), Urine CAA (1.7 ± 5.9), p < 0.001; 6 weeks after PZQ—Serum CAA (0.36 ± 1.03), Urine CAA (0.11 ± 0.24), p < 0.001], except in 3-week analysis after treatment [Serum CAA (0.35 ± 0.90), Urine CAA (0.18 ± 0.45), p = 0.45] (Mann-Whitney test).
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FIGURE 2. Scattergram of urine and serum CAA concentrations as determined by the UCP-LF CAA assay at baseline (A), 3 weeks (B), and 6 weeks after drug treatment (C). The solid red lines indicate high-specificity cut-off levels, while the dotted red lines indicate lower specificity levels. Samples that have concentrations in the in-between region would be classified as “indecisive.” The solid green diagonal line represents where CAA concentrations in serum and urine would be equal, indicating that most serum CAA concentrations are higher than urine CAA.





Praziquantel Efficiency by Changes in the CAA Levels

Figure 3 shows urine and serum CAA levels before and 3–6 weeks after administration of the drug praziquantel. Panel A shows decrease of urine and serum CAA levels 3 (p < 0.001) and 6 weeks (p < 0.001) after treatment. There was no difference between 3 and 6 weeks in both clinical samples (p = 0.78, urine; p = 0.93, serum) (Wilcoxon test). The urine and serum CAA concentrations of 27 and 10 patients, respectively, remained above the high specificity cut-off threshold at 6 weeks after treatment (panel B).
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FIGURE 3. CAA levels before and after drug treatment. (A) The decrease in urine and serum CAA concentrations showing the respective values before and 3–6 weeks after treatment with praziquantel. (B) Scatter plot of the urine and serum CAA concentrations as determined before and 6 weeks after treatment. The solid red lines indicate high-specificity cut-off levels, while the dotted red lines indicate lower specificity levels. Samples that have concentrations in the in-between region would be classified as “indecisive.” The solid green diagonal line in (B) indicates the “no change in CAA concentration” position; samples with values below this line indicate a decrease of the CAA concentration 6 weeks after treatment.





Correlation of S. mansoni Urine CAA Levels With POC-CCA Intensity Scores

Figure 4 depicts the correlations between the CAA concentrations and POC-CCA intensity scores at baseline (panel A, Spearman's rho = 0.24, p < 0.001) and at 3 weeks after drug administration (panel B, Spearman's rho = −0.043, p = 0.63). Panel A shows that eleven “trace” signals of the twenty POC-CCA tests were confirmed positive by the UCP-LF CAA test.
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FIGURE 4. Correlations of S. mansoni urine CAA levels with POC-CCA intensity scores. Correlations of CAA levels (pg/mL) determined by the UCP-LF CAA assay (UCAA 2000) with POC-CCA intensity scores at baseline (A) and 3 weeks after drug treatment (B). The solid red lines represent the high-specificity cut-off levels, while the dotted red lines indicate lower specificity levels for the UCP-LF CAA assay. Samples that have concentrations in the region between the dotted line and the solid line are classified as “indecisive”.






DISCUSSION

The current study highlights the potential of serum as well as urine samples for a CAA diagnostic approach to accurately determine the S. mansoni infections using the ultra-sensitive UCP-LF assay, as evaluated for the first time in a low endemic area in Brazil. The observed prevalence was significantly higher with the antigen approach: increasing from 1.6% by Kato-Katz to about 31% by the UCP-LF CAA assays; an almost twenty-fold increase. The UCAA2000 and SCAA500 assays identified additional 78 and 80 positive cases with respect to Kato-Katz technique, respectively. The genus specific UCP-LF CAA assays have been well evaluated in various endemic settings and previous studies (46–48) showing considerably more positive cases both for the different intestinal as well as urinary Schistosoma species. The strength and uniqueness of the current study is the evaluation of the CAA levels both in serum and urine on 2 time-points relatively shortly after treatment.

Despite of the guidance of Brazilian Schistosomiasis Control Program (two slides), the Kato-Katz technique was performed on three slides from one stool. However, the method was only 3.6% sensitive against the ultrasensitive UCP-LF CAA assays for S. mansoni diagnosis, thus providing further evidence that the widely used Kato-Katz technique is insensitive in low-endemic areas (9, 58). The introduction of the UCP reporter technology was a substantial factor for the increase in sensitivity (59). The applied 400 nm Y2O2S:Yb3+, Er3+ luminescent (phosphorescence) reporter particles compared to other conventionally applied (fluorescent) labels include advantages such as high sensitivity (no auto fluorescence from other assay components), long shelf life and a permanent record (no fading). Furthermore, the addition of a concentration step of the samples after extraction with TCA allowed the use of larger volumes of urine (2 mL) and serum (0.5 mL) in the UCP-LF assay. It implied a significant increase in its analytical sensitivity, as indicated in laboratory studies by Corstjens et al. (29, 30). Clearly better strategic decisions will be made with more sensitive diagnostics (60).

In the current study, the high cut-off threshold that was chosen according to the protocol outlined by Corstjens et al. (29) turned out to be quite conservative and contributed to the nearly 100% specificity. Negative quality controls (QC) and standard series indicated that in fact a slightly lower cut-off was allowed. However, in areas with low prevalence and/or low parasitic load, settings that are moving toward elimination, assay accuracy, and particularly specificity is very important. Therefore, studies with the UCP-LF CAA assay have been indicated the application of two cut-off values, allowing an analysis with lower or greater (100%) specificity, depending on the hypothesis or the purpose of the study, which implied the definition of a group that was designated “potentially positive” in early studies (40, 61) and more recently called “indecisive” (29, 35, 47). The detection by highly specific monoclonal antibodies (62), the extraction of CAA by TCA sample pre-treatment and the antigen uniqueness (63) are the main arguments for the high specificity of the UCP-LF CAA assay used in this study.

The commercially available POC-CCA urine cassette test showed sensitivity higher to Kato-Katz technique (29.1 vs. 3.6%, including trace results as positive). Our data corroborate findings from others in different African settings (34) and more recent findings in a Brazilian low-endemicity area (38) that have shown that the POC-CCA is capable of detecting many additional positive cases compared to Kato-Katz thick smears. Advantages include direct savings in terms of the costs of testing and treatment delivery as well as considerable savings in time for collection and processing of samples (urine instead of stool), and compliance of patients (34, 64). On the other hand, in this low endemic area, the POC-CCA test was much less sensitive than the UCP-LF CAA assays. Indeed, 62 individuals detected by the UCAA2000- assay were negatives by POC-CCA analysis, and therefore would be incorrectly found negative by this the latter test. Moreover, the common appearance of “trace” signals (very light lines) was raised previously due to its reader subjectivity and the need for reading standardization has been discussed (34, 38). Recently, a study was performed using image analysis to quantify the color of the lines in the strip of the cassette (65). Also, a study in a Brazilian population with low parasite burden in an endemic area was designed to clarify the interpretation of the concept of trace showed that after a 10-fold concentration of urine samples by lyophilization, the trace became positive in parasitological positive cases, but remained as trace in parasitological negative cases, indicating trace readings could not be promptly defined as positive or negative (37). Using the UCP-CAA assay as a “confirmatory” test, according Colley et al. (16), we noticed that eleven POC-CCA “trace” signals out of twenty were confirmed positive by UCAA2000-. Moreover, 18 POC-CCA positive but egg-negative cases were also confirmed positive. Evaluation the POC-CCA against a comparative reference of urine and serum CAA, PCR and KK results, showed a sensitivity and specificity of 29 and 89% if traces were considered positive, and 11 and 97%, respectively, if traces were considered negative.

The PCR showed sensitivity significantly higher to Kato-Katz technique (34.5 vs. 3.6%), as expected and demonstrated elsewhere (18, 21). Also the molecular method was more sensitive than the POC-CCA test, corroborating with findings from other authors (25, 66). Noteworthy, six out of the 19 PCR positive individuals were not detected by UCP-LF CAA assays. However, PCR was less sensitive than the UCP-LF CAA assays. This can be explained in part by the fact that the fecal aliquot used may not contain the minimum amount of parasite egg required to obtain DNA in the extraction stage, since they are samples from individuals with low parasitic load. The number of excreted eggs is often low and shows high day-to-day fluctuation (67), with consequent unequal distribution of these in stool samples. In addition, although cost reduction can be achieved by methodological modifications, such as the improvement of DNA extraction methods (68), the PCR remains an expensive method. In fact, a limitation of our study and approaches to estimate sensitivity and specificity is that the PCR was not performed in all samples.

The antibody detection is considered highly sensitive and it has been recommended as a complementary tool for the schistosomiasis diagnosis for individuals with low infection burden, which are usually hard to detect by parasitological methods (11, 13). However, our results show that one out of the four egg-positive cases and 51 (53.1%) of the CAA positives were antibody negative. This was reported previously in a Chinese setting characterized by a very low prevalence of S. japonicum (47) and could be explained by an effect of immune down-regulation in chronic schistosome infections (69), any immune incompetence or it could be due to the test itself. The performances of antibody assays do vary a lot (70, 71). Anyway, this implies that if we using the SWAP-ELISA as a first-line screening tool, more than half of the active infections would be missed, thereby allowing these patients to go untreated and continue to contribute to transmission. The low specificity of the ELISA (73%) would also lead to the conclusion that many individuals would be positive, which actually did not have active infections.

Categorizing the urine and serum CAA and egg-DNA positivity by age, the highest positivities were found in older people (nearly of the 30–39 olds 50% were positive by CAA). However, also many people below 20 years old tested positive. Although most studies are based on schoolchildren populations, a study conducted in Zambia using Kato-Katz, POC-CCA, and PCR methods similarly revealed that there are high prevalence rates of S. mansoni infections in adults (66), while a study in a low endemic area in China showed that prevalences were highest in even older age groups with a maximum in 40–49 year old people (47). This is an important observation from the strategic point of view for decision-making in the Control Programs, because since the control approach for areas with prevalence levels between 10 and 50% is preferentially aimed at the treatment of only the schoolchildren (72, 73), many of these positive patients would remain untreated and continue to contribute to the transmission of the disease. Moreover, we found children before their sixth birthday infected, which reinforce that preschool-aged children are at risk of schistosomiasis as described elsewhere (50, 57), and the treatment these little children also is recommended by WHO (74) and increasingly encouraged (75).

We found 35 (27.3%) and 11 (8.9%) positive patients by the UCAA2000- and the SCAA500- at 6-weeks post-treatment, respectively. It would be very interesting to design further research with a good protocol which assists elucidating these findings, but at least four points need to be discussed. First, 6 weeks should be enough for antigen clearance (51, 76), in particular in these rather low concentrations, so the presence of CAA is still indicative for the presence of remaining worms, although at a very low load. Second, a study showed that cure rates against S. mansoni, determined 1 month after treatment, ranged from 52 to 92% (77). In addition, a systematic review revealed a global cure rate of 71.3% of praziquantel against S. haematobium and S. mansoni (78). Thus, these studies, among others based on both the detection of circulating antigens (31, 32) and by PCR (79), have already demonstrated that the effectivity of praziquantel is much lower indicating that many worms may survive. Also, it is known that worms may be affected but will recover from the PZQ attack (16, 29). Third, the killing of the worms is dependent on an active immune response, so in people with some immunosuppression the worms may relatively easily survive (80–82). Finally, when there are adult worms, and transmission is going on, there will also be young worms, which are not affected by PZQ (83). They will grow to adult worms over a period of weeks and will start to excrete higher CAA levels.

Despite the considerable number of positive patients by UCP-LF CAA after treatment, it was found that CAA concentrations in these individuals were quite low. Our findings showed a significant reduction in CAA concentrations 3 and 6 weeks after treatment, which is in accordance with the findings of Corstjens et al. (29) that showed a decrease in urine CAA concentrations 2 months after administration of praziquantel in S. haematobium infected individuals. These findings confirm that determination of CAA levels immediately before and shortly after drug administration will be a better indicator for monitoring drug efficiency than monitoring egg production.

Serum CAA concentrations were found to be significantly higher than urine levels, as has generally been observed in previous studies employing CAA-ELISA (43, 84) or more recently using UCP-LF CAA assay (47). In contrast to a previous study in S. mekongi infected individuals (35) we obtained only a low correlation between CAA concentrations and POC-CCA intensity scores, which could be explained by the very low parasite burden in this setting, resulting in relatively low POC-CCA signals. Consequently, the number of positive individuals detected by the much more sensitive UCP-LF CAA test was significantly higher than by POC-CCA.

Although the absence of a true gold standard could be considered as a limitation, the combined reference standard method has been used before with the discussed considerations and limitations (46–48) and has actually been recommended for such a situation by a WHO/TDR (the Special Programme for Research and Training in Tropical Diseases) working group (85). We constructed a combined reference standard composite by Kato-Katz and/or PCR and/or POC-CCA results for indication of the performances of the UCP-LF CAA assays and of the SWAP-ELISA; posteriorly, a comparative reference composited by Kato-Katz and/or PCR and/or CAA results was done but only for comparative reasons in an attempt to indicate of the performances of all diagnostic tests. This last one allowed the results to be compared to other similar studies which applied the same analysis approach, which warrants its importance. It is worth of note that sensitivities and specificities parameters from the UCP-LF CAA assays and mainly from the SWAP-ELISA were similar when analyzed against both combined references. The Bayesian latent class analyses (LCA) is an alternative statistical approach which was applied in a different study (34, 49). In such a statistically more elaborate approach with UCP-LF CAA not being part of the reference, the results would most probably be very similar as observed by Knopp et al. (48) that applied both methods. A further option for future studies would be to use a more sensitive parasitological test as (approximate) gold standard for active infection, such as Helmintex (86). This alternative for egg microscopy would improve diagnosis of infections with low burdens and was recently optimized (e.g., to decrease the time for completing the examination) (87). However, the method is still very labor intensive and time-consuming for field applications (88). A rapid and cost-effective diagnostic test capable of detecting very low numbers of schistosome worms is urgently needed when moving to the elimination stage of schistosomiasis control programs (64). PCR and detection of circulating antigens presents significant differences from diagnosis by traditional stool microscopy and serology methods. While serology is an indirect technique not distinguishing between active and past infection, the other approaches are direct and therefore applicable, depending on sensitivity, to indicate infection status and treatment outcomes. Detection of the rapidly cleared worm regurgitated circulating antigens CAA and CCA may be preferred also given cost issues and lower sensitivity due the dependence on the presence of egg-derived DNA for most of the current available PCR methods. While the POC-CCA is commercially available at relatively low cost ($1–$1.5 per test) a drawback of the UCP-LF CAA test is that it is currently still a laboratory based test, with its application limited to collaborative research projects.

In summary, the UCP-LF CAA assay was employed for first time to urine and serum samples from S. mansoni-infected individuals from Brazil before and after praziquantel treatment. Extending the existing diagnostic arsenal is one of the essential requirements for successful disease control. The significantly higher prevalences of active Schistosoma infections detected by UCP-LF CAA assays shown in the current study, its potential utility for evaluating cure rates after treatment, and the fact this test can be performed on urine samples (less invasive collecting) taken together makes of the UCP-LF CAA assay a sensitive, robust and promising diagnostic approach, especially in low-endemicity settings.
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Sympatric snail populations have been kept in the laboratory since the isolation of the parasite from the field. To evaluate the influence of the intermediate host in the infectivity of S. mansoni, this allopatric strain was compared to two sympatric strains, from different geographical origins, and with different time of maintenance in the laboratory. Snail–trematode compatibility was accessed for a total of nine possible combinations (three snail populations, three schistosome strains), using different charges of parasite: 1, 5, 10, and 15 miracidia/snail. Each S. mansoni strain was characterized according to its infectivity phenotype that reflects the efficiency of their infection mechanism and all B. glabrata populations were characterized according to its (in)compatible phenotype that reflects the level of (un)susceptibility they display. For all host-parasite combinations tested the dose-response relation indicated a trend for an increase in the infectivity of S. mansoni when higher miracidial doses were used. SmRES-2 presented the highest overall infectivity rate, especially in the SmRES-2/BgRES interaction with 15 miracidia/snail. However, SmRES was more infective to BgBAR than SmRES-2, indicating that SmRES strain was more infective at the first contact with this new host than after 2 years of interaction (SmRES-2). BgBAR presented the highest susceptibility to infection. SmRES and SmRES-2 are the same parasite strains. It seems that during these 2 years of interaction, BgBAR acted like a filter and shifted the compatibility polymorphism of the strain SmRES. SmRES-2 became more infective to BgRES (sympatric) than to BgBAR (allopatric), and conversely, SmRES was more infective to BgBAR (allopatric) than to BgRES (sympatric). This interplay suggests that epigenetic mechanisms are prompting these changes. This study concerns with infection of B. glabrata snails from different Brazilian localities with S. mansoni in allopatric and sympatric associations that will partially help in understanding the natural epidemiology of schistosomiasis within natural snail populations in watercourses. This work demonstrates that there is a shift on the compatibility polymorphism profile resulting from sympatric and allopatric interactions of B. glabrata and S. mansoni that constantly change during the time of interaction.

Keywords: snail-trematode, host-parasite, interaction, compatible, incompatible, infectivity, resistance, schistosomiasis


INTRODUCTION

Schistosomiasis is caused by the trematode Schistosoma mansoni Sambon, 1907 and occurs in the Neotropical region, Africa and the Middle East. According to the World Health Organization—WHO (1) ~240 million people are affected by schistosomiasis in the world and more than 700 million live in areas at risk (2). Biomphalaria glabrata is the main intermediate host of S. mansoni, the agent of intestinal Schistosomiasis, in South America (3).

The snails are obligate intermediate hosts of S. mansoni and they are necessary for the larval development and for the transmission of the parasite to vertebrates. The dynamics underlying this process includes genetic and epigenetic mechanisms related to the interaction between parasites and their hosts. Parasites with heteroxenous life cycles require a number of hosts to complete their development, and each host act as a potential filter, modulating both the infection intensity and the genotypes/phenotypes that reach the subsequent host (4–6). Consequently, in a complex life cycle, intermediate hosts may potentially affect the transmission of parasite genotypes and their expressed phenotypes (7).

Many studies on schistosomiasis are carried out using parasites and hosts from cycles maintained in the laboratory. Several factors exert influence on the host parasite relationships, and consequently, on the results of laboratory trials (8). To better understand the host-parasite systems used for research purposes, some aspects must be considered (i.e., S. mansoni strains may be maintained in the laboratory in allopatric or in sympatric snails; the time of interaction in the laboratory can vary from some months to several decades). The compatibility of S. mansoni and B. glabrata depends at least on the age of the snail; former interactions between snail-schistosome; the genetic profile of both parasite and host; and the environment (9).

In summary, there is a global picture in this host-parasite interaction, and an infectivity-susceptibility mosaic shows a co-evolutionary dynamic known as compatibility polymorphism (10, 11). In recent years, integrative approaches, including large scale molecular analysis, have been used and resulted in an increase on our understanding on the mechanisms underlying resistance/compatibility (11). The research community, especially in the last three decades, used laboratory-maintained cycles to investigate host-parasite relationships, so that is the importance to understand how these interactions works.

Biomphalaria glabrata is the main intermediate host of S. mansoni in South America and its compatibility varies among different populations and individuals. This interaction was chosen as a model, and concentrated research efforts have been carried out over the years (9). Different B. glabrata laboratory populations presents different degrees of susceptibility to a strain of S. mansoni and different S. mansoni strains presents different levels of infectivity to a snail population (12–15). The success or failure of infection reflects a complex interplay between the host's defense mechanism and the parasite's infective strategies. Furthermore, compatibility is strain specific, and one parasite strain that is highly infective to a snail population could be less or un-infective to another. Likewise, one snail population that presents high susceptibility to one strain of schistosome could be partially or completely unsusceptible to another (15–18).

Usually, one laboratory keeps the cycle of S. mansoni, and the biological material they produce is donated for different researchers and institutions. Over the last 4 years, our laboratory donated more than 200 times B. glabrata and S. mansoni samples. The Malacology Laboratory of the Oswaldo Cruz Institute is a National Reference laboratory for Schistosomiasis-Malacology (LRNEM) and thus receives samples of snails from all over the country. More than 80 populations of Biomphalaria snails are kept in the LABMAL, most of them comprising the species that are intermediate hosts in South America, Biomphalaria glabrata, Biomphalaria straminea, and Biomphalaria tenagophila (Table 1). Eight strains of S. mansoni are also maintained using sympatric snails and albino Swiss-Webster mice. Some strains have been in the laboratory for more than 30 years, and other for <2 years.



Table 1. List of Biomphalaria glabrata, Biomphalaria tenagophila, and Biomphalaria straminea populations maintained and inbred at Laboratory of Malacology—FIOCRUZ/RJ.
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LABMAL is one of the most important laboratories of schistosomiasis in Brazil, with the greatest alive stock of B. glabrata and S. mansoni. The laboratory produces and donates a huge number of samples for different research purposes, i.e., drugs target on schistosomiasis treatment and control (19) and to study proteins that significantly and distinctively influenced DNA transactions in S. mansoni (20). We strongly believe that investigating and understanding the interaction between them will improve the quality of research. Among the eight main strains that are kept in the lab, the strain from Ressaca (MG) is the most donated one. Over the last years a decrease of compatibility between snail (BgRES) and schistosome (SmRES) from Ressaca has been observed. An empirical attempt has been made to deal with this problem. Part of the Ressaca strain was shifted to an allopatric snail, from Barreiro (MG). Along 2 years of allopatric interaction, an increase in the infection rate of SmRES was observed. This observation lead us to believe that epigenetic mechanisms are involved and rise out this hypothesis to explain some of them and encourage new research directions.

Moreover, these results prompted us to look further and to question the features that might be related to different profiles of host-parasite-environment interaction that generates different profiles of (in)compatibility: time of interaction (laboratory-bred population), geographic origins, genetic diversity, etc. Hereupon, the phenomena observed in our laboratory could be a trace of dynamic genetic interaction, changing through long/short-term- interaction and epigenetic mechanisms. These results also rise questions on the consequence of these changes (if they occur) to the immune-physiological profile related to the interaction. In summary, this study is the very first step in the attempt toward understanding the processes underling these interactions using “omics” approaches and epigenetic analysis.

In the present work, we investigate the multi-parasite strain susceptibility of B. glabrata stocks and conversely, the multi host strain infectivity of S. mansoni stocks based on the host-parasite interaction time. And that is just the first step to understand the variation of compatibility amongst the main strains produced in the LABMAL that will allow the development of better research strategies, improving the quality of laboratory research on schistosomiasis.



MATERIAL AND METHODS


Biomphalaria glabrata Populations

Sympatric snail populations were kept in the laboratory since the isolation of the parasite from the field. These sympatric populations, BgRES, from Ressaca neighborhood, Contage (Minas Gerais State, Southeast Brazil), and BgTEO, from Teolândia (Bahia State, Northeast Brazil), were used to maintain the cycle of their respective S. mansoni strain. Another population, BgBAR, from Barreiro neighborhood, Belo Horizonte (Minas Gerais State, Southeast Brazil) has been used for 2 years to keep the S. mansoni strain from Ressaca, representing an allopatric association.



Schistosoma mansoni Strains

Two S. mansoni strains, selected according to the time of parasite-host interaction within the laboratory, has been kept in laboratory in sympatric snails and in mice (Swiss-Webster) for 8 and 30 years: (i) SmRES is the oldest strain, and was isolated in the 1980's from Ressaca neighborhood, Minas Gerais State, Brazil; (ii) SmTEO is the youngest strain kept in sympatric snails, and was isolated from Teolândia municipality, Bahia state, Brazil in 2010's. One allopatric association has been kept for 2 years in the laboratory using allopatric snails (BgBAR) to maintain the cycle of SmRES. Thereafter we will refer to this parasite strain as SmRES-2.

It is important to highlight that SmRES-2 does not infect BgRES before this study and, since the allopatric association was produced (2 years ago, in the laboratory), SmRES-2 infected only BgBAR snails.



Matrices and Maintenance of Snails

Ten adult snails of each strain (matrices) were placed in transparent glass aquarium filled with 1,500 ml of dechlorinated water and 0.5 g of CaCO3. They were kept in a room with temperature (25°C), luminosity (photoperiod of 12 h in white light) and humidity (70% RH). Weekly, on alternate days, the aquarium was cleaned, and the snails fed with fresh leaves of lettuce (Lactuca sativa L.) ad libitum. The F1 generation of each matrix was used for the compatibility tests.



Compatibility Tests

To evaluate the infection rate, the studies were conducted based on different doses of parasites for a dose-response correlation. Individual infections were carried out using 1, 5, 10, and 15 miracidia/snail. Other doses were tested (30, 50 and 100 miracidia/snail), however, they caused 100% mortality. Nine host-parasite combinations were tested: BgRES/SmRES; BgBAR/SmRES, BgTEO/SmRES, BgBAR/SmRES-2, BgRES/SmRES-2; BgTEO/SmRES-2; BgRES/SmTEO; BgBAR/SmTEO, and BgTEO/SmTEO as described in Figure 1.
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FIGURE 1. Overview of experimental procedures. Long-term host-parasite relationship: Biomphalaria glabrata (Bg) and Schistosoma mansoni (Sm) stocks at Laboratory of Malacology, BgRES and SmRES from Ressaca–MG collected in 1980', 38 years of host-parasite interactions; BgBAR form Barreiro–MG collected in 1980', 2 years of host-parasite interactions with SmRES-2; BgTEO and SmTEO from Teolândia–BA collected in 2010', 8 years of host-parasite interactions. Compatibility test with 1, 5, 10, and 15 miracidia: Nine host-parasite combinations were established: BgRES/SmRES; BgBAR/SmRES, BgTEO/SmRES, BgBAR/SmRES-2, BgRES/SmRES-2; BgTEO/SmRES-2; BgRES/SmTEO; BgBAR/SmTEO and BgTEO/SmTEO. Overview of Sympatric and Allopatric combinations: After exposition, molluscs were placed in aquaria and kept under the same maintenance's condition of the matrices until 15 days post-infection (DPI). The snails were fixed in modified Railliet-Henry solution (21) for the observation of primary sporocysts (SpI).



Ten snails of each population (6–9 mm) were individually exposed for 4 h to different doses of freshly hatched miracidia in 20 ml glass containers containing 5 ml dechlorinated water, and after the exposure time they were observed under a stereomicroscope to count miracidia that did not penetrate during the exposure period.

After exposure, the snails were placed in aquaria and kept under the same matrices conditions until 15 days post-infection. Thereafter, they were removed from the aquaria, placed individually in 10 ml of 1% Hypnol anesthetic solution for 4 h to relax the tissues. Then they were immersed in water heated to 70°C for 45″, then immersed in water at room temperature, and with the aid of tweezers, the region of the headfoot mass was pulled with a gentle pull to detach the insert from the columellar muscle. The snails were fixed in modified Railliet-Henry solution (21) for the observation of primary sporocysts (SpI).

For all experimental groups, the establishment of infection was determined by the presence of primary sporocysts in the tissues. The SpI number was determined after thorough dissection of each exposed snail, including deeper tissues. The degree of compatibility was quantified by the proportion of infected snails and the infection intensity was established according to the number of SpI by infected snails (15).

The results were analyzed using ANOVA and Tukey post-hoc test (R version 3.4.4) and are presented in graphs. Differences were considered statistically significant when P < 0.05. The R Script (Data Sheet 1) and the data analysis are provided in the Supplementary Table 1.




RESULTS


Infectivity of Schistosoma mansoni Strains

For all host-parasite combinations tested the dose-response relation indicated a trend for an increase in the infectivity of S. mansoni when higher miracidial doses were used (Figures 2A–C). The strain SmRES presented low infectivity to the sympatric snails (10–50%) and to the allopatric snails BgTEO (20–40%) (Figure 2A). Furthermore, when interacting to another allopatric snail, the BgBAR, this strain presented high infectivity rates (60–90%).
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FIGURE 2. Infectivity of Schistosoma mansoni strains (%) SmRES (A), SmRES-2 (B), and SmTEO (C) in the different Biomphalaria glabrata strains (BgRES, BgBAR, and BgTEO) exposed to different doses of miracidia (Mi).



The strain kept in allopatric snails, SmRES-2, presented the highest infectivity on all B. glabrata populations tested. This strain showed 40–80% of infectivity to BgTEO, 0–90% to BgRES, and 50–80% to BgBAR (Figure 2B). The SmTEO strain presented low infectivity to allopatric snails (0–20% BgRES; 10–40% BgBAR). The lowest infectivity was seen in the interaction SmTEO/BgRES, which presented 0% infectivity at 1 and 5 miracidia/snail and 20% at 10 and 15 miracidia/snail (Figure 2C). However, the infectivity to sympatric snails was high (10–80%) (Figure 2C).

It is important to highlight that the strain SmRES, which is maintained in laboratory using sympatric snails, presented low infectivity to this snails, and high infectivity to the allopatric BgBAR snails (Figure 2A). On the other hand, after 2 years of interaction with allopatric snails (BgBAR), the strain (renamed BgRES-2) became highly infective to the sympatric snails (BgREs) and to the allopatric snail BgTEO. Thus, the 2 years of interaction between SmRES-2 and BgBAR resulted in an increase on the infectivity of the strain to both sympatric and allopatric hosts (BgRES and BgTEO).



Susceptibility of Biomphalaria glabrata Populations

From the host's perspective, the susceptibility varies according to the strain of S. mansoni (Figures 3A–C). The BgBAR population is far more susceptible to SmRES than BgRES and BgTEO (Figure 3A). When exposed to the higher miracidial doses (10 and 15 miracidia), all populations were highly susceptible to SmRES-2 (Figure 3B). On the other side, the interaction between BgBAR and SmTEO showed the lowest compatibility among all combinations tested, while BgTEO presented high susceptibility to its sympatric strain, especially at higher miracidial doses (Figure 3C). It is important to note that after 2 years of allopatric interaction with SmRES-2, BgBAR presented lower susceptibility to the renamed strain (Figure 3B) when compared to SmRES strain, which was kept in sympatric snails (Figure 3A). On the other hand, BgRES presented higher susceptibility to the sympatric strain after it was kept for 2 years in allopatric interaction with BgBAR (renamed SmRES-2) (Figures 3A,B).
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FIGURE 3. (In)Compatibility of Schistosoma mansoni strains SmRES (A), SmRES-2 (B), and SmTEO (C) to Biomphalaria glabrata strains (BgRES, BgBAR, and BgTEO) at different doses of miracidia (Mi).





Infection Intensity

The intensity of the infection is given by the ratio: number of SpI/number of infected snails. For all host-parasite combinations, there was a trend for an increase in the intensity of the infection when higher miracidial doses were used. For comparison purposes, we will consider as “low infection intensity” the interactions that do not exceeded 1.5 SpI/Infected snail at any one of the tested doses (SmRES/BgTEO; SmTEO/BgBAR; SmTEO/BgRES). Most of the interactions that presented higher infection intensity (Figures 4A–C) were those that also presented high infectivity rates (Figures 3A–C): SmRES-2/BgRES; SmRES-2/BgBAR; SmRES-2/BgTEO; SmRES/BgBAR. The only exception was SmRES/BgRES that, despite the low infectivity rate (10–50%), presented high infection intensity. The infection intensity was higher in sympatric combinations for SmRES-2 and SmTEO, however, for SmRES, the infection intensity was higher in an allopatric combination (SmRES/BgBAR).
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FIGURE 4. Intensity of infection of the different miracidial doses of Schistosoma mansoni SmRES (A), SmRES-2 (B), and SmTEO (C) in the different strains of Biomphalaria glabrata (BgRES, BgBAR, and BgTEO). Different letters means significant difference.



The strain SmRES-2 presented the highest infection intensity, especially in the SmRES-2/BgRES sympatric interactions with 10 and 15 miracidia/snail. All interactions with this strain presented high infection intensity (Figure 4B). The interactions with the strain SmRES were the second most intense, and only one interaction, SmRES/BgTEO, presented low infection intensity (Figure 4A). SmRES/BgBAR with 15 miracidia/snail (mean = 2.2 SpI/snail) was the second most intense interaction (Figure 4A). The interactions with the strain SmTEO were the least intense and the allopatric interactions presented low infection intensity: SmTEO/BgBAR; SmTEO/BgRES (Figure 4C). The highest infection intensity for SmTEO was recorded in the sympatric interaction with BgTEO, at 10 and 15 miracidia/snail.

The profile of development of SpI depends on the schistosome strain, snail' population and also on the dose used in the infection. The strains SmRES and SmRES-2 showed interesting results concerning the host-parasite compatibility. Despite the different designation, SmRES and SmRES-2, represents the same strain. The only difference between them is the population of B. glabrata used in their maintenance. The strain SmRES has been kept in sympatric BgRES snails since its isolation, 38 years ago. The strain SmRES-2 represents an allopatric association, in which BgBAR snails were used, for 2 years, to keep SmRES strain. This intermediate host shift (from BgRES to BgBAR) generated changes on the strain compatibility polymorphism. The original SmRES strain is less susceptible to BgRES than to BgBAR, while SmRES-2 is more susceptible to BgRES than to BgBAR. Regarding BgTEO, this snail was the least compatible to both strains; however, SmRES-2 is more compatible to this snail population than SmRES. Thus, comparing the intensity of the infection of these strains, it is possible to infer that BgBAR snails provoked some changes on the compatibility polymorphism of SmRES-2 strain: I- increase in the compatibility with the sympatric BgRES population; II- increase in the compatibility with the allopatric BgTEO population; III- decrease in the compatibility with the allopatric BgBAR population that has been used to keep the cycle for 2 years.

Data analysis showed that SmRES-2 is the strain with the highest percentage of miracidia transformation into SpI, with 90% of infection in SmRES-2/BgRES at 15 miracidia/snail. The rate of transformed SmRES miracidia was higher in the SmRES/BgBAR allopatric interaction (2.2 transformation at 15 miracidia/snail) than in the SmRES/BgRES sympatric interaction (1.8 transformation at 15 miracidia/snail) (Figures 4A,B).

Figure 5 shows SmRES-2 miracidia transformed into SpI in a BgRES snail.
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FIGURE 5. Sporocysts I of Schistosoma mansoni (SmRES-2) in Biomphalaria glabrata, from Ressaca (BgRES), at a dose of 15 Mi (Scale bar = 1 mm). Arrow = SpI (primary sporocyst).






DISCUSSION

Compatibility studies have been mainly carried out with laboratory cycles maintained for one or several generations, therefore the data are probably poorly representative of the diversity in original populations. However, to address these limitations, it is extremely necessary to start from some point; thus, host/parasite compatibility has been approached in this study using sympatric and allopatric combinations of miracidia and snails. The compatibility between snails and schistosomes reflects the sum of molecular and environmental determinants, which are variable within and between populations. This complex system not only involve the host's defense mechanisms and the parasite's infective strategies (17, 22, 23) but also the matched or mismatched status of the host and parasite phenotype (9, 18).

In Brazil, only a few laboratories have laboratory-bred B. glabrata and biological cycles of S. mansoni under certified conditions and comply with strict maintenance rules. Among them, the LABMAL maintains limnic and land snails and that acts as gold standard for other research centers inside and outside the country.

Our investigation on snail/schistosome compatibility was based on long-term interactions between parasite and host. We emphasize that all the B. glabrata, S. mansoni strains used in this study were maintained in the laboratory during several years (from 8 to 38), and their susceptibility and infectivity profiles are not representative of the corresponding natural populations. Thus, our alive stock of snails and parasites is inevitably different from wild stocks, nevertheless, they are very useful for studies on the host-parasite relationships, especially on “omics” approaches that may help us to understand these relationships on natural populations. Our study was guided by the previous study done by Theron et al. (15) who addressed another component of these relationships when they extent the susceptibility/un-susceptibility level of different populations of B. glabrata confronted to the same panel of different S. mansoni strains. According to the authors, this cross talking between hosts' and parasites' strains make possible to characterize its “multi-parasite susceptibility phenotype” and its “multi-host infectivity phenotype,” respectively. Without a doubt, the results obtained in our study showed that host and parasite strains present marked differences in their capacity to resist or to infect.

From the parasite's perspective, marked variations on the infectivity spectrum were observed and varied from the poorly infective SmTEO to the highly infective SmRES-2, which was able to infect more than 80% of the three hosts tested. It is interesting to observe that, among sympatric combinations, SmRES/BgRES and SmTEO/BgTEO displayed low levels of compatibility. According to the pattern of the dose-response curve, a gradient could be established. Such phenomenon could be linked to a mechanism recently described by Galinier et al. (10). These authors state that in the multistep infectious interactions of parasites and hosts, a genetically explicit model reveals that polymorphism is greater at recognition loci than at effector loci, and that host-genotype and parasite-genotype interactions are greater at the recognition phase than at the effector phase (10). Moreover, the high incompatibility between BgRES/SmRES may be a result of a genetic mismatch. On the other hand, the high compatibility between the sympatric combination SmRES-2/BgRES seems to be a consequence of the maintenance of this strain in allopatric BgBAR snails and may indicate that BgBAR acted as a filter. In fact, after its establishment in BgBAR snails, SmRES-2 became highly infective to BgRES. However, after 2 years, there was a decrease in the degree of infectivity of SmRES-2 to BgBAR, when compared to the infectivity of SmRES to BgBAR. These finds indicate that when a strain is maintained in the laboratory, there is a loss of compatibility along the time. These finds will be further investigated in the second phase of this study, where we will increase the number of samples and use proteomic and transcriptomic approaches.

Schistosoma mansoni and B. glabrata from Ressaca are one of the oldest combinations established in the laboratory. Data collected during these years of routine maintenance of both host and parasite strains show meaningful change in their compatibility along the time. This fact prompted us to investigate this phenomenon: Why does the compatibility level decreases during successive laboratory generations? It is important to highlight that BgRES/SmRES are the most used and donated samples, and this shift was the red flag that demonstrated the importance to understand this interaction and also to compare to the other strains.

In order to understand the S. mansoni/B. glabrata' interaction and do not lose the SmRES strain, the lab began to use BgBAR to keep the cycle of SmRES; changing the sympatric combination to an allopatric combination. After 2 years of interaction we observed that BgRES became less susceptible meanwhile BgBAR was more compatible. This phenomenon leads us to investigate the multi-panel of B. glabrata-S. mansoni crosstalk. Our results demonstrate that after 2 years of interaction with BgBAR, the strain SmRES, now named as SmRES-2 is more effective to infect BgRES. We also observed that SmRES-2 is more capable to be transformed into SpI inside BgRES.

According to Theron et al. (15) the snail–schistosome compatibility results from a combination of changes and a balance in recognition and effector mechanisms. These changes and mechanisms depend on the genotypic diversity in the host and parasite isolates, and their sum determines the success or failure of the infection. Moreover, the compatibility polymorphism that exists at inter-strain level is also present at intra-strain level, between individual hosts/parasites of the same strain. A snail population is not homogenous regarding its susceptibility to schistosome. Each individual presents the ability to recognize and react against all miracidia (un-susceptibility) or solely to a part of the phenotypic diversity of a parasite strain (susceptibility). From our perspective, we are intrigued whether BgBAR modulated SmRES up to SmRES-2 by epigenetics mechanisms. After those 2 years, SmRES had to deal with BgBAR immune factors and in order to evade it; the strain changed its own establishment mechanisms and turned more infective than before. The establishment process is crucial and lasts 72 h after the begin of the infection. If the host immune defense system is effective, the parasite will be encapsulated, and the infection is ended. It is known that B. glabrata has a sophisticated immune system which allows it to recognize and remember prior S. mansoni infections, and shift their immune response from cellular to humoral (23).

We observed a huge difference on a unique intermediate host profile when it was facing the same parasite strain (BgRES/SmRES and BgRES/SmRES-2), considering the time SmRES-2 was interacting in an allopatric combination. These findings suggest that the success or failure of an infection does not depends only on the snail's susceptibility/resistance status, but rather on the match or mismatch status of hosts and parasites phenotypes (18). Furthermore, the compatible/incompatible status of a specific B. glabrata/S. mansoni interaction might reflects a sum of phenomenon, which plays a balance of multi molecular determinants. According to Mitta et al. (9) this phenomenon could be classified into two categories, the first corresponds to effector/anti-effector system of the host and the parasite, and the involved molecular determinants tend to induce resistance. The second corresponds to immune receptors and antigens, whose intraindividual diversification and polymorphisms could favor the match or mismatch status of host and parasite phenotype. Moreover, the issue became more complex when we also consider the environmental factors that are already known to influence the compatibility between host and parasite. Indeed, successive exposures of B. glabrata to schistosome can change the phenotype of both partners, thereby altering their compatibility.

Our future perspective is to understand this phenomenon involving BgRES and SmRES/SmRES-2, considering “omics” approaches, such as proteomics and transcriptomics. Moreover, we intend to also investigate other strains stocks from LABMAL. At this moment, we are carrying out genetic population's surveys on the 81 populations of Biomphalaria spp.

Finally, these studies will be useful to base laboratory studies and could give a general idea on how we must face the laboratory studies on the diversity of parasite and host strains. Later, these studies may also help to provide detailed information on the most important molecular determinants related to the host–parasite compatibility polymorphism. To conclude, we must emphasize that laboratory strains are useful tools to study compatibility. Despite the fact that they are not representative of their corresponding field populations, they may contribute to identify, in wild populations, molecular markers that were previously found in inbred snails' and trematode' populations.
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The co-evolution of helminths with their hosts has required these parasites to develop a range of sophisticated molecular mechanisms and adaptations to evade, suppress and activate host cells to maximize survival and maintain infection within their chosen niche. Recent studies have revealed that Schistosoma mansoni (S. mansoni)-derived lipids are agonists of innate pattern recognition receptors on eosinophils, mediating a pro-fibrotic phenotype. Indeed, the release of lipids from Schistosoma could be a key factor driving disease pathogenesis in hepatosplenic forms of the infection, where excessive hepatic fibrosis is linked to significant morbidity. A fundamental question that remains is how are lipids derived from the tegumental outer surface of S. mansoni adult worms, cercariae and eggs, transported and protected from the inflammatory milieu to target and activate surface receptors on eosinophils. The recent identification of lipid-enriched extracellular vesicles (EVs) as an evolutionarily conserved form of host-pathogen communication, has led us to speculate that S. mansoni-derived extracellular vesicles are responsible for the targeting of bioactive lipids to eosinophils, and we argue that these cargo delivery systems may be an influential factor in both tissue repair and fibrosis during helminth infection.


SCHISTOSOMAL LIPIDS TRIGGER EOSINOPHILIC TISSUE REPAIR

Schistosomiasis is an infectious parasitic disease caused by the trematode flukes of the genus Schistosoma. The schistosmiasis lifecycle involves free-living larval cerceriae that penetrate human skin, mature into schistosomula in the tissues then migrate through the lungs and systemic circulation before residing in either vesical (S. haematobium) or mesenteric (S. japonicum, and S. mansoni) veins as sexually mature adults where they can evade the immune system for years (1). Females release eggs which either leave the body in excreta to propagate the lifecycle, or get trapped in the tissues inducing a granulomatous immune response. The schistosoma granuloma is a complex immune structure comprised of macrophages and eosinophils in a concentric inner ring with infiltrating dendritic cells and CD4+ T cells interspersed surrounded by an outer layer of fibroblasts which form around eggs deposited in the liver (2), which can result in clinical morbidity from the ongoing fibrosis that encases calcified eggs. In hepatosplenic schistosomiasis, chronic complications develop as a consequence to the inflammatory response to either S. mansoni or S. japonicum, causing excessive hepatic fibrosis which results in portal hypertension and congestive splenomegaly, the most common causes of mortality associated with this disease (3).

Eosinophillia is a prominent feature during S. mansoni infection, with exponential increases in the levels of eosinophils in peripheral blood correlating with disease progression and granuloma development within the host liver during acute infection. Eosinophils comprise ~44–60% of cells within the schistosoma granuloma during acute and chronic infection, respectively (4). Given the persistence of eosinophils during infection, their role in tissue remodeling and fibrosis during and/or following infection has been postulated, especially due to the association between chronic eosinophilia and other fibrotic conditions (5). The participation of eosinophils and type-2 immunity in tissue remodeling and repair was recently demonstrated in murine models of infection where eosinophils were shown to directly drive IL-4-mediated wound repair and regeneration as a post-toxin injury response in skeletal muscle and liver tissue (6, 7). Interestingly, eosinophil-derived IL-4 was shown to support T. spiralis new-born larval growth in muscle tissue by limiting the interferon-driven local inflammatory environment (8). However, type-2 cytokines are not the only molecules secreted by eosinophils to induce wound repair. Another pro-fibrotic mediator human eosinophils are known to release is Transforming Growth Factor-beta (TGF-β), which contributes strongly to airway remodeling in asthma (9), fibroblast proliferation and matrix deposition in the lung (10).

Whilst studies continue to define the role of eosinophils in tissue repair during helminth infection, what remains unexplored within current literature is how this occurs through recognition of parasite-derived pathogen associated molecular patterns. A new report by Magalhaes and colleagues has discovered that lipids derived from S. mansoni, namely lysophosphatidylcholine (LPC) and prostaglandin (PG)D2, can activate eosinophils via toll-like receptor 2 (TLR2) and prostaglandin D2 receptor 1 (DP1) promoting the release of TGF-β to support both fibrosis and tissue repair (11). This novel finding built upon the authors previous research that established LPC signaling through TLR2 mediates eosinophil recruitment and function during S. mansoni infection, whereby TLR2 deficient mice lacked strong type-2 immunity and blood/tissue eosinophilia (12). Interestingly, recent studies from the same group demonstrated a similar effect of schistosomal LPC on macrophages, in which macrophages polarized to an alternatively-activated M2 phenotype through a PPAR-γ-dependent mechanism and were capable of secreting TGF-β, identifying a common pathway to potentiate tissue repair in response to the recognition of schistosomal lipids within the microenvironment (13). It would be reasonable to speculate that the continual release of these active lipid mediators during chronic infection could be a major contributing factor in the excessive fibrotic response observed in hepatosplenic schistosomiasis, and an attractive target for therapeutic intervention.

Exactly how eosinophils and potentially macrophages and dendritic cells within the granuloma and the periphery receive lipid signals from S. mansoni is poorly understood. We argue that it is highly unlikely to only occur through direct contact with the egg or schistosomula due to limited mobility within the center of the granuloma, particularly after the onset of fibrosis. Furthermore, the majority of schistosomula die before sexual maturity, with this necrotic process compromising tegumental integrity and facilitating the rapid enzymatic destruction of lipid components. Together this would suggest that like chemical messengers, schistosomal lipids must be actively released into the granulomatous environment and mesenteric veins to access target cells in the microenvironment in a bioactively stable form. We propose a central role exists here for extracellular vesicles; highly lipid enriched messengers utilized by cells to transport proteins and nucleic acids to mediate cell: cell, and more recently, host: pathogen communication.



EXTRACELLULAR VESICLES AS A FORM OF HOST: PATHOGEN COMMUNICATION

The phospholipid LPC is highly surface active (44.3 dyn/cm) (14), so assembly of LPC within the lipid bilayer of the worm membrane could indeed have potent effects on those immune cells which come into direct contact as suggested by Magalhães et al. (11). It was proposed that LPC and other lysophospholipids may be excreted as degradation products of the worm tegument, activating the TLR2 pathway as apoptotic biproducts (12). However, tegumental phospholipids have been demonstrated to have a far shorter half-life than those contained within the worm body and LPC is rapidly metabolized by lysophospholipase and LPC-acyltransferase which instead, strongly suggests that unbound LPC would be immediately degraded in vivo following worm necrosis and have limited biological activity.

Lipids are poorly water soluble so need to act either in short range or be transported by specific carriers such as lipoproteins. Magalhães et al. use an artificial lipid worm extract in their studies representing a highly pure and concentrated helminth product not derived from a necrotic process, nor structurally contained within a tegumental lipid enriched bilayer (11). Interestingly, a recent S. mansoni lipidome study found LPC to be enriched in cercariae and eggs, although only present as a minor phospholipid in the adult worm suggesting the amount of LPC within the worm tegument may not be sufficient to engage and ligate TLRs to drive cellular activation (15). Furthermore, the importance of targeted delivery of LPC, which would not be achieved by the release of apoptotic bodies, is emphasized by the rapid degradation of lysophospholipids by lipid phosphate phosphatases present on the surface of all cells, enzymes shown to rapidly hydrolyze and reduce the effective local concentration of the lipid agonist (16). Thus, for LPC to interact with surface receptors on eosinophils in vivo it is highly likely that LPC from the worm tegument is concentrated and tightly packaged within the lipid bilayer of S. mansoni-derived extracellular vesicles and actively released.

Exosomes are submicron bioactive extracellular vesicles released through a regulated pathway from all healthy cells of the body as a mechanism of intercellular communication. In recent years, the definition of different forms of extracellular vesicles has become more defined owing to their ubiquity in many biological and disease contexts. As such, minimal guidelines have been introduced to classify different populations of extracellular vesicles, including exosomes, ectosomes, and microparticles (17). Within the parent cell, the molecular sorting of its cytosolic contents including proteins and nucleic acids into intra-luminal vesicles encased by a cholesterol-enriched lipid bilayer is regulated by intercellular RabGTPases. Exosomes have been shown to transport an array of GTP-activatable phospholipases and prostaglandins (PGs) packaged within the lipid bilayer from cell to cell (18) [reviewed in Sagini et al. (19)]. Due to the potential immunomodulatory nature of different types of extracellular vesicle, as was described in the adult liver fluke, Fasciola hepatica (20), we will refer to any potential vesicles secreted by S. mansoni as extracellular vesicles, that presumably may be of exosomal origin. Extracellular vesicles are released from the intracellular Leishmania spp. and Trypanosoma cruzi parasites as well as extracellular pathogens, providing a mechanism for the import of parasite cargo into host cells, including virulence factors from Trichomonas vaginalis and Trypanosoma brucei (21, 22). In regard to helminth infections, extracellular vesicles have been shown to be a common component in the excretory-secretory product (20, 23, 24). Recent investigations of Echinostoma caproni, Fasciola hepatica, Dicrocoelium dendriticum, Schistsoma japonicum, Opisthorchis viverrine, Heligmosomoides polygyrus, and Trichuris suis demonstrated that exosomes are excreted from helminths and can be taken up by immune cells (25–30) and notably S. mansoni and S. japonicum exosomes shown to transport potential host modulating proteins, miRNAs, and tsRNAs (23, 31). We first identified that H. polygyrus released extracellular vesicles that were present in the excretory-secretory product of the adult parasitic worm and revealed that these bioactive vesicles could alter host gene expression, suggesting extracellular vesicles are a highly specialized mechanism for shuttling parasite factors into host cells to modulate the immune system (32).



S. MANSONI-DERIVED EXTRACELLULAR VESICLES DELIVER LIPID AGONISTS TO TRIGGER TLRS ON EOSINOPHILS

Lipids are a critical component of exosomes and small extracellular vesicles, forming the protective lipid bilayer which is directly exposed to the environment and forms the interacting surface with recipient host cells. Surprisingly, the lipid content of helminth-derived exosomes remains relatively unknown, with only a small number of entries for vesicle cargo devoted to lipids in the online database Vesiclepedia. Of those published, the majority list the lipid composition of human-derived immune cells and cancer cell lines [reviewed in Yáñez-Mó et al. (33)]. The identification of the agonists of PGR and TLR2 receptors by Magalhães et al. suggests that lipids embedded within the membranous bilayer of extracellular vesicles secreted by helminths are more than just structural components and may indeed act as novel second messengers within the inflammatory environment (11).

It is well known that exosomes, in comparison to their cellular origin, are highly enriched in an array of lipid species, including phosphatidylserine, sphingomyelin, cholesterol, and plasmalogen. The composition of the lipid moiety within exosomes can not only influence their stability in vivo, but can also have their own functional consequences. Exosomes have been shown to interact with cell peripheral lipid receptors such as Tim4 which recognizes phosphatidylserine (34). Lyso-phosphatidylserine extracted from the tegument of S. mansoni has been shown to activate TLR2 and direct dendritic cell polarization. Fascinatingly, the effect of lyso-phosphatidylserine on TLR2 was specifically mediated by the parasite lyso-phosphatidylserine species as a commercial synthetic and mammalian-derived lyso-phosphatidylserine had no effect on TLR2 activation (35). Similarly, PGs have been identified in exosomes, with vesicular PGE2 enriched in T cell derived exosomes (36). A recent study of the S. mansoni lipidome found PDG2 to be the most abundant prostaglandin, identified in cercariae and eggs, and was particularly enriched in soluble egg antigen, worm secretory product and egg excretory/secretory product, strongly suggesting PGD2 is released in extracellular vesicles within the excretory/secretory product of S. mansoni in vivo (15). Thus, it is highly plausible that LPC and PG species in the lipid bilayer encasing S. mansoni derived-extracellular vesicle contents are themselves able to modulate the immune response upon recognition by surface receptors on target cells.

It has been postulated that exosome recognition by cells involves G2A, a G protein coupled receptor that recognizes LPC on the surface of exosomes (37). Autotaxin, the lysophospholipase responsible for generating lisophosphatidic acid (LPA) from its substrate LPC, is an enzyme which once secreted can bind to the surface of exosomes (38). Exosome-bound autotaxin is catalytically active and can bind to the host cell through specific integrin interactions, facilitating the release of LPA to activate cell surface G-protein-coupled receptors (38). It is tempting to speculate that a similar mechanism of action exists for the delivery and recognition of LPC by TLR2 on eosinophils. Therefore, we propose the mechanism underlying the findings of Magalhães et al. involves active release and targeted binding of S. mansoni-derived LPC-loaded extracellular vesicles to deliver the lipid agonist to TLR2 on eosinophils, and a similar exosomal delivery method of PDG2 may also exist (Figure 1).


[image: image]

FIGURE 1. S. mansoni lipid-enriched extracellular vesicles trigger eosinophil tissue repair. S. mansoni eggs and worms release extracellular vesicles exosomes enriched in nucleic acid, proteins, cholesterol, and lipids including LPC and DP1. Packaging in the bilayer of exosomes protects lipids from enzymatic degradation once released in the inflammatory milieu as a component of the helminth excretory/secretory product allowing LPC and PGD2 to be targeted for delivery and recognition by TLR2 and PDG1, respectively, on the surface of eosinophils. Activation of TLR2 and DP1 by S. mansoni-derived exosomes drives lipid droplet accumulation within eosinophils and release of pro-fibrotic TGF-β to drive fibrosis in the granuloma or epithelium.





S. MANSONI EXTRACELLULAR VESICLES AS VACCINE CANDIDATES–RESETTING THE BALANCE BETWEEN TISSUE REPAIR AND FIBROSIS

Complex participation from the different life stages of S. mansoni including cercariae, soluble egg antigen and even the sex of the adult worm can drive potent host immunosuppression (39, 40). As such, isolating helminth products with similar immunomodulatory properties, such as those found in parasite excretory-secretory products or from the parasite itself, may represent a target for vaccine development. Recent reports have highlighted the use of helminth-derived extracellular vesicles to prevent future infection. Indeed, we recently found that vaccination of mice with extracellular vesicles derived from H. polygyrus protected against a subsequent infection, inducing high titres of EV-specific antibodies (32). Similar immunomodulatory properties were demonstrated with S. japonicum-derived exosomes which were shown to induce M1 macrophage polarization (27). Vaccines have also been directed against specific molecules enriched in extracellular vesicles, such as cathepsins and heat-shock proteins, rather than the entire extracellular vesicles (41). Currently, S. mansoni-derived proteins are being tested as vaccines against Schistosomiasis with promising results (42), with the fatty-acid binding protein Sm14, which plays a role in S. mansoni lipid uptake, assortment, and transport, currently being trialed as a potential vaccine candidate in humans and animals (43). Although the lipids investigated in the recent study by Magalhães et al. are shown to potentiate a tissue repair cascade, chronic release of these mediators could potentially drive an unfavorable disease phenotype, characterized by advanced hepatic fibrosis, aggravated portal hypertension and the induction of splenomegaly. As such, targeting these lipid-vesicle complexes by vaccination could neutralize an excessive fibrotic response, whilst simultaneously directing immunity against parasite-derived lipids (especially if these same lipids can be found on a particular life-stage of the parasitic worm). Moreover, if the vaccine could prevent establishment of the parasite and perturb it's lifecycle, this would diminish subsequent inflammation and progression of severe hepatosplenic fibrosis, which is far beyond the reparative fibrosis of granulomas that occurs in patients who have the benign hepatointestinal form of the disease.

It is likely that vesicle secretion by the parasite, host or both is associated with co-evolutionary adaptations of both parasite and host alike to maintain a chronic infection whilst attempting to resolve damage to host tissues. Unfortunately, an excessive tissue-repair response may result in unfavorable clinical outcomes, such as hepatosplenic fibrosis. The identification of LPC and PDG2 as potential extracellular vesicle-derived targets (in which the mechanism of action has been established) highlights their potential clinical applications 2-fold. Enrichment of LPC and PDG2 lipids within the serum above levels of a healthy subject could be used as diagnostic biomarkers and it would be of interest to see if serum levels of these lipids correlated with disease severity or more excitingly, increased fibrosis. Moreover, LPC and PDG2 have been identified as promising new vaccine targets in masonic and japonica schistosomiasis. Now it is of importance to determine whether targeting these schistosomal lipids through vaccination will alter the recruitment and activation of eosinophils to the site of inflammation and influence or limit disease pathology during schistosome infection, which could have broader implications for infections in which eosinophils play a key role.
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Like soil-transmitted helminth infections, schistosomiasis is an important neglected tropical disease (NTD) related to poverty with a major impact on public health in developing countries. Diagnosis of active infection is crucial for surveillance of controlled or post-elimination schistosomiasis areas. In addition, the use of conventional diagnostic tools in non-exposed populations (such as travelers) results in misdiagnoses in the prepatent period of infection. Also, the accuracy of standard tests applied in low-endemicity areas (LEAs) decreases after several rounds of treatment. We aimed to determine whether it would be necessary to replace schistosomiasis conventional diagnostic tests such as parasitological methods in LEAs. Also, we evaluate the use of new tools in non-endemic areas. Reliable, cheap and easy-to-use diagnostic tools are needed to respond to the demands of a new era of elimination and eradication of schistosomiasis. To this end, molecular diagnosis—including nucleic acid-based assays (loop-mediated isothermal amplification, polymerase chain reaction) and circulating cathodic and anodic antigen detection tests have become promising strategies. In this review, we attempt to address the use of alternative diagnostic tests for active infection detection and drug-monitoring after specific schistosomiasis treatment.

Keywords: schistosomiasis, molecular diagnosis, POC-CCA, POC-CAA, praziquantel


INTRODUCTION

The World Health Organization (WHO) set a high standard: eliminating schistosomiasis until the end of the decade. In 2012's, delegates in the World Health Assembly adopted WHA65.21 resolution which urged the Member States to get involved in plans with achievable targets toward elimination. Endemic countries would also ensure the provision of therapies, being WHO task to elaborate a procedure to evaluate the interruption of schistosomiasis transmission. Also, to achieve this goal, the WHO established partnerships with non-profit organizations participating in initiatives that hopefully will allow morbidity control of schistosomiasis in areas of Sub-Saharan Africa (1–4). The ultimate objective is to decrease the risk of infection in exposed populations, e.g., school-aged children, women, farmers and fishermen in areas of high prevalence. In addition, low endemic areas (LEA) try to achieve this goal: sustainable schistosomiasis control and interruption of transmission in the nearby future (3). Despite the low transmission rates and low parasitic loads, individuals living in LEA are still at risk of infection. Moreover, since even light infections bear a reasonable chance of morbidity, it is essential to increase efforts toward eliminating schistosomiasis from LEAs.

Overall, the main strategies to control or eliminate schistosomiasis transmission include preventive chemotherapy, water sanitation and hygiene (WASH), snail control, and the dissemination of information, education, and communication (IEC) (5). Although most of these approaches are feasible, elimination of schistosomiasis in every transmission area is not simple. In addition, global changes are re-shaping the world map by introducing, establishing and spreading vector-borne diseases like schistosomiasis in previously non-endemic areas (6, 7). Although schistosomiasis is a poverty-related NTD, Schistosoma infection was recently detected in Southern Europe. In the summer of 2013, an autochthonous schistosomiasis outbreak affected travelers from France, Germany and Italy. A hybrid of human and livestock-specific Schistosoma was identified as a causative agent of urogenital schistosomiasis in Corsica, a tourist destination (8).

The emergence of new endemic areas and the persistence of transmission hotspots require the strategies of control and/or elimination to be perfected. As a result, surveillance systems must be able to detect early changes in transmission patterns in endemic areas and the introduction of parasites in formerly non-endemic areas, and strategies must be designed to suppress infection spread. However, the success of schistosomiasis control or elimination in the world depends on how infection is detected.

Schistosoma infection is primarily determined by laboratory testing. After laboratory detection of Schistosoma infection, it is possible to measure the effectiveness of interventions, monitor transmission in endemic areas, detection of recent introduction of the parasite into non-endemic areas and assess the drug response at community and individual levels (9). Thus, it is necessary to have reliable, accurate, and low-cost diagnostic approaches. In LEAs, traditional tests show decreased performance and underestimate infection prevalence both pre-and post-treatment. By contrast, diagnosis of schistosomiasis in non-endemic areas is also difficult for groups of recently infected travelers and immigrants from non-transmission areas. Could changes to the conventional diagnostic approaches remedy the present scenario? The advances and the relevant perspectives in schistosomiasis diagnosis are discussed here.



CONVENTIONAL APPROACHES UNDERESTIMATE SCHISTOSOMA INFECTION FREQUENCY: IMPLICATIONS FOR THE RELIABILITY OF PRE-TREATMENT DIAGNOSES AND EFFICIENCY OF POST-THERAPY INTERVENTIONS

Schistosomiasis diagnosis traditionally relies on ova detection in biological specimens. Positive egg-excretion is a marker of active infection. However, the peculiar life cycle of Schistosoma, as well as the complexities involving tissue distribution and excretion of ova makes the diagnosis of active infection far from certain in many scenarios. Dictated by parasite loads and egg production, the host's level of infection ultimately determines the tests' success. Low parasite burden in individuals living in LEAs is associated with decreased accuracy of microscopy before and after treatment (7, 10–12). Adult worms can live for decades, but elderly parasites may have reduced egg production, interfering with egg detection. Also, acquired single gender infections or after use of chemotherapy could explain the absence of egg excretion despite the persistence of infection. A variation in egg excretion and subsequent erroneous diagnosis by an inexperienced technician can mistakenly lead to underestimation of schistosomiasis prevalence or an incorrect evaluation of post-treatment response (13, 14).

Molecular assays—including DNA and antigen detection for immature forms like schistosomula and young adult worms—could help the diagnosis of infection in the prepatent period when eggs have not yet been produced. Schistosoma's biological sub-products, such as schistosome antigens, can be present in the blood and excreted in the urine by a single pair of adult live parasites during very early infection (pre-patent infection) (15–19). Also, schistosome antigens may remain detectable from worm pairs that no longer produce eggs after treatment with praziquantel (PZQ). The presence of urinary antigen in the absence of eggs may indicate a single sex infection or unhealthy, unfertile female or senile worms (10, 19, 20). Fragments of Schistosoma nucleic acids are released during the entire parasitic life cycle in intermediate and definitive hosts (humans), but are also found in the parasites' post-mortem tissue. DNA detection assays have the potential to detect schistosomiasis at day one post-infection (21).



THE DECREASED SENSITIVITY OF CONVENTIONAL TESTS CHANGES THE EFFICIENCY OF GLOBAL SCHISTOSOMIASIS SURVEILLANCE FOR THE DETECTION OF ELIMINATION AND LEADS TO UNDERDIAGNOSES OF LIGHT INFECTIONS AT THE INDIVIDUAL AND COMMUNITY LEVELS

In resource-limited settings, the need to keep costs low makes the use of parasitological methods such as the Kato-Katz (K-K) technique a favored diagnostic approach in transmission areas. Requirements for K-K sample preparation are usually affordable, although a well-trained technician is necessary for correctly reading the slides and identifying and counting eggs of soil-transmitted helminths (STH) and schistosomes (22). K-K is a quantitative, highly specific method traditionally used for monitoring STH in co-endemic areas, as it also detects hookworm, whipworm, and roundworm eggs as well as schistosome eggs. However, its low sensitivity compromises evaluation after drug administration, which generates large numbers of false negative results in patients with decreased parasitic loads. Also, it is a time-consuming method and requires electricity to be available. Another limitation is the inaccuracy of K-K for diagnosing early infections prior to oviposition (11, 23, 24).

Population-based studies demonstrate that the variability of parasitological test performance can be an important issue (Table 1). In moderate–to-high endemic areas, K-K may have low sensitivities varying from 41.4–83.5%. In LEAs and/or populations with low parasite burden, the K-K technique has sensitivities that may range from 12.5 to 75% (Table 1). As a result, prevalence may be underestimated in those settings. In moderate-to-high endemicity areas, prevalence is as poor as 20.4–94.8% by using the duplicate K-K technique (Table 1). However, in LEAs, prevalence varies from 4.9 to 7.4% and mostly reflects the reference test's decreased accuracy (25–27). Hence, the results indicate that the test sensitivity varies with infection prevalence and, the last one depends highly on “reference test” accuracy (31). For example, in one study in LEA, S. mansoni infection prevalence determined by K-K with a single slide/sample showed a prevalence of 1.9% and a test sensitivity of 62.5%, respectively (30). By increasing the number of slides per sample and/or the number of stool samples examined, prevalence estimation also increases in both moderate-to-high and low endemic areas (25, 30).



Table 1. Baseline comparative prevalence and sensitivity in high-moderate and low endemicity areas based on Kato-katz test in study populations not submitted to praziquantel treatment.
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Since the intensity of infection and prevalence may influence schistosomiasis conventional test sensitivity, it is critical to get better solutions toward diagnosis improvement in areas of low endemicity (2, 7). In Cavalcanti et al. (30), a study performed in LEA assessed schistosomiasis prevalence by using both conventional tests and new diagnostic tools. By using duplicate K-K with a sensitivity of 75% (CI95%: 34.91–96.81), the egg counts varied from 0 to 72 eggs per gram (epg) and the estimated prevalence was 7.41% (Table 1). The results showed that the number of individuals with no egg detection could not be assessed by traditional methods, diagnosis of “real” active schistosomiasis became an issue. The use of a molecular approach in this same area changed the prevalence estimation by demonstrating that 12.96% of the study population had an active infection. Individuals with active infection were composed of 7.41% egg excretors and 21.3% non-egg excretors as determined by K-K and molecular methods, respectively (30). The introduction of molecular methods increases detection of active infection in areas of low, moderate and high endemicity (Tables 2, 3).



Table 2. Prevalence and sensitivity values determined by Schistosoma mansoni DNA detection assays before treatment in high, moderate, and low endemicity areas.
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Table 3. Prevalence and sensitivity values determined by antigen detection assays in high, moderate and low endemicity areas.
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Evaluation of drug response by parasitological methods at the community level in LEAs is unreliable for a long time (9, 13, 28–30, 43). More than a decade has passed since studies pointed out the progressive loss of sensitivity in parasitological methods with decreasing prevalence and an associated difficult in measuring treatment efficacy (44). Teles et al. (45) demonstrated a progressive reduction of schistosomiasis prevalence from 3.4 to 1.8% in the 3-year observation period in an LEA. The prevalence rate decreased sharply after treatment. However, some egg-positive cases remained detectable after treatment, with no change in parasite load. Since only an egg-based assay was used, non-egg excretors were not diagnosed and treated. Diagnosis based on egg detection does not reveal residual infections with low- or no-egg excretion, only those infections with a persistent parasite burden (2). Other studies presented similar data, demonstrating the failure to distinguish the status of control vs. elimination of schistosomiasis in transmission areas based exclusively on egg detection, as shown in Table 1.

Decreased test sensitivity jeopardizes surveillance of endemic areas by compromising the mapping and monitoring hotspots of transmission and accurately assessing the impact of interventions like preventive chemotherapy use, sanitation and health education (9). However, the limitations of conventional methods are not restricted to transmission areas. At institutional settings in non-endemic areas, both diagnosis and clinical management of individuals with a history of exposure to contaminated water could be a problem (43). For example, the diagnosis of acute schistosomiasis during the prepatent period, with low parasite burden or an absence of egg excretion during chronic infection in travelers, immigrants and refugees often leads to misdiagnoses (23). Low-cost alternatives, like egg enrichment methods, such as HelmintexTM, have potential to improve egg detection. By using magnetic beads to trap eggs in a magnetic field, HelmintexTM enhances microscopic efficacy. It is a very sensitive (100%) technique to detect Schistosoma infection in individuals with as few as 1.3 epg of feces (46). The data suggest that the method could be a reliable alternative to enhance the diagnostic performance of egg-detection assays in LEAs and for the diagnosis of infections with low worm load (25). However, it is a laborious test, and in areas of co-endemicity it may not distinguish Schistosoma species. Also, species-specific differences in eggs' ability to bind to the magnetic beads must be determined for its use in urinary schistosomiasis and “new” infections induced by hybrid species (9). More extensive studies should be conducted.

Also, during chronic infections, low parasite burden can remain unnoticed in asymptomatic individuals. However, in individuals with advanced disease and/or atypical presentations, parasitological tests and even tissue sample analysis can miss active infections (43). As a result, schistosomiasis diagnosis by egg detection in particular groups—like travelers, immigrants and refugees—is underdiagnosed and clinical management becomes restricted.

The use of conventional tests for the diagnosis of schistosomiasis in endemic and non-endemic areas seems to have reached a crossroad; reliable new diagnostic approaches are urgently needed.



NON-TRADITIONAL DIAGNOSTIC APPROACHES CURRENTLY AVAILABLE MAY CHANGE SCHISTOSOMIASIS MANAGEMENT BEFORE AND AFTER TREATMENT IN LEAS AND NON-ENDEMIC AREAS

Although egg detection remains as a reference for the diagnosis of schistosomiasis at community and individual levels, diagnostic assays for DNA and antigen detection can overcome the limitations of parasitological tests. DNA detection assays are mostly in-house tests, although some are becoming commercially available (10). PCR-based assays detect DNA of Schistosoma in stool, serum, plasma, urine, and tissue, demonstrating high sensitivity and specificity (Table 2) (7, 36, 47).

Studies carried out in high, moderate and low endemicity areas suggest that DNA-based assays are reliable tools for schistosomiasis diagnosis and for monitoring treatment response (32–38, 47). In the field, PCR-based assays are more sensitive than parasitological tests regardless of the area endemicity (Table 2). PCR-based methods demonstrated higher sensitivities (80–100%), and—in LEAs— resulted in prevalence values that were higher than those of the K-K technique (Table 2). Amplification of the S. mansoni 121-bp tandem-repeat sequence by a conventional PCR test in one fecal sample showed a higher prevalence than K-K analysis of three stool samples from individuals living in LEAs (Table 2). By using real-time PCR targeting the COX-1 target region, Cavalcanti et al. (30) demonstrated that Schistosomiasis mansoni prevalence was 12.96% compared to K-K estimated prevalence of 7.4% in a low endemicity setting (Table 2). DNA amplification was demonstrated in up to 100% of the egg excretors and 85.7–94.7% of serologically-reactive individuals. Loop-mediated isothermal amplification (LAMP) is a cheaper and simpler version of a molecular detection assay. LAMP is user-friendly and does not require a thermocycler (10). In LEAs, LAMP showed superior performance compared to K-K (Table 2). There is growing evidence that LAMP might be an affordable diagnostic approach in low-income settings. A small study in Brazil indicated that LAMP detected almost 10 times more active infections of schistosomiasis in humans than a duplicate K-K smear. The test detected 92.31% of the egg excretors and 24.83% of K-K negative individuals living in a LEA (37).

Robust data demonstrated that PCR-based methods are also reliable approaches to monitoring response to treatment (Table 2). In areas of high prevalence and infection intensity, at 2 months after PZQ treatment, single real-time PCR detected 69, 3% of S. haematobium infected children vs. 22.8% demonstrated by microscopy (14). After 18 month follow up, real-time PCR diagnosed 78.9% of positive samples in contrast to 63.2 to 68.1% detected by microscopy. In LEAs, persistent DNA amplification can be demonstrated in up to 50% of previously treated individuals with schistosomiasis mansoni 6 months after a single round of PZQ therapy, while no K-K positivity was found [Supplementary Material, (30)]. In LEAs, “false” rapid clearance of egg excretion until 6 months post-therapy may occur while amplification of DNA persists (30). However, during a 2-year long follow up, results showed that both egg and DNA detection had similar performance in a study population of pretreated individuals [Supplementary Material, (30)].

By using PCR-based assays to assess PZQ cure rates, rt-PCR demonstrated that 24% and 18.2% of the treated individuals with one and two rounds of therapy, respectively, remained positive after treatment (30). The results suggest that persistent DNA amplification after PZQ use may be a more suitable indicator of cure.

PCR-based assays detect Schistosoma DNA in stool, serum, plasma, urine and tissue, demonstrating high sensitivity and specificity (Table 2) (38, 48). DNA detection assays are also useful in cases of co-infection with different Schistosoma species and soil-transmitted helminths (STHs); they have potential use in both STH and schistosomiasis control programs (38, 49–51). Multiplex diagnostic platforms allow the diagnosis of multiple STHs and Schistosoma, and may be a cheaper alternative for low-income areas (49).

Egg-negative infections missed by conventional methods can also be revealed by DNA detection assays in travelers, immigrants and refugees leaving non-endemic areas (48). Based on a small case series, real-time PCR for DNA detection in serum was shown to surpass K-K and serology and improve the diagnosis of acute infections in egg-negative and/or serologically inconclusive individuals (52). One crucial pitfall is the amplification of certain Schistosoma target genes. In the same case series, the authors discuss how a repetitive 121-bp DNA fragment represents a little more than 10% of the S.mansoni genome. Its use as a target sequence in real-time PCR might reduce test sensitivity in infections other than S. mansoni, such as S. haematobium and S. japonicum. In situations of co-endemicity or hybrid introduction, the test could have lower performance.



ANTIGEN DETECTION MIGHT PLAY A NEW ROLE IN SCHISTOSOMIASIS DIAGNOSIS

Lately, different assays for the detection of Schistosoma biological sub-products became investigated as reliable alternative to ova detection. Antigen detection was made possible through the development of immunodiagnostic assays in the 1980s (53, 54). Enzymatic (ELISA) assays to detect Schistosoma gut-associated polysaccharides—CCA and CAA—turned out to be a promising diagnostic approach (10, 55). In the 1990s, study in area of high endemicity showed that immunodiagnostic assays (e.g., ELISA) for detection of CAA and CCA in serum and urine demonstrated active S. mansoni infection in 94, 83, and 95% of the populations studied, of which 91% were positive by stool exam. Data showed that CCA and CAA levels correlated with egg counts, although these antigens could also be detected in egg-negative individuals. ELISA for CCA and CAA also demonstrated higher sensitivities than a single stool exam (56). But when testing the applicability of CAA and CCA detection in a low endemicity area, results showed that sensitivities for CAA and CCA using ELISA were 23% and 17%, in serum and 3 and 28% in urine samples, respectively. In contrast, egg detection was positive in 29% of the examined cases in the same area. Based on this, the study suggested that the detection of CCA in urine and CAA in serum might be a suitable diagnostic approach for schistosomiasis, and may be used in conjunction with the parasitological tests to determine the prevalence and intensity of Schistosoma infection in LEAs (57). At this time, CCA and CAA detection assays use were limited. But, a huge step was taken after lateral flow (LF) based assays became available by changing the scenario of schistosomiasis diagnosis (58, 59).

In the era of rapid tests for the diagnosis of many infectious diseases, LF-based assays for CAA and CCA detection have the potential to revolutionize the field of schistosomiasis diagnosis. Schistosoma antigens are detectable in serum and urine samples. CAA-detection based assay uses luminescent quantitative up-converting phosphor (UCP) reporter particles (UCP-LF). But, the assay is not available in the market currently. The point-of-care (POC) test for CCA detection has a commercial version (10, 60). Detection of Schistosoma species is highly variable. POC-CCA, e.g., is more reliable for S. mansoni than for S.haematobium detection, although it can also detect S. japonicum active infections (59). By contrast, UCP-LF CAA may be a promising diagnostic tool in urinary schistosomiasis. A study carried out in Zanzibar of 2,067 randomly selected school children from 16 schools evaluated UCP-LF CAA test accuracy in areas with prevalences ranging from < 2 to 10%. By using latent Bayesian analyses (LBA), sensitivity of UCP-LF CAA was estimated to be 97% (95% CI: 91–100%), and suggested a 14% prevalence. Results showed that high sensitivity and reasonable specificity values assured that the UCP-LF CAA test could be a reliable approach for diagnosis of urogenital schistosomiasis in LEAs attempting complete elimination (61). In non-endemic areas, results from a study of 81 serology-positive individuals demonstrated that UCP-LF CAA confirmed active infections in 56/81 individuals exposed to contaminated waters (62). Also, acute infection was diagnosed before oviposition, since CAA levels were detectable 4 weeks after exposure. CAA levels become measurable before detection of Schistosoma-specific antibodies. Moreover, the study also detected different CAA concentrations in the sera of travelers and migrants, with higher CAA levels demonstrated in migrant serum samples. Post-treatment, a sharp decrease of CAA levels was demonstrated. The results suggest that a UCP-LF CAA serum assay would be a reliable test for diagnosing light infections in non-endemic settings (62).

Field studies presented promising results, and the diagnosis of active schistosomiasis was made easy by the commercial version of CCA manufactured by Rapid Test Diagnosis (Pretoria, South Africa). In high and moderate endemic areas, POC-CCA showed higher accuracy than the K-K technique (26, 39). The results also indicated that the intensity of the POC-CCA reaction correlated with the number of eggs (26). By contrast, results also showed that antigen daily variability was frequently observed in school children as well as antigen persistence in the absence of egg excretion after PZQ treatment (26). In Table 3, POC-CCA sensitivity ranged from 67 to 99.1% when applied in areas of high and moderate endemicity. However, studies performed in populations with light infections and/or LEAs did not experience the unquestionable success of the high and moderate endemicity areas (63). The accuracy of POC-CCA is reduced as a result of an increased number of false positive reactions (Table 3) (20). Mostly, the presence of very weak reactions—called trace positives—overestimates the estimation of active infections. In LEAs, the trace reactivity in POC-CCA is poorly associated with positivity in other confirmatory tests (64). However, it remains undetermined whether the data showing trace results may represent accurate positive reactions and instead should confirm active schistosomiasis (65).

In non-endemic areas, antigen-detection assays' accuracy must be further investigated. In a retrospective study of immigrants and refugees, CCA showed low sensitivity when compared to microscopy, ELISA, Western blot and immune-chromatographic tests (66). Although some authors agree with the usefulness of POC-CCA as a tool for detecting active infection in special populations like refugees, use of the test after treatment follow up is still disappointing in this group (67).



DISCUSSION: ABOUT THE CONTROVERSIES, CURRENT RESEARCH GAPS AND POTENTIAL FUTURE DEVELOPMENTS IN THE FIELD

The main question in an era of control and elimination of Schistosoma infection in a transmission areas is: can the diagnosis of schistosomiasis in endemic settings rely on one test? Although the K-K technique has been applied over the years, several adaptations of the method did not improve its skill in diagnosing schistosomiasis. At the moment, ideal tests are inexistent, and gold standard or reference tests in schistosomiasis diagnosis are missing in LEAs. Limitations of the K-K technique include loss of test sensitivity, low reproducibility, and it is a time-consuming technique even though it has a lower cost compared to molecular tests. Applicability of the K-K in LEAs has become practically useless since a low parasite burden is often hidden within individuals with no egg excretion. Also, K-K performance for diagnosis of multiple parasitic infections in co-endemic areas becomes poor when parasitological tests are used. In institutional settings, primary healthcare of travelers, immigrants, and refugees is compromised by stool exam low performance in light infections. As a marker of drug response or complete cure, the parasitological tests may underestimate the number of treatment failures to PZQ (non-responders) among individuals living in areas of persistent transmission (11).

Since diagnosis limited to conventional tests compromises the detection of active schistosomiasis, it is time to consider new approaches. In the case of S.mansoni, the substitution of DNA or antigen detection assays for stool exam has been considered before (68). Both of the molecular detection assays uncover active infections in both egg excretors and non-excretors. DNA- and antigen-based assays are gradually showing increased potential as markers of active infection in endemic and non-endemic areas. DNA detection assays seem to be an eligible tool for assessing response to therapy in transmission and non-endemic areas. However, superior performance can be seen when molecular approaches are used as a single confirmatory test in both endemic and non-endemic areas. Inferior performances by DNA amplification techniques may be the result of a poor choice of target gene amplification regions for the species under investigation. Also, its universality is debatable under this argument: the costs of DNA-based assays in low-income settings can be 10 times more expensive than the alternatives (10). One possible solution to drop the costs could be the use of multiplex platforms by the Global Polio Laboratory Network (GPLN) in areas of STH and SCH co-endemicity (49). The GPLN already performs molecular diagnosis for poliovirus and other enterovirus infections in 16 labs across Africa. By using multiplex platforms for the diagnosis of STH and SCH, detection of multiple parasitic active infections might be improved while assessment of drug response in transmission areas is kept to a minimal cost. Antigen detection assays are quickly becoming the new reference test of preference in areas of schistosomiasis transmission. However, standardization of the assays, as well as increased sensitivity and specificity and increased availability of multiple commercially affordable tests, are essential issues to be addressed by national schistosomiasis control programs.

Overall, diagnostic tests unveil different aspects of the Schistosoma biology. Detection of Schistosoma and its subproducts may not overlap during the parasite cell cycle. Distinct from egg detection, the kinetics of Schistosoma antigens and DNA are still poorly established during Schistosoma maturity. In budget-limited national programs, it is fundamental to have an accurate, reliable, easy-to-use, and cheap diagnostic tool available to diagnosis schistosomiasis. However, the use of a single tool might restrict the management of Schistosoma infections at community and institutional levels. Hence, adoption of multiple diagnostic approaches should be considered in areas of low endemicity.



CONCLUSION

Evidence of the necessity of settling the new options for the detection of active schistosomiasis is overwhelming. However, it appears more research must be conducted before a final decision is made regarding the total substitution of the conventional tests such as parasitological assays.
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Type 2 diabetes is a metabolic disorder characterized by persistently elevated glucose levels. There is no effective treatment strategy for this condition, and it poses a massive economic burden globally. Schistosoma soluble egg antigen (SEA)-induced immunomodulatory mechanisms have been reported in the treatment of autoimmune disease. This study aimed to determine the ability of Schistosoma japonicum SEA to protect against type 2 diabetes in Leprdb/db mice and understand the associated mechanisms. The mice were divided into four groups: C57BL/6 (the normal group), SEA (C57BL/6 mice treated with SEA), Leprdb/db, and SEA and Leprdb/db co-treatment groups. The mice in the SEA and co-treatment groups were injected with 50 μg of SEA (twice a week for 6 weeks), and the same volume of PBS was used as control. Blood glucose, insulin, and HOMA-IR levels were measured in all mice, which were sacrificed 6 weeks after the last SEA administration. Flow cytometry was used to detect the percentages of regulatory T cells in splenocytes. ELISA was used to detect the levels of IFN-γ, IL-2, IL-4, and IL-5 in cell culture supernatants. Compared with the mice in the Leprdb/db group, the mice in the SEA + Leprdb/db group exhibited significantly reduced insulin resistance, as evidenced by the enhancement of wound healing. The frequency of spleen regulatory T cells increased significantly after SEA administration; meanwhile, the secretion of IL-4 and IL-5 in spleen cells was elevated. These results indicate that SEA can reduce insulin resistance and provide new targets for the treatment of type 2 diabetes. The potential mechanisms might be associated with increases in regulatory T cells and Th2 cytokines in Leprdb/db mice, which warrants further investigation.

Keywords: Schistosoma japonicum soluble egg antigen, type 2 diabetes, regulatory T cells, cytokines, Leprdb/db mice


INTRODUCTION

Diabetes is a metabolic disorder syndrome caused by the dysfunction of insulin secretion. The global healthcare expenditure on patients with diabetes was estimated to be USD 850 billion in 2017. The International Diabetes Federation reported that “There is one diabetic among every 11 adults in the world.” The incidence may increase to 693 million in 2045, with more than 90% of cases being of type 2 diabetes (T2D) (1). The main pathological feature of T2D is insulin resistance, which causes persistently elevated glucose levels. T2D can be treated with diet, exercise, and medication; however, the effect of these measures is not obvious, and those affected require long-term or even lifetime insulin use (2). The pathogenesis of T2D has not been clarified, and there is no effective preventive or curative measure. Therefore, there is an urgent need to develop new treatment methods. Beura et al. (3) noted that environmental factors affect the immune state of the body. Among Asian Indians, epidemiological studies have reported an inverse correlation between the incidence of lymphatic filariasis and T2D, as demonstrated by lower levels of the pro-inflammatory cytokines IL-6 and GM-CSF (4). It has also been reported that schistosomiasis is negatively correlated with the incidence of diabetes. Furthermore, the incidence of diabetes in a schistosomiasis-infected group (14.9%) was significantly lower than that in an uninfected group (25.4%) (5). Previous schistosome infection was also found to be significantly correlated with a lower prevalence of metabolic syndrome and its components, including central obesity, hypertriglyceridemia, and low high-density lipoprotein cholesterol (6). Based on these findings, some helminths such as Schistosoma might be promising in the treatment of T2D by immunoregulation.

In recent years, Schistosoma infection and its by-products have received increased attention in the possible treatment of T2D. Hussaarts et al. (7) reported that in mice with chronic obesity induced by a high-fat diet, chronic infection with Schistosoma mansoni decreased body weight, fat aggregation, and adipocyte volume and improved adipose tissue sensitivity to insulin in peripheral tissues. Luo et al. (8) also reported that chronic S. japonicum infection with praziquantel chemotherapy protected against metabolic syndrome via a mechanism involving the enhancement of the Th2-type immune response. Hams et al. (9) reported that ω-1, derived from recombinant S. mansoni eggs, improved the metabolic status of obese mice by the release of the Th2-type cytokine IL-33. S. japonicum soluble egg antigen (SEA) is an antigen secreted by the eggs, and it can exude through the eggshell to activate sensitized T cells of the immune system. In this study, we used Leprdb/db mice to study the effect and mechanism of S. japonicum SEA on T2D. The results demonstrated that SEA can reduce insulin resistance in Leprdb/db mice, which may be correlated with the enhancement of regulatory T cells (Tregs) and Th2 cytokines.



MATERIALS AND METHODS


Animals and Parasites

Male C57BL/6 mice and Leprdb/db mice (C57BL/6 mice with the diabetes db mutation in the leptin receptor) (aged 6 weeks) were obtained from the Model Animal Research Center of Nanjing University and kept in a specific pathogen-free environment. Leprdb/db mice are overweight, have severe insulin resistance, exhibit elevated liver enzyme levels, and serve as a model for T2D (10). The mice were divided into four groups: C57BL/6 (the normal group), SEA (C57BL/6 mice treated with SEA), Leprdb/db, and SEA and Leprdb/db co-treatment groups. The experiment was performed in triplicate (n = 6 mice per group) and was approved by the Committee on Animal Research of Wuchang Hospital (No. 2018-0032). Snails of the Chinese strain of S. japonicum-infected Oncomelania hupensis were bought from the JiangShu Institute of Parasitic Diseases (Wuxi, China). Cercariae were collected from infected snails, and the preparation of SEA was based on a previous publication (11). Briefly, for SEA, eggs were obtained from the livers of infected mice that were homogenized and washed with phosphate-buffered saline on ice. Polymyxin B agarose beads (Sigma-Aldrich, St. Louis, MO, USA) were used for sterile filtration and endotoxin removal to <1 EU/mg.



Immunization Schedule and Metabolic Measurements

The 6-weeks-old mice in the SEA group and co-treatment group were intraperitoneally injected with 50 μg of SEA (twice a week for 6 weeks), and the same volume of PBS was used as a control. Mice were killed 6 weeks after SEA administration, and the blood glucose and blood fasting insulin concentrations were measured after a 12–16 h overnight fast. Blood glucose levels were measured using an automatic glucose monitor, and the serum insulin concentration was measured with a mouse insulin ELISA kit (Shibayagi Co., Ltd., Shibukawa, Japan). Insulin resistance refers to a phenomenon wherein the body's normal response to insulin is hampered, that is, insulin sensitivity decreased. We detected insulin resistance by using homeostasis model assessment as an index for insulin resistance (HOMA-IR), which is a method used to calculate insulin resistance according to the following formula: fasting insulin (μU/L) × fasting glucose (nmol/L)/22.5.



Flow Cytometric Analysis of Tregs in Splenocytes

To measure the percentage of Tregs, a single-cell suspension of splenic cells was prepared according to a previously described method (12). The cells were stained with a mouse Treg staining kit (eBioscience) and analyzed with Cell Quest software. Cell suspensions were stained by adding 1 μL of FITC-labeled anti-mouse CD4, 1 μL of PE-labeled anti-CD25 mAb, and 2 μL of APC-labeled anti-mouse Foxp3 (clone PC61), and APC-conjugated rat IgG2α served as isotype control. Then sorted for the three target populations by flow cytometry using a FACSCalibur system (Becton Dickinson).



Cytokine Measurement

Spleens were removed from mice 6 weeks after the last SEA administration, and 5 ×106 cells/well were cultured for 72 h at 37°C in 5% CO2 in the presence of 5 μg/mL SEA. The supernatants were then collected, and the IFN-γ, IL-2, IL-4, and IL-5 cytokines were measured with ELISA kits (eBioscience) according to the manufacturer's instructions.



Statistical Analysis

All data are expressed as the mean ± SD and were analyzed with SPSS 17.0. ANOVA was used for comparisons among different groups. A value of P < 0.05 was considered significant.




RESULTS


Effect of SEA on T2D in Leprdb/db Mice

Among mutant mice, blood glucose (Figure 1A) and serum insulin (Figure 1B) levels in the Leprdb/db group treated with SEA were significantly lower than those in untreated Leprdb/db mice. Accordingly, HOMA-IR indicators also improved (Figure 1C). These results indicate that SEA improved insulin sensitivity in Leprdb/db mice.
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FIGURE 1. Improvement in insulin sensitivity after SEA administration in Leprdb/db mice. (A) blood glucose; (B) serum insulin; (C) HOMA-IR. The mice were divided into four groups: C57BL/6 (normal group), SEA (C57BL/6 mice treated with SEA), Leprdb/db, and SEA + Leprdb/db co-treatment groups. The experiment was performed in triplicate (n = 6 mice per group). *denotes P < 0.05.



Blood glucose levels were detected weekly using blood extracted from the caudal vein. This procedure caused a wound on the tail of the mice. The tail wounds of Leprdb/db mice healed slowly, while those of the other three groups healed within a week. Wound is also an obvious complication of T2D, and the treatment of such complications is important in the treatment of T2D. As shown in Figure 2, compared with that in untreated Leprdb/db mice, wound healing in the SEA-treated Leprdb/db mice was markedly better, indicating that SEA markedly improved the complications of T2D such as wound healing.
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FIGURE 2. Tail wounds readily healed after SEA treatment. (A) C57BL/6 group; (B) SEA group; (C) Leprdb/db group; (D) Leprdb/db + SEA group.





Effect of SEA on the Frequency of Tregs in Spleen Cells

As shown in Figures 3, 4, compared with that in C57BL/6 mice, the frequency of Tregs was significantly lower in the Leprdb/db group and significantly higher in the SEA and co-treatment groups (P < 0.05). The frequency of Tregs in the SEA and co-treatment groups was also significantly higher than that in the Leprdb/db group mice (P < 0.05).
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FIGURE 3. Representative FACS results of Tregs from one experiment. (A) C57BL/6 group; (B) SEA group; (C) Leprdb/db group; (D) Leprdb/db+ SEA group. Upper panels, the numbers denote the frequency of CD4+ T cells in splenocytes. Lower panels, the right upper quadrant indicates the frequency of CD25+Foxp3+ T cells from CD4+ lymphocytes. (E) Upper panel, the numbers denote the frequency of lymphocytes. Lower panel, APC-conjugated rat IgG2α served as isotype control.
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FIGURE 4. Effect of SEA on the frequencies of Tregs within total splenocytes. All data are presented as the mean ± SD. The experiment was performed three times (n = 6 mice per group). *denotes P < 0.05.





Cytokine Production by Splenocytes After SEA Administration

As shown in Figure 5, the levels of the Th1 cytokines IFN-γ and IL-2 in the Leprdb/db group were significantly higher than those in the C57BL/6 group (P < 0.05), but there was no significant difference in the levels of Th2-type cytokines. Moreover, the levels of the Th2 cytokines IL-4 and IL-5 in the Leprdb/db+ SEA group were significantly higher than those in the Leprdb/db group (P < 0.05). However, there was no significant difference in the levels of Th1-type cytokines.
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FIGURE 5. The expression levels of the cytokines IFN-γ (A), IL-2 (B), IL-4 (C), and IL-5 (D) were determined by ELISA. Data are presented as the mean ± SD from triplicate experiments. *denotes P < 0.05.






DISCUSSION

Although Schistosoma was found to be beneficial to T2D in this study, it is important to note that Schistosoma spp. can cause many diseases. Therefore, Schistosoma-based approaches might not be readily accepted psychologically by the patient (13). Nevertheless, the development of schistosomiasis derivatives has opened up possibilities for a new treatment strategy for T2D (14). Studies on SEA-induced immunomodulatory mechanisms may contribute to the development of new methods for the treatment of inflammatory diseases such as inflammatory bowel disease, non-obese diabetes (NOD), and collagen-induced arthritis. It has been reported that SEA-treated DC exosomes attenuate the severity of acute DSS-induced colitis in mice more effectively than DC exosomes do (15). In NOD mice, S. mansoni SEA has been shown to prevent diabetes-induced changes in APCs and enhance Th2 and Treg responses (16). SJMHE1, an immunomodulatory peptide of S. japonicum, has also been reported to suppress the clinical signs of collagen-induced arthritis in mice and to block joint erosion progression by decreasing IFN-γ and TNF-α and increasing IL-10, TGF-β, and Treg levels (17). SEA is an antigen secreted by the eggs of S. japonicum, and it represents an admixture of many different proteins, including IPSE/alpha-1 and omega-1 (18). The start time of SEA administration and the duration of immunization have obvious effects on the treatment. Zaccone et al. (19) reported that continuous immunization four times and early use at 4 weeks old can be effective in NOD mice. Based on the literature (7–9, 19), SEA was administered at a dose of 50 μg twice a week for 6 weeks in this study. The results of this study demonstrated that compared with that in Leprdb/db mice, the blood sugar level in the co-treatment group decreased significantly. Thus, SEA can lower insulin resistance in Leprdb/db mice, which is a basic pathological characteristic of T2D. The results of this study also indicated that compared with those in the Leprdb/db group, the tail wounds in the Leprdb/db+ SEA group markedly healed. SEA plays a key role in hepatic fibrosis by inducing TGF-β, which helps in wound healing (20). Thus, these results indicate that SEA has certain therapeutic effects on the complications of T2D, such as insulin resistance and wound healing.

However, we acknowledge an important limitation of this study regarding the choice of the mouse model, Leprdb/db mice, which develop congenital diabetes because of a gene deletion. The blood sugar level in Leprdb/db mice is very high, and after SEA treatment, blood sugar levels decreased significantly. However, the levels were still significantly higher than those in the normal group. Thus, perhaps it was not the best model for this study; therefore, streptozotocin and high-sugar and high-fat-induced T2D models can be used for further investigations.

To further study the mechanism of the effects of SEA on T2D, we used flow cytometry to measure the percentage of Tregs in splenic lymphocytes. Sakaguchi et al. (21) identified Tregs for the first time as a subset of CD4+ T cells that express IL-2Ra (CD25). Because Foxp3 is a specific marker of Tregs, we used the percentages of CD4+CD25+Foxp3+ T cells to evaluate Tregs in the spleens of all mouse groups (22). The result demonstrated that the frequency of Tregs in the Leprdb/db group was significantly lower than that in C57BL/6 mice but was higher after SEA administration. Tregs have important immunosuppressive functions through the cytokines IL-10 and TGF-β. Gao et al. (23) reported that maintaining a higher level of IL-10 through gene transfer could be an effective strategy in preventing diet-induced obesity. Moreover, Tregs expressing the TGF-β-dependent latency-associated peptide reduce insulin resistance in leptin-deficient ob/ob mice (24). There is, in fact, a close relationship among SEA, Tregs, and T2D. In a previous study, compared with that in infected control groups, the percentage of Tregs in the group that received multiple doses of SEA immunization increased significantly 8 and 16 weeks post infection (25). SEA-induced B10 cells promote Treg amplification and induce IL-4 secretion but inhibit IL-17 production (26). Tregs are abundant in the lean adipose tissue of mice, but their number was significantly lower in the insulin resistance animal model due to decreased CCR1, CCR2, and CXCR6 expression, which might be responsible for the Treg-specific accumulation. The difference in Tregs between lean and obese models indicated that Tregs may have a therapeutic effect on T2D (27). Interestingly, insulin resistance is associated with a sharp decrease in Treg cells in several animal models of obesity such as leptin-deficient mice (Leprob/ob), mice heterozygous for the yellow spontaneous mutation, and male mice chronically fed a high-fat diet (HFD) (24). This study had similar results. In vivo, IL-2/anti-IL-2 complexes can improve insulin sensitivity in obese mice by promoting the expansion of Tregs (28). A treatment that specifically increases Tregs may be useful for the treatment of insulin resistance (29), and pioglitazone, a drug used to treat T2D, can increase insulin sensitivity by stimulating PPAR-γ signaling in Tregs, resulting in an increased frequency of Tregs in adipose tissue (30). Therefore, in this study, SEA may have reduced insulin resistance by inducing Tregs. Zaccone et al. (31) reported that blocking Tregs in splenocytes from SEA-treated donors restored the ability to transfer diabetes. SEA was shown to inhibit type 1 diabetes in NOD mice by inducing Tregs, which increased the expression of integrin beta8, TGF-β, and galectins. SEA was shown to prevent diabetes in NOD mice by upregulating bioactive TGF-β on T cells with the subsequent proliferation of Tregs (16).

Leptin, a pro-inflammatory adipokine, can increase and inhibit the production of circulating Th1-type and Th2-type cytokines, respectively (32). Th2 helper T cells secrete the cytokines IL-4, IL-5, IL-9, IL-10, and IL-13. The levels of Th2 in both adipose tissue and peripheral blood were reported to be negatively correlated with systemic insulin resistance (33). IL-4 was used to treat diet-induced obese mice and protected them from weight gain and glucose intolerance by activating the STAT6 pathway (34). Analyses of the immune response induced by injecting SEA into mice revealed Th2 responses (35). SEA has been shown to promote a strong Th2 response in vitro (36) and in vivo (37). In addition, ω-1 allows the ribosome and messenger RNA to skew the immune response toward a Th2 distribution (38). Lacto-N-fucopentaose III from SEA was also shown to induce a type 2 immune response (39). In another study, ELISA results demonstrated that there was a significant increase in the Th2 immune response, but there were no significant differences in Th1 immunoreactivity; the host mounted a Th1 response early in infection before shifting to a Th2 response 4 weeks later (40). In this study, we demonstrated that SEA administration increased the Th2-type immune response but not the Th1-type immune response. Th1 cytokine is positively correlated with markers of obesity and glucose tolerance in T2D patients (41). Therefore, in this study, SEA may have reduced insulin resistance by inducing Th2 responses or decreasing the Th1/Th2 ratio. In addition, the mechanism underlying the effects of SEA on T2D may be related to the innate immune system. SEA activates M2 macrophages via the STAT6 and PI3K pathways (42) and infiltration of eosinophils in adipose tissue (9), which plays an important role in maintaining insulin sensitivity in SEA.

In conclusion, soluble antigens of S. japonicum eggs can treat T2D by enhancing Tregs and Th2-type immune responses. Meanwhile, T2D is associated with many complications such as diabetic foot disease, and SEA administration may improve healing (43). SEA can be added to the treatment strategy for such patients and may have additional practical benefits.
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Evidence of how environmental cues affect the phenotypes of, and compatibility between Schistosoma mansoni and their hosts come from studies in environmental parasitology and research on host diet and chemotherapeutic treatment. Schistosomes deal with a multitude of signals from the water environment as well as cues that come from their hosts, particularly in response to molecules that serve to recognize and destroy them, i.e., those molecules that arise from their hosts’ immune systems. These interactions shape, not only the parasite’s morphology, metabolism and behavior in the short-term, but also their infection success and development into different stage-specific phenotypes later in their life cycle, through the modification of the parasite’s inheritance system. Developmental phenotypic plasticity of S. mansoni is based on epigenetic mechanisms which are also sensitive to environmental cues, but are poorly understood. Here, we argue that specific cues from the environment could lead to changes in parasite development and infectivity, and consequently, environmental signals that come from environmental control measures could be used to influence S. mansoni dynamics and transmission. This approach poses a challenge since epigenetic modification can lead to unexpected and undesired outcomes. However, we suggest that a better understanding of how environmental cues are interpreted by epigenome during schistosome development and host interactions could potentially be applied to control parasite’s virulence. We review evidence about the role of environmental cues on the phenotype of S. mansoni and the compatibility between this parasite and its intermediate and definitive hosts.
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INTRODUCTION

In the course of evolution, parasites improve their fitness as a result of the selection of traits which determine their relationships with hosts (Webster et al., 2007). Digenetic parasites which have multiple (as a rule obligatory) consecutive hosts face the additional problem that different hosts require specific parasite phenotypes plus free-living stages to transit between hosts. Furthermore, to develop, each stage must address and deal with a multitude of signals from the environment, such as temperature, pH, osmolarity and chemical compounds, and also signals that come from the host, in particular those that serve to recognize and destroy them, i.e., the immune system (Coustau et al., 2000; Cosseau et al., 2017; Sures et al., 2017). In this mini-review, the term “environment” will be used to refer to biotic and abiotic conditions that interact with the parasite at each stage of its life cycle. In Schistosoma (parasitic flatworms) this could be a freshwater environment, or the intermediate host or definitive host environment. This interaction shapes not only the parasite’s morphology, metabolism and behavior in the short-term, but also its development into different phenotypes over the whole of its life cycle, i.e., subsequent stages that were not directly exposed to that environment (Escobedo et al., 2005; Augusto et al., 2017). As discussed by Cosseau et al. (2017), the developmental and evolutionary trajectories of schistosomes are based on an inheritance system composed of at least three elements: (i) the genome G and (ii) the epigenome I, which are exposed to signals from (iii) the environment E. All three components interact to bring about the phenotype P in different time scales [the (G × I) × E =>P concept]. The dynamics of this system were recently demonstrated for the whole S. mansoni life cycle where epigenetic changes (histone methylations) are essential to generate phenotypically distinct stages (Roquis et al., 2018). Here, we briefly present a broad view of how environmental cues affect the phenotype and also the compatibility between S. mansoni and their hosts.

Intestinal schistosomiasis is a chronic parasitic disease caused mainly by the trematode S. mansoni. Around 67 million people are infected worldwide and hundreds of thousands remain exposed to the risk of parasitic infection by contact with infested water used for crop irrigation, for recreational or for domestic purposes (Jamison et al., 2006; Steinmann et al., 2006; Morgan et al., 2010). The parasite has a complex life cycle which involves two consecutive obligatory hosts and two transitions between these hosts as free-swimming larvae; in each step, a new environment interacts with the parasite (Figure 1). The interaction with each environment demands regulation of gene expression to meet the parasite’s biological needs and/or to allow for interaction with the host’s immune response (Jolly et al., 2007; Jeremias et al., 2017; Lu et al., 2017; Vasconcelos et al., 2017). The life cycle starts when eggs are released into freshwater and the change in osmotic pressure triggers release of a free-swimming larva, the miracidium, that seeks out an intermediate host, a freshwater snail of the Biomphalaria genus. Here, as a free-swimming larva the parasite is susceptible for the first time to an abiotic environment outside the vertebrate host, with different water temperatures or soluble compounds, that can affect directly and/or indirectly the parasite’s biology. After this first environmental experience, miracidia have to penetrate through the tegument of the snail host and transform into primary sporocysts, multiply asexually, form secondary sporocysts and produce hundreds of cercariae while dealing with the snail’s immune system (Pinaud et al., 2016). Cercariae, a second type of free-swimming larvae, actively seek a definitive mammalian host (usually rodent, primate or human). It is the second time that schistosomes face water quality issues and again are vulnerable to freshwater pollutants such as pesticides, molluscicides and heavy metals, which can affect growth and development in the short or long term (King and Highashi, 1992; Liang et al., 2010; Augusto et al., 2017; Sures et al., 2017). Direct effects were observed, for instance, with non-toxic concentrations of silver nitrate that reduce cercarial infectivity by inhibition of lipid-induced penetration but do not affect the worm’s development after subcutaneous injection (King and Highashi, 1992). Other developmental effects are triggered, for example, by the molluscicide Euphorbia milii latex that does not affect cercarial infectivity, but which does lead to developmental changes inside the definitive host (Augusto et al., 2017). In addition, differential susceptibility of male and female worms to pollutants has been described, with possible epidemiological implications (Liang et al., 2010; Lamberton et al., 2017). Differential male and female cercarial susceptibility to Praziquantel (PZQ), the only anthelmintic drug widely applied, is still not entirely understood but might lead to mating bias in field populations in areas where mass drug administration is intense (Liang et al., 2010). Unfortunately, to our knowledge, little to no work has been done to evaluate the effects of different water soluble compounds on field populations so far. After infection, schistosomules migrate through the venous environment of the vertebrate host to develop into adult parasites and to reproduce sexually. Here they are exposed to a new host environment and must deal with humoral and cellular (adaptive) immune responses (summarized in section “What do we know about the influence of the environment on the interaction with the definitive vertebrate host?”).


[image: image]

FIGURE 1. Life cycle of the human parasite Schistosoma mansoni. The life cycle starts when eggs (in green) are released by mammalian’s host and are affected by osmotic pressure in contact with freshwater (in blue) and deliver a free-swimming larva, the miracidium, that seek out an intermediate host, a freshwater snail of the Biomphalaria genus. Here, as a free-swimming larva, is the first time that the parasite is susceptible to an abiotic environment (in blue). After this first, miracidia have to penetrate the tegument of the snail host (in green) and transform into primary sporocysts while dealing with a sophisticated immune system with barrier functions in the epithelium, a cellular immune response and a humoral defense response. Cercariae (in green) are realized and it is the second time that schistosomes face water quality (in blue). Cercaria larva actively seek a definitive mammalian host (rodent, primate or human). After infection, schistosomules migrates through the venous environment to develop into adult parasites and to reproduce sexually while dealing with humoral and cellular immune responses. In blue – eggs and free-swimming stages under cues of the water environment. In green – parasitic stages under cues from the internal environment of the hosts.





WHAT DO WE KNOW ABOUT THE INFLUENCE OF THE ENVIRONMENT ON THE INTERACTION WITH THE INTERMEDIATE SNAIL HOST?

Freshwater is the immediate environment for the intermediate snail host. In laboratory settings, S. mansoni infections in Biomphalaria spp. snails are commonly measured using snails grown in clean dechlorinated water, for which the chemical and biological composition can be different from water encountered by snails in the field. Indeed, freshwater snails can occupy different aquatic environments with varying degree of flow, pollution, and turbidity (Kloos et al., 2004). Also, many laboratory studies have defined the ecology of the snail by assessing the effects of salinity, pH, water depth, and temperature on snail physiology (Jurberg et al., 1987; Eveland and Haseeb, 2011; Kalinda et al., 2017). These parameters might influence the compatibility between parasite and snail, but as yet, experimental results are lacking. Other environmental cues that might impact host and parasite include: the presence of different contaminants such as pesticides, molluscicides, heavy metals or endocrine disruptors (Iqbal and Sinha, 2011; Augusto et al., 2015; Sures et al., 2017). Most ecotoxicological approaches have focused on the toxicity of these pollutants to uninfected or infected snails, using them as bioindicators (Bianco et al., 2014; Fahmy et al., 2014; Mostafa et al., 2014; Tallarico et al., 2014; Habib et al., 2016). The parasite’s intramolluscan development may also be affected by the type of feed used for snail breeding or rearing (Thompson et al., 1991; Fried et al., 2001). For example, although this observation is under debate, the development time for transformation of infective cercariae could be delayed with a high lipid diet (Thompson et al., 1991; Fried et al., 2001). Also, the number of cercariae produced from each successful miracidial infection can be significantly increased with protein-rich foods (Coles, 1973). Unsurprisingly, most of these studies were designed to determine the toxicity of water contaminants for the snails, and only a few studies have investigated the parasite’s physiological changes and/or changes to molecular pathways which could impact host/parasite compatibility. Environmental perturbations can, of course, affect the immunological and physiological parameters of Biomphalaria spp. snails, and thus, change the relationship between the host and the parasite in one way or another (Table 1).

TABLE 1. Effect of environmental cues on biology and molecular pathways of freshwater intermediate host.
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It is important to highlight here that snail-schistosome redox dynamics play a crucial role in compatibility, based on a complex interplay between host defenses and the parasite’s strategies to circumvent the immune response (Mitta et al., 2017). Reactive oxygen species (ROS) are one of the main immune effector molecules involved in the snail’s attempts to stop the parasite’s development (Hahn et al., 2000). The major form of ROS involved in sporocyst blocking is hydrogen peroxide (H2O2), a compound produced by the snail’s hemocytes (Hahn et al., 2001). Interestingly, susceptible snails release less H2O2, indicating they might have lower SOD activity after parasite infection (Bender et al., 2005). Comparative genetic analyses between susceptible (compatible) and resistant (incompatible) snails support an association between compatibility and allelic variation and/or expression at the SOD locus (Blouin et al., 2013; Tennessen et al., 2015). To protect the sporocyst from deleterious oxidative effects, several antioxidant enzymes or scavengers are produced by the sporocyst itself (e.g., GST, glutathione peroxidase, peroxiredoxin, thioredoxin) (Guillou et al., 2007; Mourão et al., 2009; Wu et al., 2009). The reduction of parasite antioxidant activity by an antifungal agent decreases its snail infectivity (Moné et al., 2010). Moreover, experiments with different host-parasite combinations have shown that parasites displaying high levels of ROS scavenger production have higher infection success, and conversely, snails with low oxidative capability are more susceptible (Moné et al., 2011). In response to the dynamics of environmental cues, parasites show adaptive plasticity for the ROS scavenger production trait (Moné et al., 2011). This could be due to epigenetic changes (Li et al., 2018).

The S. mansoni-snail interaction is characterized by a phenomenon called “compatibility polymorphism,” meaning that some parasite-host combinations lead to infection success (they are compatible) and others do not (they are incompatible). S. mansoni mucin gene (SmPoMuc) is a conserved family of polymorphic mucins which have been shown to be key markers for compatibility polymorphisms observed between different strains of S. mansoni and B. glabrata (Roger et al., 2008; Perrin et al., 2013; Fneich et al., 2016). Expression of SmPoMuc is associated with histone modifications, such as trimethylation or acetylation of histone 3 lysine 9 (H3K9me3, H3K9ac) (Fneich et al., 2016). Different enrichment profiles in SmPoMuc promoters have been observed between the compatible and incompatible strains (Perrin et al., 2013). Treatment with inhibitors of histone modifying enzymes changed the expression of these SmPoMuc phenotypic variants in S. mansoni and increased parasite compatibility with the intermediate reference host (Fneich et al., 2016). Another study addressed the influence of the snail host environment on frequency of epimutations that occurred in the parasite during interactions with B. glabrata. The impact of two host environments (an allopatric vs. a sympatric snail host) on different histone markers, including H3K4me3, H3K27me3, H3K27ac, and H4K20me1, was studied in cercariae emerging from the two host environments and on the resulting subsequent adult stages (Roquis et al., 2015). The authors found three types of epimutations: genotype-dependent, environment-dependent, and random epimutations. While most environmentally induced epimutations appear to be ephemeral in S. mansoni, epimutations that are passed through the germ line can arise through paramutations (Roquis et al., 2015). Paramutations are interactions between the two alleles of a locus, where one allele induces heritable changes in the other allele (reviewed in Chandler, 2007). Hybridization of a compatible and an incompatible (vis-a-vis a reference snail) S. mansoni strain led to heritable histone H3K9 acetylation and methylation changes in the above-mentioned SmPoMuc, and was associated with increased infection success (compatibility) (Fneich et al., 2016). This goes in line with the idea that epigenetic modifications are a way to produce phenotypic plasticity and to survive in a changing environment (Hu and Barrett, 2017).

In summary, it is therefore indispensable to include measures of environmental (“ecotoxicological”) parameters, and to investigate the environmentally mediated epigenetic components, when evaluating snail-schistosome compatibility in the field. The interaction between the parasite, the environment, and the host can influence infection success and the risk of transmission.



WHAT DO WE KNOW ABOUT THE INFLUENCE OF THE ENVIRONMENT ON THE INTERACTION WITH THE DEFINITIVE VERTEBRATE HOST?

It is interesting to know that before infection, even brief contact with soluble pollutants can trigger changes on the free-swimming cercaria, and these changes can be inherited from one parasite stage to another. Ultimately, disease dynamics and host morbidity can be affected by epigenetic changes. We recently described that short exposure to a plant extract used as molluscicide (Euphorbia milii latex), at low doses, does not affect cercarial survival or infectivity, but does trigger not only a change in morphology, metabolic pathways, and fitness of the adult worms, but also the size of hepatic granulomas in the definitive host, an important clinical feature (Augusto et al., 2017).

Once inside its definitive host, variations of the parasite phenotype can be induced by certain intra-host cues (e.g., gene expression perturbations, host diet, drugs, and metabolic syndromes), which affect the parasite’s growth and development (Jolly et al., 2007; Thornhill et al., 2009; Roquis et al., 2015). The parasite’s surface, mainly the male tegument, has a particular importance. It releases several classes of antigens that interact with host antibodies and T cells (Jankovic et al., 1999). Details on immunology of human schistosomiasis were reviewed recently (Colley and Secor, 2014). Briefly, from the first moments after cercarial infection to the end of worm maturation in the blood stream, Th1-type immune responses against schistosomulae result in noticeable increase in certain cytokines (TNFα, IL1α, IL1β, and IL6) as well as Signal Transducers, Activators of Transcription 1 (STAT1), and IFNγ (Burke et al., 2009, 2010; Sanchez et al., 2017). However, once adult worms start depositing eggs around 6 weeks after initial infection, a dramatic shift to a Th2-type immune response ensues. Here, specific egg antigens promote several different classes of cytokines (IL4, IL5, IL10, IL13, and IL33), T regulatory cells, B cells, antibodies and anti-idiotypic responses; complex immunomodulatory mechanisms result in liver fibrosis and hepatosplenic disease but also are thought to have a host tissue protective function (Colley et al., 1999; Fairfax et al., 2012; Colley and Secor, 2014). Through molecular mimicry, adult schistosomes are able to avoid the host’s immune system, possibly through acquiring host antigens and incorporating them into their own surface (Keating et al., 2006; Jiz et al., 2009; Colley and Secor, 2014). Currently, PZQ is the main schistosomicidal compound used to treat the disease in humans, but in the past, other drugs such as Oxamniquine and Hycanthone were also used (Rosi et al., 1965). These chemical compounds effect deformations, such as wrinkling, erosion and loss of tubers, on the parasite’s surface (Shuhua et al., 2000; Manneck et al., 2010). When adult worms are exposed to PZQ, for instance, a progressive contraction of the longitudinal musculature is associated with significant influx in Ca2+, resulting in damage to the parasite’s surface (Gnanasekar et al., 2009; Pinto-Almeida et al., 2016). This goes in line with the finding that effectiveness of schistosomicidal compounds depends on establishment of sufficient surface damage to allow the host’s immune system to recognize the parasite as non-self (Brindley and Sher, 1987; Fallon et al., 1992; Doenhoff et al., 2008). Adult worms have long life expectancies (Colley et al., 2014), and it is well accepted that a large part of the mechanism allowing this may be due to the parasite’s tegument, which goes through a constant renewal process in the outer syncytium zone thanks to schistosome stem cells (neoblasts) (Collins et al., 2013). Epigenetic processes, based on DNA methylation machinery, maintain the proliferative capacity of schistosome neoblasts (Geyer et al., 2018b). Recently, it was demonstrated that even a partial depletion of DNA methylation machinery (based on RNA interference suppression of S. mansoni methyl-CpG-binding, SmMBD2/3, and chromobox protein, SmCBX) significantly reduces neoblast proliferation and egg production, and changes the parasite phenotype (Geyer et al., 2018b). This is particularly important because egg production impacts both human pathology and disease transmission. Furthermore, due to a growing understanding that schistosome development is regulated by epigenetic processes, a certain number of studies have been conducted to characterize important molecules (i.e., histone modifying enzymes) (Pierce et al., 2011, 2012; Cabezas-Cruz et al., 2014; Carneiro et al., 2014; Marek et al., 2015; Cosseau et al., 2017; Geyer et al., 2018a,b; Roquis et al., 2018). Specifically, changes in chromatin structure are observed during adult worm maturation inside the definitive host; likewise, sex-specific gene expression profiles can be observed throughout this process (Picard et al., 2016; Roquis et al., 2018).

Epigenetic processes provide a wealth of potential therapeutic targets for the development of novel therapies against schistosomiasis. The impact of drugs on the schistosome epigenome are mainly studied through dose-response trials, often carried out using in vitro approaches, whereas, studies on the impact of drugs on the schistosome epigenomics in realistic (non-laboratory) situations are still lacking. Since histones and histone modifications are conserved throughout the eukaryotes, many histone methyltransferase enzyme inhibitors have been used to understand the role of post-translation histone modifications in schistosomes (Cabezas-Cruz et al., 2014; Ballante et al., 2017; Padalino et al., 2018; Pereira et al., 2018; Roquis et al., 2018). Recently, Padalino et al. (2018) used a histone demethylase, Lysine Specific Demethylase 1 (SmLSD1, Smp_150560), in vitro, and found significant impacts on adult worm motility, reproduction rate, and phenotype. Drugs that disrupt epigenetic processes or inhibit the enzymes involved could offer novel therapeutics for controlling schistosomiasis. Interestingly, laboratory-induced, Hycanthone-resistant parasites present distinct chromatin structure following post-translation histone modifications: H3K4me3, H3K9me3/ac and H3K27me3 (Roquis et al., 2014). Even though the resistance phenotype might not be heritable (this was not investigated), transient improvements in survival might be sufficient to ensure higher reproductive success of the epigenetically modified individuals. To date, studies evaluating dose-response effects are more frequent than studies that reflect a systemic view of environmental cues and genetic and non-genetic inheritance in the life cycle and transmission of S. mansoni. Understanding the myriad ways in which environmental cues drive the schistosome life cycle should be helpful to explain geographical differences observed in parasite biology, distribution, spread, and morbidity, and might improve the effectiveness of field control approaches.



FUTURE DIRECTIONS

Antihelminthic drugs are a relatively new experience (evolutionarily speaking) for the parasite. Cues that result from host nutrition, environmental quality, or even psychoactive substances ingested by the definitive host, such as tobacco or alcohol, are much older, but investigations on these latter topics are missing and should be undertaken. Analogies are evident in other parasite systems. For example, human daily ethanol ingestion has a positive association with frequency of Strongyloides stercoralis infection (Marques et al., 2010); chronic alcohol ingestion significantly reduces granuloma and hepatic fibrous tissue in mice infected with S. mansoni (Orrego et al., 1981; Castro et al., 1993); and a high-fat diet has a prominent effect on the course of chronic schistosomiasis mansoni in mice (Alencar et al., 2009). Modern molecular techniques are needed for better characterization of this phenomenon. While a direct (maybe toxic) effect of alcoholism in the human host might not be surprising, our group has suggested an additional rationale concerning the possible functional (and evolutionary) link between diet, drug consumption and schistosome snail infection (Fneich et al., 2016). In our model, changes in environmental cues would trigger an epigenetic switch between bet hedging and plasticity strategies.

We showed that, as in many other species, the environment can indeed have an influence on the chromatin structure of schistosomes (Roquis et al., 2014, 2016; Fneich et al., 2016) and epigenetic memory was identified as a promising drug target (Cabezas-Cruz et al., 2014). Besides this, since histones and histone modifications are extremely conserved through all taxa, histone methyltransferase inhibitors developed to treat human cancer have been used to understand specific functions for the lysine or arginine residues they modify in adult schistosomes (Padalino et al., 2018). Our group also demonstrated that histone deacetylation and demethylation inhibitors can reversibly inhibit miracidium to sporocyst transitions, suggesting that heterochromatization is important during this step (Azzi et al., 2009; Roquis et al., 2018). Our results indicate that HMT activity is essential for parasite development, and therefore, this class of enzymes represents a suitable drug target. It remains to be seen whether differences in the environment do indeed lead to heritable changes in one of the bearers of epigenetic information, such as histone modifications, DNA methylation, non-coding RNA or topology of the interphase nucleus in schistosomes.



CONCLUSION

The way the inheritance system interacts with the environment could simply be of academic interest. However, the importance of this interaction becomes evident when considering how to design control measures. (Epi)Genome editing is, for the moment, out of reach, or only available in the laboratory. Control measures that influence epigenetics will, therefore, rely on changes to environmental cues. These changes could effect (I) selection of phenotypes, and (II) modifications in the inheritance system. Designing interventions that capitalize on a better understanding of epigenetic mechanisms in hosts and parasites poses a challenge since it can lead to unexpected and undesired outcomes, but also could represent a new opportunity: once we know how environmental cues trigger phenotypes, we might be able to push the right environmental “button” to effect lasting changes in schistosome infectivity and transmission.
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Background: This study aimed to investigate the association of plasma levels of IL-33, a mucosal alarmin known to elicit type-2 immunity, with infection and liver fibrosis profiles of school children from an endemic area for Schistosoma mansoni, malaria and hepatitis (B & C) in rural Cameroon.

Methods: A cross-sectional study enrolling schoolchildren from 5 public schools was conducted. Single schistosomiasis, malaria and hepatitis infections or co-infections were assessed by kato katz, microscopy, and rapid diagnostic tests, respectively. Hepatic fibrosis was assessed by ultrasound according to WHO Niamey guidelines and plasma levels of Interleukin 33 were determined by ELISA. All statistics were performed using R studio software.

Principal findings: We found a prevalence of 13.5% (37/275), 18.2% (50/275), and 8% (22/275), respectively for schistosomiasis, malaria and hepatitis (B or C) single infections. Only 7.6% (21/275) of co-infections were reported. Although Plasma IL-33 showed a minimal negative risk for schistosomiasis infection (AOR 0.99; 95% CI 0.97–1.01), S. mansoni infected participants had lower levels of plasma IL-33 (p = 0.003) which decreased significantly as eggs burdens increased (p = 0.01) with a negative Pearson coefficient of r = −0.22. Hepatic fibrosis occurred in 47.3% (130/275) of our study population independently from plasma levels of IL-33 (AOR 1.00; 95% CI 0.99–1.01).

Conclusion/Significance: Our data failed to show an association between plasma IL-33 levels and liver disease but convincingly report on a negative association between plasma IL-33 levels and schistosomiasis infection and egg burden in school children from a polyparasitic schistosomiasis endemic area.

Keywords: schistosomiasis, malaria, hepatitis, polyparasitism, cameroon, schoolchildren, interleukin 33, hepatic fibrosis


INTRODUCTION

Schistosomiasis is a tropical disease caused by a trematode worm of the genus Schistosoma which infects the host through contact with contaminated water. With around 207 million people infected worldwide, ~90% of cases occur in sub-Saharan Africa (1). Therefore, Schistosomiasis ranks as the second most important parasitic disease worldwide in terms of public health impact (2). While Schistosoma mansoni, Schistosoma haematobium, and Schistosoma japonicum are the 3 relevant species for humans (3), urogenital schistosomiasis (caused by S. haematobium) and intestinal schistosomiasis (caused by S. mansoni), in particular, are prevalent in Cameroonian adolescents and school age children (4). Besides Schistosomiasis, Malaria bears the greatest burden driven by parasitic diseases with an estimate of 216 million cases worldwide and more than 90% also occur in sub-Saharan Africa (5). In Cameroon, 30% of outpatient consultations, 24% of morbidity cases and 18.7% of mortality cases in healthcare units is attributed to Malaria (6). As malaria and Schistosomiasis infections are both endemic throughout the country, their distribution allows an overlap with other endemic diseases. In this regards, Hepatitis B and C seroprevalences were reported to be high in Cameroon rural settings (7, 8) and mixed infections were encountered with Malaria (9). Because of geographical overlap between Malaria, Hepatitis and schistosomiasis, polyinfections are common and lead into several forms of associations, aggravated health conditions, and co-morbidities (10–12). Evidence from epidemiological surveys have indicated that co-infected individuals might have increased vulnerability to other infections (13, 14) and potentially at higher risk of developing more severe disease due to interactions between the infecting pathogens (13–15). Schistosomiasis, malaria and hepatitis share some similarities in their pathogenesis particularly as the diseases they cause all affect their host liver. In fact, in the context of Malaria, upon a bite of an infected anopheles mosquito, Plasmodium sporozoite migrate toward the liver, invade the hepatocytes where they accumulate prior evasion within the circulation (16). Similarly, in the acute phase as well as in tolerant chronically infected individuals, hepatitis virus has been demonstrated to spread to the entire hepatocyte population (17) using the same receptor like Plasmodium parasite (18). Moreover, during schistosomiasis infection, it is well-documented that schistosomula migrate to the liver where they mature in adult worms to produce eggs (3, 19). Altogether, the co-occurrence of these infections could possibly impact the severity of the liver affection (20), but the dynamics of such processes are poorly known in clinical settings.

Upon infection, the interaction between the host and pathogens, involved cells and molecules which determine the course of the disease. Among them, cytokines play a vital role in the orientation of the host immune response to pathogens and ensuing pathological responses (21). In the context of schistosomiasis, particularly, many reports have now demonstrated the T helper-2 dominated host response to the infection (22, 23), which can be initiated by the alarmin IL-33 (24).

Discovered in 2005, interleukin-33 (IL-33) is a member of the IL-1 family (25) and was first described as an alarmin. However, IL-33 has been shown to induce multivalent functions, leading in anti or pro-inflammatory effects in numerous pathologies (26). While several studies focussed on the role of IL-33 in driving hepatic disease during schistosomiasis (27–29), hepatitis (30–32), or malaria (33), alone, very few investigations, if any at all, have been performed on the association of this cytokine with hepatic schistosomiasis infection and liver disease in a context of mixed infection. This study therefore aimed at investigating the association between plasma levels of IL-33, infection status and liver fibrosis profiles in school children with S. mansoni infection alone or associated with malaria, hepatitis B or hepatitis C.



MATERIALS AND METHODS


Ethic Statement

Ethical approval was obtained from the Cameroon National Ethics committee for Human Health Research (Approval No. 2018/02/976/CE/NECRHH/SP) followed by authorizations from the Ministries of Basic Education and Public Health of Cameroon (631-12.18). Local authorities and schools' directors were also informed and granted us with authorizations. Assisted by school teachers, children, and legal guardians were informed on the scope of the study. Written informed consents and assents were given by children and legal guardians. All data gathered were treated anonymously by the research team. All Schoolchildren enrolled were treated with Praziquantel regardless of their parasitological status.



Study Area and Population

The study was carried out in the Bokito subdivision, situated in the Mbam and Inoubou Division, within the Center region of Cameroon. At around 100 km north of Yaoundé the capital of Cameroon, Bokito is within a transitional zone between forest and savannah. From September to December 2018, data were collected from schoolchildren in five public schools belonging to five different villages of the endemic area namely Bongando, Ediolomo, Kedia, Yoro 1, and Yoro 2 public schools. The study took place 5 months after Mass Drug Administration (MDA) within the five sites. The protocol of treatment was based on the WHO-Tablet dose pole strategy, which estimates the number of praziquantel tablets (600 mg each) based on the participant body height and was recommended for mass-treatment of school-aged children to achieve an optimal dosage of 40 mg/kg (34, 35).



Data Collection

Informed sessions were done by our team in presence of schoolchildren and parents or legal guardians to clearly explain the objective and the methodology of our study. After the informed sessions, each schoolchild was interviewed by a staff of our team, assisted by the legal guardian and the class teacher. All the information was recorded using a questionnaire.



Parasitological Assay

Each schoolchild received two pre-labeled 50 ml screw-cap vials stool container and was requested to provide 2 fresh morning stool samples from 2 different day (with 5 days interval) for parasitological analyses. Two Kato-Katz smears of 41.7 mg fecal material each were prepared for each participant and microscopically examined by two independent technicians to detect and quantify S. mansoni, S. haematobium eggs ectopic elimination and other geohelminths as previously described (36). The participant burden was the geometric mean of intensity (GMI) from the 2 smears.



Ultrasonography

Schoolchildren were examined using a portable ultrasonography device with convex transducer of 4 MHz. All investigations were conducted by the same clinician who was unaware of the infection status of the examined participants. Pathologic lesions were defined and recorded according to the WHO guidelines on the assessment and quantification of schistosomiasis morbidity as previously described (37). Whereas, participants with Liver Image Pattern (LIP) A or B are not likely to have periportal fibrosis (37) and were therefore considered as negative (controls) for liver disease, participants with LIP ranging from C to F were considered as S. mansoni-specific hepatic morbidity (38, 39). Participants with S. mansoni unspecific signs of hepatic morbidity (e.g., hepatitis) were still included in the study (39).



Blood Collection and Assays

Whole blood (4 ml) was collected under aseptic conditions by a well-trained and authorized phlebotomist. Briefly, asepsis was done using ethanol at 70% and, using a needle of 21G, blood was collected by venipuncture at the bend of the elbow into heparin tubes. Bandage strap was used to avoid post-puncture infections. Collected blood samples were stored in coolers filled with ice packs and transported to the laboratory.

Once in the laboratory, malaria thick smears were prepared and analyzed as previously described by Ohrt et al. (40). Briefly, whole blood was mixed, and a spot placed in the center of a slide. Using the edge of another clean slide, red blood cells (RBC) were lysed to release Plasmodium parasites, and caution was taken to have a uniform thick smear (not too thin or too thick as they don't stain well). Prepared thick smears were air dry, stained with a freshly prepared Giemsa solution (10%) and analyzed using an optical microscope.

Subsequently, plasma samples were prepared by centrifugation and stored at −80°C until use. Hepatitis B and C diagnostics were performed using, respectively DiaSpot HBsAg and DiaSpot HCV Ab test strip from DIASPOTTM, Indonesia. Interleukin 33 levels was determined in plasma samples using Human IL-33 ELISA Kit from BioLegend, Inc. USA catalog number 435907. All the assays were performed following the instructions from the manufacturers.



Statistical Analysis

Data were first entered in an excel sheet. Statistical analyses were conducted using R studio software and graphs were plotted using GraphPad Prism 6. Descriptive measures (means, medians, frequencies and percentages) were used to summarize data. Whereas, the t-test was used for comparison between two groups, the non-parametric Kruskal–Wallis test following by Dunn test were used for multiple comparison between more than two groups. Multiple Logistic regression was used to assess the risk of infection/liver pathology as a function of plasma IL-33 levels. Pearson r correlation was used to assess the correlation between the plasma level of IL-33 and the eggs burden. p < 0.05 were considered significant.




RESULTS


Study Flow Diagram

The participants and samples used for the present study were defined as indicated (Figure 1). Samples of participants missing any test result were excluded i.e., kato katz, malaria microscopy, hepatitis serology (B & C), or plasma IL-33. Finally, a total of 275 participants, age range of 6–16 years (mode of 10 years), with a male to female ratio of 1 (138/137) and a modal length of residence within the endemic area of 8 years (with a range of 1–14 years) were included.


[image: Figure 1]
FIGURE 1. Study flow diagram describing the strategy of enrolment and examination of 275 schoolchildren from 5 villages from Bokito, Cameroon. Ethical and administrative authorization were secured to enroll 1002 school children from 5 public schools in rural Cameroon under the EDCTP-funded “Maquisard” cohort aimed at uncovering the host regulators of liver fibrosis in hepatic schistosomiasis. Recruited school children resided 1–14 years within the endemic area at the time of the enrolment. A battery of exams and diagnostic tests were performed on consenting participants and only samples from patients with no missing data for stool examination by Kato Katz, rapid diagnostic testing of Hepatitis B and C viruses and microscopical screening of malaria parasite in blood smears were further used in the present study. A total of 275 school children presented with all test results and were enrolled into the present sub-study. Their plasma samples were tested by ELISA for IL-33 quantification.




Characteristics of the Study Population

The participants' distribution by age and gender in the different groups of infections is presented below (Table 1).


Table 1. Age, gender, and infection status distribution of 275 schoolchildren from Bokito, Cameroon.
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The vulnerable age class of 10–14 was the most represented in our study population. Prevalences of 13.5% (37/275), 18.2% (50/275), and 8% (22/275) were found for schistosomiasis, malaria and hepatitis (B or C) single infections, respectively. S. mansoni-positive participants eggs burden ranged from 12 to 4,572 EPG (Eggs per gram of stool) with a geometric mean of intensity (GMI) of 186 EPG. Among them (n = 275) and including participants whose schistosomiasis status were singly known (n = 35), 83% (49/59), 11.9% (7/59), and 5.1% (3/59) had, respectively a light (EPG < 100), moderate (100 < EPG < 400) and heavy (400 < EPG) infection. In Malaria-positive participants, the parasitic load varied from 28 to 24,086 parasites per mm3 of blood with a mean of 453. A total of 7.6% (21/275) of the fully screened children presented with co-infection(s) of any sort (2.5% for schistosomiasis & hepatitis, 2.9% for schistosomiasis & malaria, 1.8% for malaria & Hepatitis, and 0.4% for schistosomiasis & hepatitis & malaria). Moreover, only 8 school children were found positives for other geohelminths (3 cases of Trichuris trichiura; 2 cases of Ascaris lumbricoides; 1 case of Ancylostoma duodenale; 1 case of Ascaris lumbricoides & Ancylostoma duodenale coinfection; and 1 case of Ascaris lumbricoides & Trichuris trichiura coinfection). Finally, no ectopic elimination of S. haematobium eggs was recorded in participants stool.



Schistosomiasis Infection Associates With Lower Plasma IL-33 Levels in a Polyparasitic Site

To assess whether plasma levels of IL-33 were different from a disease to another, plasma IL-33 concentrations were represented for all participants according to their infection status as reported in Table 1 (Figure 2A). A minimal negative association was observed between plasma IL-33 levels and schistosomiasis infection (AOR 0.99; 95% CI 0.97–1.01). As shown in Figure 2, we further observed a significant reduction of plasma IL-33 levels in schistosomiasis only infected participants when compared to controls indicating a possible negative association of this cytokine with schistosomiasis infection (p = 0.003). Moreover, all participants with schistosomiasis, co-infected or not, appeared to have a lower plasma concentration of IL-33 as demonstrated by the comparison of schistosomiasis negative and schistosomiasis positive participants irrespective of their status relating to other diseases screened (Figure 2B). This was convincingly substantiated by the observation that plasma IL-33 levels decreased with egg burden in our study population (Figure 2C) clearly establishing the negative association between plasma IL-33 and schistosomiasis infection in school children from this polyparasitic area of rural Cameroon. A negative Pearson correlation coefficient (r = −0.22) further confirmed this observation (Figure 2D) despite the absence of mathematical significance (p = 0.17). Non-significant differences between age (Figure 2E) and gender distributions (Figure 2F) of egg-positive and egg-negative participants further reinforced the indication of a true negative association of schistosomiasis taken within a polyparasitic setting with plasma IL-33 concentration. Moreover, whereas the difference between controls without liver injury vs. schistosomiasis without liver disease was not significant (p = 0.55), schistosomiasis infected-participants with liver disease showed a significant lower plasma level of IL-33 (p = 0.005) when comparing to controls with liver injury (Figure 3D). In contrary, no difference of plasma IL-33 concentration was found between geohelminths-positive participants compared to geohelminths-negatives (p = 0.31) or compared to controls not infected with any of the tested pathogens (p = 0.29).


[image: Figure 2]
FIGURE 2. Plasma levels of IL-33 of schoolchildren from Bokito Cameroon, with Schistosomiasis (S); Malaria (M) and hepatitis B & C (H), single or coinfections, and in a control group (C) free of these infections. (A) Comparative graph of plasma level of IL-33 in individuals cataloged according to their schistosomiasis (S), malaria (M), and hepatitis (H) infectious status. Statistical analysis was performed using R to assess by Kruskal–Wallis test followed by Dunn test significant differences between groups. The horizontal bars represent the medians. (B) Plasma levels of IL-33 of all enrolled participants clustered uniquely according to their stool Kato katz result (n = 310) i.e., into Schistosoma mansoni egg negative and egg positive, irrespective of having a known parasitological status for malaria and/or hepatitis. Statistical comparison was performed by two-sided unpaired t-test using R software. The horizontal bars represent the medians. (C) All S. mansoni egg positive participants, including those with unknown malaria and/or hepatitis status, were clustered based on the number of eggs per gram (EPG) of stool into L: light (<100 EPG; n = 49), M: moderate (100–399 EPG; n = 7), H: heavy (>400 EPG; n = 3). S. mansoni negative (N; n = 251) participants, including those with unknown infection status for malaria and hepatitis. Plasma IL-33 values were plotted for each group of egg burden and comparison between groups were performed in a two-by-two approach by two-sided unpaired t-test. Values are displayed into means ± sem. (D) Correlation between the plasma level of IL-33 and S. mansoni eggs burden (EPG) of positive participants with known infection status for malaria and hepatitis was assessed by Pearson correlation using R software. Age (E) and sex (F) distribution of egg negative and egg positive participants were compared by two-sided unpaired t-test using R software. The boxplot representing age shows the median, the 1st and 3rd quantiles including outliers. The samples are represented to show the median age and mean proportion of males.
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FIGURE 3. Plasma levels of IL-33 and infection-associated liver disease detected by ultrasound in 275 schoolchildren from Bokito Cameroon, with Schistosomiasis (S); Malaria (M) and hepatitis B & C (H), single or coinfections, and in a control group (C) free of these infections. (A) Proportions of participants with liver image pattern C, D & E when compared to total participants screened in each infectious category. An interrupted line is drawn at 50%. Total number of participants for each cluster is also indicated on top of the bars. (B) Plasma levels of IL-33 for participants with healthy liver image patterns (A & B) when compared to participants with pathological liver image patterns (C, D & E). The difference between the groups was assessed by unpaired t-test using R software. The red horizontal lines represent the medians. (C) Plasma levels of IL-33 for participants clustered according to each grade of liver image patterns. Differences are assessed by unpaired t-test using R software. The red horizontal lines represent the medians. (D) Plasma levels of IL-33 for participants per infectious status separated into those from participants with healthy LIP (A & B) vs. plasma IL-33 levels of participants from the same infectious cluster with liver disease (LIP C, D & E). Differences between plasma IL-33 levels of participants with and without liver disease from a given infectious cluster were assessed by two-tailed unpaired student t-test within the infectious cluster concerned. NS, not significant, p > 0.1. The black horizontal lines represent the medians.




Lack of Association Between IL-33 and Liver Disease in Schistosomiasis Endemic Area

Ultrasonography was used to assess liver disease in our study participants (Table 2, Figure 3) as per the WHO Niamey protocol for assessing liver disease in schistosomiasis endemic areas (31). Liver Image patterns (LIP) from A, B, C, D to E were observed in the screened school children (Table 2, Supplementary Figure 1). We observed liver image patterns (LIP) indicative of fibrotic pathology (grades C, D & E) in 47.3% (130/275) of our study population (Table 2) but participant distribution by LIP and disease cluster failed to reveal any preferential occurrence of liver disease (LIP grades C, D & E) in infected participants (schistosomiasis, malaria, or hepatitis) when compared to non-infected controls (63 infected vs. 67 non-infected participants with liver disease). Among participants infected with at least one of the screened infectious agents, liver fibrosis (Image patterns C, D, and E) was relatively more prevalent in cases of malaria (54.7% i.e., 35/64), followed by schistosomiasis (47.2% i.e., 25/53) then hepatitis (40% i.e., 14/35) (Figure 3B). Overall, LIP grade C was the most prevalent in participants with liver pathology (98.5% i.e., 128/130). No difference (p = 0.9) was found in the IL-33 plasma levels of participants with liver disease (LIP C, D, E) compared to controls with no signs of liver disease (LIP A, B) (Figure 3C). Moreover, comparison of plasma IL-33 levels between participants having different LIPs (LIP A vs. LIP B vs. LIP C vs. LIP D vs. LIP E) also failed to reveal a significant difference (p = 0.7) (Figure 3D). Disease-specific comparison of plasma IL-33 levels between participants with healthy (A & B) and pathological (C, D & E) liver image patterns (LIPs) revealed a significant elevation of IL-33 plasma levels only in hepatitis-positive participants with liver disease when compared to hepatitis-positive participants without liver disease (Figure 3D). No such difference in plasma IL-33 concentration could be observed in either malaria or schistosomiasis-diseased participants. Ultimately, this lack of association between plasma IL-33 levels and liver disease was further corroborated by multiple regression analysis (AOR 1.00; 95% CI 0.99–1.01).


Table 2. Liver Image patterns, liver disease proportion, gender and infection status of 275 schoolchildren from Bokito, Cameroon.
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DISCUSSION

The world health organization has encouraged research helping the monitoring of the effectiveness of intervention programs deployed against schistosomiasis. Increasingly, research has therefore focused on defining parameters that would refine the monitoring of treatment effectiveness in reducing the disease prevalence and associated morbidity in areas subjected to mass drug administration, the principal control tool of the global anti-schistosomiasis control/elimination strategy (42).

Infection status thus success of treatment has been popularly monitored by changes in stool/urine examination, blood serology, and PCR. Morbidity has been evaluated by hematological assays (for anemia), intellectual performance (for cognitive impairment) (43) and ultrasonography (for tissue destruction) (37). The indirect measurement of blood factors that dynamically respond to infection and disease progression are also being gradually evaluated (44, 45).

In our study, we evaluated the latter group of indicators by questioning the association of an important host alarmin, interleukin-33, with schistosomiasis infection and/or liver fibrosis in a well-characterized foci of schistosomiasis in rural Cameroon where other infectious diseases (malaria, hepatitis B, and Hepatitis C) are also common (4). Our major finding is that of a significant propensity of schistosomiasis-infected hosts to have lower plasma IL-33 levels when compared to non-infected hosts. Notably, the strongest reduction was observed in participants with the highest burden of S. mansoni eggs indicating a solid and hitherto unreported negative association between schistosomiasis infection and plasma IL-33 levels.

Our study first comprehensively investigated the burden of S. mansoni, Plasmodium spp and Hepatitis B and hepatitis C viruses in school children from five public schools of the polyparasitic site of Bokito in rural Cameroon (4). Only participants successfully screened for all diseases were included in the present study. Two hundred and seventy-five included participants, aged 6–16 years old were therefore all screened for schistosomiasis, malaria, hepatitis B, and hepatitis C. We reported positive cases for all diseases with overall prevalences ranging from 23, 19, to 13% for schistosomiasis egg positive cases, malaria positive microscopy to hepatitis serology positive cases, respectively. Two stool samples were collected from each participant and analyzed by Kato Katz (KK) by two independent and experienced technicians, since such a proceeding might improve the sensitivity of KK smears (46–48). Nevertheless, S. mansoni prevalence might be higher in our study population considering the overall low sensitivity of the Kato-Katz smear (49, 50). In the light of such a limitation, however, our findings might miss cases of low infection burden and shed a focused light on KK-detectable infections only. Notably, also, are the moderate to high levels of schistosomiasis infections in our study population that might suggest either a very swift rate of reinfection in our study area. In fact, evidences in favor of the high and rapid re-infection rates of S. mansoni, within a six-month period following treatment, have been previously reported on the site (4) to substantiate our interpretation. Nevertheless, limited adherence of these School-aged Children (SAC) to the MDA program 5 months ago could have also contributed to the prevalence and infection burden. A comparative site study on the determinants of reinfection/persistent infection should be investigated to provide more clarification to these possibilities. Although, defined as highly focal in the transmission of hepatosplenic schistosomiasis (4), our present site participants were not screened for urinary schistosomiasis and such undertakings should be integrated in the future to update the dynamics of schistosomiasis transmitting species on the site. As of now, the absence of ectopic S. hematobium infection in our study population sufficiently argues against the likelihood of S. mansoni/S. hematobium co-occurrence on this site.

What was clear is that Plasmodium falciparum was the most prevalent of the single infection on the study site, consistent with a similar recent study in Uganda (51). However, our malaria prevalence was far lower than those reported elsewhere (51, 52). This could be explained by the fact that, unlike our study, children below 5 years old, the age at higher risk for malaria (53), are usually the primary target of malaria studies on children. Notably for schistosomiasis, our presently reported prevalence of S. mansoni eggs in the participants' stools is lower than that recently reported in the region (4). A possible explanation is the difference in the geographical coverage of both studies where the previous only screened the two most affected public schools and the present study extended the enrolment to three more public schools in the sub-district of Bokito. Moreover, this low prevalence could be also explained as our study was conducted just 5 months after Mass drug administration (MDA), which could further explain the overall occurrence of a light burden in our study population (GMI: 35 EPG). This contrasts a study performed in Senegal where the overall burden was moderate (GMI: 120 EPG) (54). In contrast to previous studies (7, 8), hepatitis prevalence was quite low in our setting. This is certainly related to the age range of our study population which is considerably much younger than cohorts investigated in local hepatitis studies (7, 8).

Alarmingly, all scenarios of mixed infections were observed in our rather young and rural study population further reinforcing the need to approach infectious diseases research in affected tropical foci from a polyparasitic rather than monoparasitic angle of consideration.


On the Changes of Plasma IL-33 Levels During Infection

Schistosoma mansoni-infected participants displayed lower levels of plasma IL-33 suggesting the possible depletion of plasma IL-33 during infection. This result, although striking, contrasts with other studies suggesting the accumulation of this factor during the inflammatory response that characterizes S. japonicum in humans and mice (55, 56). Such a difference could well be ascribed to the differential pathophysiology of S. mansoni and S. japonicum (57). Possibly, IL-33, secreted principally by the epithelium, fibroblasts and endothelium, released after cell damage caused by S. mansoni eggs will bind to its receptor (ST2) and drives the T helper 2 response (58, 59) needed to contain the infection. This binding might therefore reduce the plasma levels of IL-33 which is known to decay 2 h after production by inactivation in the extracellular environment through oxidation of cysteine residues and the establishment of two disulfide bonds in the IL-1-like cytokine domain (60). S. mansoni infections in our clinical settings are rather chronic by nature. Therefore, the acute profile of S japonicum infections in these previous studies argue for the differential availability of IL-33 in the plasma of subjects infected with S. japonicum or S. mansoni. A possible explanation of the observed low IL-33 plasma concentration in individuals chronically infected with S. mansoni, as is the case in our study, could be the early solicitation/utilization of this factor (IL-33). In fact, this line of thoughts gains support from a recent study that also reported low IL-33 blood levels in S. mansoni positive participants (41).

Another possible explanation for the reduced levels of plasma IL-33 in S. mansoni infected participants we observed could be the parasite-driven impairment of IL-33 production (41). Such a stratagem has recently been described for a parasitic nematode where a factor, HpARI (Alarmin release inhibitor) was identified and shown to tether IL-33 to necrotic cells preventing its release (61). Whether such an immunoregulatory process is also shared by S. mansoni should be investigated to address this. Additionally, a recent report showed that IL-33 is downregulated when its soluble receptor (sST2) is upregulated in the serum of patients with inflammatory bowel disease (62). A case is robustly made for the role of the soluble forms of ST2 might have as decoy receptors that neutralize IL-33 in biological fluids (63). Clearly, the assessment of this soluble form of the IL-33 receptor (sST2) could provide further indication on the mechanistic bases of the reduction of plasma IL-33 concentration in S. mansoni infected children.

As of now, the reduction of plasma IL-33, an innate lymphoid type 2 cell (ILC2) activating factor (64), in S. mansoni-infected children in our study parallels the reported reduction of ILC2 and TSLP in young children from rural Zimbabwe infected with S. haematobium (65). Although no differences in alarmin levels were noted in this previous study between. S. haematobium egg negative and egg positive participants, a likely explanation for the discrepancy with our study could be the limited sample size used per age groups to assess the differences [12 participants (65)]. Our study, with a more robust sample size (275 participants) reliably revealed the reduction in this alarmin in infected children that ultimately aligns with the reduction in ILC2 (performed by those authors with a larger sample size cumulating all age groups) reported in this previous study (65). In fact, the consolidation of our observation is made by these authors allusion to a significant effect of a specific IL-33 single nucleotide polymorphisms (SNP) showing that allele variation influences schistosome infection intensity (65).

No difference was found in the blood level of IL-33 among participants with other single infections failing to demonstrate a critical role of IL-33 in the plasma of individuals during malaria of hepatitis infections. However, reports have been made on the elevated levels of IL-33 in patients chronically affected by hepatitis B or C (31, 32) and on the Increased IL-33 levels in the plasma of patients with severe falciparum malaria with a protective role (66). These particularities could well be missing from our cohort which is poorly characterized with regards to malaria and hepatitis disease sub-groups (asymptomatic, advanced, severe, chronic…). Further studies are therefore needed with better characterized cohorts to conclusively address the role of IL-33 in these diseases (malaria and hepatitis).



On IL-33 and Infection-Driven Liver Disease

Our study revealed that most participants with pathological liver image patterns (LIP) had a grade C. This is consistent with our previous study in the same sub-district (4) and a similar study in a schistosomiasis-endemic area conducted in Northern Senegal (54). LIP C readily refers to liver pathology ranging from possible to established liver fibrosis in schistosomiasis endemic areas (31). LIP D and E, which reliably denote established to advanced fibrotic pathology in the liver (31), were very few and no LIP F was recorded in contrast to the latter study in Northern Senegal. This might be explained by the fact that our participants were schoolchildren (age range from 6 to 16 years) in an area subjected at least once yearly to mass administration of praziquantel (4).

Participants with the highest proportion of liver disease and the worst liver profile (LIP E) were from Infections with P. falciparum. This raises the question of the involvement of Malaria in liver pathology in this polyparasitic setting. In fact, this is not uncommon as previous reports have readily identified the liver as a crucial organ for Plasmodium's life cycle (9, 67) and pathological consequences of falciparum malaria within the liver have been reported (68). Remarkably, up to 46.2% (64/145) of liver pathology (LIP C) was also recorded in negative controls. This either (i) further reinforces the limited sensitivity of Kato Katz based screen of our participants where cases with low egg burden might have been missed or (ii) might come as a result of previous infections which were cleared following PZQ treatment, as our study was conducted just 5 months after general MDA in the study population. In fact, even though pathology amelioration follows treatment, the low reversal speed and the high likelihood of reinfection might make it difficult for some treated individuals to rapidly become pathology-free. Notably, however, no case of severe liver pathology (LIP D & E) was recorded in the control group in line with an overall limited progression of pathology following MDA (69, 70).

Intriguingly, participants with schistosomiasis tended to display a reduced proportion of liver disease when co-infected with malaria or hepatitis. In as much as the limited sample size of co-infected patients might limit the strength of this observation, this is not unprecedented. Mixed infections involving schistosomiasis have been increasingly reported to ameliorate the disease prognosis when compared to single schistosomiasis infections (54, 71, 72). Although the mechanistic insights of such an important dynamic of schistosomiasis-driven liver pathology in polyparasitic areas is still poorly understood, a possible explanation is the immune modulation of concomitant infections on the course of schistosomiasis [Th1 in the context of malaria and hepatitis (14, 73) and Tregs for other helminth infections]. This could mitigate the progression of the fibropathological reaction caused by single schistosomiasis infections. Dissimilar patholophysiological processes of these diseases might account for the antagonized disease progression in some co-infections. This is not the case in Malaria-Hepatitis coinfection cases, which displayed the highest proportion of liver disease. A possibility here could be the shared physiopathological processes between the 2 diseases whereby P. falciparum sporozoites were shown to enter hepatocytes using the same receptor as Hepatitis viruses (18). Clearly, these assertions on the differential pathology that ensue co-infections should be taken with caution considering the sample size of our coinfected groups. A broader study including adults would therefore be needed to efficiently assess the contribution of these coinfections on the modulation of the liver disease in schistosomiasis endemic areas.

Our data failed to show a significant difference in the plasma levels of IL-33 in participants with liver disease compared to healthy ones from most infection groups except hepatitis. An in-depth appraisal of the morbidity predictive value of plasma IL-33 during hepatitis should be pursued to validate this preliminary observation. Notably, however, though the plasma levels of IL-33 in S. mansoni-infected participants with liver disease was not different to those without liver disease, these levels were lower than those of the egg-negative control groups. Intriguingly, plasma IL-33 levels in S. mansoni-infected participants without liver disease were apparently lower than levels of plasma IL-33 in controls but did not achieve statistical significance. These IL-33 plasma levels in S. mansoni-infected participants without liver disease did not differ from those of S. mansoni-infected participants with liver disease, as well but showed no apparent reduction when compared to the latter. A notable reason for this singularity of plasma IL-33 levels from participants with S. mansoni infection only without liver disease is their high dispersion (mean ± SD of 32.58 ± 30.24 pg/ml when compared to 23.22 ± 11.17 pg/ml for plasma IL-33 levels of S. mansoni-infected children with liver disease). Although, the reason for this high dispersion remain unknown to us, the mean values of IL-33 plasma levels in S. mansoni-infected participants of our cohort are consistently lower than that of control participants. This further confirms our claim of a reduced plasma level of IL-33 in the context of S. mansoni infection. As of yet, our attempt to define the clinical value of IL-33 in monitoring schistosomiasis-driven liver disease in school children from a polyparasitic site does not support the use of this clinical parameter. This indicated a poor predictive value for plasma IL-33 in assisting the monitoring of liver disease progression in schistosomiasis-diseased school children in our cohort from a polyparasitic area. Our overall observation of a lack of association between plasma IL-33 and schistosomiasis-driven live disease progression is contrasting with previous reports that have suggested the increase of IL-33 with hepatic fibrosis in general (29, 74) and hepatic schistosomiasis-driven liver fibrosis in particular (56). It should however be noted that our study singly investigated the plasma levels of the cytokine as a potentially less invasive approach to monitor pathology whereas some of these studies reporting the elevation of IL-33 as a result of hepatic fibrosis assessed the level of the cytokine within the liver tissue (29). Our data might therefore reconcile with an increase of IL-33 in the fibrotic liver and not the blood to associate/mediate the progression of liver fibrosis. In fact, this possibility is consistent with mechanistic studies in murine models which showed that IL-33 driven liver fibrosis is through the expansion of liver resident innate lymphoid (ILC2) (75) or through induction of M2 macrophages in liver tissues (56), confirming the principal requirement of IL-33 in the liver tissue.

In conclusion, our study in the sub-district of Bokito in rural Cameroon shows that plasma IL-33 levels were lower in children with Schistosomiasis independent of co-infection with malaria, hepatitis B or C or geohelminths. No change could be observed in children plasma IL-33 levels when liver disease was present or not arguing against the association of liver disease with IL-33 in our cohort. Therefore, future studies using a comparative high throughput screen of factors differentially expressed by schistosomiasis-diseased subjects presenting liver disease to those with healthy liver to comprehensively identify host morbidity markers during schistosomiasis is desperately needed.
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Supplementary Figure 1. Representative ultrasonograms from some of the 275 schoolchildren from Bokito Cameroon. Liver image patterns A, B, C, D, & E are displayed as assessed by the radiologist. (A) LIPA shows the representation of a normal liver. (B) LIPB illustrates starry sky which are echogenic foci within the liver parenchyma. (C) LIPC displays pipe stems which are echogenic ring diffuse within the liver parenchyma. (D) LIPD displays echogenic ruff around the portal bifurcation and (E) LIPE is the representation of highly echogenic patches from the portal vein to the parenchyma.
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In areas where human schistosomiasis is endemic, infection prevalence and egg output are known to rise rapidly through childhood, reach a peak at 8–15 years of age, and decline thereafter. A similar peak (“overshoot”) followed by return to equilibrium infection levels sometimes occurs a year or less after mass drug administration. These patterns are usually assumed to be due to acquired immunity, which is induced by exposure, directed by the host's immune system, and develops slowly over the lifetime of the host. Other explanations that have been advanced previously include differential exposure of hosts, differential mortality of hosts, and progressive pathology. Here we review these explanations and offer a novel (but not mutually exclusive) explanation, namely that adult worms protect the host against larval stages for their own benefit (“concomitant immunity”) and that worm fecundity declines with worm age (“reproductive senescence”). This explanation approaches schistosomiasis from an eco-evolutionary perspective, as concomitant immunity maximizes the fitness of adult worms by reducing intraspecific competition within the host. If correct, our hypothesis could have profound implications for treatment and control of human schistosomiasis. Specifically, if immunity is worm-directed, then treatment of long-standing infections comprised of old senescent worms could enable infection with new, highly fecund worms. Furthermore, our hypothesis suggests revisiting research on therapeutics that mimic the concomitant immunity-modulating activity of adult worms, while minimizing pathological consequences of their eggs. We emphasize the value of an eco-evolutionary perspective on host-parasite interactions.
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INTRODUCTION

Parasites are, by their nature, harmful to their hosts. Over the last century, this line of thinking has informed our approach to the treatment and control of human infectious diseases. However, parasites that kill their hosts usually also perish in the process, suggesting that they should instead evolve mechanisms to limit disease burden, and might even protect their hosts under certain circumstances (1). Indeed, recent theoretical and empirical evidence has shown that, to minimize within-host competition, some parasites protect their hosts from infection (2–4). Although these studies examined interactions between parasites of different species, parasites of the same species also compete for host resources, and established individuals might therefore protect their host from invading conspecifics (5, 6). Intraspecific competition might be particularly common among helminths with complex life cycles, because invading individuals are unlikely to be closely related to established adults. The idea that parasites might protect their hosts for their own benefit is not new, but its application to the treatment and control of macroparasitic diseases of humans remains largely unexplored.

Schistosomiasis is a debilitating disease caused by trematodes of the genus Schistosoma. Although several schistosome species are known to infect humans, urogenital schistosomiasis is caused primarily by S. haematobium, whereas most cases of intestinal schistosomiasis are caused by S. mansoni and S. japonicum. Together, these parasites infect an estimated 200 million people globally (mostly in sub-Saharan Africa) (7), causing anemia, stunted growth, cognitive impairment, fatigue, infertility, liver fibrosis, and bladder cancer. High global prevalence combined with severe pathological consequences have made schistosomiasis the second most important human parasitic disease worldwide, exceeded only by malaria.

Schistosomes have complex life cycles. Aquatic snails produce free-living cercariae, which penetrate human skin during bathing and other activities that involve contact with fresh water. Once inside the body, cercariae drop their tails and become schistosomulae, migrating to the lungs and then the liver, and eventually settling in the mesenteric or pelvic vasculature (depending on species) where they pair and mate. A pair of adult worms can produce 300–3,000 eggs per day, about half of which are retained in the host's body. Eggs that are expelled from the body during urination and defecation hatch in the aquatic environment, and free-swimming miracidia infect snails, completing the life cycle (Figure 1A).


[image: Figure 1]
FIGURE 1. (A) Human schistosome life cycle. (B) Classic age-intensity curve showing the epidemiological concepts of peak and peak shift. Data are taken from a study in China (8), but similar patterns have been shown in many endemic areas of Africa, Asia, and the Americas. Inset: “Overshoot” is sometimes observed after mass drug administration in areas of high transmission. Data are taken from a study in Senegal (9), but the pattern has been observed in many other areas. (C) Experimental evidence of senescence of fecundity in old (1.4–10.6 years) schistosome worms infecting non-human primates. Senescence of fecundity is retained when old worms are surgically transplanted into naïve hosts, suggesting that worms, rather than hosts, are driving the pattern. Data are taken from non-human primate experiments 1: (10) and 2: (11). Most of these trials were conducted on baboons, the putative “best” animal model of human schistosome infection (12).


The pathology associated with schistosomiasis is caused almost exclusively by the parasite's eggs and the inflammation that they induce. The eggs secrete proteolytic enzymes that trigger a granulomatous immune response (13), thereby facilitating their passage through the endothelial lining of blood vessels and into the lumen of the bladder (S. haematobium) or intestines (S. mansoni and S. japonicum), from which they pass out of the host's body (14). In humans, infection prevalence, worm burden, and egg output generally “peak” around 8–15 years of age and decrease thereafter (15–18), prompting early researchers to speculate about slowly “acquired resistance” (19, 20). Thus, although adults can be infected, children and young adults tend to exhibit the greatest pathology. Furthermore, this peak tends to shift left (i.e., to younger ages) in high transmission areas—the so called “peak shift” (16, 18, 21–24) (Figure 1B).

In 1974, the revolutionary medication praziquantel (PZQ) was introduced to combat schistosomiasis, and global control efforts turned toward drug administration. By killing adult worms, PZQ prevents pathological consequences of the eggs that would otherwise be produced by these worms, and it was hoped that PZQ might eliminate schistosomiasis. Today, mass drug administration (MDA) programs are recommended by the World Health Organization, funded by local governments and private donors, and usually focus on school age children (25, 26). However, although PZQ is reasonably effective at killing adult worms, it fails to prevent reinfection. Therefore, infection prevalence often returns to baseline soon after cessation of treatment, especially in areas of high transmission (27). Although the failure of PZQ to eliminate schistosomiasis is disappointing, it is not especially surprising; for organisms with complex life cycles, population consequences of mortality of a single life history stage may be complicated by density dependence in intervening life history stages (28). Indeed, a recent study suggested that infection risk for humans is controlled by the availability of intermediate snail hosts (29). Furthermore, life-history tradeoffs could allow schistosomes to compensate for PZQ-induced death, either within or between life history stages (30). Most disturbingly, a few recent studies (9, 31, 32) have shown that post-MDA egg counts a year or less after PZQ administration can even exceed pre-MDA egg counts, a phenomenon termed “overshoot” (33, 34).

Peak and peak shift are commonly observed in areas where schistosomiasis is endemic, and overshoot sometimes occurs after the cessation of drug administration (Figure 1B). Here we review several explanations for these patterns that have been suggested previously, and we propose a novel explanation which considers schistosomiasis from an eco-evolutionary perspective.

1) Host-directed acquired immunity

Peak and peak shift are usually assumed to be due to acquired immunity, which is induced by exposure, directed by the host's immune system, and develops slowly over the lifetime of the host (16–18, 18, 19, 23, 34–41), although its mechanism(s) remain controversial. Acquired immunity might depend on exposure to worm antigens that occurs when worms die, rendering adults more resistant than children due to cumulative exposure (16). For instance, death of adult worms, whether natural or due to PZQ-treatment, might elevate levels of antibodies (e.g., IgE and IgG1) whose activity is directed against antigens on the surface membranes of schistosomula (41, 42), or against fecundity of remaining worms (“anti-fecundity immunity”) (43). Alternatively, adult worms might suppress fecundity of conspecifics, termed “density-dependent fecundity” (44). For instance, egg output per worm declines with host age for S. haematobium in humans (17, 45), S. matthei in sheep (46), and S. mansoni in non-human primates (11, 47), but this might not apply to S. mansoni in humans (45, 48, 49). It is also possible that children simply have a lower capacity to mount an immune response than do adults, due to “immaturity” of their immune systems or other age-dependent changes in the innate immune response (16, 50, 51). Regardless of the mechanism, acquired immunity is not 100% effective, and even in areas of low transmission, many adults harbor worms (18, 52).

2) Differential exposure of hosts

Several researchers have suggested that the characteristic epidemiological patterns associated with schistosomiasis may have a human behavioral explanation (20, 53). Water contact by children usually exceeds that of adults, both in terms of frequency and duration (54–56). Therefore, children may simply be exposed to more infectious cercariae than adults. However, multiple studies have shown that heavily-exposed adults (i.e., those who are occupationally exposed) are at least partially resistant (38, 39), suggesting that exposure differences cannot fully explain the age-intensity curve. Furthermore, differential exposure cannot explain peak shift or overshoot following the cessation of drug administration.

3) Differential mortality of hosts

Another possible explanation for the characteristic epidemiological patterns associated with schistosomiasis is that they result from the inspection paradox (57). If heavily-infected individuals die at a relatively young age, then they would be undetectable at older ages, causing the appearance that infection intensity declines with age. This possibility results from the nature of most schistosomiasis studies—they are usually conducted as snapshot studies of a whole population, rather than by following individuals over their lifetimes. Although mortality might contribute to peak and peak shift, this explanation cannot fully account for them, as these patterns are detected even in areas where schistosomiasis-induced mortality is rare (58). Furthermore, differential mortality cannot explain overshoot following the cessation of drug administration.

4) Progressive pathology (“tragedy of the commons”)

Another possible explanation for the characteristic epidemiological patterns also arises from the nature of most schistosomiasis studies. Researchers usually quantify egg output in the urine and/or feces, rather than quantifying worm burden or worm fecundity directly. It is possible that fibrosis of the bladder or intestinal wall progresses through time, hindering egg passage from the body. In this case, adults would be expected to excrete fewer eggs than children, even though their worms produce as many eggs as those infecting children. Furthermore, selection pressure should maximize fecundity early in a worm's life, because the chance of an egg reaching the outside environment would deteriorate with time. Although the “tragedy of the commons” might apply to schistosomes (59) and contribute to the characteristic epidemiological patterns, a decrease in egg passage is often accompanied by a decrease in pathology (18), whereas increased pathology would be expected in older individuals if more eggs are retained in the tissues, causing more inflammation and granulomas. Furthermore, autopsy studies [e.g., (48)] have not reported evidence of hindered egg passage, even in individuals with advanced schistosomiasis. Finally, studies that have assessed worm burden via circulating antigens also find the characteristic age-intensity curve (17, 60). Together, these lines of evidence suggest that progressive pathology cannot fully explain observed epidemiological patterns.

5) Concomitant immunity and reproductive senescence


Concomitant Immunity

To minimize intraspecific competition, adult worms might protect their host against new infections. Termed concomitant immunity, anti-larval immunity, or density-dependent recruitment (not to be confused with density-dependent fecundity), this phenomenon is well-supported in the literature. For example, previously-infected mice and monkeys exhibit resistance to new infections (61–63), and transplant experiments demonstrate that resistance is directed by adult worms (61) for their own benefit (64, 65). Although the mechanism(s) behind concomitant immunity remain controversial [reviewed by Hagan and Wilkins (66)], adult worms produce a rich “secrotome” of potential immunomodulatory molecules (67, 68) that could interact with, or direct, an immune response by the host aimed at larval worms. Adult worms are coated with host antigens, and exhibit multiple mechanisms to evade this immune response, whereas newly invading worms have not yet acquired this protective coat and are more susceptible (65). Thus, long-lived adult worms might protect their host against newcomers, which could benefit adult worms by reducing intraspecific competition and could benefit the host by limiting worm burden.



Reproductive Senescence

Beyond a certain age, many iteroparous organisms exhibit decreasing fecundity with increasing age (69). Reproductive senescence is well-known in free-living planarians, basal to the trematodes (70), and has also been observed in various schistosome species (46, 47, 71–73), which can live for upwards of 30 years, although 5–10 years is considered an average life expectancy (74). For example, the fecundity of S. mansoni declines with increasing host age in non-human primates (47), and transplant experiments suggest that senescence, rather than host-driven immunity, is responsible for this decline (10, 11) (Figure 1C).

When considered from an eco-evolutionary perspective, concomitant immunity and reproductive senescence are logical. To an established adult schistosome, the host represents a vital resource that is worth defending. Incoming larval worms pose a threat, because if they successfully establish, they could reduce the fitness of established adult worms through the “tragedy of the commons,” discussed above (65). However, even if adult worms successfully block larval establishment, they must still compete with other established worms for unhindered passage of eggs into the environment. Therefore, it may be particularly adaptive for schistosomes to maximize their fecundity early in life, but doing so might come at the cost of fecundity later in life, a classic life-history tradeoff (75). Furthermore, due to the complex life cycle of schistosomes, incoming worms are unlikely to be closely related to established worms (76), which should promote self-serving adaptations such as concomitant immunity and senescence (6).

Together, concomitant immunity and reproductive senescence could produce epidemiological patterns of peak, peak shift, and overshoot in humans. In endemic areas, young children acquire schistosome infections when they wade into parasite-infested freshwater environments (Figure 2A). As they age, the rate at which new worms are acquired might decrease due to concomitant immunity, but at the same time, established worms mature, and begin producing eggs, which cause pathology (Figure 2B). Finally, when the host reaches maturity, a stable age distribution could be reached by the worm population (i.e., an individual's worm burden is comprised of many old and few young worms), and egg output could slow or even become undetectable due to reproductive senescence (Figure 2C). This series of events could produce the characteristic peak egg output in adolescence, as well as a shift of the peak to younger ages when and where the force of infection is high. Furthermore, if PZQ administration kills reproductively senescent worms and they are subsequently replaced by young, highly fecund worms, this could lead to transiently higher egg output after treatment than before treatment a year or less after chemotherapy treatment—the overshoot phenomenon. A very simple model tracking a cohort of children and their worms as they age confirms that these patterns can be reproduced, given the assumptions of concomitant immunity and reproductive senescence (see Supplementary Material).


[image: Figure 2]
FIGURE 2. Conceptual hypothesis showing the relationship between worm reproductive senescence, concomitant immunity, and host infection. Over the course of infection in a host: (A) Schistosomes infect a naïve host. (B) Established adult worms prevent new infections via concomitant immunity, and produce eggs that induce pathology. (C) Older worms still prevent new infections via concomitant immunity, but produce few to no eggs due to reproductive senescence. Artwork: Kate Lamy.





DISCUSSION

Although it is unethical to conduct the kinds of experiments on humans that have provided the best evidence in animals, epidemiological patterns in human populations are largely consistent with concomitant immunity and reproductive senescence (Table S2). For instance, circulating anodic antigen (CAA), a schistosome-specific, gut-derived glycoprotein, is secreted by adult worms and can be used as a relative measure of worm burden. For both S. mansoni and S. haematobium, worm burden (as measured by CAA) often declines after a peak during adolescence (17, 60). Although concomitant immunity alone would produce a plateau (Supplementary Material), worm burden might decline due to differential exposure, differential mortality, and/or partial long-term immunity. Similarly, the fecundity (eggs/worm) of both S. mansoni and S. haematobium declines with host age, at least until adolescence (17, 48), consistent with reproductive senescence. Further evidence for reproductive senescence comes from a study that compared egg count and CAA in an area of long-standing endemicity and an area experiencing a newly-established epidemic (60). These authors reported lower worm fecundity in the endemic area than the epidemic area, as would be expected if worm fecundity declines with worm age. A recent study failed to find evidence of overshoot in children under age seven (77), which suggests that young children might harbor younger, highly fecund worms than older hosts, providing further evidence for reproductive senescence. Finally, in areas of low prevalence, many humans harbor worms, but shed eggs at levels undetectable by urine filtration or stool assay (52). This recently-reported phenomenon, termed “egg-negative/worm-positive schistosomiasis,” might result from concomitant immunity and reproductive senescence, and could impact schistosomiasis control efforts. Although more research is needed, epidemiological patterns in humans are largely consistent with concomitant immunity and reproductive senescence.

Mechanisms underlying long-recognized epidemiological patterns such as the characteristic age-intensity curve have inspired considerable speculation, but few explanations have reconciled peak, peak shift, and rapid overshoot parsimoniously (see Table S2). Here we present a novel hypothesis that can reconcile these patterns—namely that natural senescence of fecundity, in combination with concomitant immunity, could underlie peak, peak shift, and overshoot, irrespective of the host-directed immune response. To our knowledge, no model has previously incorporated worm parameters that change with worm age. Although we are not the first or only researchers to suggest an active role of worms in producing characteristic epidemiological patterns (3, 59, 61, 65, 78), this viewpoint has apparently lost favor and has in recent decades been supplanted by more host-centric hypotheses. Nevertheless, recent evidence that the host immune response changes with host age and exposure history does not logically disprove earlier findings that live adult worms are key to resistance (61). We do not know which of the hypotheses presented here will ultimately prevail as the key drivers of epidemiological patterns in naturally-infected humans, but we hope that the hypothesis space is broadened, minds are re-opened to the possible active role of the worms in the host-parasite relationship, and confirmation bias does not hinder progress.



CONCLUSIONS AND FUTURE DIRECTIONS

Here we suggest that, in combination, concomitant immunity and reproductive senescence could allow old worms to protect the host against new infections, while minimizing pathological consequences of infection. Future studies should confirm whether living adult worms produce resistance similar to that produced by dead worms or worm antigens, and whether aged worms offer the same protection as young, highly fecund worms. If our hypothesis is correct, then it could have profound implications for the treatment and control of schistosomiasis. Specifically, it suggests that treating existing infections without addressing the potential for rapid reinfection may result in transient overshoot in high-transmission areas, because old worms with low egg output might protect their hosts against new infections, while minimizing egg production, and therefore egg-associated pathology. Furthermore, if living adult worms confer protection via concomitant immunity, then sterile adult worms or therapeutics that mimic the concomitant immunity-modulating activity of adult worms might offer promising avenues to be explored in the ongoing effort to control schistosomiasis. We emphasize that the ideas presented here are plausible, but currently represent nothing more than a hypothesis, which nevertheless is logical when schistosomiasis is considered from an eco-evolutionary perspective. We also note that our hypothesis is not mutually exclusive, and could be acting in concert with any of the other explanations presented here to produce observed patterns. Finally, our hypothesis must be tested experimentally before it is used to inform treatment and control efforts. Despite these caveats, we encourage future efforts to apply eco-evolutionary thinking to the treatment and control of schistosomiasis.
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Schistosomiasis is a severe public health problem, which can cause tissue fibrosis and can even be fatal. Previous studies have proven that galectins and different kinds of cells involve in the regulation of tissue fibrosis process. In this study, outbred Kunming mice were infected with Schistosoma japonicum (S. japonicum). Our results showed that compared with uninfected mice, there were severe egg granulomatous inflammation and tissue fibrosis in the livers, spleens, and large intestines of S. japonicum-infected mice at 8 weeks post-infection (p.i.), and the number of eosinophils by hematoxylin and eosin staining and CD68 macrophage-positive area by immunohistochemical staining were significantly increased. Detected by using quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR), at 8 weeks after S. japonicum infection, the mRNA expression levels of galectin (Gal)-1, Gal-3, CD69, eosinophil protein X (EPX), and chitinase 3-like protein 3 (Ym1) were significantly increased in liver, spleen, and large intestine; eotaxin-1 (CCL11) and eosinophil cationic protein were significantly increased in both liver and spleen; eotaxin-2 (CCL24) and Arginase1 (Arg1) were significantly increased in both spleen and large intestine; and CD200R was significantly increased in both liver and large intestine. However, interleukin (IL)-1ß and inducible nitric oxide synthase (iNOS) were only significantly increased in liver. The M2/M1 ratio of CD200R/CD86 genes was significantly increased in liver, and ratios of Ym1/IL-1β and Ym1/iNOS were significantly increased in liver, spleen, and large intestine of S. japonicum-infected mice. Ex vivo study further confirmed that the levels of Gal-1, Gal-3, CD200R, Arg1, and Ym1 were significantly increased, and the ratios of CD200R/CD86 and Ym1/IL-1β were significantly increased in peritoneal macrophages isolated from S. japonicum-infected mice at 8 weeks p.i. In addition, correlation analysis showed that significant positive correlations existed between mRNA levels of Gal-1/Gal-3 and EPX in liver, between Gal-3 and Ym1 in both liver and large intestine, and between Gal-3 and CD200R in peritoneal macrophages of S. japonicum-infected mice. Our data suggested that Gal-1, Gal-3, eosinophils, and macrophages are likely involved in the development of egg granulomatous response and fibrosis induced by S. japonicum infection.
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INTRODUCTION

Schistosomiasis is a zoonotic parasitic disease caused by Schistosoma spp. among human beings and animals, which affects nearly 250 million population worldwide (1). Three main species of Schistosoma—Schistosoma japonicum (S. japonicum), S. mansoni, and S. haematobium—have the most wide prevalence globally. S. japonicum, mainly distributed in China, the Philippines, and Indonesia, can cause severe chronic schistosomiasis japonica (2). The eggs of S. japonicum immigrate and deposit in liver and intestine tissues, which recruit macrophages, neutrophils, and eosinophils into the tissues during granulomatous reactions (3), and fibrotic deposits distributed around granulomas results in pipestem fibrosis (4). However, so far, the mechanism of tissue fibrosis caused by S. japonicum remains not fully understood.

Eosinophils are end effector cells involved in host protection against helminth infection (5). It has been reported that granuloma eosinophils are highly activated and produce the majority of Th2 cytokines in granulomatous inflammation, which may be important determiners of immunopathology in murine schistosomiasis caused by S. mansoni (6). The eosinophil granulocytes contain four major proteins, i.e., eosinophil cationnic protein [ECP; (7)], eosinophil peroxidase [EPO; (8)], eosinophil protein X (EPX)/eosinophil-derived neurotoxin (9), and major basic protein [MBP; (10)]. Eotaxin is an essential regulator of eosinophil trafficking during healthy conditions (11) and inflammation (12). EPO and MBP are correlated with cytokine responses of macrophages and CD4+ T cells, and mice deficient in either EPO or MBP developed significantly higher worm burdens of Litomosoides sigmodontis than wild-type mice (13). In patients infected with S. haematobium, both ECP and EPX protein levels are higher in association with rubbery papules in genital lavage, which may serve as markers for a potential early-stage inflammatory lesion in female genital schistosomiasis (14). In addition, increased levels of ECP, EPO, and EPX in sera of patients are related to cystic fibrosis (15). A study demonstrated that primary murine hepatic myofibroblasts derived from granulomas of S. mansoni-infected mice can produce interleukin (IL)-5 and eotaxin, which may contribute to maintenance of local eosinophilia in schistosomal hepatic granulomas (16). Eotaxin/eotaxin-1 (CCL11) drives tissue infiltration of eosinophils and mast cells, which can promote pathogenesis in patients with diopathic retroperitoneal fibrosis (17). Thus, eosinophils play an essential role in granulomas and tissue fibrosis.

Macrophages are divided into classically activated macrophages (M1) and alternatively activated macrophages (M2). M1 type macrophages can release monocyte chemotactic protein-1β and inducible nitric oxide synthase (iNOS) and mainly promote inflammatory reaction, whereas M2 type macrophages play a role in the immunoregulation and tissue remodeling (18). It has been reported that hepatitis B virus-mediated liver disease is associated with high level of infiltrated human macrophages with M2-like activation phenotype (19). M2 polarization has been proven to be associated with the process of tissue fibrosis (20). During S. japonicum infection, macrophages and schistosome soluble egg antigen (SEA) interaction play a critical role in regulation of host immune responses (21).

Galectins are a family of carbohydrate-binding proteins that are involved in many physiological functions, and 15 members have been identified in various cells and tissues (22). They involve in immunity (23), apoptosis (24), immune tolerance, inflammation (25), and cell adhesion (26). Galectins play important roles in the development of acute inflammation as well as chronic inflammation (27). Both galectin (Gal)-1 and Gal-3 are distributed widely in different cells and tissue types, including innate and adaptive immune cells (23, 28). Gal-1 and Gal-3 facilitate the proliferation of hepatic stellate cells (HSCs) and play an important role in liver fibrosis (29). Some researchers proved that down-regulated expression levels of α-smooth muscle actin (SMA) and transforming growth factor (TGF)-β1 and improved liver fibrosis have been observed in silencing Gal-1 mouse models (30). Macrophage-derived Gal-3 is fundamental for the activation of myofibroblasts (31). S. mansoni-infected Gal-3−/− mice had an increase of monocytes and eosinophils in the granulomas from acute and chronic phases of the disease (32). Granuloma-derived stromal cells from S. mansoni-infected Lgals3−/− mice express lower levels of α-SMA and eotaxin and higher levels of IL-4 and significant inflammatory infiltration than Lgals3+/+ infected mice (33). Gal-3 inhibitor is proven to significantly decrease the percentage of liver and kidney fibrosis area in a non-alcoholic steatohepatitis mouse model (34). However, the concrete mechanism of how galectins influence schistosomiasis fibrosis remains unknown.

To assess the functions of galectins, eosinophils, and macrophages during the stage of S. japonicum egg deposition-induced inflammation and fibrosis, in the present study, we compare the expression levels of Gal-1, Gal-3, eosinophil chemoattractant (CCL11 and eotaxin-2 [CCL24]), eosinophil marker (CD69), eosinophil granule proteins (ECP and EPX), M1 macrophage markers (CD86, IL-1β, and iNOS), and M2 macrophage markers (CD200R, Arginase1 [Arg1], and chitinase 3-like protein 3 [Ym1]) in the livers, spleens, large intestines, and peritoneal macrophages of mice with chronic schistosomiasis japonica. Based on the relationship among galectins, eosinophils, macrophage polarization, and pathology of schistosomiasis japonica, our data demonstrated that Gal-1, Gal-3, eosinophils, and macrophages play important roles in S. japonicum egg deposition-induced immune response and fibrosis in advanced schistosomiasis japonica mouse model.



MATERIALS AND METHODS


Ethics Statement

In vivo experiments were approved by the Animal Experimentation Ethics Committee of Zhongshan School of Medicine on Laboratory Animal Care at Sun Yat-sen University (No. 2016-081) and were carried out in strict accordance with institutional Guidelines for Care and Use of Laboratory Animals.



Mice and Parasite Infection

Female Kunming mice (outbred, 6–8 weeks old) were purchased from the Animal Facility of Sun Yat-sen University. Oncomelania hupensis snails were obtained from the National Institute of Parasitic Diseases, Chinese Center for Disease Control and Prevention (Shanghai, China). Forty-six mice were used in this experiment, which were divided into two groups, i.e., a naive group and an infected group, each containing 23 mice. Infected mice were infected percutaneously with 30 cercariae of S. japonicum.



Histopathology

At 8 weeks post-infection (p.i.), naive mice and S. japonicum-infected mice were euthanatized by CO2 asphyxiation and their livers, spleens, and large intestines were harvested. Samples were fixed in 10% buffered natural formaldehyde (Guangzhou Chemical Reagent Factory, China) for over 48 h. The paraffin-embedded tissues from each mouse were sectioned at 4 μm and prepared for hematoxylin and eosin (H&E) staining (Sigma-Aldrich, Shanghai, China). The histopathological changes of liver, spleen, and large intestine from each mouse were determined under 200×, 400×, or 1000× magnification in three noncontiguous sections. The number of eosinophils were quantified using images captured with a digital camera system under 1000 × magnification and analyzed by using Image-Pro Plus (Image Z1 software, version 6.0, Media Cybernetics, MD, United States), and the density of eosinophils was expressed as the number of eosinophils per square millimeter.



Sirius Red Staining

To detect the deposition of collagen fiber from different tissues, paraffin-embedded liver, spleen, and large intestine from each mouse were sectioned at 4 μm and stained by Sirius red stain kit (Beijing Leagene Biotchnology Co., Ltd., China).



Immunohistochemical Staining

The paraffin-embedded liver, spleen, and large intestine sections (4-μm) were deparaffinized and rehydrated in distilled water. Heat-induced antigen retrieval was carried out in an 800-W microwave oven for 30 min. Sections were treated with 3% hydrogen peroxide in methanol for 10 min at 37°C and then incubated in 10% normal goat serum with 1% bovine serum albumin (Sigma-Aldrich) in PBS (pH 7.4) for 10 min at room temperature to block non-specific binding. After washing with PBS, sections were incubated with rabbit anti-Gal-1 (1:500 dilution; Wuhan Boster Biological Engineering Co., Ltd., Wuhan, China), rabbit anti-Gal-3 polyclonal antibody (IgG1; 1:200 dilution; Bioss, Beijing, China), or rabbit anti-CD68 (1:200 dilution; Wuhan Boster Biological Engineering Co., Ltd.) overnight at 4°C. Those sections incubated with secondary antibodies alone were used as isotype controls. Immunohistochemical staining was then performed with a streptavidin–biotin–peroxidase complex kit and developed with diaminobenzidine tetrahydrochloride (Beijing Zhongshan Golden Bridge Biotechnology, Beijing, China). The sections were counterstained with hematoxylin and positive cells were identified by dark-brown staining under light microscopy. The immunohistochemistry signal (positive areas) of CD68 were quantified using images captured with a digital camera system under 400× magnification and analyzed by using Image-Pro Plus (Image Z1 software, version 6.0, Media Cybernetics, MD, United States).



Isolation of Murine Peritoneal Macrophages

At 8 weeks p.i., eight naive mice and eight S. japonicum-infected mice were injected intraperitoneally with 2 ml 3% thioglycollate broth (Sigma-Aldrich) solution in PBS once daily for 3 days, and animals were sacrificed and their peritoneal lavage fluid were spun at 800 g at 4°C for 5 min, and the pelleted peritoneal macrophages were resuspended and seeded at 5 × 105 cells/well in 12-well plates (Corning, NY, United States). After 4 h at 37°C in a 5% CO2 atmosphere, cells were washed and collected. Samples were stored at −80°C until subjected to further analysis.



RNA Isolation, cDNA Synthesis, and Quantitative Real-Time Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from about 100 mg of mouse liver, spleen, and large intestine tissues of each mouse or peritoneal macrophages isolated from each mouse using an RNA Extraction Kit (Takara Bio Inc., Shiga, Japan). The quality and quantity of RNA were determined by NanoDrop 2000 spectrophotometer (Thermo Fisher, Waltham, MA, United States). First-strand cDNA was constructed from 1.0 μg of total RNA with oligo(dT) as primers using a PrimeScript 1st Strand cDNA Synthesis Kit (Takara Bio Inc.). The primer sequences are listed in Table 1. To determine mRNA levels of CD69, CCL11, CCL24, ECP, and EPX in liver, spleen, and large intestine tissues and mRNA levels of CD86, CD200R, Gal-1, Gal-3, Arg1, Ym1, IL-1β, and iNOS in liver, spleen, and large intestine tissues, and peritoneal macrophages, qRT-PCR measurements were performed using SYBR Green QPCR Master Mix (Takara Bio Inc.). Briefly, a total of 10 μl reaction mixture contained 5.0 μl of SYBR® Premix Ex TaqTM (2×), 0.5 μl of each primer (10 pM), 3.0 μl of dH2O, and 1.0 μl of cDNA (0.2 μg/μl). Amplification was pre-denaturized for 30 s at 95°C, followed by 43 cycles of 5 s at 95°C and 20 s at 60°C with a CFX96 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, United States). The mRNA expression levels of CD69, CD86, CD200R, galectins, cytokines, and chemokines were normalized to that of mouse housekeeping gene, GAPDH. The results were expressed as fold change compared with uninfected mice.


Table 1. Primer sequences of genes used for quantitative real-time reverse transcription-polymerase chain reaction assays.
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Statistical Analysis

Statistical analysis was performed using SPSS Statistics version 22.0 (SPSS Inc., Chicago, IL, United States). Data are presented as means ± standard deviation (SD) with at least three independent biological replicates. Student t-test was used to compare data between different groups. Pearson's correlation coefficient was used to analyze correlations between the levels of CD69, CD86, CD200R, galectins, cytokines, and chemokines. P < 0.05 was considered statistically significant.




RESULTS


The Pathology and Fibrosis in the Livers, Spleens, and Large Intestines of Mice Infected With S. japonicum

The livers, spleens, and large intestines of both naive and S. japonicum-infected mice were examined histologically at 8 weeks p.i. The results showed that the sections of livers, spleens, and large intestines from uninfected control mice were negative for pathological changes and egg granulomas. However, the sections from infected mice showed severe histological change and S. japonicum egg granulomas with eosinophils and other inflammation cells gathering in the tissues of liver, spleen, and large intestine. Classical pigmented Kupffer cells were found around liver granulomas (Figures 1a,b,d,e,g,h). Sirius red staining showed that large amount of collagen deposition was observed around granulomas in liver, spleen, and large intestine tissues of S. japonicum-infected mice (Figures 1c,f,i).


[image: Figure 1]
FIGURE 1. Histopathological changes and fibrosis in the liver, spleen, and large intestine tissues of S. japonicum-infected mice at 8 weeks p.i. No histological change was observed in the liver, spleen, and large intestine tissues of uninfected mice (a,d,g). Egg granulomas (b,e,h) and collagen deposition (c,f,i) were observed in the liver, spleen, and large intestine tissues of S. japonicum-infected mice. There were four mice in each group. Original magnification 200× (scale bar = 200 μm); H&E stain (a,b,d,e,g,h) and Sirius red stain (c,f,i).




Eosinophils in the Livers, Spleens, and Large Intestines of S. japonicum-Infected Mice

By H&E staining, compared with uninfected controls, there was significantly increased eosinophil infiltrate around egg granulomas at 8 weeks p.i. (Figure 2A). Quantitative analysis showed that the number of eosinophils were significantly increased in the livers (P < 0.001), spleens (P < 0.001), and large intestines (P < 0.01) of S. japonicum-infected mice compared with uninfected controls (Figure 2B).


[image: Figure 2]
FIGURE 2. Observation of eosinophils around egg granulomas (A) and eosinophil count (B) in liver, spleen, and large intestine tissues of S. japonicum-infected mice at 8 weeks p.i. Eosinophils were indicated by green arrows. Original magnification 1,000× (scale bar = 50 μm); H&E stain. Data are presented as means ± SD; there were four mice in each group. **P < 0.01 and ***P < 0.001, S. japonicum-infected mice vs. naive mice.




The mRNA Levels of CD69, CCL11, CCL24, ECP, and EPX in the Livers, Spleens, and Large Intestines of S. japonicum-Infected Mice

Compared with uninfected controls, S. japonicum-infected mice presented significantly elevated mRNA expression levels of CCL11, ECP, EPX, and CD69 in the livers (P < 0.05); significantly elevated levels of CCL11 (P < 0.05), CCL24 (P < 0.05), CD69 (P < 0.05), EPX (P < 0.01), and ECP (P < 0.01) in the spleens; and significantly elevated levels of CCL24 (P < 0.05), EPX (P < 0.05), and CD69 (P < 0.01) in the large intestines at 8 weeks p.i. (Figure 3).


[image: Figure 3]
FIGURE 3. The mRNA expressions of CCL11, CCL24, CD69, EPX, and ECP in the livers, spleens, and large intestines of S. japonicum-infected mice at 8 weeks p.i. Values are means from triplicate measurements and data are presented as means ± SD; there were eight mice in each group, and the data represent two experiments. *P < 0.05 and **P < 0.01, S. japonicum-infected mice vs. naive mice.




Immunohistochemical Staining and mRNA Expression of Gal-1 and Gal-3 in the Livers, Spleens, and Large Intestines of S. japonicum-Infected Mice

There were only a few Gal-1- and Gal-3-positive cells observed in the liver, spleen, and large intestine of uninfected mice. However, a large amount of Gal-1 and Gal-3 positive cells labeled dark brown, especially around the granulomas, were presented in the liver, spleen, and large intestine of S. japonicum-infected mice (Figures 4A,B). The Gal-1 and Gal-3 mRNA expression levels in the liver, spleen, and large intestine tissues were measured. Compared with uninfected controls, S. japonicum-infected mice presented significantly elevated Gal-1 and Gal-3 levels in the livers (P < 0.05 and P < 0.01, respectively), spleens (P < 0.01), and large intestines (P < 0.01 and P < 0.05, respectively) of S. japonicum-infected mice at 8 weeks p.i. (Figures 4C,D).


[image: Figure 4]
FIGURE 4. Immunohistochemistry for Gal-1 (A) and Gal-3 (B) and mRNA expressions of Gal-1 (C) and Gal-3 (D) in the livers, spleens, and large intestines of S. japonicum-infected mice at 8 weeks p.i. Original magnification 400× (scale bar = 100 μm). There were four mice for immunohistochemistry analysis. For mRNA expression analysis, values are means from triplicate measurements and data are presented as means ± SD; there were eight mice in each group and the data represents from two experiments. *P < 0.05 and **P < 0.01, S. japonicum-infected mice vs. naive mice.




Immunohistochemical Staining for CD68+ Macrophages and mRNA Expression Levels of CD86, CD200R, IL-1β, iNOS, Arg1, and Ym1 in the Livers, Spleens, and Large Intestines of S. japonicum-Infected Mice

Detected by immunohistochemical staining, compared with uninfected controls, there were more CD68+ macrophages around egg granulomas in the livers, spleens, and large intestines of S. japonicum-infected mice (Figure 5A). Quantitative analysis showed significantly higher CD68 macrophage-positive area in the livers, spleens, and large intestines of S. japonicum-infected mice (P < 0.001) in comparison with uninfected controls (Figure 5B). In addition, compared with uninfected controls, S. japonicum-infected mice presented significantly elevated mRNA levels of CD200R (P < 0.05), IL-1β (P < 0.05), iNOS (P < 0.01), and Ym1 (P < 0.01) in the livers; elevated levels of Arg1 and Ym1 in the spleens (P < 0.01); and elevated levels of CD200R (P < 0.01), Arg1 (P < 0.05), and Ym1 (P < 0.05) in the large intestines at 8 weeks p.i. (Figure 5C).


[image: Figure 5]
FIGURE 5. Immunohistochemistry for CD68+ macrophages (A), quantitative analysis of the positive areas (B), and mRNA expressions of CD86, CD200R, IL-1β, iNOS, Arg1, and Ym1 (C) in the livers, spleens, and large intestines of S. japonicum-infected mice at 8 weeks p.i. Original magnification 400× (scale bar = 100 μm). There were four mice for immunohistochemistry analysis. For mRNA expression analysis, values are means from triplicate measurements and data are presented as means ± SD; there were eight mice in each group and the data represents from two experiments. *P < 0.05, **P < 0.01, and ***P < 0.001, S. japonicum-infected mice vs. naive mice.




The mRNA Expression Levels of CD86, CD200R, Gal-1, Gal-3, IL-1β, iNOS, Arg1, and Ym1 in Peritoneal Macrophages of S. japonicum-Infected Mice

Compared with uninfected controls, there were significantly elevated mRNA levels of CD200R (P < 0.01), Gal-1 (P < 0.001), Gal-3 (P < 0.001), Arg1 (P < 0.05), and Ym1 (P < 0.01) in the peritoneal macrophages isolated from S. japonicum-infected mice at 8 weeks p.i. (Figure 6).


[image: Figure 6]
FIGURE 6. The mRNA expressions of Gal-1, Gal-3, CD86, CD200R, IL-1β, iNOS, Arg1, and Ym1 in peritoneal macrophages of S. japonicum-infected mice at 8 weeks p.i. Values are means from triplicate measurements and data are presented as means ± SD; there were eight mice in each group and the data represents from two experiments. *P < 0.05, **P < 0.01, and ***P < 0.001, S. japonicum-infected mice vs. naive mice.




The M2/M1 Ratios of CD200R/CD86, Ym1/IL-1β, and Ym1/iNOS in the Livers, Spleens, Large Intestines, and Peritoneal Macrophages of S. japonicum-Infected Mice

Compared with uninfected controls, S. japonicum-infected mice presented significantly elevated M2/M1 ratios of CD200R/CD86 (P < 0.001), Ym1/IL-1β (P < 0.05), and Ym1/iNOS (P < 0.01) in the liver; elevated M2/M1 ratios of Ym1/IL-1β and Ym1/iNOS in the spleen (P < 0.01); and elevated M2/M1 ratios of Ym1/IL-1β (P < 0.01) and Ym1/iNOS (P < 0.05) in the large intestine at 8 weeks p.i. Furthermore, there were significantly increased M2/M1 ratios of CD200R/CD86 (P < 0.05) and Ym1/IL-1β (P < 0.01) in the peritoneal macrophages isolated from S. japonicum-infected mice at 8 weeks p.i. (Figure 7).


[image: Figure 7]
FIGURE 7. The ratios of M2/M1 gene expression (CD200R/CD86, Ym1/IL-1β, and Ym1/iNOS) in the livers, spleens, large intestines, and peritoneal macrophages of S. japonicum-infected mice at 8 weeks p.i. Data are presented as means ± SD; there were eight mice in each group and the data represents from two experiments. *P < 0.05, **P < 0.01, and ***P < 0.001, S. japonicum-infected mice vs. naive mice.




Correlation Analysis Between mRNA Expressions of Gal-1, Gal-3, EPX, and Ym1 in the Livers, Spleens, Large Intestines, and Peritoneal Macrophages of S. japonicum-Infected Mice

The correlations between mRNA levels of different genes in the livers, spleens, large intestines, and peritoneal macrophages of S. japonicum-infected mice were analyzed. Only significant correlations were shown here. There were positive and significant correlations between Gal-1 and EPX (r = 0.961, P < 0.001) and between Gal-3 and EPX (r = 0.881, P = 0.004) in the livers, between Gal-3 and Ym1 in both the livers (r = 0.960, P < 0.001) and large intestines (r = 0.966, P < 0.001), and between Gal-3 and CD200R in the peritoneal macrophages (r = 0.948, P < 0.001) of S. japonicum-infected mice at 8 weeks p.i. (Figure 8).


[image: Figure 8]
FIGURE 8. Correlation analysis between the mRNA expressions of Gal-1/Gal-3 and EPX, Ym1, and CD200R in the livers, large intestines, or peritoneal macrophages of S. japonicum-infected mice at 8 weeks p.i. The r value generates the theoretical line of best fit, and the P value indicates the significance of the correlation. There were eight mice in each group and the data represents from two experiments.





DISCUSSION

Schistosomiasis is a chronic and potentially lethal disease, and the disease morbidity is caused by schistosome eggs and not directly by adult worms (35). Liver fibrosis caused by S. mansoni and S. japonicum is one of the most severe complications in advanced schistosomiasis, which usually accompanies portal hypertension and hepatosplenomegaly, and sometimes it is fatal (36). S. japonicum eggs can be deposited in ectopic locations, almost all organs and tissues of human host can be involved, and ectopic clinical manifestations and damage have been more frequently reported in patients with cerebrospinal and pulmonary schistosomiasis (37). So far, the understanding of host responses during S. japonicum infection remains inadequate. To address this scientific question, we used outbred Kunming mice to develop a mouse model of schistosomiasis japonica, which could thereby allow us to investigate the immune response of tissue pathology and consequent fibrosis caused by S. japonicum egg deposition.

Fibrosis is a common pathological outcome of most chronic inflammatory diseases, and both innate and adaptive immune responses contribute to the pathogenesis of fibrosis (38). Eosinophils participate in both innate and adaptive immune response to parasite through antibody-dependent cellular cytotoxicity and antigen-presenting function (5). The granules of eosinophils involve in the effect of anti-parasite immunity, and ECP is important granule protein that acts as toxic to helminths (39, 40). During S. mansoni infection, an intense proliferation of eosinophils occurred in hepatic granuloma (41). Eosinophils have the role of destruction of S. mansoni eggs in vivo (42). S. haematobium egg-injected bladders of mice accumulate an eosinophil- and neutrophil-dominated mixed inflammatory infiltrate, and develop fibrosis and urinary dysfunction (43). Eosinophil-deficient mice present markedly ameliorated radiation-induced small intestinal fibrosis, suggesting eosinophils as a crucial factor in the pathogenesis of radiation-induced intestinal fibrosis (44). In the present study, increased eosinophil infiltrations were observed in the granulomas in livers, spleens, and large intestines, which is the histologic hallmark of S. japonicum infection. Therefore, we addressed the question of whether egg granuloma can promote eosinophil degranulation. We focused on the expressions of CD69, CCL11, CCL24, ECP, and EPO in livers, spleens, and large intestines. Our data showed that after S. japonicum infection, a large number of eosinophils around granulomas in the livers, spleens, and large intestines of mice with advanced schistosomiasis japonica, as expected, the levels of CCL11 and CCL24 were increased in the liver, spleen, or large intestine. In addition, we found that the levels of CD69, ECP, and EPX were significantly increased in the livers, spleen, or large intestines, which indicated that eosinophil degranulation plays a crucial role in the development of egg granuloma formation and fibrosis induced by S. japonicum infection.

The pathogenesis of fibrosis is tightly regulated by macrophages in liver, lung, and gut (45). Macrophages produce inflammatory factors such as TGF-β and platelet-derived growth factor to activate HSCs and eventually lead to liver fibrosis, and macrophage polarization is associated with regulation of liver fibrosis (31). In an experiment, researchers combined a mouse model of urogenital schistosomiasis with macrophage depletion, and it has been demonstrated that macrophages modulate acute pathophysiology of S. haematobium egg-exposed bladder and necessary for the bladder fibrotic response to S. haematobium eggs (46). In the present study, our results showed that compared with uninfected mice, M1 macrophage markers (IL-1ß and iNOS) were only increased in liver; however, M2 macrophage markers (CD200R, Arg1, and Ym1) were increased in liver, spleen, large intestine, or peritoneal macrophages of mice with S. japonicum infection. In addition, the M2/M1 ratio of CD200R/CD86 in liver and peritoneal macrophages; the ratios of Ym1/IL-1β and Ym1/iNOS in liver, spleen, and large intestine; and the ratio of Ym1/IL-1β in peritoneal macrophages were significantly increased in S. japonicum-infected mice at 8 weeks p.i. Schistosome worm antigen of S. japonicum facilitates the generation of M1 macrophages, whereas SEA preferentially promotes M2-polarized phenotype (47). It has been reported that peritoneal cavity is a secondary site of S. mansoni-associated inflammation, although it is not in direct contact with the parasite (48, 49). In mammals, tissue-resident macrophages are found all over the body in all organs and serous membranes, including the peritoneal cavity (50, 51). By detecting peritoneal macrophages from S. mansoni-infected mice, our data further demonstrated that M2 macrophage polarization plays a predominant role during murine chronic schistosomiasis japonica.

Galectins have been proven to modulate host responses against parasitic infection (52). Studies showed that Gal-1 knockdown can attenuate TGF-β1-induced fibroblast activation in vitro (53) as well as reduce macrophages' polarization transform from M1 (pro-inflammatory) to M2 (anti-inflammatory) during glioblastoma multiforme progression in a mouse model (54). Cell-surface glycans and Gal-1 promote HSC activation and migration; therefore, disrupting glycosylation-dependent Gal-1/neuropilin-1 interactions may be a possible therapy for liver fibrosis (55). Gal-3 expression is up-regulated in human liver fibrosis and plays a critical role in liver fibrosis; animal study further demonstrated that myofibroblast activation is Gal-3 dependent (56). Use of Gal-3 inhibitor to cure liver fibrosis caused by non-alcoholic steatohepatitis has satisfied effect (34). Gal-3 directly binds SEA, and high levels of Gal-3 can be found in the granulomas surrounding eggs of S. mansoni-infected hamsters (57). In the present study, our data demonstrated that both Gal-1 and Gal-3 were significantly increased in the livers, spleens, large intestines, and peritoneal macrophages of S. japonicum-infected mice at 8 weeks p.i., indicating that Gal-1 and Gal-3 play a role in the regulation of egg granuloma pathology during schistosomiasis japonica. Interestingly, we found significant correlations existed between Gal-1 and EPX and between Gal-3 and EPX in the liver, between Gal-3 and Ym1 in both the liver and large intestines, and between Gal-3 and CD200R in the peritoneal macrophages of mice suffered from schistosomiasis japonica. It has been found that Gal-3 is necessary for myofibroblast activation and fibrotic granulomas in S. mansoni-infected mice, and inflammatory infiltrate is amplified in Lgals3−/−-infected mice in comparison with Lgals3+/+-infected mice (33). The number of macrophages is decreased, and smaller granulomas and less collagen fibers are observed in the liver of Gal-3−/− mice infected with S. mansoni compared to infected wild-type mice, suggesting a direct correlation of Gal-3 with the fibrosis (32). Thus, Gal-1 and Gal-3 might be involved in egg granuloma fibrosis by regulating eosinophil degranulation and M2 macrophage polarization in advanced schistosomiasis japonica in the mouse model.

In conclusion, egg granuloma and fibrosis play very crucial roles in the pathological process induced by S. japonicum infection. Our study has proven that Gal-1, Gal-3, eosinophil and its granule proteins (ECP and EPX), and M2 macrophage may all play crucial roles in regulation of chronic immunopathology in murine schistosomiasis japonica. However, whether Gal-1 and Gal-3 contribute directly or indirectly to modulate S. japonicum-induced immune reaction and fibrosis through regulation of eosinophil degranulation and macrophages M2 polarization remains to be further determined.
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Schistosomiasis is a neglected tropical disease (NTD) caused by helminthes from the Schistosoma genus. This NTD can cause systemic symptoms induced by the deposition of parasite eggs in the host liver, promoting severe complications. Functional studies to increase knowledge about parasite biology are required for the identification of new drug targets, because the treatment is solely based on praziquantel administration, a drug in which the mechanism of action is still unknown. Protein kinases are important for cellular adaptation and maintenance of many organisms homeostasis and, thus, are considered good drug targets for many pathologies. Accordingly, those proteins are also important for Schistosoma mansoni, as the parasite relies on specific environmental signals to develop into its different stages. However, the specific roles of protein kinases in S. mansoni biology are not well understood. This work aims at investigating the tyrosine-protein kinase FES (Feline Sarcoma) functions in the maintenance of S. mansoni life cycle, especially in the establishment of mammalian and invertebrate hosts’ infection. In this regard, the verification of Smfes expression among S. mansoni stages showed that Smfes is more expressed in infective free-living stages: miracidia and cercariae. Schistosomula exposed to SmFES-dsRNA in vitro presented a reduction in movement and size and increased mortality. Mice infected with Smfes-knocked-down schistosomula exhibited a striking reduction in the area of liver granuloma and an increased rate of immature eggs in the intestine. Female adult worms recovered from mice presented a reduced size and changes in the ovary and vitellarium; and males exhibited damage in the gynecophoral canal. Subsequently, miracidia hatched from eggs exposed to SmFES-dsRNA presented changes in its capability to infect and to sense the snail mucus. In addition, the SmFES RNAi effect was stable from miracidia to cercariae. The establishment of infection with those cercariae reproduced the same alterations observed for the knocked-down schistosomula infection. Our findings show that SmFES tyrosine kinase (1) is important in schistosomula development and survival; (2) has a role in adult worms pairing and, consequently, female maturation; (3) might be essential for egg antigen expression, thus responsible for inducing granuloma formation and immunomodulation; and (4) is essential for miracidia infection capability. In addition, this is the first time that a gene is kept knocked down during three different S. mansoni life stages and that a tyrosine kinase is implicated in the parasite reproduction and infection establishment in the mammalian host. Accordingly, SmFES should be explored as an alternative to support schistosomiasis treatment and morbidity control.

Keywords: Schistosoma mansoni, feline sarcoma, kinase, signaling pathways, development, oogenesis, RNA interference, granuloma


INTRODUCTION

Schistosomiasis is a neglected tropical disease (NTD) caused by a trematode from the Schistosoma (Platyhelminthes: Trematoda) genus. This NTD is reported in 78 countries, and it is estimated that 700 million people live in endemic areas (World Health Organization, 2018).

This disease can cause disabling systemic morbidity resulting in disability-adjusted life year (DALY) loss ranging from 1.7 to 4.5 million (Steinmann et al., 2006; Hotez et al., 2014). Schistosomiasis morbidity is induced by granuloma formation in response to parasite eggs trapped in the host tissues (Burke et al., 2009). The initial inflammation can progress to fibrosis causing injuries and additional complications that can lead to anemia, malnutrition, impaired childhood, damage in cognitive function, and great loss of quality of life, thus causing a significant socioeconomic impact (King and Dangerfield-Cha, 2008; Burke et al., 2009).

Currently, schistosomiasis treatment is performed using praziquantel (PZQ). PZQ administration is low cost and efficient and presents minor side effects. However, PZQ efficacy is dependent on the stage of the parasite, mating status, and sex of the adult worms. Specifically, less effect is observed in eggs and immature worms (Watson, 2009; Thétiot-Laurent et al., 2013). The low PZQ efficacy in immature worms is considered a critical disadvantage because the immature worms develop into adults, causing future morbidity, which may have severe impacts on the disease eradication in endemic areas (Colley et al., 2014). Accordingly, studies for elucidating parasite biology and searching for new therapeutic strategies are needed (Engels et al., 2002; Caffrey and Secor, 2011).

Protein kinases (PKs) are drug targets for human diseases such as cancer and are also studied as promising targets to combat parasitic diseases (Bahia et al., 2006; Boyle and Koleske, 2007; Beckmann et al., 2012). Some intracellular proteins such as glutathione-S-transferase, antioxidative thioredoxin peroxidases, and manganese superoxide dismutase are essential to promote the homeostasis and cellular adaptations in Schistosoma to environmental signals (Liu et al., 2006; Han et al., 2009). Hence, PKs are considered essential owing to their central roles in mediating those intracellular responses (Wilkinson and Millar, 2000; Hotez et al., 2014). In Schistosoma mansoni Sambon, 1907, eukaryotic PKs (ePKs) correspond to 1.9% of predicted parasite proteome, and only 14.9% of them have experimental evidences (Grevelding et al., 2018). To date, studies have demonstrated that PKs participate in host sensing and invasion, oxidative stress response, tegument maintenance, development, and reproduction of S. mansoni (Andrade et al., 2014; Ressurreição et al., 2014, 2015; Avelar et al., 2019).

Tyrosine kinases (TKs) are known as proteins that play a role in cell division regulation, differentiation, metabolism, and development of many organisms (Levitzki and Gazit, 1995). Among S. mansoni kinome, 34 PKs (7.1%) are from the TK group (Andrade et al., 2011) and are described as essential for parasite growth, development, and survival (Zwick et al., 2001; Bahia et al., 2006; Katz et al., 2013). TKs are classified as receptor (RTK) or cytoplasmatic (CTK) (Dissous et al., 2007). CTK comprises 11 families; among them, only SmFES (Smp_332370) is identified as a member of the family FES/FPS/Fer [feline sarcoma (FES), Fujinami poultry sarcoma (FPS), and FES related (Fer)] (Andrade et al., 2011). The FES/FPS/Fer family is known to be involved in cell interactions and cytoskeleton rearrangement (Greer, 2002). Also, it is described that Smfes is expressed in the miracidium terebratorium and schistosomulum and cercaria tegument (Bahia et al., 2007). However, its function in the establishment of mammalian/invertebrate infection and parasite development remains unknown.

The characterization of mechanisms and molecules involved in processes that regulate the parasite’s cellular functions and host–parasite interaction are essential for the understanding of S. mansoni biology. As PKs are considered promising drug targets and studies demonstrate that some PKs are related to S. mansoni development and survival, this work aims at characterizing the TK SmFES to determine the role of this protein in the S. mansoni parasite biology and infection establishment.



MATERIALS AND METHODS


Ethics Statement

All animals’ procedures were performed under Brazil national guidelines following Law 11794/08. Experiments were approved by the Ethics Commission on Animal Use (CEUA) of Oswaldo Cruz Foundation under numbers LW12/16 for hamsters and LM05/18 for mice.



Primer Design

SmFES (Smp_332370) specific primers were designed based on the mRNA sequence predicted from S. mansoni genome (Version 7) available at WormBase1. The software Primer 32 and GenScript Online PCR Primers Designs Tool3 were used for primer design. The T7 RNA polymerase promoter sequence (taatacgactcactataggg) was added on the 5′ end of the primers designed for dsRNA template amplification (Supplementary Table S1). The software OligoAnalyzer 3.14 was used for secondary structures analysis.



Synthesis of dsRNA

A fragment of 376 bp from SmFES transcript was amplified by PCR using GoTaq Green Master Mix (Promega) according to suppliers’ protocol. Cycle conditions were 40 cycles using 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min. PCR products were separated on 1% agarose gel stained with ethidium bromide, purified using Wizard SV Gel and PCR Clean-Up System (Promega), and cloned into pGEM-T Easy vector (Promega). Then, plasmids containing the target insert were used to transform Escherichia coli DH5α. Plasmid DNA was extracted using the PureYield Plasmid Miniprep System (Promega) as manufacturer’s instructions, analyzed on 1% agarose gel, and purified as described above, in order to be used as a template for further PCR.

Afterward, specific dsRNAs were produced using T7 RiboMAX Express RNAi System (Promega) following manufacturers’ instructions. The green fluorescent protein (GFP) cloned into pCRII vector was used as a template for dsRNA synthesis of the unspecific control for RNAi. SmFES and GFP-dsRNA integrity were analyzed on 1% agarose gel stained with ethidium bromide and quantified at a NanoDrop 2000 (Thermo Fisher Scientific).



Schistosomula Culture and dsRNA Exposure

Cercariae obtained from the Mollusk rearing facilities “Lobato Paraense” of René Rachou Institute, FIOCRUZ, were mechanically transformed into schistosomula (Milligan and Jolly, 2011). Then, 55,000 parasites were maintained in 6-well plates with 5 mL of Glasgow Minimum Essential Medium (GMEM) (Sigma-Aldrich) supplemented with 0.1% glucose (Vetec); 0.1% lactalbumin (Sigma-Aldrich); 20 mM of HEPES (Sigma-Aldrich); 2% inactivated fetal bovine serum (Gibco, Thermo Fisher Scientific); 0.5% MEM vitamin solution (Gibco, Thermo Fisher Scientific); 5% Schneider’s Insect Medium (Sigma-Aldrich); 0.2 μM of triiodothyronine (Sigma-Aldrich); 0.5 μM of hypoxanthine (Sigma-Aldrich); 1 μM of hydrocortisone (Sigma-Aldrich); and 1% penicillin/streptomycin (Gibco, Thermo Fisher Scientific). SmFES-dsRNA and GFP-dsRNAs were added to a final concentration of 200 nM, and the culture was incubated for ten days in a biological oxygen demand (BOD) incubator at 37°C under 5% CO2 and 95% humidity.

For viability analysis, 100 worms were removed daily and stained with 5 μg/mL of propidium iodide (Sigma-Aldrich) under a fluorescent inverted microscope Axio Vert (Zeiss) at 5× magnification and 544-nm wavelength. Images from culture were also obtained at 5× magnification for the area assessment using the software AxionVision 4.8 (Zeiss); for all experiments, three biological replicates were performed.

In order to evaluate schistosomula motility, 100 parasites from each experimental group were recorded, for 30 s for seven days using a fluorescent inverted microscope Axio Vert (Zeiss) at 5× magnification and the Debut Video Capture software5. Thus, videos were analyzed using the wrMTrck plugin in the ImageJ software6. Videos were converted to gray scale, and the Otsu threshold was applied. Then, the perimeter standard deviation was evaluated and used to determine schistosomulum movement. Only parasites that were detected in at least 35 frames of each video were considered in the analyses. A schematic representation of the methodology applied is depicted in Supplementary Figure S1.

To evaluate SmFES transcript levels after dsRNA exposure, 5,000 schistosomula were removed from culture every day for RNA extraction for seven days.



Mice Infection and Parasitemia Evaluation

Three days after dsRNA exposure, female Swiss Webster mice were injected with 350 schistosomula from SmFES-dsRNA, GFP-dsRNA (unspecific control group), and untreated control groups (schistosomula non-exposed to dsRNAs). Infection was carried using 10 mice for each group, and five replicates were performed. After 42 days of infection, mice were euthanized with overdose following the animal facility of René Rachou Institute, FIOCRUZ, recommendations. For that, first, the animals were anesthetized with xylazine hydrochloride (10 mg/kg) (Syntec) and ketamine hydrochloride (150 mg/kg) (Syntec) by intramuscular administration, followed by 2.5% sodium thiopental (150 mg/kg) (Cristália). Then, perfusion to recovery adult worms was performed according to Pellegrino and Siqueira (1956).

Recovered adult worms were counted, and their length was measured, or they were subjected to RNA extraction for SmFES transcript level analysis. For adult worms’ size analysis, images from 30 worm pairs per animal were obtained under 1.2× magnification at Zeiss Microscope Stemi SV 11 (Zeiss). Parasites’ length was measured using ImageJ software6. Remaining adult worms recovered from mice were fixed in Alcohol-Formalin-Acetic Acid (AFA) solution containing 95% ethanol (Merck Millipore), 3% formaldehyde (Dinâmica), and 2% glacial acid acetic (Merck Millipore) and then stained for 30 min with 2.5% chloride carmine (Sigma-Aldrich). Thereafter, worms were washed with 70% ethanol (Merck Millipore) and quickly immersed in hydrochloric ethanol solutions containing 3% HCl (Synth) and 70% ethanol (Merck Millipore) followed by dehydration using 70%, 80%, 95%, and absolute ethanol (Merck Millipore), allowing 5 min for each concentration. Next, they were clarified in methyl salicylate (Dinâmica) with Canadian balsam (Synth) (1:2) for at least 24 h, and worms were individually mounted into slides. Confocal images of 30 females and eight males, per group, were captured using an inverted microscope Eclipse Ti-E (Nikon) with Confocal C2 plus (Nikon) under 10 and 40× magnification using 546- and 488-nm wavelengths. Confocal images were analyzed using NIS-Elements software (Nikon).

Mice intestine was removed, and 2–3 cm of the ileum was placed in microscope slides in order to assess the stages of egg maturation. The eggs from the first to fourth maturation stage were considered immature (Mati and Melo, 2013). Mice liver was also removed, and the median lobe was fixed in 4% buffered formaldehyde. The liver median lobes were embedded in paraffin, and tissue sections were stained with hematoxylin (Renylab) and eosin (Sciavicco). Granulomas were analyzed under a fluorescent inverted microscope Axio Vert (Zeiss) at 5× magnification, and images were acquired for granuloma area measurement using the ImageJ software6.

The remaining liver and intestine were separately weighed, sliced, and incubated in 10% potassium hydroxide overnight; and the eggs were counted under a light microscope Axiostar Plus (Zeiss), following a protocol previously described (Avelar et al., 2019). For fecundity analysis, the total number of eggs recovered from the liver and intestine of each animal was divided by the number of females adult worms recovered from the respective mouse. A schematic representation of the methodology applied is depicted in Supplementary Figure S1.



Egg Culture and dsRNA Exposure

Female Golden hamsters were infected with 400 cercariae, and after 45 days of infection, euthanasia was performed as described above. The livers were removed, and egg extraction was made according to Rinaldi et al. (2009), with minor modifications. After liver digestion, the eggs were resuspended with 3 mL of Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with 1% penicillin/streptomycin (Gibco, Thermo Fisher Scientific), 80 μg/mL of gentamicin (Gibco, Thermo Fisher Scientific), and 10% inactivated fetal bovine serum (Gibco, Thermo Fisher Scientific).

Eggs were counted and incubated in 6-well plates (110,000 eggs per group) with 3 mL of DMEM supplemented and 20 μg/mL of dsRNA. Eggs soaked with SmFES-dsRNA and GFP-dsRNAs were cultivated, for seven days, in a BOD at 37°C under 5% CO2 and 95% humidity. Four replicates were performed.

During incubation, at the third, fifth, and seventh days, 20,000 eggs were removed for RNA extraction. On the seventh day, the remaining eggs were transferred to 1.5-mL tubes and washed three times with phosphate-buffered saline (PBS). Then, the wash was repeated using dechlorinated tap water, and the eggs were exposed to the light for 30 min for miracidia hatching. After light exposure, miracidia capacity to infect B. glabrata (Mollusca: Planorbidae) and the effect of snail mucus on miracidial behavior were evaluated. Additionally, 100 eggs were placed in 96-well plates, exposed to light, and fixed in 4% formaldehyde. The hatching percentage was evaluated under the microscope Axiostar Plus (Zeiss).

For mucus-attraction evaluation, assays were performed as described by Wang et al. (2019), with minor modifications. Miracidia were placed in 6-well plates with 1 mL of water without chlorine. Miracidia movement was recorded for 1 min in a Zeiss Microscope Stemi SV 11 (Zeiss) using a 12-megapixel camera with 30 frames per second, under 10× magnification. Then, 70 μL of mucus from B. glabrata was added, and the miracidial behavior was recorded for one additional minute. Miracidia trajectories and velocity, before and after mucus addition, were analyzed using Tracker Video Analysis and Modeling Tool version 5.1.27.

For B. glabrata challenge, 30 snails were individually exposed to eight miracidia. Miracidia penetration was evaluated one and four hours after exposure. After evaluation, snails were maintained at an aquarium with lettuce ad libitum.

After 28 and 42 days post challenge, snails were individually exposed to light for 40 min. The number of cercariae released per snail (infection intensity) was estimated in three aliquots of 100 μL, and the RNA of released cercariae was extracted.

Female Swiss Webster mice were intraperitoneally infected with released cercariae. Animals were first anesthetized with xylazine hydrochloride (10 mg/kg) (Syntec) and ketamine hydrochloride (150 mg/kg) (Syntec). Mice were immobilized, and 100 cercariae were placed over the shaved abdomen during 1 h (Smithers and Terry, 1965). For each group, five animals were used, and two biological replicates were performed. After 42 days, animals were euthanized; and perfusion for eggs and adult worms’ recovery was performed. Adult worms’ length from two worm pairs per animal were measured as previously described. A schematic representation of the methodology applied is depicted in Supplementary Figure S1.



Reverse Transcriptase Quantitative PCR (RT-qPCR)

For SmFES transcript levels analyses, total RNA of schistosomula, adult worms, eggs, and cercariae samples were extracted. First, parasites were homogenized and lysed using TRIzol reagent (Invitrogen), and procedures until phase separation step were performed following manufacturers’ protocol. Then, for RNA isolation, the aqueous phase was placed into columns from SV Total RNA Isolation System (Promega), and RNA was obtained according to suppliers’ protocol. The remaining genomic DNA was removed using the Turbo DNase (Ambion). The total RNA was quantified using Qubit RNA HS Assay Kit (Invitrogen) at a Qubit 2.0 Fluorometer (Invitrogen). The cDNA was synthesized using ImProm-II Reverse Transcription System (Promega).

Primer concentration to reach the maximum quantitative PCR (qPCR) efficiency was standardized according to Bustin et al. (2009) using the ViiA 7 system (Applied Biosystems). Reactions were performed in three technical replicates. Cytochrome c oxidase subunit I (COX1, Smp_900000) from S. mansoni was used as an endogenous control for qPCR. For each sample was used 10 ng/μL of RNA synthesized in cDNA, 1 × SYBR Green PCR Master Mix (Applied Biosystems), 900 nM of each forward and reverse primers for SmFES and 400 nM for COX1 at 10 μL of final volume. SmFES transcript levels from parasites exposed to SmFES-dsRNA were compared with those in parasites exposed to GFP-dsRNA and untreated control parasites. Relative expression was analyzed using the ΔΔCt method (Livak and Schmittgen, 2001).

Absolute quantification was performed to evaluate Smfes expression among S. mansoni stages (miracidia, sporocysts, cercariae, two and seven days’ schistosomula, and male and female adult worms). Miracidia and cercariae were kindly provided by the Mollusk rearing facility “Lobato Paraense” of the René Rachou Institute, FIOCRUZ. Schistosomula and adult worms were obtained as described. Sporocysts used in this assay were transformed after 24- to 48-h incubation of miracidia in Chernin’s balanced saline solution, in a BOD at 26°C, for the transformation into mother sporocysts (Laursen and Yoshino, 1999). A synthetic SmFES sequence cloned into a pCold-GST vector (Takara Bio) was obtained from GenScript, and a dilution curve of pCold-GST-SmFES was made using five dilutions from 1 × 109 to 1 × 101 copy numbers. Reactions were performed in triplicate as previously described. After the amplification, the absolute copy number was calculated by interpolation between the Cts of pCold-GST-SmFES dilution curve and Cts from each S. mansoni stage (Lee et al., 2006).



Statistical Analyses

All statistical analyses were run using GraphPad Prism 8. Normality test using the Shapiro–Wilk test was previously applied to all generated data.

Mann–Whitney test was used to analyze transcript levels, data from egg maturation assessment, miracidia speed, mucus attraction, adult worms’ length, and area of ovary. Analyses of schistosomula and granuloma area, miracidia penetration, recovering of adult worms and eggs from liver and intestine, and female adult worms’ fecundity were performed using unpaired t-test. Two-way ANOVA with Sidak’s multiple comparisons tests were used to analyze schistosomula mortality. All analyses were made relative to untreated and unspecific control groups. Differences were considered significant when P-value < 0.05.



Reagents

The catalog number of reagents used in this work is as follows. Promega: GoTaq Green Master Mix (M7122), Wizard SV Gel and PCR Clean-Up System (A9282), pGEM-T Easy vector (A1360), PureYield Plasmid Miniprep System (A1222), T7 RiboMAX Express RNAi System (P1700), SV Total RNA Isolation System (Z3105), and ImProm-II Reverse Transcription System (A3800). Sigma-Aldrich: GMEM (G6148), lactalbumin (L7252), HEPES (H3375), triiodothyronine (709611), hypoxanthine (H9636), hydrocortisone (H0888), Schneider’s Insect Medium (S0146), propidium iodide (P4170), Dulbecco’s modified Eagle’s medium (D5030), and carmine (C1022). Gibco, Thermo Fisher Scientific: fetal bovine serum (16000044), MEM vitamin solution (11120052), penicillin/streptomycin (15070063), and gentamicin (15710064). Applied Biosystems: SYBR Green PCR Master Mix (4309155). Ambion: Turbo DNase (AM2238). Invitrogen: Qubit RNA HS Assay Kit (Q32855). Syntec: xylazine hydrochloride (v-007) and ketamine hydrochloride (v-001). Cristália: sodium thiopental (22.1535). Renylab: hematoxylin (0012). Sciavicco: eosin (EA36). Vetec: Glucose (V000221. Synth: Canadian balsam (00B1001.08.BJ). Merck Millipore: ethanol (64-17-5), glacial acid acetic (64-19-7), and HCl (109057). Dinâmica: formaldehyde (P.10.0504.000.000) and methyl salicylate (60READIN016786).



RESULTS


Smfes Expression Is Higher in Schistosoma mansoni Free-Living Stages

SmFES transcript expression among the different S. mansoni life stages was assessed by RT-qPCR (Figure 1). Cercariae and miracidia free-swimming stages presented higher Smfes expression than the other stages, accounting for 4,670.5 and 3,182.1 copies/ng of total RNA, respectively. Schistosomula and female adult worms presented the lowest Smfes expression levels: 31.3 copies/ng for seven days’ schistosomula, 72.6 copies/ng for two days’ schistosomula, and 187.9 copies/ng for female adult worms. Sporocysts and male adult worms presented 421.9 and 2,691.9 copies/ng, respectively.
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FIGURE 1. Assessment of Smfes expression among Schistosoma mansoni life stages. Bar graph representing absolute SmFES transcript levels in copy numbers per nanogram of total RNA in miracidia, sporocyst, cercariae, 2 and 7 days’ schistosomula, and male and female adult worms. Bars represent the mean of three technical replicates. Error bars are represented above the bars.




Smfes Knockdown Affects Schistosomula Size and Viability

In order to verify the roles of SmFES in schistosomula, the gene was knocked-down with dsRNA, and the transcript levels were verified for seven days by RT-qPCR. Parasites showed a reduction in transcripts starting on the second day of exposure (52%). After five days, schistosomula presented an 80.8% reduction in SmFES transcript levels. A statistically significant reduction in transcript levels was observed on the second, fourth (65.5%), and fifth days of SmFES-dsRNA exposure when compared with control groups (P < 0.01) (Figure 2).
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FIGURE 2. Evaluation of SmFES transcript levels in schistosomula exposed to SmFES-dsRNA for 7 days. Bar graph representing the mean of SmFES transcript levels in schistosomula exposed to SmFES-dsRNA for 7 days. The dotted line represents normalized SmFES transcript levels in parasites exposed to green fluorescent protein (GFP)-dsRNA and in the untreated control. Error bars are represented above the bars. Statistical analysis using Mann–Whitney test is represented with asterisks above the bars (**P < 0.01).


Schistosomula exposed to SmFES-dsRNA presented higher mortality in vitro when compared to untreated and unspecific control groups from the fourth day of exposure. Mortality remained significant (P < 0.05) until the sixth day, ranging from 10 to 20% (Figure 3A). After motility analysis, a reduction of 19.7% in the schistosomula movement on the third day of SmFES-dsRNA exposure (P < 0.05) was observed. On the sixth and seventh days, a motility alteration was also verified, presenting a decrease of 33.7 and 34.5%, respectively (P < 0.01) (Figure 3B).
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FIGURE 3. Phenotypic analyses of schistosomula exposed to SmFES-dsRNA in vitro. (A) Bar graph representing the mean (%) of schistosomula mortality from control groups (gray) or exposed to SmFES-dsRNA (black) for 7 days. Error bars are represented above the bars. Statistical analyses using two-way ANOVA with Sidak’s multiple comparisons test are represented with asterisks above the bars (N = 4, *P < 0.05, **P < 0.01, ***P < 0.001). (B) Graph showing the motility mean of schistosomula exposed to SmFES-dsRNA during 7 days normalized with the data from untreated control and parasites exposed to GFP-dsRNA (Controls). Error bars are represented in each symbol, and the dotted line represents the control groups. Statistical analyses using two-way ANOVA with Sidak’s multiple comparisons test are represented with asterisks above the symbols (N = 2, *P < 0.05, **P < 0.01). (C) Area (mm2) of schistosomula from untreated control and exposed to GFP-dsRNA (controls; gray) or SmFES-dsRNA (black) for 3 (left) and 5 days (right). Each dot represents the area of one schistosomulum, and the horizontal black line represents the median. Statistical analysis using unpaired t-test is represented with asterisks (***P < 0.001, ****P < 0.0001).


The area of knocked-down parasites was measured in order to detect possible phenotype alterations. We observed a size reduction of 7% in the Smfes-knocked-down group when compared with control groups three days after dsRNA exposure (P < 0.001). Additionally, schistosomula exposed to SmFES-dsRNA for five days were 10% smaller than schistosomula from control groups (Figure 3C) (P < 0.0001).



Smfes Knockdown in Schistosomula Influences the Establishment of Mammalian Infection

To elucidate whether SmFES is important during mammalian infection establishment, mice were inoculated with Smfes-knocked-down schistosomula. As great mortality of schistosomula exposed to SmFES-dsRNA was observed from the fifth day, we chose to perform mouse infection using three days’ schistosomula to avoid inoculation of dead parasites, because it could influence the number of recovered adult worms.

Mice infected with schistosomula exposed to SmFES-dsRNA presented 30.7 and 31.25% more females and males adult worms, respectively, when compared to control groups (Figure 4A). Moreover, a significant increase in eggs recovered from the liver (96%) and intestine (237%) was also observed in the SmFES group (P < 0.001) (Figures 4B,C). Fecundity of SmFES females was also higher than in females from control groups (Supplementary Figure S2A).
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FIGURE 4. Schistosomula Smfes knockdown effects after mammalian infection. Dispersion graph representing the number of adult worms males (left) and females (right) (A) and eggs from the liver (B) and intestine (C) recovered from mice after 42 days of infection with schistosomula from untreated and green fluorescent protein (GFP) control groups (controls, gray) or exposed to SmFES-dsRNA (black) for 3 days. Each dot represents the number of worms/eggs recovered from one mouse. Median is represented by the horizontal black line. Statistical analysis using unpaired t-test with Welch’s correction is represented with asterisks (***P < 0.001). The cross symbols represent dead mice. (D) Bar graph representing the percentage of mature (white), immature (gray), and dead (black) eggs in the mice ileum after 42 days of infection. Statistical analysis of immature egg numbers using Mann–Whitney test is represented with asterisks above the bars (****P < 0.0001). (E) Bar graph representing the median length of adult worms recovered from mice infected with schistosomula from control groups (gray bar) or Smfes-knocked-down schistosomula (black bar). Above the bars are represented the 95% confidence interval. Statistical analysis using Mann–Whitney test is represented with asterisks (****P < 0.0001).


Further, the stages of maturation of eggs derived from the mice ileum were also analyzed. We observed a 57% increase of immature eggs in mice infected with Smfes-knocked-down schistosomula in comparison with mice from control groups (P < 0.0001) (Figure 4D).

The length of recovered adult worms was measured, and no difference between the size of males from controls and Smfes-knocked-down groups was observed. Yet the length of females recovered from mice infected with Smfes-knocked-down schistosomula presented a 40.4% decrease (P < 0.0001) when compared with the size of females recovered from mice infected with untreated and GFP-dsRNA-exposed schistosomula (Figure 4E and Supplementary Figure S2B).

Despite the increase of the number of eggs found in mice tissues, granulomas from the median lobe were analyzed, and a 48% reduction (P < 0.0001) in granuloma area was observed in livers from mice infected with Smfes-knocked-down schistosomula when compared with granulomas from livers of control groups (Figures 5A,B).
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FIGURE 5. Analysis of granuloma from liver of mice infected with Smfes-knocked-down schistosomula. (A) Area (μm2) of hepatic granulomas from mice after 42 days of infection with schistosomula from control groups (gray) or exposed to SmFES-dsRNAs (black) for 3 days. Each dot represents the area of one granuloma. Median is represented by the horizontal black line. Statistical analysis using unpaired t-test with Welch’s correction is represented with asterisks (****P < 0.0001). (B) Representative hematoxylin and eosin-stained liver sections from the untreated control group or exposed to green fluorescent protein (GFP)- or SmFES-dsRNAs. Yellow bars indicate 50 μm, and the dashed yellow lines delimit the area measured by ImageJ.




Smfes Knockdown in Schistosomula Alters the Adult Worms’ Reproductive System

Confocal analyses of adult worms recovered from mice infected with Smfes-knocked-down schistosomula were conducted to evaluate alterations in the worms’ development and maturation.

The ovary of females recovered from mice infected with Smfes-knocked-down schistosomula presented no changes in the number and distribution of mature or immature oocytes (Figure 6A), although the ovary presented an area 24% smaller (P < 0.001) when compared with the ovary from the control groups (Figures 6A,B). After the analyses of the vitellaria, it was observed that females from SmFES group exhibited holes in this organ, in contrast to the vitellaria from untreated and GFP-dsRNA groups (Figure 6C).
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FIGURE 6. Analysis of ovary and vitellarium of females recovered from mice infected with Smfes-knocked-down schistosomula. (A) Representative confocal images showing the ovary of females recovered from mice infected with schistosomula from untreated control or exposed to green fluorescent protein (GFP)- or SmFES-dsRNAs for 3 days. White bars indicate 50 μm. Abbreviations: OV, ovary; IO, immature oocyte; MO: mature oocyte. (B) Bar graph representing the median area of females’ ovary recovered from mice infected with schistosomula from control groups (gray bar) or Smfes-knocked-down schistosomula (black bar). Above the bars are represented the 95% confidence interval. Statistical analysis using Mann–Whitney test is represented with asterisks (***P < 0.001). (C) Representative confocal images showing the vitellarium of females recovered from mice infected with schistosomula from untreated control or exposed to GFP- or SmFES-dsRNAs for 3 days. Arrows show the holes in the vitellarium, and white bars indicate 50 μm.


The ootype from females and testicular lobes from males presented no alterations among experimental and control groups (Supplementary Figures S3A,B).



Smfes Knockdown in Schistosoma mansoni Eggs Changes Miracidial Behavior

Considering that Smfes expression is high in the free-living miracidium stage and an increase in immature eggs was noticed in the intestine from mice infected with Smfes-knocked-down schistosomula, we sought to understand SmFES roles in S. mansoni eggs/miracidia.

Smfes was successfully knocked-down in eggs from the third day after dsRNA exposure, presenting a 73% reduction of transcript levels when compared with unspecific and untreated controls (Figure 7). The decrease in Smfes expression remained after seven days of dsRNA exposure with eggs presenting 44% less SmFES transcripts. The reduction in transcripts observed along the analyzed days was statistically significant (P < 0.001).
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FIGURE 7. Evaluation of SmFES transcript levels in eggs exposed to SmFES-dsRNA for 3, 5, and 7 days. Bar graph showing SmFES transcript levels mean in eggs exposed to SmFES-dsRNA during 3, 5, and 7 days. The dotted line represents normalized SmFES transcript levels in eggs from control groups. Error bars are represented above the bars. Statistical analysis using Mann–Whitney test is represented with asterisks above the bars (N = 3, **P < 0.01).


After the knockdown, we analyzed the miracidia hatching ability. No difference was observed in the number of hatched miracidia among the controls and Smfes-knocked-down eggs (Supplementary Figure S4). To identify miracidial behavior alterations, parasites were recorded before and after the addition of B. glabrata mucus. After miracidia migration tracking, it was observed that following mucus addition, miracidia from untreated and unspecific control groups swam toward the mucus and started a continuous circular movement at the spot where the mucus was added. In contrast, most of the miracidia from Smfes-knocked-down eggs presented no change after mucus addition (Figure 8A and Supplementary Movies S1–S3). Mucus attraction was quantified, and we observed that miracidia from Smfes-knocked-down group showed 51% less mucus attraction than the untreated and unspecific control groups (P < 0.01) (Figure 8B). Parasites’ speed was also measured, and while the control groups showed a 56% speed reduction after the mucus addition (P < 0.0001), miracidia hatched from Smfes-knocked-down eggs did not present significant changes in their velocity (Figure 8C).
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FIGURE 8. Behavior assessment of miracidia hatched from Smfes-knocked-down eggs. (A) Images showing miracidia route before (above) and after (below) mucus addition in plates containing miracidia hatched from untreated control eggs or exposed to green fluorescent protein (GFP)- or SmFES-dsRNA. Each line represents the route of one miracidium. (B) Bar graph shows the percentage of miracidia attracted to Biomphalaria glabrata mucus from control groups (gray) or Smfes-knocked-down (black). Error bars are represented above the bars. Statistical analysis using Mann–Whitney test is represented with asterisks (**P < 0.01). (C) Bar graph representing the average speed (cm/s) of each miracidium hatched from control groups or Smfes-knocked-down eggs before (white) and after (gray) mucus addition. Each symbol represents the speed of one miracidium, and bars represent the median. Statistical analysis using Mann–Whitney test is represented with asterisks (****P < 0.0001). (D) Bar graph depicting the median number of penetrating miracidia per snail 1 and 4 h after B. glabrata challenge with miracidia hatched from the control groups (gray) or Smfes-knocked-down eggs (black). Statistical analysis using unpaired t-test with Welch’s correction is represented with asterisks (****P < 0.0001).


In order to check the capability of Smfes-knocked-down miracidia to penetrate the intermediate host, B. glabrata were challenged with miracidia hatched from untreated and unspecific controls and Smfes-knocked-down eggs. The number of miracidia able to penetrate the snail was counted after one and four hours. We observed that parasites from the SmFES group took longer to penetrate the snails. After 1 h of challenge, most of the parasites from control groups had already entered the snails, whereas in the SmFES group, 25% of the miracidia were unable to penetrate (Figure 8D). This difference was statistically significant (P < 0.0001). After 4 h, it was observed that 18.7% of Smfes-knocked-down miracidia were incapable to penetrate the host, whereas parasites from control groups successfully penetrated the snails.



SmFES RNAi Effect in Miracidia Generates Knocked-Down Cercariae and Affects the Female Worm Development and Reproduction in the Mammalian Host

To verify whether Smfes-knocked-down miracidia were able to normally develop within the intermediate host, the challenged snails were exposed to light for cercaria release analysis after 28 and 42 days. Cercariae released from each infected snail was counted, and there was no difference among mollusks challenged with miracidia from eggs exposed to SmFES-dsRNA and miracidia hatched from unspecific and untreated control groups (Supplementary Figure S5).

Analysis of Smfes expression in released cercariae showed that parasites from snails infected with miracidia hatched from SmFES-dsRNA-exposed eggs remained with decreased transcript levels, presenting 68.7% less (P < 0.01) transcripts when compared with controls (Figure 9A).
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FIGURE 9. Evaluation of SmFES transcript levels of cercariae derived from Smfes-knocked-down eggs and the effects in the mammalian host infection outcome. (A) Bar graph depicting SmFES transcript levels mean in cercariae released from snails exposed to miracidia hatched from Smfes-knocked-down eggs. The dotted line represents normalized SmFES transcript levels in cercariae released from snails exposed to miracidia from control groups. Error bar is represented above the bars. Statistical analysis using Mann–Whitney test is represented with asterisks (N = 2, **P < 0.01). (B) Bar graph representing the percentage of mature (white), immature (gray), and dead (black) eggs in mice ileum after 42 days of cercariae infection. Statistical analysis of immature egg numbers using Mann–Whitney test is represented with asterisks above the bars (****P < 0.0001). (C) Bar graph representing the median length of adult worms recovered from mice infected with cercariae from controls group (gray) and from mice infected with Smfes-knocked-down cercariae (black). Above the bars are represented the 95% confidence interval. Statistical analysis using Mann–Whitney test is represented with asterisks (****P < 0.0001).


Mice infected with Smfes-knocked-down cercariae presented 24.4% more male adult worms (P < 0.05) (Supplementary Figure S6A) and a 75.6% increase (P < 0.05) of eggs from the intestine relative to control groups (Supplementary Figure S6C). No difference in the number of recovered female adult worms and eggs from the liver was observed (Supplementary Figures S6A,B). Also, a 53.8% increase of immature eggs (P < 0.0001) was found in the ileum of mice infected with Smfes-knocked-down cercariae relative to control groups (Figure 9B). Additionally, female adult worms recovered presented a 29.9% length decrease (P < 0.0001) when compared with females recovered from mice infected with cercariae from control groups (Figure 9C and Supplementary Figure S6D).



DISCUSSION

The present work demonstrates that Smfes expression levels are higher in cercariae and miracidia of S. mansoni, which could reflect its importance in the free-living life stages of the parasite. Our data corroborate with previous studies that indicate that Smfes is more expressed in cercariae than in other stages (Bahia et al., 2007; Logan-Klumpler et al., 2012) and present lower expression in schistosomula 48 h (Ludolf et al., 2007) and seven days after transformation (Bahia et al., 2007; Logan-Klumpler et al., 2012), although it is divergent from what was found in RNA-Seq analyses in which Smfes presented higher expression in males and females adult worms (Lu et al., 2017).

SmFES TK seems to be important to schistosomula survival in vitro because there was rising mortality of schistosomula exposed to SmFES-dsRNA, which was reinforced by the motility decrease and alterations in size observed. In Caenorhabditis elegans (Nematoda: Rhabditidae), the knockdown of Fer, which is a TK from FES protein family, indicated that this protein has a role in the nematode epidermal differentiation (Putzke, 2005). Additionally, the human FES ortholog presents a role in actin and tubulin cytoskeleton regulation (Laurent and Smithgall, 2004; Laurent et al., 2004); therefore, the phenotypic alterations in schistosomula might be due to filament rearrangements. Those results indicate that SmFES is important for schistosomula growth and survival in vitro.

Despite that the number of adult worms recovered from mice from Smfes-knocked-down schistosomula presented no significant difference, the decrease of Smfes expression alters the outcome of infection in the mammalian host. An increased number of eggs from livers and intestines of mice infected with Smfes-knocked-down schistosomula was observed; thus, parasite fecundity was higher. However, an elevated rate of immature eggs from the SmFES group was seen. As Smfes is more expressed in the miracidium stage, the Smfes suppression could influence embryo development. Also, soluble egg antigen (SEA) released by eggs mediate immunological responses during egg migration through the host tissues (Lenzi et al., 1987; Doenhoff et al., 2003). Mature eggs secrete more SEA than immature eggs, and the molecules responsible for triggering host immune responses are secreted only when the miracidium is completely formed, which, in turn, allows eggs to discharge outside (Ashton et al., 2001; Pearce and MacDonald, 2002; Schramm et al., 2006). As we found more immature eggs in the ileum of mice infected with Smfes-knocked-down schistosomula, it could be that these eggs were not capable of expressing or secreting proteins that would trigger the host immune responses to promote egg release to the external environment. This might explain the increased number of eggs trapped in the mammalian host tissues.

The vitellarium and ovary are organs from the reproductive system of the female adult worm and are essential to produce viable eggs (Clough, 1981). Adult worm mating status is essential for female maturation because the differentiation processes of the ovary and vitellarium are complete as a result of the pairing (Erasmus, 1973; Kunz, 2001; LoVerde et al., 2004). The contact with the male adult worm also affects female size, which also affects the contact with the male adult worm, because non-paired females present a reduced size (Clough, 1981). For this reason, the mating also reflects in the oviposition because viable eggs are only produced by complete mature females (Shaw, 1987). Additionally, S. mansoni CTKs are described as probably involved in the differentiation process of the parasite reproductive system because they are described as highly expressed in adult worm gonads (Beckmann et al., 2010). However, SmFES role in this differentiation process was unknown. Here, we presented that females recovered from mice infected with Smfes-knocked-down schistosomula exhibited a size reduction, smaller ovary, and holes in the vitellarium, indicating that these worms did not reach complete maturation (Erasmus, 1973; Popiel et al., 1984; Kunz, 2001; Michel et al., 2003). Some immature females can produce eggs as a result of a failure in the control mechanisms activation, but they are not viable (Shaw, 1987). Thus, the rate of immature eggs observed in the ileum of mice infected with Smfes-knocked-down schistosomula may be due to the presence of immature females.

Egg release is facilitated by the intestine granuloma formation (Fallon et al., 2000; Schwartz and Fallon, 2018). This inflammation is also mediated by secreted SEA from mature eggs and immunomodulatory molecules from the eggshell, which induce a Th2 response (Sabin and Pearce, 1995; Hernandez et al., 1997; Cheever et al., 2000; Schwartz and Fallon, 2018). Thus, schistosome eggs are considered the main cause of schistosomiasis pathology and subsequent morbidity (Schwartz and Fallon, 2018). When deposited in the host tissues, egg antigens induce a T CD4+ immune response (Fallon et al., 1998; Boros, 1989), and then tumor necrosis factor-alpha (TNF-α) and intercellular adhesion molecule 1 (ICAM-1) expression contribute to lymphocyte activation for granuloma formation (Lukacs et al., 1994). Thus, the host immune responses are dependent on parasite stimulus. Although further investigations regarding immunomodulatory molecules triggered by this signaling pathway are necessary, SmFES may play a role in egg/miracidium maturation and/or participates in signaling pathways responsible for mediating SEA secretion or eggshell protein expression. This could result in a significantly smaller granuloma area in the liver recovered from mice infected with Smfes-knocked-down parasites.

Further, because the Smfes is highly expressed in miracidia and proved to have a role in embryo development, we performed Smfes knockdown in eggs to evaluate miracidia hatching, motility, and capability to infect the intermediate host. After Smfes knockdown, no difference in parasite hatching was noted. Meanwhile, miracidia derived from Smfes-knocked-down eggs presented lower attraction to B. glabrata. Invertebrate host attraction is mediated by miracidium chemoreceptors responsible for sighting the snail-secreted chemicals in the mucus (Samuelson et al., 1984; Haas et al., 1995; Sukhdeo and Sukhdeo, 2004). When miracidia find the snail-secreted molecules, the swimming behavior changes from a straight line to a circular random movement around the mucus (MacInnis, 1965); this behavior was observed for miracidia from control groups, whereas most Smfes-knocked-down miracidia remained with the same behavior observed before mucus addition. So Smfes knockdown plays a role in sensory modulation.

Once the miracidium finds the invertebrate host, penetration lasts for about 15 min; and during the process, host sighting, terebratorium secretions, and rotational movements are very important for successful infection (Machado-Silva et al., 2008). Whereas miracidia from control groups took 1 h to penetrate the snail, Smfes-knocked-down parasites required between one and four hours to complete B. glabrata invasion, yet some miracidia were incapable of penetrating the host. Those results and the Smfes abundant expression in miracidium terebratorium (Bahia et al., 2007) suggest that this TK is also involved in the invertebrate host invasion. Within the snail host, the miracidium develops in sporocysts, replicates asexually, and differentiates in cercariae (Colley et al., 2014). The cercariae released from snails infected with Smfes-knocked-down parasites showed a persisting reduction of SmFES transcript levels. Inheritance of gene knockdown promoting RNAi maintenance is reported in C. elegans (Vastenhouw et al., 2006). In this nematode, reports show that the progeny from knocked-down worms presents full transcript level reduction and can continue for successive generations (Burton et al., 2011; Marré et al., 2016; Spracklin et al., 2017). In S. mansoni, persistent knockdown has only been shown once, in which adult worms, recovered from mice inoculated with Smp38-knocked-down schistosomula, still present reduction in Smp38 transcript levels (Avelar et al., 2019). To our knowledge, this is the first time that the RNAi effect in eggs is kept stable during three life stages of S. mansoni, maintaining lower transcript levels to cercaria stage. After infecting mice with cercariae recovered from snails infected with Smfes-knocked-down miracidia, we did not find significant differences in the recovery of worms and eggs from tissues, but there was a high impact in eggs and female worm maturation. These phenotypic alterations were similar to those observed after mouse infection with Smfes-knocked-down schistosomula. So regardless of the stage in which the dsRNA was delivered, SmFES proved to be essential for S. mansoni development inside the mammalian host.

Additionally, human Fer and FES are described in tubulin and actin rearrangement and as part of the p38 signaling MAP kinase activation, promoting chemotaxis and cell migration (Craig and Greer, 2002; Craig, 2012). In S. mansoni, SmFES might participate in the activation of Smp38 signaling events because Smp38 is involved in the regulation of tubulin expression (Avelar et al., 2019) and miracidium ciliary beating regulation (Ressurreição et al., 2011). However, this is yet to be elucidated.

The current study presents, for the first time, the SmFES TK function in different S. mansoni life stages, in vitro and in vivo. Because granulomatous lesions are the main cause of schistosomiasis morbidity (Olveda et al., 2017) and considering the infection outcome, generating reduced granulomas in the livers, SmFES should be explored to aid disease morbidity control. Moreover, interrupting the snail infection is considered a complementary approach for schistosomiasis control (Gray et al., 2010; Ross et al., 2017), as SmFES seems to play a role in miracidia attraction to snails and infectivity regulation; it could impact the success of invertebrate host infection. There are long paths to be performed, but as specific molluscicides are extremely necessary to control the transmission in endemic areas, strategies based on stable soluble compounds (Augusto et al., 2017), which are able to specifically bind to SmFES, could enable the interruption of Schistosoma life cycle. Considering that, a reasonable approach could use an SmFES inhibitor in a restrained sewage treatment to prevent miracidium hatching and reduce mollusk infection. Therefore, SmFES inhibitors should be investigated to support schistosomiasis control.
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Recent advances in systems biology have shifted vaccine development from a largely trial-and-error approach to an approach that promote rational design through the search for immune signatures and predictive correlates of protection. These advances will doubtlessly accelerate the development of a vaccine for schistosomiasis, a neglected tropical disease that currently affects over 250 million people. For over 15 years and with contributions of over 120 people, we have endeavored to test and optimize Sm-p80-based vaccines in the non-human primate model of schistosomiasis. Using RNA-sequencing on eight different Sm-p80-based vaccine strategies, we sought to elucidate immune signatures correlated with experimental protective efficacy. Furthermore, we aimed to explore the role of antibodies through in vivo passive transfer of IgG obtained from immunized baboons and in vitro killing of schistosomula using Sm-p80-specific antibodies. We report that passive transfer of IgG from Sm-p80-immunized baboons led to significant worm burden reduction, egg reduction in liver, and reduced egg hatching percentages from tissues in mice compared to controls. In addition, we observed that sera from Sm-p80-immunized baboons were able to kill a significant percent of schistosomula and that this effect was complement-dependent. While we did not find a universal signature of immunity, the large datasets generated by this study will serve as a substantial resource for further efforts to develop vaccine or therapeutics for schistosomiasis.
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INTRODUCTION

Schistosomiasis is a debilitating neglected tropical disease caused by infection with parasitic trematodes of the genus Schistosoma. Six species of Schistosoma cause clinical disease in humans, altogether responsible for over 290,000 deaths annually (1). While the rate of mortality is relatively low considering over 250 million people live with this disease (2), the clinical manifestations of schistosomiasis are chronic and insidious, including anemia, growth retardation, fever, genital lesions, hepatosplenomegaly and slow, irreversible organ damage (3, 4). These sequelae result in 3.31 million disability-adjusted life years (DALYS) lost according to recent estimates (5). Currently, schistosomiasis is endemic in 78 countries with over 800 million people at risk for infection (6).

For a myriad of reasons, control and elimination of schistosomiasis have eluded the research community and policy makers alike. While some success in reducing the spread of this disease have been achieved through integrated approaches combining mass drug administration (MDA), molluscicides, health education, behavior modification, and public works programs such as construction of concrete irrigation canals, schistosomiasis continues to be a major source of global health burden (7–9). Implementation of these integrated interventions can be logistical questions in economically strained communities such as rural villages in sub-Saharan Africa and southeast Asia (10, 11). It is within these communities, especially in high transmission hotspots, that MDA alone cannot result in the elimination of schistosomiasis as a public health concern (12). While mathematical modeling on the effectiveness of praziquantel (PZQ), the drug of choice used for antischistosome MDA, predicts against the emergence of drug resistance in the near future, overreliance and widespread repeated administration of PZQ may result in that future sooner rather than later (13, 14). Additionally, PZQ is not effective against juvenile schistosome parasites and does not prevent re-infection, necessitating repeated rounds of MDA for schistosomiasis control and elimination initiatives. Lapses in MDA can lead to rapid rebound of community infection rates to pre-treatment levels (15, 16). Hence, development of an antischistosome vaccine would be beneficial to achieve schistosomiasis elimination goals (17–19).

Sm-p80 is the large subunit of a schistosome calcium-activated neutral protease calpain (20), and has been tested for its vaccine efficacy in different vaccine strategies and formulations since 1997 (21). Although Sm-p80-based vaccines have been demonstrated to have many beneficial effects such as prophylactic (22) and therapeutic efficacy (23), cross-species protection against S. haematobium (24) and S. japonicum (25), immune correlates and mechanisms of protection against schistosomiasis remain poorly understood. While much has been learned from conventional immunological methods such as ELISA, Western blotting, ELISPOT, and even flow cytometry, recent development in systems biology and high throughput “omics” technologies have invited large paradigm shifts to vaccinology (26, 27). Using next-generation RNA sequencing (RNA-Seq), our group has reported some key molecular gene interactions associated with Sm-p80-based vaccine immunogenicity and efficacy (28, 29) as well as system-wide molecular interactions associated with trickle schistosome infections, chronic disease and PZQ treatment in the nonhuman primate model (29). In the present study, we aimed to explore immune signatures of Sm-p80-based vaccines through transcriptomic analyses of eight different strategies utilized across 15 years of preclinical studies using the baboon model, correlating with previously published efficacy results. Furthermore, we assessed the role of antibodies through in vivo passive transfer of IgG obtained from immunized baboons and in vitro killing of schistosomula using Sm-p80-specific antibodies.



MATERIALS AND METHODS


Statement of Ethics

All animal procedures were conducted in accordance with Institutional Animal Care and Use Committee (IACUC) Guidelines (Protocol Number 20010202) and were approved by the Animal Ethics Committee at the Texas Tech University Health Sciences Center.



Animals and Parasites

Female C57BL/6 mice (6–8 weeks old) were purchased from Charles River Laboratories (Wilmington, MA, USA). Schistosoma mansoni (Puerto Rico PR-1 strain)-infected Biomphalaria glabrata snails were procured from the Schistosome Resources Center (Biomedical Research Institute, Rockville, MD, USA).



Source of Sera, IgG, and Cells

The sera used for heterologous passive transfer experiments were obtained from pooled sera of baboons immunized with Sm-p80-based vaccines and their control counterparts from eight previous studies. First, Sm-p80-VR1020 was a DNA vaccine formulation which elicited a robust antibody response and Th1-related cytokines such as interferon-gamma (IFNγ) (22). The second and third Sm-p80-based vaccine strategies used in this study were DNA prime with Sm-p80-VR1020 and protein boost with recombinant Sm-p80 and CpG ODN10104 (TLR9 agonist) or Resiquimod (TLR7 agonist) (30), yielding a nuanced and balanced pro-inflammatory and anti-inflammatory response as well as high IgG titers. The fourth and fifth strategies from which samples were obtained in this study were recombinant Sm-p80 formulated with CpG ODN10104 (TLR9 agonist) or Resiquimod (30), producing a similar immune response profile yet resulting in higher protection compared to the prime-boost counterparts. Finally, the sixth, seventh, and eighth vaccine strategies were recombinant Sm-p80 formulated with glucopyranosyl lipid adjuvant (GLA) as an aqueous formulation (AF), formulated with aluminum hydroxide (Alum), or formulated in a soluble oil-in-water emulsion (SE). Recombinant Sm-p80 formulated with GLA-SE (31) demonstrated the highest levels of protection while GLA-AF (unpublished data) and GLA-Alum (32) did not surpass previously tested strategies. These eight vaccination strategies followed a standard immunization schedule with 3-4 injections at 4-week intervals followed by parasite challenge with 1000 S. mansoni cercariae 4 weeks after the final injection. Eight weeks after parasite challenge, animals were sacrificed and adult worms were perfused from the portal system and mesenteric veins. Blood was collected after vaccination (to determine the effect of the vaccine), and 8 weeks after parasite challenge (to study vaccine-induced immune responses with schistosomiasis disease progression). Blood was also collected from animals in their respective control groups which received adjuvant control injections in place of the vaccine. Spleen and mesenteric lymph nodes samples were collected at necropsy.

IgG was purified from baboon sera pooled from all 8 aforementioned strategies using PierceTM Protein A/G Agarose kit (Thermo Fisher Scientific) according to manufacturer's protocol. IgG purity was analyzed by SDS-PAGE and concentration was measured by NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). Peripheral blood mononuclear cells (PBMCs) from two time points, spleen cells, and mesenteric lymph nodes from the eight Sm-p80-based vaccine strategies and their respective controls were previously stored in freezing media (10% DMSO in fetal bovine sera and RPMI) at −80°C and were used for transcriptomic analyses via RNA-seq.



Heterologous Passive Transfer and Parasite Challenge

Twenty C57BL/6 mice were randomly divided into control (n = 10) and experimental (n = 10) groups. Each mouse from the control group received an intravenous injection of purified IgG (75 μg) from control baboon sera while those in the experimental group received purified IgG (75 μg) from Sm-p80-immunized baboon sera at days 0, 3, and 9. At day 6, each mouse was challenged with 150 Schistosoma mansoni cercariae via tail immersion in water to allow for percutaneous infection. Two of the control mice died over the course of this study due to unknown reasons and were excluded from analysis.



Determination of Worm Burden, Egg Burden, and Tissue Egg Hatching

Mice were euthanized six weeks post-cercarial challenge and adult worms were recovered from the mesenteric vasculature and hepatic portal system by perfusion (33). The percent reduction in adult worm burden was determined by comparing the number of worms recovered from the experimental groups (I) to the control group (C). Protection (P) was calculated using the formula: %P = [(C – I)/C × 100]. To assess the schistosome egg burden in tissues, livers and intestines of the euthanized mice were digested in 4% potassium hydroxide at 37°C overnight without CO2, washed, and resuspended in a 1.2% (w/v) sodium chloride solution (33). Eggs were enumerated under light microscopy to determine the number of eggs per gram in liver and intestine.

Tissue egg hatching rates were determined as previously described (29). Briefly, 0.5–1 g sections of liver and intestine were collected from each mouse following euthanasia. Tissue samples were placed in a solution of cold 1.2% NaCl and gently homogenized with a blender for 30 s. The homogenized samples were then passed through a series of sieves (180, 106, and 45 μm mesh opening). Schistosoma mansoni eggs were collected from the 45 μm sieve and centrifuged at 300 × g for 10 min. The egg pellet was resuspended in fresh water after discarding the supernatant and seeded into 24-well plates. These plates were placed under a light source for 2 h to induce egg hatching. Mature eggs and hatched eggs were counted using a light microscope and the egg hatching rates were expressed as the percentage of eggs hatched compared to mature eggs.



In vitro Killing of Schistosoma mansoni Schistosomula

Sera for in vitro schistosomula killing assay were obtained as described above. Schistosoma mansoni cercariae collected from infected snails were mechanically transformed into schistosomula by repeated transfers through a 22 gauge syringe needle (33). Approximately 50 schistosomula were seeded into each well of a 24-well plate and cultured overnight in complete media (RPMI 1640 supplemented with 10% fetal bovine serum, 100 μg/mL penicillin G, 100 μg/mL streptomycin and 10 μg/mL gentamycin) in the presence or absence of Sm-p80-immunized baboon sera (1:50 dilution) with or without exogenous complement sera from guinea pig (1:50 dilution) (Millipore Sigma). Media alone or pooled sera from baboons receiving adjuvant/vehicle alone were used as controls. Sera were heat-inactivated by incubating samples at 56°C for 30 min. Schistosomula were classified as viable or dead on the basis of motility and morphology (presence of granularity and blebbing) under light microscopy with 3 technical replicates per group.



RNA Purification and RNA-Sequencing

Total RNA was used for RNA-seq library preparation from individual baboon samples of PBMCs, spleen cells, and lymph node cells with three biological replicates and two technical replicates along with their corresponding controls for each of the eight vaccine strategies. Total RNA was extracted using GenElute® Mammalian Total RNA Miniprep Kit (Sigma–Aldrich, St. Louis, MO) following the manufacturer's instructions. Total RNA concentrations were quantified via Qubit® 3.0 Fluorometer and RNA HS Assay Kit (Thermo Fisher,Waltham, MA) and RNA quality was determined using the Agilent 2200 TapStation (Agilent, Santa Clara, CA).

Library preparation was completed as previously described (31) and stranded mRNA-sequencing on the NovaSeq 6000 platform (Illumina) was fulfilled following standard protocols by the Texas Tech University Center for Biotechnology and Genomics (Lubbock, TX).



RNA-Seq Analysis Pipeline

Alignment and determination of differentially expressed genes (DEGs) were conducted using the Galaxy platform (www.usegalaxy.org). Briefly, raw reads were aligned to the human genome (hg19) using HISAT2 (34). Then, read summarization was completed using the featureCounts program (35). DEGs were determined from the resultant count tables using DESeq2 (36).

Downstream pathway analyses on DEGs were completed based on cut-offs of 1.5-fold change compared to control groups and P < 0.1. Gene ontology (GO) of both up- and down-regulated DEGs were analyzed using ClueGo (version 2.5.6) app on Cytoscape (version 3.7.2) software. DEGs related to immune system processes were visualized as a network of GO term clusters with a minimum of 3 genes per cluster unless otherwise mentioned, represented likewise as a pie graph depicting percentage of genes per GO group out of the total number of genes. Pathway analyses were generated with Ingenuity Pathway Analysis (IPA) (Qiagen, Venlo, Netherlands) using genes related to immune system processes. Heat maps depicting gene expression and bar graphs representing Z-scores and P-values for canonical pathways were generated using GraphPad Prism (version 7.04).

Selected genes validated via quantitative real-time polymerase chain reaction (qPCR) as previously described (31). Briefly, primers were designed from mRNA sequences obtained from the NCBI for Papio anubis genes. The list of primer sequences used for qRT-PCR is provided in Supplementary Table 1. Total RNA from PBMCs, spleen cells, and lymph node cells was extracted using GenElute™ Mammalian Miniprep kit (Sigma-Aldrich, St. Louis, MO, USA) and first strand cDNA synthesis was completed using the Maxima First Strand cDNA synthesis kit (Thermo Fisher Scientific). Amplification of selected genes was carried out using SYBR Premix Ex Taq™ (TIi RNase H Plus; Takara, Japan) in triplicates on a StepOne™ plus Real-time PCR system (Thermo Fisher Scientific). Results were analyzed using DataAssist™ software (version 3.0) (Thermo Fisher Scientific) (Supplementary Table 2).



Statistical Analysis

Student's t-tests were used for pairwise comparisons between groups for the mouse in vivo passive transfer and in vitro schistosomula killing studies with P < 0.05 indicating statistical significance. Plotted data represents individual data points with error bars showing means and standard error of the mean. Differentially expressed genes were selected based on the cutoff of P < 0.1 and 1.5-fold change compared to controls for pathway analyses using IPA and ClueGO.




RESULTS


Reduction in Parasitological Burden Following Passive Transfer

To assess the protective efficacy of Sm-p80-specific IgG against S. mansoni infections, mice were passively transferred with purified Sm-p80-specific IgG from pooled baboon sera as described above. Passively transferred Sm-p80-specific IgG protected naïve C56BL/6 mice from S. mansoni challenge infection. Specifically, we observed significant reduction in adult worm numbers [male worms: 57.7% (P = 0.0142); female worms: 60.0% (P = 0.0125); total worms: 58.8% (P = 0.0130)] in experimental mice that received Sm-p80-specific antibodies when compared to the control mice (Figure 1A). Liver and intestine tissue samples from control and experimental groups were also assessed for tissue egg burden. We observed a significant reduction of 47.9% (P = 0.0468) in liver egg burden in experimental mice when compared to the control group (Figure 1B). While we also observed a 42.8% (P = 0.2358) reduction in egg burden within the intestines of the experimental mice, the reduction was not statistically significant (Figure 1C).
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FIGURE 1. Role of antibodies in Sm-p80-based vaccine-mediated protection. (A) Recovered adult male and female worms following passive transfer of purified IgG from baboons immunized with Sm-p80-based vaccine. (B) Liver egg burden and (C) intestine egg burden at necropsy. Hatching rates of eggs recovered from livers (D) and Intestines (E) of mice at necropsy. (F) In vitro killing of S. mansoni schistosomula in the presence of pooled sera from Sm-p80-vaccinated baboons with addition or absence of exogenous complement. All mice were sacrificed at 6 weeks post S. mansoni cercariae challenge. Plotted data represents individual data points with error bars showing means and standard error of the mean.




Reduction in Schistosoma mansoni Egg Viability in Mouse Tissues

In order to determine egg viability, we compared the hatching rates of eggs isolated from infected mouse liver and intestine tissue samples from the control and experimental groups. Hatching rate analysis of eggs isolated from the tissues of mice receiving Sm-p80-specific IgG showed a significant reduction of 52.2% (P = 0.0001) in the liver when compared to that of the control animals (Figure 1D). Similarly, we observed a significant decrease of 49.6% (P = 0.0001) in egg hatching rates from eggs isolated from the intestines of mice from experimental group compared to those from the control group (Figure 1E).



In vitro Killing of Schistosoma Schistosoma mansoni

Schistosoma mansoni schistosomula were cultured in the presence of baboon sera with or without exogenous complement. In the presence of Sm-p80-immunized baboon sera, we observed a 91.0% killing efficiency (P = 0.0008) of schistosomula in vitro when compared to control sera. The killing efficacy was significantly augmented (1.7-fold, P = 0.0006) with the addition of exogenous complement compared to experimental sera without modification. The complement-dependent killing effect was reversed by heat-inactivation (Figure 1F). Interestingly, we also observed that the control sera with exogenous complement showed schistosomula killing efficiency comparable to the experimental sera alone.



Immune Signatures of Sm-p80-Based DNA Vaccine

RNA-Seq analysis of gene expression in the PBMCs, spleen cells, and lymph nodes of baboons vaccinated with different strategies of Sm-p80-based vaccines revealed diverse immune signatures depending on the strategy and adjuvant choice. We performed gene ontology (GO) enrichment analysis to first determine which DEGs were related to immune system processes. GO terms reveal the processes to which the DEGs belong and the connection of processes which are represented by linked clusters of GO terms (Supplementary Figures 1–32).

Sm-p80-VR1020 was a DNA vaccine formulation which conferred 46% reduction in worm burden in baboons compared to controls (22). Four weeks after vaccination and prior to challenge, 270 genes related to immune system processes were differentially expressed in the PBMCs. These genes belonged to GO groups such as hemopoiesis (15.69%), leukocyte differentiation (10.42%), immunoglobulin production involved in immunoglobulin mediated immune response (5.28%), and others (Figure 2A top). These DEGs were inputted into IPA to predict activation (positive) or deactivation (negative) based on the Z-score, a composite of the degree of overlap between directional expression of genes from the observed data and the QIAGEN-curated public database. The pathways at this time point with the highest statistical significance include the neuroinflamation signaling pathway (Z-score = −0.853), iCOS-iCOSL signaling in T helper cells (Z-score = 1.508), and Th2 pathway (Z-score = 1.667) (Figure 2A bottom). Interestingly, the hepatic fibrosis signaling pathway was predicted to be deactivated (Z-score = −0.894) prior to parasite challenge. Predicted activation of the CD28 signaling in T helper cells pathway (Z-score = 2.449) and iCOS-iCOSL signaling in T helper cells pathway may explain why DEGs belonging to the immunoglobulin production involved in immunoglobulin mediated immune response GO group were the third highest group at 5.28% out of a total of 270 genes. High Sm-p80-specific IgG titers were previously correlated to protect baboons with this DNA vaccine strategy (22).
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FIGURE 2. RNA-Seq analysis of Sm-p80-VR1020, a DNA vaccine strategy. (A) PBMCs after vaccination (Top) Gene ontology enrichment analysis represented as a pie graph of percentages of genes per group out of a total number of differentially expressed genes. “**” and “*” indicates P < 0.05 and P < 0.01, respectively. (Bottom) Canonical pathway analysis generated using IPA. Bars are plotted based on the – log10(P-value) and colored based on predicted activation (red) and deactivation/inhibition (blue) according to the Z-score, a composite assessment based on the degree of overlap between directional expression of genes from the observed data and the Qiagen-curated public database. The top 30 pathways are shown based on the lowest P-values. (B) PBMCs after challenge (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (C) Spleen cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (D) Mesenteric lymph node cells (Top) Gene ontology enrichment analysis. Bottom) Canonical pathway analysis generated using IPA.


After schistosome parasite challenge and prior to sacrifice, blood was drawn and PBMCs were isolated for RNA-Seq analysis on baboons vaccinated with the DNA vaccine Sm-p80-VR1020 (Figure 2B top). At this time point, myeloid cell activation involved in immune response (24.67%), immune response-activating cell surface receptor signaling pathway (15.86%), and IFNγ-mediated signaling pathway (14.1%) were the top GO groups represented by the 137 DEGs (Figure 2B top). IPA predicted activation of pathways including dendritic cell maturation (Z-score = 2.309), role of pattern recognition receptor (PRR) recognition of bacteria and viruses (Z-score = 0.816), T cell exhaustion signaling pathway (Z-score = 1), and the Th2 pathway (Z-score = 1) (Figure 2B bottom). IPA also predicted involvement of the complement system (Z-score = 1) as well as the Th1 pathway (Z-score = 1.633).

At sacrifice, spleen and lymph node cells were collected for RNA-Seq analysis. The top GO groups for spleen cells include hemopoiesis (21.82%), leukocyte activation involved in immune response (20.85%), and dendritic cell chemotaxis (14.33%) (Figure 2C top). From these immune system process-associated DEGs, the canonical pathways predicted with most the statistical significance include PKCθ signaling in T lymphocytes (Z-score = 0.632), CD28 signaling in T helper cells (Z-score = 1), hepatic fibrosis signaling pathway (Z-score = 1.265), NF-kB activation by viruses (Z-score = 1.633), and role of NFAT in regulation of the immune response (Z-score = 0.378) (Figure 2C bottom). Interestingly, both Th1 and Th2 pathways were predicted to be activated in the spleen. RNA-Seq analysis of lymph nodes revealed 18 immune system process-related DEGs with no predicted canonical pathways that were statistically significant (Figure 2D).



Immune Signatures of Sm-p80-Based DNA Prime/Protein Boost Vaccine With CpG ODN

The second Sm-p80-based vaccine strategy used in this study was DNA prime with Sm-p80-VR1020 and protein boost with recombinant Sm-p80 and CpG ODN10104, a TLR9 agonist which resulted in 47.34% reduction of adult worms in vaccinated baboons compared to controls. After vaccination and prior to parasite challenge, 316 DEGs related to immune system processes were detected in the PBMCs. The GO groups with the largest percentage of these genes were hemopoiesis (16.24%), leukocyte activation involved in immune response (13.13%), and TLR9 signaling pathway (8.41%) (Figure 3A top). Many of the top statistically significant canonical pathways were predicted to be deactivated, including iCOS-iCOSL signaling in T helper cells, CD28 signaling in T helper cells, and the role of NFAT in regulation of the immune response (Figure 3A bottom). At this time point, Th1 and Th2 pathways were predicted to be deactivated while the IL-23 signaling pathway, crucial to the Th17 pathway, was predicted to be activated.
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FIGURE 3. RNA-Seq analysis of Sm-p80-VR1020 + rSm-p80+ODN10104, a prime/boost vaccine strategy. (A) PBMCs after vaccination (Top) Gene ontology enrichment analysis represented as a pie graph of percentages of genes per group out of a total number of differentially expressed genes. “**” and “*” indicates P < 0.05 and P < 0.01, respectively. (Bottom) Canonical pathway analysis generated using IPA. Bars are plotted based on the – log10(P-value) and colored based on predicted activation (red) and deactivation/inhibition (blue) according to the Z-score, a composite assessment based on the degree of overlap between directional expression of genes from the observed data and the Qiagen-curated public database. The top 30 pathways are shown based on the lowest P-values. (B) PBMCs after challenge (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (C) Spleen cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (D) Mesenteric lymph node cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA.


Prior to sacrifice, we detected 205 DEGs in the PBMCs compared to control animals. The top GO groups at this time point include hemopoiesis (26.27%), leukocyte activation involved in immune response (18.31%), T cell receptor signaling pathway (11.33%), and T cell mediated immunity (6.75%) (Figure 3B top). While several of the top canonical pathways did not change direction, such as iCOS-iCOSL signaling in T helper cells, CD28 signaling in T helper cells, and the role of NFAT, the prediction for the Th1 pathway (Z-score = 0.728) and B cell receptor signaling (Z-score = 2.673) converted to activation (Figure 3B bottom). Production of nitric oxide and reactive oxygen species in macrophages and iNOS signaling became among the top 30 most significant canonical pathways and both were strongly predicted to be activated.

GO enrichment analysis of the spleen cells revealed similar representation of the top groups, including hemopoiesis (28.95%), leukocyte activation involved in immune response (24.34%), and immune response-activating cell surface receptor signaling pathway (18.42%) (Figure 3C top). Likewise, the top statistically significant pathways include CD28 signaling in T helper cells, iCOS-iCOSL signaling in T helper cells, leukocyte extravasation signaling, and the Th2 pathway, all of which were predicted to be deactivated (Figure 3C bottom). Gene expression from lymph node cells revealed different immune signatures compared to those found from PBMCs and spleen cells. Besides hemopoiesis, leukocyte activation involved in immune response, and immune response-activating cell surface receptor signaling pathway, GO enrichment analysis indicated T cell differentiation (5.7%), pro-B cell differentiation (4.35%) as among the highest represented GO groups out of 306 DEGs related to immune system processes (Figure 3D top). The DEGs in the lymph nodes also revealed the involvement of different canonical pathways compared to PBMCs and spleen cells in this strategy. For example, the complement system (Z-score = 1.342) and the hepatic fibrosis signaling pathway (Z-score = 1.528) were predicted to be activated.



Immune Signatures of Sm-p80-Based DNA Prime/Protein Boost Vaccine With Resiquimod

Resiquimod used as the adjuvant component of the Sm-p80-based vaccine in a DNA prime/protein boost strategy resulted in 37.62% reduction in schistosome worm burden (30). The efficacy of this vaccine strategy was lower on the spectrum of Sm-p80-based vaccines and may explain the relatively low number of DEGs related to immune system processes from PBMCs after vaccination but prior to parasite challenge. The majority of these genes belong to the GO groups leukocyte activation involved in immune response (39.5%), hemopoiesis (33.61%), T cell differentiation in thymus (9.24%), and dendritic cell differentiation (5.88%) (Figure 4A top). Pathway analysis using IPA revealed relatively few significant pathways including HOTAIR regulatory pathway (Z-score = 1.134), colorectal cancer metastasis signaling (Z-score = 0.378), neuroinflammation signaling pathway (Z-score = −1.134), and glioblastoma multiforme signaling (Z-score = −0.447) (Figure 4A bottom). The DEGs driving the predictions for these pathways primarily include matrix metallopeptidases and Wnt family members.
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FIGURE 4. RNA-Seq analysis of Sm-p80-VR1020 + rSm-p80+Resiquimod, a prime/boost vaccine strategy. (A) PBMCs after vaccination (Top) Gene ontology enrichment analysis represented as a pie graph of percentages of genes per group out of a total number of differentially expressed genes. “**” and “*” indicates P < 0.05 and P < 0.01, respectively. (Bottom) Canonical pathway analysis generated using IPA. Bars are plotted based on the – log10(P-value) and colored based on predicted activation (red) and deactivation/inhibition (blue) according to the Z-score, a composite assessment based on the degree of overlap between directional expression of genes from the observed data and the Qiagen-curated public database. The top 30 pathways are shown based on the lowest P-values. (B) PBMCs after challenge (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (C) Spleen cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (D) Mesenteric lymph node cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA.


After parasite challenge, the top GO groups in PBMCs include myeloid leukocyte mediated immunity (30.36%), T cell differentiation involved in immune response (19.64%), and innate immune response activating cell surface receptor signaling pathway (16.96%) (Figure 4B top). IPA analysis revealed that pathways related to PCKθ signaling including role of NFAT (Z-score = 0.707) and NF-kB signaling (Z-score = 1.342) were predicted to be deactivated (Figure 4B bottom). Interestingly, complement system was predicted to be deactivated (Z-score = −2), possibly correlating with the reduced worm burden reduction of this strategy compared to other Sm-p80 vaccine strategies.

RNA-Seq and GO enrichment analysis on spleen cells indicated that the top GO groups were myeloid cell activation involved in immune response (23.75%), lymphocyte activation involved in immune response (15.54%), leukocyte differentiation (9.38%) and complement activation, alternative pathway (8.5%) (Figure 4C top). Although we see that 8.5% of the 174 DEGs related to immune system process belong to the complement activation GO group, IPA analysis revealed that the complement system pathway was predicted to be deactivated (Z-score = −1.633) with the highest statistical significance compared to other canonical pathways. Other significant pathways predicted to be deactivated include neuroinflammation signaling pathway (Z-score = −2.5), TREM1 signaling (Z-score = −3), IL-8 signaling (Z-score = −2.887), and NF-kB signaling (Z-score = −1.897) (Figure 4C bottom). The top GO groups for lymph node cells were leukocyte differentiation (15.16%), leukocyte activation involved in immune response (12.82%), and hemopoiesis (12.54%) (Figure 4D top). Similar to the PBMCs and spleen cells, IPA predictions for PCKθ-related signaling were deactivation, including NF-kB signaling (Z-score = −1.414), CD28 signaling (Z-score = −0.447), and iCOS-iCOSL signaling (Z-score = −1) (Figure 4D bottom). Interestingly, the hepatic fibrosis signaling pathway was predicted to be deactivated at both time points for PBMCs and for spleen and lymph node cells with this vaccine strategy.



Immune Signatures of Sm-p80-Based Protein Vaccine With CpG ODN

Compared to the DNA prime/protein boost strategy with CpG ODN, the recombinant protein vaccine strategy with CpG ODN conferred higher worm burden reduction at 57% compared to control animals (30). Using PBMCs obtained after vaccination, the top GO groups from which the immune system process-related DEGs belong include myeloid cell activation involved in immune response (32.78%), hemopoiesis (23.16%), pattern recognition receptor signaling pathway (9.04%), and T cell proliferation (7.91%) (Figure 5A top). Although the IFNγ-mediated signaling pathway was represented in the GO analysis through differential expression of IL-12 receptor subunit β1, there was insufficient data to predict activation or deactivation of the Th1 pathway. Similarly, Th2 and Th17 pathways were unable to be predicted (Figure 5A bottom). Instead, the top canonical pathways for PBMCs after vaccination and prior to parasite challenge were colorectal cancer metastasis signaling (Z-score = −0.277), hepatic fibrosis signaling pathway (Z-score = −1), leukocyte extravasation signaling (Z-score = −0.378), and IL-8 signaling (Z-score = −0.707), all of which were predicted to be deactivated.
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FIGURE 5. RNA-Seq analysis of rSm-p80+ODN10104, a recombinant protein vaccine strategy. (A) PBMCs after vaccination (Top) Gene ontology enrichment analysis represented as a pie graph of percentages of genes per group out of a total number of differentially expressed genes. “**” and “*” indicates P < 0.05 and P < 0.01, respectively. (Bottom) Canonical pathway analysis generated using IPA. Bars are plotted based on the – log10(P-value) and colored based on predicted activation (red) and deactivation/inhibition (blue) according to the Z-score, a composite assessment based on the degree of overlap between directional expression of genes from the observed data and the Qiagen-curated public database. The top 30 pathways are shown based on the lowest P-values. (B) PBMCs after challenge (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (C) Spleen cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (D) Mesenteric lymph node cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA.


From the 69 DEGs related to immune system processes identified in the PBMCs after parasite challenge, the top GO groups were T cell activation (38.95%), leukocyte differentiation (18.58%), innate immune response-activating signal transduction (11.5%), and antimicrobial humoral response (8.85%) (Figure 5B top). The top pathways that IPA predicted to be activating based on these DEGs include TREM1 signaling (Z-score = 2.449), NF-kB signaling (Z-score = 1.342), and neuroinflammation signaling pathway (Z-score = 2.236) driven by upregulation of DEGs such as TLR8, TLR9, TLR10, PLCG2, and others (Figure 5B bottom). The top pathways predicted to be deactivated were systemic lupus erythematosus in B cell signaling pathway (Z-score = −0.333), melanocyte development and pigmentation signaling (Z-score = −1), and phospholipase C signaling (Z-score = −0.447) mainly elicited by TNF family regulators, LAT, and PLCG2.

From the spleen, only 19 DEGs were related to immune system processes and these belong to GO groups such as cellular response to IFNγ (45.0%), natural killer cell activation (15.0%), and B cell response involved in immune response (15.0%). These few DEGs were insufficient to predict the direction of any canonical pathways (Figure 5C). The lymph nodes reveal much more about this vaccine strategy with 314 DEGs related to immune system processes. The majority of these DEGs belong to the following GO groups: hemopoiesis (18.44%), leukocyte activation involved in immune response (16.88%), antigen processing and presentation of exogenous peptide antigen (15%), and somatic diversification of immunoglobulins (8.91%) (Figure 5D top). The top canonical pathways predicted to be deactivated include ovarian cancer signaling (Z-score = −1), colorectal cancer metastasis signaling (Z-score = −1.941), and acute myeloid leukemia signaling (Z-score = −1.414), associated with Wnt family genes, RAS family genes, and SRC family kinases. Chemokine signaling (Z-score = 0.707), synaptogenesis signaling pathway (Z-score = 0.535), and VEGF signaling (Z-score = 0.447) were the top canonical pathways predicted to be activated by IPA (Figure 5D bottom).



Immune Signatures of Sm-p80-Based Protein Vaccine With Resiquimod

The fifth strategy from which samples were obtained in this study was recombinant Sm-p80 formulated with Resiquimod (30), yielding higher reduction in worm burden than its prime/boost counterpart at 52.10% compared to controls in the baboon model. Using PBMCs obtained after vaccination and prior to parasite challenge, RNA-Seq analysis indicated 224 DEGs related to immune system processes. Most of these DEGs fall under GO groups such as granulocyte activation (15.95%), hemopoiesis (15.59%), leukocyte differentiation (11.29%), type I interferon signaling pathway (6.09%), and innate immune response activating cell surface receptor signaling pathway (10.93%) (Figure 6A top). Some of the canonical pathway with highest statistical significance were predicted to be in the opposite direction in this protein vaccine strategy compared to the prime/boost strategy with Resiquimod, including hepatic fibrosis signaling pathway (Z-score = 1.147), NF-kB signaling (Z-score = 1.155), and systemic lupus erythematosus in B cell signaling pathway (Z-score = 0.535). Interferon signaling (Z-score = 1), PKCθ signaling in T lymphocytes (Z-score = 0.333), Toll-like receptor signaling (Z-score = 1.633), IL-6 signaling (Z-score = 0.378), and IL-8 signaling (Z-score = 1.414) are other notable canonical pathways were predicted to be activated due to the effect of vaccination alone (Figure 6A bottom).
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FIGURE 6. RNA-Seq analysis of rSm-p80+Resiquimod, a recombinant protein vaccine strategy. (A) PBMCs after vaccination (Top) Gene ontology enrichment analysis represented as a pie graph of percentages of genes per group out of a total number of differentially expressed genes. “**” and “*” indicates P < 0.05 and P < 0.01, respectively. (Bottom) Canonical pathway analysis generated using IPA. Bars are plotted based on the – log10(P-value) and colored based on predicted activation (red) and deactivation/inhibition (blue) according to the Z-score, a composite assessment based on the degree of overlap between directional expression of genes from the observed data and the Qiagen-curated public database. The top 30 pathways are shown based on the lowest P-values. (B) PBMCs after challenge (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (C) Spleen cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (D) Mesenteric lymph node cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA.


After parasite challenge, GO enrichment analysis of PBMCs indicated that DEGs fell into groups such as follicular B cell differentiation (19.47%), neutrophil activation (18.95%), immune response-activating cell surface receptor signaling pathway (9.82%), and type I interferon signaling pathway (7.89%) (Figure 6B top). IPA predictions for several canonical pathways did not differ in direction compared to the previous time point, including systemic lupus erythematosus in B cell signaling pathway (Z-score = 1.732), hepatic fibrosis signaling pathway (Z-score = 0.894), Toll-like receptor signaling (Z-score = 1.633), interferon signaling (Z-score = 3), and NF-kB signaling (Z-score = 0.258). Notably, the Th1 pathway (Z-score = 0.333) was predicted to be activated while the Th2 pathway (Z-score = −1.633) was predicted to be deactivated (Figure 6B bottom).

Unlike the prime/boost vaccine strategy using Resiquimod, the recombinant protein vaccine with Resiquimod had a minor effect on the transcriptome of spleen cells with only 19 DEGs identified. The largest GO groups for the spleen cell DEGs included type I interferon signaling pathway (34.62%), antigen processing and presentation of endogenous peptide antigen via MHC class I via ER pathway (30.7%), and macrophage activation (11.54%) (Figure 6C top). The only significant canonical pathway predicted by IPA was neuroinflammation signaling pathway (Z-score = 2.236) which was associated with upregulation in MHC I isotypes A and B, IFNγ receptor 2, TGFβ receptor 3, and VCAM1 (Figure 6C bottom). The response in the mesenteric lymph nodes was much more robust than the spleen with 302 DEGs related to immune response processes. The top GO groups representing these DEGs include myeloid cell differentiation (12.88%), lymphocyte differentiation (12.18%), leukocyte activation involved in immune response (11.24%), myeloid leukocyte differentiation (10.77%), and B cell activation involved in immune response (4.92%) (Figure 6D top). Unlike the predictions in the PBMCs after parasite challenge, NF-kB signaling in lymph node cells was predicted to be deactivated (Z-score = −1.043). However, predictions for some canonical pathways remained in the same direction, including neuroinflammation signaling pathway (Z-score = 1.177), Toll-like receptor signaling (Z-score = 2.121), systematic lupus erythematosus in B cell signaling pathway (Z-score = 0.426), and B cell receptor signaling (Z-score = 0.707) (Figure 6D bottom).



Immune Signatures of Sm-p80-Based Protein Vaccine With GLA-AF

The sixth vaccine strategy assessed in this study was recombinant Sm-p80 formulated with glucopyranosyl lipid adjuvant (GLA) as an aqueous formulation (AF), resulting in a worm burden reduction of 28.39% (unpublished data). To explore why this strategy had relatively low efficacy, we performed RNA-Seq on PBMCs after vaccination. From the differential expression of 95 genes related to immune system processes, the top GO groups at this time point included B cell activation (26.97%), myeloid leukocyte mediated immunity (18.42%), antigen receptor-mediated signaling pathway (17.76%), and T cell mediated immunity (11.18%) (Figure 7A top). At first glance, these GO groups do not seem vastly different than previous strategies. However, IPA predictions show that the top canonical pathways were all pointing toward deactivation, including iCOS-iCOSL signaling in T helper cells (Z-score = −1.342), Th1 pathway (Z-score = −2.449), dendritic cell maturation (Z-score = −1.633), and B cell receptor signaling (Z-score = −2.449) (Figure 7A bottom).
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FIGURE 7. RNA-Seq analysis of rSm-p80+GLA-AF, a recombinant protein vaccine strategy. (A) PBMCs after vaccination (Top) Gene ontology enrichment analysis represented as a pie graph of percentages of genes per group out of a total number of differentially expressed genes. “**” and “*” indicates P < 0.05 and P < 0.01, respectively. (Bottom) Canonical pathway analysis generated using IPA. Bars are plotted based on the – log10(P-value) and colored based on predicted activation (red) and deactivation/inhibition (blue) according to the Z-score, a composite assessment based on the degree of overlap between directional expression of genes from the observed data and the Qiagen-curated public database. The top 30 pathways are shown based on the lowest P-values. (B) PBMCs after challenge (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (C) Spleen cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (D) Mesenteric lymph node cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA.


After parasite challenge, the transcriptome PBMCs reflect a similar immune response to the previous time point, albeit with more DEGs related to immune system processes. These 426 genes are represented largely by the following GO groups: hemopoiesis (20.41%), leukocyte activation involved in immune response (17.05%), antigen receptor-mediated signaling pathway, antigen processing and presentation of peptide antigen via MHC class II (11.28%), and B cell activation (7.68%) (Figure 7B top). While the majority of the top canonical pathways were predicted to be deactivated, some pathways predicted to be activated include T cell exhaustion signaling pathway (Z-score = 1.155), PD-1, PD-L1 cancer immunotherapy pathway (Z-score = 1.387), calcium-induced T lymphocyte apoptosis (Z-score = 0.302), and interferon signaling (Z-score = 0.378) (Figure 7B bottom).

GO enrichment analysis of the spleen cells revealed that the 122 DEGs related to immune system processes belong to GO groups such as hemopoiesis (22.63%), myeloid cell activation involved in immune response (13.87%), leukocyte differentiation (12.77%), thymic T cell selection (10.58%), and response to IFNγ (6.57%) (Figure 7C top). Again, most of the canonical pathways were predicted to be deactivated, including Th1 pathway (Z-score = −1.414), Th2 pathway (Z-score = −0.816), cytotoxic T lymphocyte-mediated apoptosis of target cells (Z-score = −2), and crosstalk between dendritic cells and natural killer cells (Z-score = −1.89). Conspicuously, the complement system was predicted to be activated (Z-score = 2) (Figure 7C bottom).

The mesenteric lymph nodes were processed for RNA-Seq analysis and 75 DEGs were identified that were related to immune system processes. These genes belonged to GO groups such as neutrophil activation (31.03%), leukocyte differentiation (26.72%), T cell differentiation (10.34%), and response to IFNγ (10.34%) (Figure 7D top). Interestingly, pathway analysis with IPA predicted that all canonical pathways related to these DEGs of immune function were activated including neuroinflammation signaling pathway (Z-score = 1.667), leukocyte extravasation signaling (Z-score = 0.447), dendritic cell maturation (Z-score = 1), and hepatic fibrosis signaling pathway (Z-score = 1.342) (Figure 7D bottom).



Immune Signatures of Sm-p80-Based Protein Vaccine With GLA-Alum

Historically, we have observed that a mixed and balanced immune response between Th1, Th2, and Th17 provided the highest levels of protection, aligning with studies done by others (37, 38). Hence, with aluminum hydroxide (Alum) as the adjuvant, we sought to explore whether tuning the immune response toward a balanced response would enhance protection against S. mansoni. We previously reported that this recombinant protein vaccine strategy provided 38.53% reduction in worm burden in baboons compared to the control group which only received the adjuvant alone (32). Surprisingly, only 10 genes related to immune system processes were differentially expressed in the PBMCs after vaccination. These genes fell under the following GO groups: antigen processing and presentation of exogenous peptide antigen via MHC class I, TAP-dependent (36.36%), CD4-positive, alpha-beta T cell differentiation (18.18%), antigen processing and presentation of endogenous peptide antigen (18.18%), and others. Pathway analysis with IPA did not reveal any significant predictions for canonical pathways related to the immune response at this time point (Figure 8A).
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FIGURE 8. RNA-Seq analysis of rSm-p80+GLA-Alum, a recombinant protein vaccine strategy. (A) PBMCs after vaccination (Top) Gene ontology enrichment analysis represented as a pie graph of percentages of genes per group out of a total number of differentially expressed genes. “**” and “*” indicates P < 0.05 and P < 0.01, respectively. (Bottom) Canonical pathway analysis generated using IPA. Bars are plotted based on the – log10(P-value) and colored based on predicted activation (red) and deactivation/inhibition (blue) according to the Z-score, a composite assessment based on the degree of overlap between directional expression of genes from the observed data and the Qiagen-curated public database. The top 30 pathways are shown based on the lowest P-values. (B) PBMCs after challenge (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (C) Spleen cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (D) Mesenteric lymph node cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA.


Following parasite challenge and disease progression, 502 DEGs related to immune system processes were identified in the PBMCs, a drastic increase from the previous time point. The majority of these DEGs were categorized in GO groups such as leukocyte activation involved in immune response (13.11%), hemopoiesis (11.97%), T cell receptor signaling pathway (11.10%), leukocyte differentiation (9.62%), alpha-beta T cell activation (8.94%), antigen immune response-activating signaling pathway (7.67%), and many others (Figure 8B top). Pathway analysis using IPA revealed nuanced predictions for the immune response, including activation of the Th1 pathway (Z-score = 0.832) and deactivation for the Th2 pathway (Z-score = −0.632) and Th17 pathway (Z-score = −0.728) (Figure 8B bottom).

The spleen and mesenteric lymph nodes did not reveal many differentially expressed immune genes with a total of only 3 and 8 identified, respectively. For the spleen cells, these 3 DEGs related to immune system processes were placed into 3 groups: thymic T cell selection (50.0%), macrophage cytokine production (25.0%), and gamma-delta T cell differentiation (25.0%) (Figure 8C). The eight DEGs from the lymph node cells were also represented with 3 groups: antigen processing and presentation of exogenous peptide antigen via MHC class I, TAP-dependent (55.56%), somatic recombination of immunoglobulin gene segments (33.33%), and immunoglobulin V(D)J recombination (11.11%) (Figure 8D). IPA was unable to predict the direction of any pathways for the DEGs from the spleen and lymph nodes for this vaccine strategy.



Immune Signatures of Sm-p80-Based Protein Vaccine With GLA-SE

Recombinant Sm-p80 formulated with GLA-SE (31) demonstrated the highest levels of protection among the vaccine strategies tested. The latest studies using this vaccine strategy was reported to have female worm reduction of 93.35% and overall worm burden reduction of 65.90%. To examine the effects of the vaccine, we performed RNA-Seq analysis on PBMCs after the vaccination regimen. We identified 229 DEGs related to immune system processes. These genes were found in GO groups such as hemopoiesis (19.12%), leukocyte activation involved in immune response (16.81%), B cell activation (10.5%), and others (Figure 9A top). Eight of the top 30 canonical pathways in terms of statistical significance were predicted to be activated, including neuroinflammation signaling pathway (Z-score = 1.069), Toll-like receptor signaling (Z-score = 0.378), and IL-8 signaling (Z-score = 0.333). Among the canonical pathways predicted to be deactivated were colorectal cancer metastasis signaling (Z-score = −1.5), NF-kB signaling (Z-score = −1.604), B cell receptor signaling (Z-score = −1), dendritic cell maturation (Z-score = −0.905), and the Th1 pathway (Z-score = −0.378) (Figure 9A bottom).
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FIGURE 9. RNA-Seq analysis of rSm-p80+GLA-SE, a recombinant protein vaccine strategy. (A) PBMCs after vaccination (Top) Gene ontology enrichment analysis represented as a pie graph of percentages of genes per group out of a total number of differentially expressed genes. “**” and “*” indicates P < 0.05 and P < 0.01, respectively. (Bottom) Canonical pathway analysis generated using IPA. Bars are plotted based on the – log10(P-value) and colored based on predicted activation (red) and deactivation/inhibition (blue) according to the Z-score, a composite assessment based on the degree of overlap between directional expression of genes from the observed data and the Qiagen-curated public database. The top 30 pathways are shown based on the lowest P-values. (B) PBMCs after challenge (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (C) Spleen cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA. (D) Mesenteric lymph node cells (Top) Gene ontology enrichment analysis. (Bottom) Canonical pathway analysis generated using IPA.


Prior to sacrifice, fewer genes were differentially expressed in the PBMCs. These 74 DEGs related to immune system processes were categorized in GO groups such as myeloid leukocyte mediated immunity (44.66%), leukocyte differentiation (22.33%), Toll-like receptor signaling pathway (13.59%), and Fc receptor-mediated stimulatory signaling pathway (7.77%) (Figure 9B top). Accordingly, fewer pathways were able to be predicted with statistical significance. Canonical pathways that were predicted to be activated include role of PRR in recognition of bacteria and viruses (Z-score = 0.378), FCγ receptor-mediated phagocytosis in macrophages and monocytes (Z-score = 0.447), dendritic cell maturation (Z-score = 1), hepatic fibrosis signaling pathway (Z-score = 1.342), and role of NFAT in regulation of the immune response (Z-score = 2) (Figure 9B bottom).

Spleen cells were processed for RNA-Seq and 122 DEGs related to immune system processes were accepted after cutoffs. These DEGs were represented in the following GO groups: lymphocyte differentiation (16.61%), hemopoiesis (15.55%), myeloid cell activation involved in immune response (12.72%), T cell differentiation (6.36%), and others (Figure 9C top). Only 3 of the top 30 canonical pathways were predicted to be activated according to pathway analysis by IPA: T cell exhaustion, apelin endothelial signaling pathway, and PD-1, PDL1 cancer immunotherapy pathway. Some notable pathways that were predicted to be deactivated include the Th1 pathway (Z-score = −0.816), Th2 pathway (Z-score = −0.816), and pathways related to PKCθ signaling such as NF-kB signaling (Z-score = −1.414), CD28 signaling (Z-score = −2.236), iCOS-iCOSL signaling (Z-score = −2.646), and role of NFAT (Z-score = −1.342) (Figure 9C bottom).

The mesenteric lymph node cells yielded 306 DEGs related to immune system processes. The largest GO groups for these DEGs include lymphocyte differentiation (12.92%), B cell activation (11.52%), myeloid cell differentiation (10.78%), and hemopoiesis (10.78%) (Figure 9D top). Many canonical pathways were predicted to have the same direction as those for spleen cells, including Th1 pathway (Z-score = −1.807), Th2 pathway (Z-score = −1.732), and pathways related to PKCθ signaling. Notably, the complement system was predicted to be activated in the lymph node cells with this strategy (Z-score = 2) (Figure 9D bottom).




DISCUSSION

The complexity of schistosomiasis, socio-economic implications notwithstanding, demand nuance, and discretion to solve. Schistosomes have co-existed and co-evolved with mankind for millennia and they invariably have honed their abilities to evade attacks by our immune response. Indeed, schistosomes do not simply avoid detection but can thrive in their host for decades (39), actively modulating our immune response to propagate their life cycle (40). Two of the “grails” of vaccinology for schistosomiasis would be to find a universal immune signature to predict protection or to define a surrogate of protection. As of yet, no universal immune signature nor surrogate of protection has been defined or agreed upon for schistosomiasis.

As a follow-up from eight previous vaccine studies, we assessed the killing effect of immune sera from Sm-p80-vaccinated baboons on S. mansoni schistosomula in vitro. Our results showed a significant schistosomula killing when cultured in the presence of sera obtained from Sm-p80-vaccinated baboons when compared to sera from control baboons and the killing effect was significantly augmented with the addition of exogenous complement. Our data also showed that the complement effect was completely reversed when heat inactivated. Cumulatively, these data strongly suggest possible roles for Sm-p80-specific antibodies, complement and/or both in vaccine-mediated parasite killing. The parasite killing observed is not surprising as we have previously shown that Sm-p80 protein is highly expressed on the surface of S. mansoni schistosomula (25), presenting multiple target epitopes for antibodies. We further explored the in vivo protective role of these Sm-p80 antibodies against S. mansoni in a mouse model of infection and disease. In the experimental group, heterologous transfer of purified IgG from baboons immunized with Sm-p80-based vaccine conferred significant protection in mice following S. mansoni cercarial challenge. Specifically, we observed a 59% reduction in total worm numbers from experimental mice that received purified Sm-p80-specific IgG when compared to the control mice. More importantly, there was a 60% reduction in total egg-producing female worms from these experimental mice suggesting that Sm-p80-specific IgG might be selectively killing female worms. This is in agreement with our previous preclinical efficacy study in which we also observed significant female worm killing in baboons immunized with Sm-p80 vaccine (32).

The pathology of schistosomiasis and its severity is directly linked to the number of schistosome eggs trapped within the host tissues, particularly the liver, and the host immune responses to antigens secreted by viable eggs within these tissues (3, 41). In this study, we found that passively transferred Sm-p80-specific IgG lead to a significant reduction in hepatic and intestinal egg load in mice compared the control group, demonstrating anti-pathology effect of anti-Sm-p80-specific antibodies. In addition to the observed reduction in tissue egg burden, we also observed a significant reduction in egg viability/hatching rates in eggs obtained from the liver and a moderate reduction in egg hatching rates in eggs obtained from the intestines. Specifically, liver and intestinal eggs recovered from experimental mice had a 49.6 and 42.8% reduction in hatching rates, respectively. Taken together, the data presented here on Sm-p80-specific IgG-mediated female worm killing, reduction in tissue egg burden, and reduction in egg hatching highlight not only the anti-pathology effect of Sm-p80 antibodies but also its potential at reducing transmission as fewer viable eggs are released into the environment (42, 43).

Exploration of the immune response through the lens of transcriptomic analyses revealed a kaleidoscopic range of results. Initially, we overlaid the DEGs from each vaccine strategy to determine whether we could identify any genes that would be differentially expressed consistently. While we certainly found common DEGs between various strategies, no DEGs were common among all eight strategies (Supplementary Figure 33). We subsequently examined the relationship between the DEGs of various strategies with their respective GO groups. Categories of gene ontology displayed some similarity. For example, we found evidence for prominent T cell and B cell responses in every strategy; while particular components of the immune response may not be reflected on GO groups in one tissue, they would appear in another. Interestingly, we found that hemopoiesis was one of the largest GO groups for each time point and tissue type, appearing in seven out of the eight strategies in the PBMCs after vaccination. After parasite challenge, we found that the hemopoiesis GO group was more represented in the spleen and lymph nodes compared to PBMCs. Hemopoiesis, defined broadly as the process by which immune progenitor cells develop into mature cells with varying though distinct lineages, has implications for vaccine-based immune responses and subsequent protective efficacy to said vaccines (44, 45). Perturbations in the immune response via vaccines or pathogens elicit cytokines, growth factors, and other signaling pathways that affect the regulation of hematopoietic stems cells (HSCs) (46). Based on differential expression of members of the Wnt family, the Wnt signaling cascade may be a key regulator for HSCs and hemopoiesis in response to Sm-p80-based vaccines, although the exact mechanism linking hemopoiesis to schistosome worm burden reduction is unknown.

We observed much evidence for involvement of cellular immune responses, especially DEGs related to T cells, corroborating our previous reporting based on analyses with PCR, ELISPOT, and flow cytometry (22, 30–32). Through RNA-Seq analyses, we have found that protein Kinase C-theta (PKCθ) signaling in T helper cells play a role in Sm-p80-induced cellular immunes. PKCθ has been described to balance regulatory T cell (Tregs) and effector T cell functions through a range of signaling cascades (47, 48). These signaling cascades include CD28 signaling (49), iCOS-iCOSL signaling (50), NFAT (51), and NF-kB (52). CD28 is a costimulatory factor critical for the induction of MHC class II-restricted T cell responses and bridges the humoral response through CD80 (53, 54). Indeed, others have shown that CD28 costimulation is important in mounting an appropriate response to S. mansoni infection through the use of CD28-deficient (–/–) mice which produced reduced levels of parasite-specific IgG1 and IgE antibodies compared to wild-type animals (55). The inducible co-stimulator (iCOS) and its ligand, iCOSL, have a range of functions that include the regulation of T helper cells, cytokine production, T cell/ B cell collaboration through CD40/CD40L pathway, and immunoglobulin class switching (56, 57). While the iCOS-iCOSL pathway has been reported to have an effect on fibrosis and hepatopathology in mice infected with schistosomiasis, its exact role is debated (58, 59). The nuclear factor of activated T cells (NFAT) pathway is known to regulate T cell activation, differentiation, and development (60). Others have demonstrated that NFAT−/− mice have increased eosinophil and serum levels of IgE (61) and that NFAT family proteins positively regulate IL-4 production (62), suggesting that NFAT may play a role in the Th2 response in schistosomiasis (63, 64). NF-kB are among transcription factors that induce IL-2 expression and regulates inflammatory responses (65). Others have shown that S. mansoni interferes with the NF-kB pathway, thereby disrupting the recruitment of leukocyte recruitment to the lungs and allowing the parasite to evade the immune response (66). Additionally, it has been suggested that manipulation of NF-kB signaling may be a method of treating schistosomiasis (67–69). Although evidence for these pathways were frequently observed from the RNA-Seq analysis of the eight different Sm-p80-based vaccine strategies, their predictions were variable and inconsistent between strategies.

Ultimately, what we discovered may be unsurprising – Sm-p80 vaccine-induced signatures of immunity differ based on the strategy and/or adjuvant used and no universal signatures of immunity were found. While common pathways were found in each vaccine strategy, the direction and magnitude of predictions for these pathways differed without obvious patterns. This conclusion may be due to several factors to consider. First, the biological diversity in our studies presents a dichotomy of benefits and detriments. The baboons used in Sm-p80-based vaccine studies were outbred with ages that ranged from 1 year old to 15 years old. Introduction of biological diversity in our studies would better recapitulate results when we transition into human clinical trials where the extent of diversity would increase. However, utilizing outbred animal models introduce statistical variance which reduces our ability to distinguish more subtle immune signatures in which high fold change is biologically unreasonable to expect. Furthermore the timing of when samples were collected was optimized for assessment of antibody responses. Vaccine-induced changes in gene transcription detectable by RNA-Seq occur as early as one day after immunization (70–72) yet ethical considerations prevent us from frequent blood draws or early sacrifices for sample collection. Nevertheless, systems biology approaches have proven to be valuable tools in our understanding of the global transcriptomic effects of Sm-p80-induced protection. Combined with the previously published results from conventional immunological techniques, Sm-p80-based vaccines have consistently demonstrated robust immune responses associated with protection and is poised to enter Phase I human clinical trials.
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Metabolomics, as an emerging technology, has been demonstrated to be a very powerful tool in the study of the host metabolic responses to infections by parasites. Schistosomiasis is a parasitic infection caused by schistosoma worm via the direct contact with the water containing cercaria, among which Schistosoma japonicum (S. japonicum) is endemic in Asia. In order to characterize the schistosome-induced changes in the host metabolism and further to develop the strategy for early diagnosis of schistosomiasis, we performed comprehensive LC-MS-based metabolomics analysis of serum from mice infected by S. japonicum for 5 weeks. With the developed diagnosis strategy based on our metabolomics data, we were able to successfully detect schistosomiasis at the first week post-infection, which was 3 weeks earlier than “gold standard” methods and 2 weeks earlier than the methods based on 1H NMR spectroscopy. Our metabolomics study revealed that S. japonicum infection induced the metabolic changes involved in a variety of metabolic pathways including amino acid metabolism, DNA and RNA biosynthesis, phospholipid metabolism, depression of energy metabolism, glucose uptake and metabolism, and disruption of gut microbiota metabolism. In addition, we identified seventeen specific metabolites whose down-regulated profiles were closely correlated with the time-course of schistosomiasis progression and can also be used as an indicator for the worm-burdens. Interestingly, the decrease of these seventeen metabolites was particularly remarkable at the first week post-infection. Thus, our findings on mechanisms of host-parasite interaction during the disease process pave the way for the development of an early diagnosis tool and provide more insightful understandings of the potential metabolic process associated with schistosomiasis in mice. Furthermore, the diagnosis strategy developed in this work is cost-effective and is superior to other currently used diagnosis methods.
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INTRODUCTION

Schistosomiasis, as one of the most severe infectious diseases and the most devastating tropical parasitic disease, is caused by schistosoma worm via the direct contact with the water containing cercaria (Ribeiro-dos-Santos et al., 2006; Wilby et al., 2013; Huang et al., 2016a, b). This disease is endemic in tropical and sub-tropical areas including 76 countries in Asia, Africa, and Latin America. In the worldwide, it was estimated that about 779 million individuals were at risk of infection, which led the loss of an estimated 4.5 million disability-adjusted life years (Rai et al., 2009; Huang et al., 2019, 2020). Acute infection was the most serious hazard for human beings, it can cause fever, gastrointestinal symptom, liver and spleen enlargement. And the advanced schistosomiasis occur when the treatment incomplete or delayed (Morel et al., 2014), which can further cause cardiopulmonary diseases (Valois et al., 2014), bladder cancer (Vale et al., 2017), and some other fatal cancers (Herman et al., 2017; Hamid, 2019).

Currently, the Kato-Katz technique by detecting eggs in feces under microscope and the immunological approaches by detecting soluble antigens secreted from the hatching-eggs via the antigen-antibody reaction were the two main methods for diagnosis, however, none of these two methods is suitable for the early diagnosis (Wu J. et al., 2010; Huang et al., 2011). In addition, considering the frequent false negative and positive results these methods produce, there is an urgent need to develop new diagnosis method. Previous studies already showed the schistosomiasis caused alterations at the transcription and protein levels (Rai et al., 2009; Sousa et al., 2013; Gobert et al., 2015; Weerakoon et al., 2015), however, these changes have not been explored in the early stage of the infection. Therefore, comprehensively study the dynamic response of hosts with schistosomiasis will help us the better understanding of the mechanisms underlying the disease progression and shed light on the development of more suitable tools for early diagnosis of schistosomiasis.

Metabolites in body fluid could manifest the status of health or disease to a certain extent, and also could be used as clue in diagnosis and treatment of diseases. Metabolomics, is concerned with the metabolite composition of biological systems and its dynamic responses to both endogenous and exogenous stimuli are particularly suitable for exploring the holistic metabolic responses to infections (Wang et al., 2004). For the past decade, metabolomics, as an emerging technology, has been demonstrated to be a very powerful tool in the study of the host metabolic responses to infections by parasites (Legido-Quigley, 2010; Pacchiarotta et al., 2012). Currently, for most of the metabolomics studies related to parasitic infection, capillary electrophoresis mass spectrometry (CE-MS), and nuclear magnetic resonance (NMR) were the most widely used technologies for the analysis of the dynamic metabolite changes in this field (Garcia-Perez et al., 2010; Legido-Quigley, 2010; Shin et al., 2011). Previous works have demonstrated that parasitic infection is related with disrupted pathway of energy metabolism, immune responses, glucose uptake and metabolism, and gut bacteria metabolism. However, these studies were mostly based on the well-established late-stage schistosoma infection model. Up to date, only one investigation based on the combination of NMR spectroscopy and multivariate data analysis has been carried out to study the time-course metabolomic changes over 5 weeks in the Schistosoma japonicum infected mice model (Wu J. et al., 2010). As one of the most popular technologies used in metabolomics field, NMR has several advantages over other technologies which include non-destructive sample preparation, suitable for structural elucidation, good reproducibility, and quantitative aspects. However, the analysis of NMR spectra of complex mixtures has traditionally been limited. Due to its relatively low sensitivity, NMR technology is not appropriate for comprehensive metabolite profiling of large number of low-abundance metabolites, and may lose some meaningful metabolites. Compared to NMR technology, MS has many important advantages such as high sensitivity, high-throughput, capability of the identification of the components present in complex biological samples, and the capacity of identification of unknown and unexpected compounds. All of the above mentioned advantages make MS a very powerful technology for detecting hundreds of compounds in metabolomics field. Moreover, MS, when combined with high-performance liquid chromatography, particularly with ultra-high-performance liquid chromatography (UHPLC-MS), can enable metabolomics analysis with much higher resolution, and better analytical flexibility (Bouhifd et al., 2013; Zhou et al., 2016). In this study, a LC-MS-based metabolomics method was established and was applied to study metabolic changes in the serum from the S. japonicum infected mice over the time course of 5 weeks. Thus, our study is aimed to explore the mechanisms of host-parasite interaction during the disease process and pave the way for the development of an early diagnosis tool for schistosomiasis.



MATERIALS AND METHODS


Experimental Animals

All animal studies were performed in accordance with the National Institutes of Health (NIH) guide for the Care and Use of Laboratory Animals. The experimental procedures were approved by the Ethical Committee for the Experimental Use of Animals at Jiangsu institute of Parasitic Diseases (Wuxi, China). Fifty-three BALB/c female mice (120–130 g) at the age of 5 weeks were purchased from Yangzhou university (Yangzhou, China). Six mice per cage were provided by standard laboratory conditions (temperature of 20–25°C, relative humidity of 55–65%, and 12 h/12 h light/dark cycle) with free access to water and standard chow for 1 week before modeling. The mice were randomly divided into six groups, including control group and model groups. The model groups were infected with 40 cercariae of S. japonicum through the shaved abdominal skin for 30 min and no other treatment or manipulation of the animals was involved, and the control group was exposed to physiological saline at similarly shaved abdominal skin and raised at the same time. The blood samples were collected from tail vein at 0, 1, 2, 3, 4, and 5 weeks after infection with S. japonicum, respectively.



Chemicals and Reagents

HPLC-grade methanol and acetonitrile (ACN) were purchased from Merk (Darmstadt, Germany). Formic acid was obtained from Fluka (Buchs, Switzerland). Ultrapure water was prepared with a Milli-Q water purification system (Millipore, Bedford, MA, United States).



Sample Collection and Preparation

The blood samples were taken from tail venous and collected in a 1.5 mL tube at room temperature for 1 h, then centrifuged at 4,000 rpm for 15 min. The supernatant (serum) was aliquoted and stored at −80°C until LC-MS analysis. All the experiments were operated at the same time every week. 300 μL methanol was added to each 100 μL aliquot of serum. After vigorous shaking for 1 min, the mixtures were centrifuged at 13,000 rpm for 15 min at 4°C to precipitate the protein. Then, the serum was transferred to a sampling vial, and transferred to an autosampler vial and an aliquot of 4 μL was injected for LC-MS analysis. An in-house quality control (QC) was prepared by pooling and mixing the same volume of each sample. The QC sample was run six times prior to the start of the analytical run to “condition” the system and analyzed after every 8 samples to check for system stability.



Global Metabolite Profiling

UHPLC analysis was performed on Agilent 1290 Infinity LC system (Agilent, Germany). An ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.7 μm, Waters, Milford, MA, United States) was used to separate the serum samples at 45°C with a flow rate of 0.4 ml/min. The mobile phase consisted of A, 0.1% formic acid and B, ACN modified with 0.1% formic acid. The gradient program was as follows: 100% A at 0–2 min, 100%–85% A at 2–10 min, 85%–70% A at 10–14 min, 70%–5% A at 14–17 min, 5% A at 17–19 min, and 5%-100% A at 19–20 min, followed by a 5-min column re-equilibration.

An Agilent 6530 Accurate Mass Quadrupole Time-of-Flight (Q-TOF) mass spectrometer (Agilent, Santa Clara, CA, United States) was adapted to detect ion peaks, and the detection was operated at a negative ion mode. The cone gas was nitrogen with a flow rate of 11 L/h. The following detection parameters were used: fragment voltage, 120 V; capillary voltage, 3.5 kV; gas temperature, 350°C; and source temperature, 120°C. The full MS scan mode was monitored at the mass range of 50–1000 m/z. In the analyzing process, 10 mM purine (m/z 121.0508), and 2 mM hexakis phosphazinen (m/z 922.0097) were used as internal standards to guarantee mass accuracy and reproducibility. The centroid data were collected from the instrument. Subsequently, a MS/MS experiment was performed and the experiment parameters were set as follows: MS spectrum acquisition rate, 2 spectra/s, MS/MS spectrum acquisition rate, 0.5 spectra/s; and medium isolation window, 4 m/z; and collision energy, 20 V.



Data Handling

Data processing used the method previously published by our group with minor modification. The raw data in instrument specific format (.d) were converted to common data format (.mzData) files using a conversion software program (file converter program available in Agilent MassHunter Qualitative sofware), in which the isotope interferences were eliminated. The program XCMS (version, 1.40.0) was used for non-linear alignment of the data in the time domain and automatic integration and extraction of the peak intensities. XCMS parameters were default settings (major default parameters: profmethod = bin; method = matched Filter; and step = 0.1) except for the following: full width at half maximum (FWHM) = 8, bandwidth (bw) = 10, and snthresh = 5, due to narrower peaks obtained by the use of the column packed with 1.7 μm particles. The variables presenting in at least 80% of either group were extracted, and the variables with a retention time less than 0.5 min (near to the dead time) were excluded due to a high degree of ion suppression that they suffered. The resulting three-dimensional matrix, including retention time and m/z pairs (variable indices), sample names (observations), and normalized ion intensities (variables), was exported to multivariate data analysis. The normalized data was introduced to SIMCA-P V12.0 (Umetrics, Sweden) for principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) after mean-centering and pareto scaling, a technique that increased the importance of low abundance ions without significant amplification of noise. The quality of the models was evaluated with the relevant R2 and Q2. One-way ANOVA was performed to reveal the statistical differences in the significance of variation among control (0 week) and post-infection (1, 2, 3, 4, and 5 week) groups. And the Tukey post hoc test was applied for comparisons of multiple groups. The differences were considered significant when p < 0.05 and VIP > 1.



RESULTS


Identification of Infected Animals

Stool samples were examined by the Kato–Katz thick smear method every week after infection, all the animal in the model group were recognized as infection successful once egg found in the stool (Utzinger et al., 2001). Furthermore, the eggs of feces were also collected and counted from all the infected mice after 6 weeks post-infection, which showed 4083.94 ± 474.94 eggs per gram of feces. All the experiments were carried out by the skilled technicians.



System Stability Assessment

To validate the stability of the established method, an in-house QC sample was prepared by pooling and mixing the same volume of each sample. In order to present the real system state, QC data were introduced to SIMCA-P V12.0 for PCA after mean-centering and pareto scaling, as shown in Figure 1, all the QC samples were gathered together, which is a proof of system stability. The results indicated that the method was reliable for the subsequent analysis. In addition, the control and post-infection groups at different weeks were shown for some degree separation trend. The metabolic profiles of mice serum had an association with the time course of S. japonicum infection and disease progression. The metabolic profiles obtained from the infected mice deviated from the corresponding controls from the first week post-infection onwards and such separations became more obvious as disease progression. In order to identify the metabolites associated with such separations, we further compared the metabolic profiles obtained from the infected mice and corresponding controls for all matched time points, including the pre-infection day, week 1, 2, 3, 4, and 5 post-infection.
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FIGURE 1. PCA score plot of the UHPLC/TOF-MS spectral from control group (0 w), post-infection group (1, 2, 3, 4, and 5 w), and QC group. Each color represents a group, and each point represents a sample. The farther the distance between the samples spots is, the more significant the difference between the samples is.




Multivariate Statistical Analysis of Serum Metabolic Profiles

The normalized data sets contained 1060 ions. To determine whether the metabolite fingerprints in serum deferred between the control and post-infection mice, we evaluated separation between the control and post-infection mice using supervised PLS-DA. The obvious separation was achieved between post-infection groups and control group, which were shown in Figures 2A–E. To validate the model, permutation tests with 200 iterations were further performed. These permutation tests compared the goodness of fit of the original model with the goodness of fit of randomly permuted models. As shown in Figures 2K–O, the validation plots indicates that the original models are valid. The criteria for validity are as follows: all the permuted R2 (cum) and Q2 (cum) values to the left are lower than the original point to the right, and the blue regression line of the Q2 (cum) points has a negative intercept.
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FIGURE 2. The results of multivariate data analysis. PLS-DA score map derived from UHPLC-Q-TOFMS spectra [(A) concerning 0 w and 1 w post-infection groups, (B) concerning 0 w and 2 w post-infection groups, (C) concerning 0 w and 3 w post-infection groups, (D) concerning 0 w and 4 w post-infection n groups, and (E) concerning 0 w and 5 w post-infection groups], red color represents post-infection groups (1, 2, 3, 4, and 5 w), block color represents control group; S-VIP plot [(F) concerning 0 w and 1 w post-infection groups, (G) concerning 0 w and 2 w post-infection groups, (H) concerning 0 w and 3 w post-infection groups, (I) concerning 0 w and 4 w post-infection groups, and (J) concerning 0 w and 5 w post-infection groups], red color represents variable importance in the projection, block color represents p(corr) vaule; Validation plot obtained from 200 permutation tests [(K) concerning 0 w and 1 w post-infection groups, (L) concerning 0 w and 2 w post-infection groups, (M) concerning 0 w and 3 w post-infection groups, (N) concerning 0 w and 4 w post-infection groups, (O) concerning 0 w and 5 w post-infection groups], green and blue colors represent R2 and Q2 values, respectively, used to evaluate whether the model is over-fitting.




Identification of Differential Serum Metabolites for S. japonicum Infection

Metabolites were carefully screened before being approved as potential biomarkers. First, significant original variables were extracted from the S-VIP plot, which is a covariance-correlation-based procedure, and thus the risk of false positives in metabolite selection was reduced. The S-VIP plot (Figures 2F–J), derived from the first component of the combined model, explains most of the variables in data set, in which the ions furthest away from the origin contribute significantly to the clustering of the two groups and may be regarded as potential biomarkers. Next, the variable importance for projection (VIP) indicating the importance of variables was applied to filter the important metabolites in the model. The most important 51, 54, 47, 58, 49 variables were first selected according to their VIP value when compared samples of 1, 2, 3, 4, and 5 week post-infection to those of 0 w, respectively.

One-way ANOVA were performed as the final testing procedure, and the critical p-value was set to 0.05 for significantly differential variables. Following the criterion above, 45, 44, 41, 49, and 48 metabolite ions were selected, respectively, as potential biomarkers related to S. japonicum infection at different time points. The detailed data was listed in Table 1.


TABLE 1. Summary of the potential biomarkers related to S. japonicum infection.
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Pathway Enrichment Analysis of Serum Metabolic Profiles

As shown in Table 1, there were total 73 serum metabolites changed by S. japonicum infection over 5 weeks, which indicated that S. japonicum infection has disturbed the normal biological process in mice. In order to reveal the disturbed biological process, these identified serum metabolites were imported into MetaboAnalyst 3.5 for functional enrichment analysis, and the detailed results were shown in Figure 3. 73 serum metabolites were mainly involved in aspartate metabolism, thiamine metabolism, glycerolipid metabolism, pyrimidine metabolism, pyruvaldehyde degradation, cardiolipin biosynthesis, trehalose degradation, phenylalanine and tyrosine metabolism, phosphatidylethanolamine biosynthesis, taurine and hypotaurine metabolism, ketone body metabolism, thyroid hormone synthesis, starch and sucrose metabolism, phosphatidylcholine biosynthesis, and phosphatidylinositol phosphate metabolism, etc.
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FIGURE 3. Schematic overview of the disturbed metabolic pathways associated with Schistosoma japonicum infection. Each node represents a metabolic pathway with its color based on its p value, and its size is based on fold enrichment to your query. Two pathways are connected by an edge if the number of their shared metabolites is over 25% of the total number of their combined metabolites.


Of all these 73 candidate metabolites in the above analysis, seventeen serum metabolites were finally screened and identified at all the five post-infection time points, including diphenol glucuronide, D-glucuronic acid, cerium, glycerol tribenzoate, catechin 7-glucoside, PS(21:0/0:0), N-Acetyl-D-glucosamine, PGE3, deoxycholic acid 3-glucuronide, uridine, selenomethionine, muramic acid, allopurinol, glyceric acid, 1-methylinosine, anigorootin, and dimethyl D-malate. The detailed data was listed in Table 2. And the levels of these metabolites were associated with the worm-burdens. In general, all the fluctuation trends can be classified into six categories, which is shown in Figure 4. The six trend types are important for uncovering the mechanism of S. japonicum infection and need to be deep mined and discussed in detail. Furthermore, pathway analysis with MetaboAnalyst 3.5 revealed that the whole process of S. japonicum infection was involved in pentose and glucuronate interconversions, selenoamino acid metabololism, glycerolipid metabolism, glyoxylate and dicarboxylate metabolism, starch and sucrose metabolism, amino sugar and nucleotide sugar metabolism, pyrimidine metabolism, and glycine, serine and threonine metabolism, which were shown in Figure 5.


TABLE 2. Seventeen potential biomarkers identified at all five post-infection time points.
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FIGURE 4. (A) The concentration changes of Diphenol glucuronide in S. japonicum infection mice. (B) The concentration changes of D-Glucuronic acid in S. japonicum infection mice. (C) The concentration changes of Cerium in S. japonicum infection mice. (D) The concentration changes of Glycerol tribenzoate and Catechin 7-glucoside in S. japonicum infection mice. (E) The concentration changes of Uridine, Selenomethionine, Muramic acid, allopurinol, Glyceric acid, 1-Methylinosine, Anigorootin, Dimethyl D-malate in S. japonicum infection mice. (F) The concentration changes of PS, PGE3, N-Acetyl-D-glucosamine, Deoxycholic acid 3-glucuronide in S. japonicum infection mice.
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FIGURE 5. The pathway impact of S. japonicum infection based on the seventeen serum metabolites with MetaboAnalyst 3.5. Colors varying from yellow to red means the metabolites are in the data with different levels of significance.




DISCUSSION


Advantages of LC-MS-Based Metabolic Profiling of S. japonicum Infection at Early Stage

To the best of our knowledge, most of the previous metabolomic studies of schistosoma infections have been established on the end point of one schistosome life cycle when eggs have been produced. Only one investigation based on the 1H NMR spectroscopy in conjunction with multivariate data analysis has been reported which was focused on revealing the time-course metabonomic changes in the S. japonicum infection (Wu J. et al., 2010). This 1H NMR-based study has revealed metabolic changes from the third week post-infection in biofluids and liver samples, which means that the detection of infection can be achieved 1 week earlier than the current “gold standard” method. During this period, S. japonicum worms has not reached maturity or they won’t begin to lay eggs until around 4 weeks post-infection (Wilby et al., 2013). Furthermore, their studies indicated that the variations in metabolic profiles induced by the infection occurred before the sexual maturation of S. japonicum worms in the mammalian host and was thus prior to liver injuries by deposition of schistosomal eggs. In contrast to this study, our investigation based on LC-MS technology, as shown in Figure 2A, has revealed that the metabolic changes occurred from the first week post-infection in serum samples. This finding led to the detection of infection can be achieved 2 weeks and 3 weeks earlier than the previously reported 1H NMR-based metabolomic method and the current “gold standard” method, respectively. Therefore, the above mentioned findings from our study make it possible for the development of an early diagnostic tool for S. japonicum infection. Moreover, a total of 73 metabolites were identified and shown significant changes in metabolic profiles which were associated with the S. japonicum infection. The number of metabolites related to the infection we identified was almost two or three folds of those identified in the 1H NMR-based method. Our work has successfully demonstrated the usefulness of LC-MS-based metabolomics in parasitic infection studies. Furthermore, due to its high sensitivity, high-throughput, high resolution and good analytical flexibility, the LC-MS-based metabolomics method is well suitable for the comprehensive analysis of large number of metabolites and is superior to all other currently used analytical tools in this field.



Disturbed Metabolic Pathways Associated With S. japonicum Infection

With the established LC-MS-based metabolomics method, we were able to identify a total of 73 metabolites with significant changes after S. japonicum infection. These metabolites were used to map on the metabolic pathways perturbed by the S. japonicum infection in mice model. To better understand the biological processes related to the infection, we performed pathway enrichment analysis based on these 73 serum metabolites. Figure 3 showed the enriched metabolic pathways associated with S. japonicum infection, which include the pathways involved in amino acid metabolism (aspartate metabolism, thyroid hormone synthesis), glucose uptake and metabolism (thiamine metabolism, trehalose degradation, taurine and hypotaurine metabolism, and starch and sucrose metabolism), phospholipid metabolism (glycerolipid metabolism, phosphatidylethanolamine biosynthesis, cardiolipin biosynthesis, phosphatidylcholine biosynthesis, and phosphatidylinositol phosphate metabolism), DNA and RNA biosynthesis (pyrimidine metabolism), energy metabolism (ketone body metabolism, pyruvaldehyde degradation), and gut microbiota ecology (phenylalanine and tyrosine metabolism). Liver injury is the typical symptom of S. japonicum infection in humans (Wu J-F. et al., 2010) and the disturbance of amino acid metabolism is one of the metabolic consequences of liver injury. Our findings regarding amino acid metabolism is consistent with the previous study. Another metabolic consequence of liver injury is the stimulated glycolysis, which was reflected by the remarkable reduction of glucose level in plasma following 5 weeks of infection (Wu J. et al., 2010). Interestingly, metabolite taurine, a cell membrane stabilizer and a potential conjugate with bile acid, was also found to be down-regulated after infection in our study, which was consistent with findings from other groups about the liver injury can cause decrease of taurine-conjugated bile acid production and further malabsorption in human with schistosomes infection (Wu J. et al., 2010; Wu J-F. et al., 2010). Phospholipids are playing important roles in maintaining the integrity and biological activities of liver cell membrane (Shinde et al., 2014; Uddin et al., 2014), the changes of phospholipid metabolism discovered in this study may imply the abnormalities of liver cell. All these metabolic findings showed the signs of liver dysfunction caused by S. japonicum infection in mice model. In order to promote their survial and transmission, Schistosomes have developed a very complex life cycle with discrete stages perfectly adapted to their differing hosts and free-living environments (Wang et al., 2016). Biological processes such as multiplication and proliferation in schistosomes are highly energy consuming, which are entirely reliant on the hosts for the essential nutrients required for development, reproduction and metabolism, For example, the blood flukes can take up glucose from their mammalian hosts and utilize its subsequent metabolism to fuel growth and fecundity (You et al., 2014). Again, the changes in glucose uptake and metabolism found in our study are correlated with infection progression and disease severity. Lipid metabolism is reported to be associated with the renewal of membrane complex, which is one of most abundant molecules present on the Schistosoma surface. Enough evidence has shown that lipids are essential in the life cycle of the parasite and they are playing an important role in the promotion of membrane fusion with the host resulting in the parasite acquisition of host membrane components. Moreover, these components are reported to have immune modulation properties and involved in maintaining lipid homeostasis in parasitic infection condition (Ferreira et al., 2014). Schistosomiasis is a disease caused predominantly by the host immune response to eggs and granulomatous reaction they evoke (Shinde et al., 2014; Chuah et al., 2016). The phospholipid metabolism may be closely related to the host’s immune response during parasitic infection. To our knowledge, thyroid hormones (TH) is essential for the regulation of growth, development and differentiation and they are actively involved in many metabolic processes by interacting with thyroid hormone receptors (THR) in the host (Qiu et al., 2012). Previous studies suggest that TH probably act indirectly or via pathways not involving the control of gene transcription for growth and development (de Mendonça et al., 2000). Therefore, the disturbed thyroid hormone synthesis found in our study is clearly consistent with these previous results, and these findings may provide important insights into the mechanism underlying host-parasite interactions during infection. Thiamine, also named Vitamin B1, is involved in the glucose metabolism and catabolism, and has a protective effect for nervous system. In this study, the thiamine metabolism was found to be disturbed after infection, which may suggest the possible abnormality in nervous system and the further confirmation of the disturbed glucose metabolism by schistosome infection in mice. Reports have been shown that gut microbiome can utilize phenylalanine and tyrosine to produce numerous metabolites that may regulate immune, metabolic, and neuronal responses at local and distant sites (Liu et al., 2020). The phenylalanine and tyrosine metabolism was also enriched in our study, which may indicate disturbance of the gut microbial ecology after schistosome infection, and this finding is consistent with the previous studies (Kay et al., 2015). Carboxylic acids, as the representatives of carbohydrate intermediary metabolism of both aerobic and anaerobic pathways, are directly linked to energy production and metabolism in both the host and the parasite (Abou Elseoud et al., 2010). While another central carbon metabolism, glycolysis, was reported to be the main energy resources for the parasite (Wu J. et al., 2010; Preidis and Hotez, 2015). Lactic acid, as a product of glycolysis, was found to be significantly higher in the serum of infected mice than in control mice, indicating that the glycolytic pathway of the infected mice was activated. This finding is also consistent with previous research conclusion that lactate was increased in schistosomiasis patients (Li et al., 2016). However, there is a difference in the conclusion that the host’s TCA cycle is inhibited after schistosomiasis infection (Tanabe et al., 1989; Ahmed and Gad, 1995). One of the TCA cycle intermediates, succinic acid, was found to be elevated in the serum of infected mice in this study, but the increase was not as strong as that of lactic acid. Except for this discrepancy, all other results indicated the active involvement of energy metabolism in the host reaction to the S. japonicum infection. In addition, pyrimidine metabolism was reported to play important roles in DNA and RNA biosynthesis (Tian et al., 2018; Zhao et al., 2018), therefore the changes in pyrimidine metabolism we identified in this study may suggest the potential effects on DNA and RNA biosynthesis caused by S. japonicum infection in mice.



Potential Biomarkers for Early Diagnosis of S. japonicum Infection

As shown in Table 2, seventeen serum metabolites were finally screened and identified at all the five post-infection time points in this study. Although there are some fluctuations during the infection cycle, this may be associated with the worm-burdens and progression or the severity of the infections. In general, these metabolites were all decreased at five post-infection time points compared to the pre-infection groups. Notably, as shown in Figure 4, there was a significant decrease at the first week after S. japonicum infection. These changes could be indicative of the onset signals for the infection and these metabolites could be potential biomarkers for early diagnosis of S. japonicum infection. As reported in the previous study, uridine as a pyrimidine nucleoside, is the material basis of RNA synthesis, the bioavailability of which is particularly crucial to the synthesis of RNA and bio-membranes and the post-translational modification of protein (via the formation of pyrimidine nucleoside-lipid conjugates/UDP-sugar conjugates; Kurland et al., 2015; Cicuéndez et al., 2018; Tian et al., 2018). Uridine was also reported to exert protective effects against hepatotoxicity (Zhao et al., 2018). Therefore, the reduction of uridine in our study may indicate that the DNA and RNA synthesis was disturbed in the host and liver toxicity was induced by the infection (Zhou et al., 2018). It was reported that selenomethionine plays an important role in preventing oxidative stress and improving cell viability (Bai et al., 2019). Herein, the reduction of selenomethionine in our results may suggest that the stress status was induced in the host by infection. Phosphatidylserine (PS) was reported to play important roles in cellular apoptosis, and attract macrophages to engulf actions during tissue damage (Huang et al., 2016). Prostaglandin E3 (PGE3) as one of 3-series prostaglandin compounds, is the product of eicosapentaenoic acid (EPA) through cyclooxygenases (COXs) and possesses an anti-inflammatory effect (Yang et al., 2014; Wiktorowska-Owczarek et al., 2015; Gose et al., 2016). Cerium is also reported to exert anti-inflammatory and antioxidant effect (Serebrovska et al., 2017). As reported in the previous studies, parasite infection can lead to the formation of ROS and further contribute to oxidative stress in the host. Thus, the reduction of PGE3 and Cerium may be the consequences of its overuse to relieve inflammation. The reduction of catechin 7-glucoside, diphenol glucuronide, D-glucuronic acid and deoxycholic acid 3-glucuronide can reflect the disturbed phase II metabolism under infection condition, and the reduced phase II metabolism further confirmed the liver damage caused by infection. In addition, glyceric acid and glycerol tribenzoate are related with phospholipid synthesis, and phospholipid are essential membrane components for Schistosomes (Shinde et al., 2014). Dimethyl D-malate is the dimethyl conjugate of malate, which is the TCA cycle intermediates. Therefore, the reduction of phospholipid and TCA cycle intermediates may be the consequences of the overuse by parasites and induced by the activation of glycolysis. As a bacterial marker, muramic acid can serve as a core structural element for innate immune recognition of peptidoglycan (PG) fragments (Liang et al., 2017), the reduction of which may indicate the change in immune response in host after infection. Furthermore, pathway analysis with MetaboAnalyst 3.5 revealed that these potential biomarkers are mainly involved in pentose and glucuronate interconversions, selenoamino acid metabololism, glycerolipid metabolism, glyoxylate and dicarboxylate metabolism, starch and sucrose metabolism, amino sugar and nucleotide sugar metabolism, pyrimidine metabolism, and glycine, serine and threonine metabolism (shown in Figure 5). In summary, these involved pathways provide more insightful understandings of the potential metabolic process associated with schistosomiasis. Furthermore, our findings on these mechanisms of host-parasite interaction during the disease process pave the way for the development of an early diagnosis tool.
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Asiatic schistosomiasis caused by Schistosoma japonicum is a neglected tropical disease resulting in significant morbidity to both humans and animals - particularly bovines - in endemic areas. Infection with this parasite leads to less healthy herds, causing problems in communities which rely on bovines for farming, milk and meat production. Additionally, excretion of parasite eggs in feces perpetuates the life cycle and can lead to human infection. We endeavored to develop a minimally purified, inexpensive, and effective vaccine based on the 80 kDa large subunit of the calcium activated neutral protease (calpain) from S. japonicum (Sj-p80). Here we describe the production of veterinary vaccine-grade Sj-p80 at four levels of purity and demonstrate in a pilot study that minimally purified antigen provides protection against infection in mice when paired with a low-cost veterinary adjuvant, Montanide™ ISA61 VG. Preliminary data demonstrate that the vaccine is immunogenic with robust antibody titers following immunization, and vaccination resulted in a reduction of parasite eggs being deposited in the liver (23.4–51.4%) and intestines (1.9–55.1%) depending on antigen purity as well as reducing the ability of these eggs to hatch into miracidia by up to 31.6%. We therefore present Sj-p80 as a candidate vaccine antigen for Asiatic schistosomiasis which is now primed for continued development and testing in bovines in endemic areas. A successful bovine vaccine could play a major role in reducing pathogen transmission to humans by interrupting the parasitic life cycle and improving quality of life for people living in endemic countries.
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Introduction

Schistosomiasis remains a major parasitic disease of global health importance. The disease is caused by infection with one of several parasitic trematodes belonging to the genus Schistosoma. The three most important species are S. mansoni, S. japonicum and S. haematobium, each which cause clinically distinct diseases. S. mansoni and S. japonicum cause hepatic/intestinal schistosomiasis while S. haematobium is responsible for urogenital schistosomiasis (1, 2). Schistosomiasis is categorized as a neglected tropical disease occurring in the tropics and subtropics with a conservative estimate of 250 million infected people globally and an additional 779 million people at risk of infection (3–5). Left untreated, schistosomiasis can result in significant morbidity and mortality, with an estimated 1.9 million disability-adjusted life years (DALYs) attributed to the disease (6). Over the last few decades, schistosomiasis control programs have largely been predicated on mass administration of the drug praziquantel (PZQ) with water, sanitation and hygiene (WASH) programs serving as adjuncts. Despite these large-scale control programs, the prevalence and transmission of schistosomiasis have remained largely unchecked while the disease is now gaining foothold in geographical areas previously schistosomiasis-free due to the formation of hybrid parasites from bovine- and human-tropic species (7–10), increasing the urgency to address veterinary schistosomiasis.

S. japonicum is a zoonotic trematode causing Asiatic schistosomiasis predominantly in the People’s Republic of China, the Philippines, and Indonesia (4). Asiatic schistosomiasis is thought to be a major health risk to over 50 million people in China with approximately 1 million people and hundreds of thousands of livestock currently infected (11, 12). Mathematical modelling and field studies in Asia that focused on China have shown that bovines - particularly water buffaloes - are the primary source of S. japonicum transmission through excretion of eggs in feces (13). A 2007 study involving 238 S. japonicum-infected bovines (225 water buffaloes and 13 cattle) revealed that the environmental contamination attributable to these animals was approximately 28.7 million eggs per day (14). Despite considerable efforts to control Asiatic schistosomiasis, the transmission rates and prevalence have been largely unaffected - partly due to the rapidity and frequency of re-infection and the fact that over 40 different mammalian species serve as reservoir hosts for S. japonicum (6). Beyond the risk of infection to humans, infection of livestock also imposes additional economic burden through reduced availability of livestock for farming purposes, and reduced size and/or lifespan of diseased livestock (15–17). For sustainable schistosomiasis control, a composite control program with an effective vaccine serving as a fulcrum is urgently required (18, 19).

To date, several S. japonicum vaccine candidates have been tried [reviewed in Tebeje et al. (20)] including a 67 kDa S. japonicum surface protein (Sj67) (21), the Triose Phosphate Isomerase (SjTPI) (22, 23), a Thyroid hormone receptor beta (SjTHRβ) (24), a S. japonicum fatty acid binding protein (SjFABP) (25, 26), a 23-kDa tetraspanin protein (rSjC23DNA) fused to bovine heat shock protein 70 (HSP70) (27), a 26-kDa parenchymal protein (Sj26GST) (28), and the 97-kDa protein Paramyosin (Sj97) (12, 29–31). Several of these, particularly rSJC23DNA, Paramyosin, and SjTPI have shown promise in preliminary protection studies in water buffalo.

Our focus for more than 10 years has been on a human vaccine for S. mansoni based on the large (~80 kDa) subunit of calcium activated calpain protein, Sm-p80 (32–36). Sm-p80 has been tested in baboons with multiple adjuvants [reviewed in Zhang et al. (35)] and has demonstrated significant protection from S. mansoni-induced liver and intestinal disease. Specifically, this vaccine resulted in reduction of eggs deposited in the liver (91.35%), the small intestine (86.50%), and the large intestine (91.1%). Additionally, the vaccine resulted in a 81.5% reduction in egg hatching efficiency and preferential killing of female worms (91.35%). One embodiment of the vaccine, termed SchistoShield®, combines Sm-p80 antigen with the potent TLR4 adjuvant GLA-SE and is set to enter Phase 1 human clinical trials in the US and Phase 1B trials in Africa in early 2021. In addition to protection against S. mansoni, we have shown Sm-p80-based vaccination provides partial cross-protection against infections with S. japonicum and S. haematobium in mice and hamsters/baboons, respectively (37, 38). This evidence of cross-protection provided the rationale to test the p80 orthologs from related Schistosoma species to better protect against the homologous pathogen. To this end, we report the cloning, prokaryotic expression, and purification of the full length p80 ortholog from S. japonicum (Sj-p80) and pilot efficacy testing in a mouse model of infection and disease. Our preliminary studies suggest that Sj-p80 may emerge as a viable vaccine candidate for Asiatic schistosomiasis, either alone or possibly in combination with other promising candidates, once protection is demonstrated in bovines.



Materials and Methods


Animals and Parasites

Female C57BL/6 mice (3–4 weeks old) were purchased from Charles River Laboratories (Wilmington, MA, USA). S. japonicum (Philippines strain)-infected Oncomelania hupensis snails were procured from the Schistosome Resources Center (Biomedical Research Institute, Rockville, MD, USA).



Cloning and Expression of Sj-p80

The published sequence of the calpain from S. japonicum (Sj-p80) (GenBank #BAA74718.1) was used for cloning (39, 40). The full 2289 nucleotide open reading frame encoding the 758 amino acid Sj-p80 was synthesized and cloned into the expression plasmid pRSET-A by GeneArt Contract Services (Thermo Fisher, Waltham, MA). The Sj-p80 insert was subcloned into the vector pCOLD II (Takara Bio USA, Mountain View, CA) for expression. The resulting plasmid was sequenced bi-directionally for correctness and transformed into the Escherichia coli expression strain HMS174. Expression scouting at temperatures ranging from 15°C to 37°C all resulted in the Sj-p80 protein being localized entirely into inclusion bodies (IB).



Purification of Sj-p80 From Inclusion Bodies

Insoluble IBs were purified by standard protocols following disruption of the bacteria by microfluidization. The IB pellet was washed in 1% CHAPS followed by a second wash in 25% isopropyl alcohol at 10 ml per gram of IB wet weight. The final washed IB pellet was resuspended in 8 M urea/20 mM Tris pH 8.0 (30 ml per gram wet IB weight) and then solubilized overnight at 4°C with gentle rotation. The solubilized IB solution was clarified by centrifugation and Sj-p80 purified as described below.

We subjected the Sj-p80 IB to various purification steps, and samples retained after each resulted in four distinct levels of increasing purity (designated purity 1–4). Purity 1 represents crude IB solution in 8 M urea/20 mM Tris (pH 8.0) without any further purification, buffer exchange, or endotoxin removal. For purity 2, the solution in 8 M urea/20 mM Tris was refolded by dialysis into 3 × 50 volumes of 20 mM Tris (pH 8.0) reducing the urea concentration to < 1 mM. The solution was clarified by centrifugation at 16,000g for 60 min followed by filtration to remove residual particulates and concentrated to ~1 mg/ml with 5% glycerol added for protein stabilization. To obtain purity 3, the IB solution in 8 M urea and 20 mM Tris pH 8.0 was negatively passed through the strong cation exchange resin Capto-S (Cytiva, Chicago, IL). This step was included to promote binding of the contaminant proteins while allowing Sj-p80 to flow through with minimal resin binding. The Capto-S flow-through, containing enriched Sj-p80, was again exchanged into Tris, clarified as described above, and concentrated to ~1 mg/ml with 5% glycerol. For purity 4, the Capto-S flow through in 8 M urea and 20 mM Tris (pH 8.0) was bound to the mixed mode chromatography resin Capto-MMC (Cytiva). The column was washed with 10 column volumes of 20 mM NaPO4/8M urea/160 mM NaCl (pH 7.0) to remove weakly bound contaminants. Bound Sj-p80 was eluted using a NaCl gradient ranging from 160 mM to 2 M NaCl in 20 mM NaPO4/8 M urea (pH 7.0). Eluted Sj-p80 was dialyzed into 20 mM Tris (pH 8.0), clarified, and concentrated as described above.



Cost Analysis for Production of Vaccine Antigen at Various Purities

We performed calculations to estimate likely production costs to produce and purify the vaccine antigens at all four purities. The 5 production steps included: (1) a 10 L E. coli growth and expression, (2) IB isolation and preparation, (3) diafiltration into aqueous (Tris) buffers, (4) a Capto-S chromatographic purification, and (5) a Capto-MMC chromatographic purification; and were itemized to estimate materials costs (buffers, resins, disposables, SDS-PAGE gels, etc.) and personnel costs at a 2020 rate of $170 USD/hr. The costs for each of the 5 steps above were estimated to be $4360 USD for step 1, $1560 USD for step 2, $1520 USD for step 3, and $5040 USD for each of steps 4 and 5. The total cost to produce Sj-p80 at a given purity was derived by adding the costs for each individual step. For example, to obtain Sj-p80 at purity 1 requires steps 1 and 2 for a total cost of $5920 ($4360 + $1560). To obtain cost per milligram, the total cost is divided by the average protein yield. Finally, to obtain the cost per bovine dose, assuming a dose size of 0.25 mg, the cost per mg is divided by 4.



Detection of Purified Sj-p80 and Escherichia coli Host Cell Proteins

For the Sj-p80 immunoblotting, a cross-reactive anti-Sm-p80/Sj-p80 monoclonal antibody (Mab) (SMab4) was selected for use. Proteins were resolved by SDS-PAGE, transferred to PVDF membrane, blocked, and then probed with SMab4 at a concentration of 0.013 µg/ml for 1 h. Bound Mab was detected using goat-anti-mouse IgG (H+L) conjugated to horseradish peroxidase (HRP) (Southern Biotech, Birmingham, AL) at a dilution of 1:2000 and exposed with Ultra-TMB (Promega, Madison, WI). For the anti-E. coli HCP Western, blots were probed for 1 h with Rabbit-anti-Ec-HCP polyclonal antisera (Rockland, Limerick, PA) at a dilution of 1:1000 and bound antibody was detected using Donkey-anti-rabbit IgG-HRP (Southern Biotech) at a dilution of 1:2000.



Immunization Strategy and Experimental Challenge

For the first animal study, 25 mice were divided into five groups (n=5/group). Each mouse from the control group received 50 µl phosphate-buffered saline with 50 µl Montanide™ ISA61 VG (SEPPIC, Fairfield, NJ) while mice from the four experimental groups each received a 100-µl injection containing 25 µg Sj-p80 at purities 1 to 4 in a volume of 50 µl mixed with 50 µl of Montanide™ ISA61 VG. Three identical injections each were performed at weeks 0, 4, and 8. S. japonicum cercariae were collected from infected O. hupensis snails by shedding. Four weeks after the last immunization, each mouse was challenged with 40 S. japonicum cercariae by tail immersion method (17). All injections were administered intramuscularly (i.m.). For the second animal study, 30 mice were divided into two groups (n=15/group). Each mouse from the control group received 50 µl phosphate buffered saline with 50 µl Montanide™ ISA61 VG (i.m.) while mice from the experimental group each received a 100-µl injection containing 25 µg Sj-p80 at the highest purity (purity 4) in a volume of 50 µl mixed with 50 µl of Montanide™ ISA61 VG.

Mice were given 3 injections and were challenged as described for the first animal study. Mice that were immunized with Sj-p80 purity 1 in 8M urea received 25 µl antigen diluted 1:2 with 25 µl PBS. Prior to the i.m. injection, this was again diluted 1:2 with 50 µl of Montanide™ ISA61VG adjuvant resulting in a final concentration of 2 M urea. This level of urea equals 12.02 mg of urea in a 20 gram mouse which was well below safe limits as previously published for humans (41–44) and mice (45–47).



Analysis of Total IgG and Antibody Subtypes

Approximately 100 µl of blood was obtained from each mouse prior to all immunizations, cercarial challenge and at euthanasia. Blood was allowed to clot at room temperature and approximately 50 µl serum was obtained after centrifugation. Antibody response following vaccination was determined by Enzyme-Linked Immunosorbent Assay (ELISA) (38). In order to accommodate a total of 6 ELISA assays performed in triplicate measuring total IgG, IgG subtypes, IgA, and IgM, it was necessary to pool the sera from individual mice into groups based on antigen. Briefly, 96-well microtiter plates were coated with 1.2 µg/well of Sj-p80 purity 4 as described previously (38, 48). Diluted sera (two-fold dilutions starting at 1:100) from pooled mice sera (each group) were used as primary antibody and the individual antibody isotypes were detected with HRP-labeled anti-mouse IgG, IgG1, IgG2c, IgG2b, IgA, or IgM (Alpha Diagnostics International, Inc., San Antonio, TX). All assays were carried out in triplicate. Results were expressed as end-point titers determined from the curve of optical density versus serum dilution for the cutoff of two standard deviations above control value (49).



Worm and Egg Burden Determination

All mice were euthanized six weeks post-cercarial challenge and adult worms recovered from the mesenteric vasculature and hepatic portal system by perfusion. Samples were counted as previously published (17). Percent reduction in adult worm burden was determined by comparing the number of worms retrieved from the experimental groups (I) to the control group (C). Protection (P) was calculated using the formula: %P = [(C − I)/C × 100]. In order to determine the tissue egg load, livers and intestines of the euthanized mice were digested in 4% KOH (17) and the percent reduction in tissue egg retention calculated.



Tissue Egg Hatching

Tissue egg hatching rates were determined as previously described (33). Briefly, 0.5−1 g of liver and intestine sections were collected from each mouse following euthanasia. Samples were collected and kept in cold 1.2% NaCl on ice throughout the procedure. Tissue samples were finely chopped, suspended in 50 ml PBS (supplemented with 10 µg penicillin and 20 µg streptomycin) and incubated overnight at 37°C with 20 mg of collagenase B (Millipore Sigma, St. Louis, MO, USA). The digested samples were then passed through a series of sieves (425 µm, 180 µm, 106 µm and 40 µm) and S. japonicum eggs were collected from the 40-µm sieve followed by centrifugation at 300g for 5 min. The supernatant was discarded and egg pellet seeded into 24-well plates and placed under a light source for 2 h to induce egg hatching. Unhatched mature eggs and hatched eggs were counted using a light microscope and egg hatching rates were expressed as the percent of hatched eggs versus overall mature eggs.



Total RNA Extraction and First Strand cDNA Synthesis

Following animal euthanasia, mouse spleens were collected and splenocytes isolated as previously described (50). In brief, spleens were gently crushed to release splenocytes and washed three times before resuspending cells in complete media (RPMI-1640 supplemented with 10% fetal bovine serum, 100 µg/ml penicillin G, 100 µg/ml streptomycin and 10 µg/ml gentamycin). Spleen cells were seeded at 5 × 105 cells/well into 24-well plates and incubated at 37°C and 5% CO2 for 24 h before being stimulated with 1.2 µg Sj-p80 purity 4 and incubated for another 24 h in the same conditions as above. Media alone and Tris buffer were used for control stimulations. Total RNA was extracted using GenElute® Mammalian Total RNA Miniprep kit (Millipore Sigma, St. Louis, MO, USA) according to manufacturer’s instructions. First strand cDNA synthesis was carried out using Maxima First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer’s instructions.



Quantitative Real-Time PCR

Quantitative real-time PCR (qRT-PCR) was carried out to determine the expression levels of a panel of Th1, Th2 and Th17 cytokines. Gene-specific primers were designed from mRNA sequences available from NCBI for Mus musculus. Amplifications of target genes were performed using SYBR premix Ex Taq® (TIi RNase H Plus) (Takara, Japan) on a StepOne™ plus Real time PCR platform (Thermo Scientific) in a reaction volume of 20 µl and primer concentration of 0.4 µM. The cycling conditions were initial denaturation at 95°C for 5 min and then amplification for 40 cycles at 95°C for 5 s, 60°C for 30 s. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a house-keeping gene. All reactions were carried out in triplicate and results analyzed using DataAssist™ software v3.0. Cytokine mRNA expression profile was determined by comparing the differences in the mRNA levels of the experimental groups with the control group after normalization with GAPDH.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 9. Statistical significance between experimental and control groups was calculated using Student’s unpaired t-test. Data were expressed as mean ± SE and a p ≤ 0.05 was considered significant.




Results


Recombinant Production of Sj-p80

We successfully expressed Sj-p80 in E. coli and found the recombinant protein to be localized almost exclusively to the IB fraction as demonstrated by SDS-PAGE and Western blot (Figure 1A). Analysis of crude IBs revealed that they were composed of ~63 +/- 12.1% Sj-p80, and that minimal purification was likely to be needed. Sj-p80 was purified at four levels of increasing purity designated purity 1 (least pure) to purity 4 (most pure). As shown in Figure 1B, the Sj-p80 purity was essentially unchanged going from purity 1 to purity 2 with the primary benefit of this step being to refold the protein out of 8M urea and into tris buffer. To obtain purity 3, the Sj-p80 was negatively passed across the ion exchange resin Capto-S. This step was introduced mostly to reduce endotoxins but also resulted in a modest depletion of E. coli-derived host cell proteins (HCP). Again, Sj-p80 at purity 3 had purity comparable to protein at purities 1 or 2 with total protein purity (main band at ~80 kDa plus aggregation and degradation band) ranging between 95% and 99% and the purity of the major band at 80 kDa ranging from 60% to 65% (Table 1).




Figure 1 | Purification and characterization of Sj-p80. (A) Expression of Sj-p80 in the cytoplasmic fraction (soluble) or IB fraction (insoluble) in E. coli HMS174 by SDS-PAGE and Western analysis. The primary Sj-p80 band at ~80 kDa is only visible in the induced IB fraction of the SDS-PAGE gel and Western blot following probing with the anti-Sj-p80 monoclonal antibody SMAb4. (B) SDS-PAGE (left panel) and Western analysis with SMAb4 (middle panel) comparing the 4 levels of purity of Sj-p80. The rightmost panel shows the abundance of E. coli HCPs as determined by Western blotting with anti-Ec-HCP polyclonal antibody. (C) An overview of the production steps required for purifying Sj-p80 at each distinct purity level.




Table 1 | Vaccine cost analysis at 10 L scale.



The final purification step involved binding the Sj-p80 on the mixed mode resin Capto-MMC. Following elution, from the Capto-MMC resin the Sj-p80 had a total purity of >99% with the primary band at ~80 kDa accounting for 87.8% of the total mainly due to a reduction in lower molecular weight degradation bands. Additionally, Sj-p80 at purity 4 had a significant reduction in Ec-HCPs (Figures 1B, C) and a five-fold reduction in endotoxin (Table 1). Sj-p80 at each purity level was analyzed by SDS-PAGE (Figure 1B, left panel) revealing that Sj-p80 purified predominantly as a single band at ~80 kDa with numerous smaller proteins in the 36–75 kDa region and very faint proteins in the ~148- to 250-kDa region. To deduce identity of these proteins, we performed Western analysis using a Sj-p80 specific mouse monoclonal antibody (SMab4) (Figure 1B, middle panel). We concluded that bands in the ~250-kDa region were likely comprised of Sj-p80 aggregates while the bands below 80 kDa were likely Sj-p80 degradation products.

To estimate the levels of residual of E. coli host cell proteins (HCPs), we performed an anti-Ec-HCP Western as shown in Figure 1B (right panel). All purity levels had very little HCP left, and any detected bands were distinct from the degradation products seen in the anti-Sj-p80 Western blot. For calculations of Sj-p80 purity in Table 1, we reported densitometry-based purity analyses based on two assumptions: 1) only considering the primary ~80 kDa band, or 2) including the ~80 kDa band plus the Mab-reactive degradation and aggregation bands. By this analysis, we determined that the purity of 80 kDa Sj-p80 band ranged from 60.7% to 87.8% but if all Mab-reactive bands were included in the purity analysis, we estimated that the purities of Sj-p80 antigen in the preparations to be up to 99%.



Cost Analysis of Minimally Purified Sj-p80

Cost modeling studies were performed at the 10 L scale estimating costs of growth and expression, purification, personnel time, and reagents. We estimated the costs to produce the Sj-p80 for each purity level and divided this number by the protein yield in milligrams to estimate a cost per milligram. We estimated four bovine doses per milligram immunizing with 0.25 mg per dose. As shown in Table 1, at current scale and yields Sj-p80 Purity 1 cost approximately $5920 USD to produce an average of 508 mg for a cost per dose of $2.91 USD. By comparison, Sj-p80 at purity 4 protein cost of $17,520 USD to produce 224 mg resulting in a final cost of $19.55 USD per bovine dose. These comparisons were based on 3 independent purifications at the 10-L scale which resulted in average protein yields of 508 mg, 486, 448, and 224 mg for purities 1 to 4, respectively.



Sj-p80-Specific Antibody Titers Following Vaccination

The production of Sj-p80-specific antibodies following the vaccination schedule was compared between control and experimental animals. As shown in Figure 2A, mice were immunized three times at 4-week intervals (day 0, week 4 and week 8) and then challenged 4 weeks later. As shown in Figure 2B, all four Sj-p80 purities resulted in similar levels of total IgG at each time point with week 4 titers ranging from 819,200 to 3,276,800 and peak end-point titers observed after the first boost (week 8) ranging from 6,553,600 to 13,107,200. Titers at week 12 and after challenge on week 18 remained consistent with slight, albeit not statistically significant, variation between the various purities.




Figure 2 | Vaccination strategy and kinetics of IgG production in mice. (A) Three injections (prime and 2 boosts) were performed 4 weeks apart, and mice were challenged with S. japonicum cercaria 4 weeks following the second boost. Necropsies were performed 6 weeks following challenge. (B) The kinetics of Sj-p80-specific total IgG following vaccination with each of 4 purities of Sj-p80 antigen in the first mouse experiment. Titers of anti-Sj-p80 total IgG were determined by ELISA following pooling of sera from all mice in the group. ELISA assays were conducted in triplicate and the values represents mean titer ± standard deviation.





Reduction in Parasitological Burden Following Sj-p80 Vaccination

In the first mouse experiment, four groups of mice (n=5) received Sj-p80 at different purities along with the adjuvant Montanide™ ISA61 VG. Mice were challenged with S. japonicum cercariae and infection was allowed to progress for six weeks. Results showed that all purities of Sj-p80 conferred moderate to significant protection against S. japonicum infection in mice (Figure 3). One mouse immunized with Sj-p80 purity 2 died of unknown causes early in the study. Sj-p80 vaccine at the highest level of purity demonstrated the highest prophylactic effect in immunized mice as evidenced by a significant reduction of adult worm numbers (46.1%, p=0.0021) when compared to the control group (Figure 3A). Each of the other three less pure vaccines resulted in moderate reduction in adult worm numbers, however not significant (Figure 3A). Mice immunized with Sj-p80 purity 2 or purity 4 showed statistically significant reductions in female worms of 31.55% (p = 0.035) and 37.7% (p = 0.022), respectively. Mice receiving Sj-p80 purity 3 showed a reduction of 21.43% which was not statistically significant (p = 0.36), and mice immunized with Sj-p80 purity 1 showed a very slight and not statistically significant reduction (2.4%, p = 0.94). We also observed a moderate reduction in gross tissue (liver and intestine) eggs per gram in experimental groups when compared to the control (Figure 3B). Specifically, we observed a significant reduction in liver egg burden (51.4%, p = 0.02) in mice immunized with Sj-p80 purity 4 with moderate reduction of 32.4% (p = 0.15), 44.3% (p = 0.03) and 23.4% (p = 0.23) in animals that received Sj-p80 purities 1, 2, and 3 respectively (Supplementary Figure 1A). Similarly, there was also a reduction in intestine egg load in mice immunized with Sj-p80 purity 1 (31.8%, p = 0.34), purity 2 (1.9%, p = 0.95), purity 3 (55.1%, p = 0.02) and purity 4 (15.0%, p = 0.64) (Supplementary Figure 1B). Interestingly, we found a significant reduction in the ability of recovered gross tissue eggs (liver and intestine) to hatch into miracidia with 3 of the 4 purity levels (Figure 3C). Hatching rates of eggs recovered from mice immunized with Sj-p80 purity 4 showed the greatest reduction at 31.6% reduction (p = 0.0002). Sj-p80 at purities 1, 2, and 3 also showed reductions of 16.4% (p = 0.033), 21.0% (p = 0.08), and 21.3% (p = 0.025), respectively. Specific liver and intestine eggs hatching rates from mice immunized with Sj-p80 vaccine at purities 1, 2, 3, and 4, respectively, are presented in Supplementary Figures 1C, D.




Figure 3 | Sj-p80-based vaccine mediated protection in mice. (A) Adult worm numbers recovered per mouse in the Montanide™ ISA61 VG control group (ISA61 VG) and Sj-p80 + Montanide™ ISA61 VG experimental groups in Trial 1. (B) Egg load per gram of tissue (liver and intestine) and (C) percentage tissue eggs per gram hatched into miracidia in Trial 1. (D) Adult worm numbers recovered per mouse in the Montanide™ ISA61 VG control group (ISA61 VG) and Sj-p80 P4 + Montanide™ ISA61 VG experimental groups in Trial 2. (E) Egg load per gram of tissue (liver and intestine) and (F) percentage tissue eggs per gram hatched into miracidia in Trial 2. Worm burden was determined 6 weeks following Schistosoma japonicum cercarial challenge. Sj-p80 P1, P2, P3, and P4 represents purity levels 1, 2, 3 and 4, respectively. Each mouse was challenged with 40 S. japonicum cercariae. p ≤ 0.05 was considered significant. In panels (B, C, E, F) the liver and intestine egg values are shown as separate data points on the graphs.



To confirm these results, we performed a second challenge study comparing only purity level 4 with the adjuvant only group and increased the group sizes to 15 animals to allow for better statistical analyses. During this experiment, two mice in the control group died of unknown causes. The results were a 31.3% reduction (p = 0.018) in total worm numbers (Figure 3D) including a significant reduction of 23.0% in female worms (p = 0.013). Despite the reduction in female worms, we did not observe any reduction in gross tissue eggs per gram (Figure 3E). However, consistent with results obtained in the first experiment, we again observed a significant reduction of 29.1% (p=0.0003) in ability of the eggs to hatch into miracidia.



Determination of Antibody Subtypes

Significant antibody responses were also observed for all Sj-80-specific IgG subtypes including IgG1 (maximum end-point titer 3,276,800) (Figure 4A), IgG2b (maximum end-point titer 3,276,800) (Figure 4B), IgG2c (maximum end-point titer 6,553,600 - 13,107,200) (Figure 4C), and IgG3 (maximum end-point titer, 12,800–51,200) (Figure 4D). There was only a mild (2–3 log) increase in the production of IgA and almost no induction of IgM at the timepoints tested (with maximum pre-sacrifice titers of 3,200 and 1,600, respectively) (Figures 4E, F). In addition, we did not observe any significant differences in the levels of any subtype that correlated to the 4 purities.




Figure 4 | Titer of anti-Sj-p80 antibody subtypes in immunized mice. Antibody titers for (A) IgG1, (B) IgG2b, (C) IgG2c, (D) IgG3, (E) IgA and (F) IgM at weeks 0, 4, 8, 12 and 18 were measured by ELISA using isotype specific antibodies following pooling of sera from all mice in the group. Purities of Sj-p80 antigen are indicated as follows: purity 1 (orange bars), purity 2 (green bars), purity 3 (blue bars), purity 4 (red bars). All assays were conducted in replicates and the values represents mean ± standard error of mean.



To identify whether the Sj-p80 vaccine was inducing a Th1 or Th2 biased response, we analyzed the antibody response by subclass. Figure 5 shows the expression of IgG1, IgG2b, and IgG2c isotypes following averaging of the individual responses from all 4 purities. The Sj-p80 vaccine formulation used clearly promotes a Th1-biased response as indicated by the slow increase of the Th2 marker IgG1 to a maximum at week 8 followed by a sharp decline at weeks 12 and 18 (Figure 5A). By contrast, both Th1 associated isotypes IgG2b and IgG2c were induced more quickly and their overall levels continued to increase throughout the study until sacrifice. To highlight the overexpression of IgG2b relative to IgG1, we divided the end-point titers of IgG2c by that of IgG1 (Figure 5B, blue line). The result showed an approximately 15-fold abundance of IgG2c at 4 weeks which dropped to ~4-fold at week 8. However, after the second boost a ~16-fold abundance was observed at week 12 which continued to increase following challenge to a final ~46-fold abundance. A similar - albeit less marked - trend was observed when comparing the level of IgG2b to IgG1 (Figure 5B, red line) in which a ~10-fold abundance was seen at week 4 followed by similar titers at week 8. Again, after the second boost and continuing through challenge, the overexpression of IgG2b relative to IgG1 was 4-fold at week 12 and 10-fold at week 18. These data clearly suggest that a Th1-biased response is being elicited by this Sj-p80 vaccine.




Figure 5 | Th1 skewing induced by vaccination with Sj-p80 plus Montanide™ ISA61 VG. Panel (A) shows the end-point titers of IgG1 (red bars), IgG2b (green bars), and IgG2c (blue bars) following averaging of individual end-points titers of all 4 purities. Panel (B) shows the mathematical ratio of the IgG2b titers divided by the IgG1 titers (red line) or the IgG2c titers divided by the IgG1 titers (blue line).





Cytokine Expression Profiles Following Sj-p80 Vaccination

Consistent with the antibody results, quantitative RT-PCR analysis of a panel of Th1/Th2/Th17 cytokines tested showed that there was an increase in the expression of some Th1-biased cytokines in mice immunized with Sj-p80 + Montanide™ ISA61 VG compared to the control animals (Figure 6). Specifically, we observed moderate upregulation in the expression of IFN-γ, IL-2, TNF-α, IL-1a, IL-12, and IL-6 in Sj-p80-stimulated splenocytes obtained from experimental mice when compared to their control counterparts in which these cytokines were downregulated. Of the Th1-biased cytokines, only IL-1a and IL-12 were upregulated when stimulated with all 4 Sj-p80 purities, and IL-2 was actually downregulated with 2 of the purities and upregulated with the other 2 (Figure 6). Similarly, analysis of the Th2 and Th17-dependent cytokine expression also showed an overall significant increase in all of the cytokines tested including IL-4, IL-5, IL-10, TGF-β, IL-17, and IL-22 with only IL-3 expression remaining effectively unchanged.




Figure 6 | Cytokine mRNA expression profiles in stimulated splenocytes of mice vaccinated with Sj-p80. The expression profile of Th1, Th2 and Th17 type cytokines was determined by qRT-PCR. The relative mRNA expression was calculated after normalization to the expression of glyceraldehyde 3-phosphate dehydrogenase. Total RNA used was obtained from pooled splenocytes from mice belonging to each group. All experiments were conducted in triplicate.






Discussion

Asiatic schistosomiasis caused by S. japonicum is an important disease affecting both humans and animals. Infections in bovines such as water buffalo and yellow cattle are especially devastating given their importance in China and Southeast Asia for farming as well as a direct source of milk and meat (31). Infected bovines are believed to be the most significant source of infective eggs through excretion of feces resulting in perpetuation of the complex lifecycle. The inadequacies of current control programs highlight the need for an effective vaccine (18, 51). An effective transmission-blocking veterinary vaccine focusing on bovines would likely disrupt this cycle likely leading to reduced human infections (12).

One vaccine under development for Asiatic schistosomiasis is Paramyosin (rSj97) (29, 31, 52) [reviewed in You et al. (12)]. This vaccine has shown promise in early field trials in sheep, pigs, and water buffaloes [reviewed in (12)] and more recent trials in 2016 with rSj97 paired with Montanide ISA206 showed promising results (29, 31). A second promising candidate in water buffalo is the triose-phosphate isomerase (TPI) antigen fused to heat shock protein 70 (Hsp70) which in water buffalo reduced worm burden by 51.2%, reduced liver eggs by 61.5%, and reduced egg hatching by 52.1% (27). While promising, both vaccines have been slow to progress beyond preliminary studies for unknown reasons. Some of the roadblocks that hamper development may be high production costs, high dose requirement, requirement for multiple boosts, and limitations in funding for developing a zoonotic vaccines.

The role of antibodies in immune protection against schistosomiasis has also been well documented with studies utilizing non- or semi-permissive hosts demonstrating that resistance is almost entirely antibody-dependent (53–55). In our experimental groups, immunization of mice with Sj-p80 + Montanide™ ISA61 VG induced robust humoral immune responses including IgG1 [linked to T-helper cell 2 (Th2) phenotype] and much more pronounced IgG2 subclass antibody production indicative of a robust Th1 response (56, 57). We also found an induction of Sj-p80-specific IgA antibodies in the serum of immunized animals. These antibodies may play a role in mucosal immunity to the disease given that schistosome eggs are in constant contact with the gut-associated mucosal system.

The pathology of schistosomiasis and its severity is linked to the host immune responses to antigens secreted by viable schistosome eggs and the number of eggs trapped within the host tissues, particularly the liver (58, 59). In our study, mice immunized with Sj-p80 had a substantial reduction in overall worm numbers and preferential killing of female worms. However, we did not observe any reduction in tissue eggs in either experiment. Of particular interest is the observed reduction in egg viability/hatching rates in eggs obtained from the tissues (liver and intestines) of vaccinated animals. Specifically, eggs obtained from mice immunized with Sj-p80 had a 32% reduction in hatching rate supporting the potential transmission-blocking effects of the vaccine. In addition, since the severity of schistosomiasis is also associated with the number of viable eggs trapped in host tissues, the Sj-p80 vaccine-mediated reduction in egg hatching capabilities affirms its anti-pathology efficacy (60, 61).

In addition to the critical roles played by host humoral immunity in schistosomiasis resistance, studies have shown that certain cellular immune responses, specifically Th1-type immunity, also play an integral role (62, 63). We observed increased expression of Th1-type cytokines (IFN-γ, IL-2, TNF-α, and IL-12) from spleen cells isolated from experimental group mice when stimulated ex vivo with Sj-p80 antigen. We also observed an upregulation of IL-4, IL-5, IL-6, IL-10, and TGF-β genes in splenocytes from vaccinated mice indicating a mixed Th1/Th2 response. Cumulatively, we conclude that Sj-p80 vaccine formulated in Montanide™ ISA61 VG induced both Th1 and Th2-type immune responses associated with protection in immunized mice.

Cost analysis of minimally purified Sj-p80 paired with a low-cost adjuvant such as Montanide™ ISA61 VG resulted in a vaccine cost between $3.00 and $20.00 per bovine dose when produced at small scale (10 L). We envision that scaling up to 1,000 L during commercial manufacturing will reduce costs up to 10-fold resulting in a final embodiment of the vaccine which can be produced more cheaply. From the cumulative results here, we envision testing purities 2, 3, and 4 in our preliminary bovine experiments. The final actual vaccine cost will be dependent on several factors including the final chosen purity, scale of manufacture, and number of doses required to achieve protection.

We report here, for the first time, a Sj-p80-based vaccine that protects against S. japonicum parasite challenge in mice and can be produced at a viable deployment cost. The ultimate market we intend to target is bovines, particularly water buffalo, in regions of the world where Asiatic schistosomiasis caused by S. japonicum is most prevalent. The preliminary studies here therefore have set the stage for scaling and testing in bovines in endemic settings in preparation for deployment of a new veterinary vaccine for S. japonicum.
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Supplementary Figure 1 | Schistosoma japonicum egg burden and percent egg from tissues hatched into miracidia. (A) Egg load per gram of liver per mouse in the Montanide™ ISA61 VG control group (ISA61 VG) and Sj-p80 + Montanide™ ISA61 VG experimental groups in Trial 1. (B) Egg load per gram of intestine per mouse in the Montanide™ ISA61 VG control group (ISA61 VG) and Sj-p80 + Montanide™ ISA61 VG experimental groups in Trial 1. (C) Percent eggs from liver hatched into miracidia per mouse in the Montanide™ ISA61 VG control group (ISA61 VG) and Sj-p80 + Montanide™ ISA61 VG experimental groups in Trial 1. (D) Percent eggs from intestine hatched into miracidia per mouse in the Montanide™ ISA61 VG control group (ISA61 VG) and Sj-p80 + Montanide™ ISA61 VG experimental groups in Trial 1. Egg burden and hatching rates were determined 6 weeks following Schistosoma japonicum cercarial challenge. Sj-p80 P1, P2, P3, and P4 represents purity levels 1, 2, 3 and 4, respectively. Each mouse was challenged with 40 S. japonicum cercariae. p ≤ 0.05 was considered significant. Egg per gram (A, B) and egg hatching rates (C, D) for each mouse are shown as separate data points on the graphs.
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Egg burden Around barombi kotto
S. haematobium (N = 43)

NUMBER OF EGGS* [GM (95% Cl)]

Al cases 78 (62.9-96.6)
Male 67.3 (47.1-96.1)
Female 83.1(63.1-109.5)
(CLASS OF PARASITE LOAD* [N (%)]
Light (<50 eggs/10 ml urine)
All cases 13(30)

Male 5

Female 8

Moderate (N/A)

All cases N/A

Male N/A

Female N/A

Heavy (250 eggs/10ml urine)
All cases 30 (70)

Male 8

Female 22

Yoro village
S. mansoni (N = 124)

817 (68.5-97.6)
712 (68.3-86.9)
96.1 (70.4-131.4)

(<100 eggs/g feces)
75 (60.5)
47
28
([100-400[eggs/g feces)
41(33.1)
17
24
(2400 eggs/g feces)
8(6.4)
3
5

GM, Geometric mean; 95% Cl, 95% Confidence Interval; *Mann-Whitney test, male x
female p = 0.44 in BK and p = 0.21 in ¥; **Chi-square or Fishers exact test, male x

female, p = 0.44 in BK and p = 0.036 in Y.
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Urinary bladder score With gross hematuria Egg-negative Egg-positive Egg burden

=19 (N =46) N =24 GM (95% CI)*
o-1# 13(68.4) 41(89.1) 17 (70.8) 737 (53.2-102.1)
=0f# 3(15.8) 5(10.9) 3(12.5) 81.1(21.8-301.8)
>3 3(15.8) 00 4(167) 163.6 (45.6-587.1)

*GM, Geometric Mean of egg burden per 10mi urine calculated for microscopically S. haematobium-positive individuals only. #No lesions; ##Lesions suspected/present.
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Liverimage pattern ~ Egg-negative  Egg-positive Egg burden

(N=22) N =61) GM (95%Cl)*
A 10 45.5) 33(54.1) 1004 (70.6-142.8)
B* 1(4.5) 4(6.6) 51.4 (13.5-195.3)
ch¥ 11 (50) 19(31.1) 147.7 (77.1-283.1)

*GM, Geometric Mean of egg burden per gram of feces calculated for microscopicaly S.
mansoni-positive individuals only. *No lesions; **Lesions possible.
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Age groups

All cases
<10 years
(10-14) years
> 14 years

Around barombi kotto lake
S. hematobium (N = 169)

Negative N (%) Positive N (%)
126 (74.6) 43 (25.4)
37(97.4) 12.6)

77 (70.6) 32/(29.4)
12 (55.5) 10 (45.5)

S. mansoni (N = 356)

Negative N (%) Positive N (%)
232 (65.2) 124 (34.8)
128 (74) 45 (26)
100 (57.8) 73 (42.2)

440) 6(60)
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Risk factors

Age in years (mode (range))
SEX

Male

Female

Length of residence in years (mode
(range))

Frequency of contact with river
water/day (mode (range))

AOR, Adjusted Odds ratio; 95% Cl, 95% Confidence Interval: NSp >0.1; *p <0.05;

Around barombi kotto
S. hematobium (N = 169)

Negative Positive
10 (6-20) 11 (8-20)
55 13
7 30
10 (1-18) 10,11 (2-20)
2 (1-9) 2 (1-6)

AOR (95% CI)

1.32 (1.13-1.54)
Reference
2.33(1.01-5.39)
1.03 (0.93-1.15NS

2(1.03-3.9)

<0.01

Yoro village
S. mansoni (N = 356)

Negative Positive
9(4-16) 12 (4-16)
137 67
9% 74
9(025-16)  10(0.083-15)
10-9) 109

AOR (95% CI)

1.15(1.04-1.27)

Reference
1.29 (0.82-2.04NS
1.08 (0.97-1.1)NS

0.86 (0.66-1.14NS
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Donor TLR1 TLRZ TLR3 TLR4 TLRS TLRE TLR7 TLRS TLR9 TLR10

2 + o+ o+ o+ +

4 + o+ o+ o+ + o+

8 + + + + o+ o+
13 + o+ o+ o+ o+ + o+
2 + o+ + + o+
8+ 4+ o+ o+ o+ + + o+
200 + + o+ o+ 4

224 + o+ o+ + +

TLR 2 and TLR 6 were detected on all investigated donors (dark gray shaded). Light
gray-labeled donors are shown as examples of distinct TLR expression patterns in
Figure 7A.
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GAPD
TLR1
TLR2
TLR3
TLR4
TLRS
TLR6
TLR7
TLR8
TLRO
TLR10

Sequence forward

5'-TGATGACATCAAGGTGGTGAAG-3"
5/-TATTGGGCACCCCTACAAAA-3'
5'-GGGTCTTGGGGGTCATCATCA-3"
5'-AGGATTGGGTCTGGGAACAT-3
5'-AGAACTGCAGGTGCTGGATT-3"
5/'-TTAAACAACCAGGGACCCTCT-3
5'-TCACAATTCAGTTTCCACC-3'
5'-TGCTCTGCTCTCTTCAACCA-3'
5'-TGCTGCAAGTTACGGAATGA-3'
5'-GAAGGGACCTCGAGTGTGAA-3
5/-GAGAAGCTGGCAACATGTCA-3'

Sequence reverse

&/-TCCTTGGAGGCCATGTGGGCCAT-3"
5/-CCAATTCCTGGTTGAATTTGA-3'
5'-CAAGACTGCCCAGGGAACAAAAAC-3'
5/-GCCAGTTCAAGATGCAGTGA-8
5'-TCATAGGGTTCAGGGACAGG-3'
5/'-TAAGGTTGGGCAGGTTTCTG-3"
5'-CACAGTCACAGCCAACACC-3'
5'-TTTGACCCCAGTGGAATAGG-3"
§'-ATTTTGCAGCCCTTGAAATG-3'
5'-AAGTGGGGCACAGACTTCAG-3'
&-CTTTCTTCTGGCAGCTCTGG-3'

bp

240
375
282
339
413
517
296
377
371
255
495
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Sm-Cathepsin B + Montanide Sm-Cathepsin B + CpG Sm-Cathepsin B

Original sample (%) ~ Depleted sample (%) ~ Original sample (%) ~ Depleted sample (%)  Original sample (%) ~ Depleted sample (%)

coa 12.70 148 19.50 0.89 16.80 0.94
cos* 9.83 138 21.10 2.96 13.50 1.37
F4/80* 74,60 197 60.90 395 59.50 2.00

CD49* 4.65 058 572 031 6.18 0.37
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Characteristic Sm egg positive (n = 42) Sm egg negative (n = 57) p-Value

Age in years, median (range) 23 (14-36) 22 (16-39) 0573
Gravidty, n (%) 1 7(175) 12(22.2) 0852
2 10(25.0) 13(24.1)
3+ 23(57.5) 29(53.7)
Anemia, n (%) No anemia 16(40.0) 12(222) 0004*
Mid anemia 13(325) 7(13.0)
Moderate anemia 10(25.0) 33(61.1)
Severe anemia 1(2.5) 2(37)
BMI, median (range) 22.8(17.9-30.1) 22.6(17.7-28.7) 0531
Sm infection intensity, n (%) Negative (0 epg) - 57 (100) N/A
Light (1-100 epg) 27 (64.9) -
Moderate (101-400 epg) 9(21.4) -
Heavy (>400 epg) 6(14.3) -
Malaria smear Positive, n (%) 2(50) 5(9.3) 0437
STH prevalence, n (%) Ascaris lumbricoides 00 4(7.4) 0079
Hookworm 1(2.5) 5(9.3) 0.185
Trichuris trichiura 2(5.0) 2(37) 0.758

Sm, Schistosoma mansoni, BM, body mass index, STH, soi-transmitted heiminthes.
“Indlicates statistical significance.
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Schistosoma free (n = 42)

N/N(%) o median[IQR]
Female sex 37/42 (88.1%)
CD4 count at time of VL testing (cells/ul) 475 [314.5-658.5)
Logso of viral load (copies/mL) 45[3.4-4.9)
Age in years 36 (28-42)
Years infected with HIV-1 (as a continuous variable)* 37[3.0-6.5)
Years infected with HIV-1*
<3 years 12/40 (31.6%)
36 years 13/40 (28.9%)
5 years 15/40 (39.5%)

*3 patients did not have any CD4 count reported, precluding calculation of the years infected with HIV.

Schistosoma infected (n = 37)
/N(%) or median[IQR]

27/37 (73.0%)

439 (336-566]
43(8.7-4.6)
35 [30-40]
37(3.0-6.3)

12/36 (30.3%)
13/36 (39.4%)
11/36 (30.3%)

p-value

0.087
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021
081
0.72
0.82
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Schistosoma positivity -0.15[-0.6,0.3) 0.49
Age (in years) 0.02 [~0.005; 0.04] 0.13
Ln of CAA in In pg/mL 0.006 [~0.07,0.08] 0.86

Vears infected with HIV-1 ~0.1 [-0.2; -0.03] 0.008
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Endemic area Method Reference Study New test prevalence % Sensitivity % of

(Prevalence)® (Type of DNA detection assay; population (KK prevalencef) new test
gene target; biological (N°) (C195%)
sample) (Reference test)

High t-PCR A-Shehri 258" 67.4 8
(Ts2) etal. (32) sc (44,1) (78.4-89.9)
Feces (POC-CCA)

90.2
(84.2-96.2)
()
LAMP Mwangi 383 45 972
(121-bp tandem repeat) Feces etal. (33) sc (46) (935-98.8)
(K-K)
PCR-ELISA Lodh 100 89 100
(121-bp tandem repeat) Urine etal(34) GP ©1) (95-100)
(K-K/PCR)
11-PCR (121-bp tandem repeat) Fuss 305 2.9 9.8
Feces etal. (35) sc ©52) (94.9-98.8)
(KK
9.7
(96.5-100)
()

Moderate low PCR-ELISA Gomes 206 301 9.3
(121-bp tandem repeat) etal. (36) GP (13.1) 81.7-99.8)
Feces (KK)
PCR Enketal 194 412 100
(121-bp tandem repeat) Urine 0 GP (139) (©4.7-100)

(Combined 1**)

Low SMMIT-LAMP Gandasegui 427 302 %29
(mitochondrial S. mansoni etal. (37) GP (3.04) (66.1-99.8)
minisatellite DNA region) (K-K)
Feces
rtPCR Cavalcanti 108 296 100
(COX-1) etal. (30) GP 7.4 (63.1-100)
Feces (K-K)
PCR Hessler 11 78 100
(121-bp tandem repeat) Urine etal. (38) sc 8.0) (96-100)

(K-K)

£Classified according WHO; rt-PCR, Real-Time Polymerase Chain Reaction; LAV, Loop-Mediated Isothermal Amplification Assay; SmMIT-LAMP, Sm Mitochondial Loop-Mediated
Isothermal Amplification Assay; SC, School Children; GP, General Population; KK, Kato-Katz test; POC-CCA, Point-of-Care platform for detection of cathodlic circulating antigen; LCA,
Latent Class Analysis; KK duplicate (Two slides/sample); *Number of tested samples; **Combined 1(parasitological tests): KK, Saline Gradlient and the Miracidia Hatch test served as
combined reference test.
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Endemic area® Reference Population Prevalence  Sensitivity%
~°) () (C195%)*
Moderate-high Oliveira 270 20.4 41.4
etal. (25) 3 (82.8-50.5)
Coulibaly 242 23.1 475
etal. (26) pSC (38.3-56.8)
Lamberton 9% 948 835
etal. (27) sc (74.3-00.5)
Low Okoyo 1899 49 125
etal. (28) GP (9.7-15.8)
Ferreira 300 60 61.1
etal. (29) aP (38.6-79.7)
Cavalcanti 108 7.4 75
etal. (30) GP (34.91-96.81)

K-K, Kato-Katz test; *Areas are classified according WHO; pSC, pre-school children;
SC, School Chiren; GP, General Population. *Prevalence calculated based on the total
results obtained by the examination of two siides/stool sample/person; **Sensitivity was
determined on the resuts from the examination of at least one stool sample/person (2

slides/sample of stool).





OPS/images/fimmu-10-00858/crossmark.jpg
©

2

i

|





OPS/images/fimmu-10-00021/fimmu-10-00021-g010.gif





OPS/images/fimmu-11-00160/fimmu-11-00160-g002.gif
A
@M






OPS/images/fimmu-10-00021/fimmu-10-00021-g009.gif





OPS/images/fimmu-11-00160/fimmu-11-00160-g001.gif





OPS/images/fimmu-10-00021/fimmu-10-00021-g008.gif





OPS/images/fimmu-11-00160/crossmark.jpg
©

2

i

|





OPS/images/fimmu-10-00021/fimmu-10-00021-g007.gif





OPS/images/fimmu-10-02827/fimmu-10-02827-t002.jpg
Liver image pattern Study groups (N, M/F)

c S H M S+H
(145, 65/80) (87,20117) (22, 13/9) (50, 32/18) (07, 3/4)
LIP A (N, %) 77(63.1) 19 (61.3) 15 (68.2) 22 (44.0) 04 (57.1)
UP BV, %) 010.7) 00 (00) 00 (00) 00(00) 00 (00)
LP C (V, %) 67 (46.2) 17 46.0) 0731.8) 27(54.0) 08 (42.9)
LP D (N, %) 00 (00) o1 2.7) 00 (00) 00(00) 00 (00)
UP E (N, %) 00 (00) 00 (00) 00 (00) 01(02) 00 (00)
UPC+D+EN, %) 67 (46.2) 18 (48.6) 7318 28(56.0) 3(42.9)

M, Male; F, Female; LIP. Liver Image Pattern; C, Control: S, Schistosomiasis; H, Hepatitis; M, Malaria; +, coinfection.

S+M
(08,3/5)

05 (62.5)
00 (00)
03(37.5)
00 (00)
00 (00)
3(37.5)

H+M
(05, 1/4)

02 (40.0)
00 (00)
03(60.0)
00 (00)
00 (00)
03 (60)

S+H+M
©01,1/0)

00 (00)
00 (00)
01 (100)
00 (00)
00 (00)
1(100)
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Age groups

c
(145, 52.7%)

<10 years
N (%) 33(22.7)
M/F 8/25
[10-14] years

N (%) 106 (73.1)
MF 54/52
>14 years

N (%) 06 (4.1)
MF 33

s
(37, 13.5%)

10(27.0)
19

22(59.5)
14/8

05 (13.5)
50

H
(22,8.0%)

05 (22.7)
32

15(68.2)
&7

02@©.1)
2/0

Study groups (N, %)

M
(50, 18.2%)

17 (34.0)
1077

32 (64.0)
21/11

012.0)
1/0

M, Male; F, Female; C, Control: S, Schistosomiasis; H, Hepatitis; M, Malaria; +, coinfection.

S+H
(07, 2.5%)

00 (00)
0/0

06 (85.7)
214

01(14.3
10

S+M
(08, 2.9%)

02(25.0)
02

06 (75.0)
33

00(00)
00

H+M
(05,1.8%)

02 (40.0)
0/0

03 (60.0)
172

00(00)
010

S+H+M
(01,0.4%)

00 (00)
0/0

01 (100)
10

00 (00)
00
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Endemic Area®  Method Reference Study New test Reference Sensitivity %
(Prevalence) (Antigen detection assay; population prevalence/positi test (C195%)
biological sample) (N°) %
(KK prevalence)
Moderate-high POG-CCA Goulibaly 242 64.5 KK 69.7t-ve
Urined etal. (26) sc (23.1) (60.7-77.8)
89.1t+ve
(81.2-93.5)
POC-CCA Erko etal. 620 66.9 KK 93.0
Urinet @9 sc “3,1) (90.2-95.7)
Combined1 89.9
(87.1-92.6)
POC-CCA Al-Shehri 258 14-100 LcA 99.1
Urine etal. (32) sc (@4,1) (97.3-100)
POC-CCA Lodh et al. 100 60 Combined 2 67 (56-77)
Urinet @49 GP 61)
Low-moderate POC-CCA Urine 1 Bezerra 258 39 - -
etal. (40) aP 1.2)
POC-CCA Ferreira 300 273 LcA 68.1
Urine 1 etal. (29) GP (©.0)
K-k 64.3
(38.8-83.6)
KKE 57.7
(38.9-74.5)
POC-CCA Siqueira 163 226 KKI 735
Urine 1 etal. (41) aP (10.6) (66.9-85.4)
POC-CCA Lindholz 461 406716 LcA 57.4t-ve
Urine 1 etal. (42) aP 1.9 (60.0-64.6)
81.9t+ve
(75.7-87.1)

£Classified according WHO; POC-CCA, Point-of-Care platform for detection of cathodic circulating antigen; POC-CAA, Point-of-Cere platiorm for detection of anodic circulating antigen;
SC, School Children; GR, General Population; KK, Kato-Katz test; LCA, Latent Class Anelysis; Urine 1: single - urine CCA; KK prevalence test was determined by using two slides/sample
(uplicate); Sensitivity calculation and reference test: *KK single side/sample; SK-K AS: any positive sample; KK duplcate (Two sides/sample, 1 sample); KK quadhuplicate (Two
slides/sample, 2 samples); "Number of tested samples; Combined: 6 KK and 3 POC-CGA served as combined reference test; Combined2: KK and PCR; t-ve: trace negative; t+ve:

trace positive.
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Environmental
determinants

Euphorbia milii latex

Endocrine disruptors
(Bisphenol A and Phthalate)
Cadmium

Manganese
Zinc oxide nanoparticles

Chromium

Azinphos-methyl
(organophosphorus
insecticide)

Diazinon and Profenfos
(organophosphorus
compound)

Paraquat (herbicide)
Butachlor and
Fluazifop-p-butyl (herbicide)
Chlorine and Huwa-san
desinfectant

Glyphosate

Niclosamide and derivatives

Circadian cycle disruption

Biological effect

Molluscicidal activity, physiological
stress and altered reproduction

Increased oviposition and
reproduction traits

Lethal effect, locomotion alteration,
acquisition of thermal tolerance,
Diminution of egg hatching and
Increased parasite sensitivity

Lethal effect
Molluscicidal activity

Lethal toxicity and an embryonic

developmental effect
Lethal effect

Lethal effect

Lethal effect
Lethal effect
Lethal effect

Lethal effect

Lethal effect

Host susceptibilty

Molecular pathways

nd

nd

HSP70 gene expression +

nd

NO concentration + GST protein —
GST, CAT and SOD activities —

nd

Carboxylesterases activity -

SOD, CAT, GR, TrxR, and SDH
activities ~ Lipid peroxidation +

SOD activity - Lipid peroxidation +
Acid and alkaline phosphatases
cconcentration +

SOD and GST activities -

Total hemocytes + Phagocytic activity
-+ DNA damage +

NOS, AChE and LDH activities -
Hemoglobin, NOS, SOD and FREP4
expression ~ HSP20, HSP40 and
HSP70 expression + CYP and GST
expression +

Total hemocytes —

References

Mello-Siva et al., 2010, 2011;
Augusto et al., 2015
Iobal and Sinha, 2011

Salice and Roesijadi, 2002;
Habib et al., 2016; da Silva
Cantinha et al., 2017

Habib et al., 2016
Fahmy et al., 2014

Tallarico et al., 2014

Bianco et al., 2014

Bakry et al., 2016

Cochén et al., 2007

Tantawy, 2002

Tantawy, 2002

Mohamed, 2011

Zhang et al.,, 2015; He et al.,
2017

Waissel et al., 1999; Steinauer
and Bonner, 2012

Nd, non detected studies; (++), increase; (~), decrease; NO, nitric oxide; NOS, nitric oxide synthase; HSP. heat shock proteins; GST, Glutathione S-transferases; CAT,
catalase; SOD, superoxide dismutase; GR, glutathione reductase; TixR, thioredoxin reductase; SDH, sorbitol dehydrogenase; AChE, acetylcholinesterase; LDH, Lactate

dehydrogenase; CYR, cytochrome P450; FREP4, fibrinogen related protein 4.
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Worm burden recovery

Male Female Total % of Egg/gram of liver % of Egg/gram of % of
Mean+SD Mean+SD Mean£SD  protection® Mean + SD reduction® intestine reduction®
Mean + SD

Challenge control

ALUM 175 18+ 4 35£9 ND ND
Sm29 ALUM 12+4 12+4 25+8 29% (p = 0.03) ND ND
MPLA 1836 157 27 £12 ND ND
Sm29 MPLA 185 183+6 26+ 11 4% (NS) ND ND

Challenge control

ALUM 21+£4 20+ 4 41+£8 14241 £ 2695 8900 + 1894

Sm29 ALUM 157 15+9 26+ 13 37% (p = 0.02) 11004 £ 2776 23% (p = 0.04) 9727 + 5248 (NS)
18+8 20+ 9 38+ 16 10288 + 2077 10400 + 8712
18+7 17+8 34 %15 11% (NS) 13665 + 3391 9860 + 4813 5% (NS)

Challenge control

ALUM 20+ 5 174 38+6 43285 + 21394 8265 + 1536

Sm29 ALUM 15+5 183+5 27+£10 29% (p = 0.04) 22554 + 5726 48% (p = 0.04) 7594 + 4287 8%(NS)
MPLA 16+5 165+3 31+£8 58346 + 28976 7568 + 4768

Sm29 MPLA 1446 1547 3+ 10 (NS) 44069 + 24010 24% (NS) 12042 + 5743 (NS)

aFor each vaccinated group: n = 10 mice.

©Comparison between total burden recovered from Sm29 ALUM or MPLA group and ALUM or MPLA control group.
NS, not significant.

ND, not determined.
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Condition M) Lipid droplets/eosinophil

- 126 £ 3.1
EXCq4 0.03 149+22
03 80+ 30
3 N5+17
LTCq 0.03 162+ 65
03 158+ 4.4
3 148 £ 6.5

AA 10 280+ 2.1%

Human eosinophils were incubated for 1 h with different concentrations of EXCy, LTC;
or AA (as indicated). Lipid droplets were enumerated in 50 consecutive osmium-stained
cells. Values are expressed as the mean % SEM of at least three distinct donors. +p <
0.05 compared with non-stimulated eosinophils.
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Genes

GAPDH
IL-1p
iNOS
Ymi
Argt
Gal-1
Gal-3
ECP
EPX
ceLtt
ceL2s
CcD6Y
cDss
CD200R

Forward primer (5'— 3)

ACTCCACTCACGGCAAATTC
AATGACCTGTTCTTTGAAGTTGA
GTTCTCAGCCCAACAATACAAGA
AGAAGGGAGTTTCAAACCTGGT
CAGAAGAATGGAAGAGTCAG
CGCCAGCAACCTGAATC
AACACGAAGCAGGACAATAACTGG
ATCCAAGTGGCTTGTGCAGTGAC
‘CACGAACCAGCGATTCCAGGAC
CAGATGCACCCTGAAAGCCA
CTCAGATGGTGGTGTGCTTGCC
GGGCTGTGTTAATAGTGGTCCTC
ACGTATTGGAAGGAGATTACAGCT
TGTGAGACAGTAACACCTGAAGG

Reverse primer (5'= 3)

TCTCCATGGTGGTGAAGACA
TGATGTGCTGCTGCGAGATTTGAAG
GTGGACGGGTCGATGTCAC
GTCTTGCTCATGTGTGTAAGTGA
CAGATATGCAGGGAGTCACC
GTCCCATCTTCCTTGGTGTTA
GCAGTAGGTGAGCATCGTTGAC
TAAGGTGTTCTCCTCCGACTGGTG
GCTCAGCGGCTAGGCGATTG
CAGGTGCTTTGTGGCATCCT
TCCTCTTGCCTCTGCCTTCTGG
CTTGCAGGTAGCAACATGGTGG
TCTGTCAGCGTTACTATCCCGC
TGCCATTGCCTCACAGACTGCA

Accession

NM_001289726.1
NM_008361.4
NM_010927.4
NM_009892.3
NM_007482.3
NM_008495.2
NM_010705.3
XM_021155370.1
NM_007946.2
NM_011330.3
NM__019677.5
NM_001033122
NM_019388
NM_021325
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Microscopy
SCAA20
UCAA1O
UCAA250
UCAA2000
UCCA10
POC-COA®

#Assuming 100% specificity of the anodic antigen detection by the UCAA2000 (total of 25 positives when indecisive are considered to be negative)
bAssuming 100% specificity of the anodiic antigen detection by the UGAAZ000 and cathodlic antigen detection (UCCAT0) (total of 30 positives when indecisive are considered to be

negative)

Indecisives

considered negative

Sn

60%
68%
16%
2%
100%
36%
20%

Sp

100%
100%
100%
100%
100%
74%
89%

©POC-CCA trace results fall under indecisive

UCAA20007

Indecisives

considered positive

Sn

na
96%
40%
80%
80%

n/a

32%

Sp

n/a
95%
100%
95%
95%

na
84%

UCAA2000+UCCA10°

considered negative

Sn

50%
57%
13%
60%
83%
47%
23%

Sp

100%
100%
100%
100%
100%
100%
100%

considered positive

Sn

na
83%
33%
67%
90%

na
37%

Sp

na
100%
100%
93%
79%

n/a
100%
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Group
(prime + boost)

PVAX + pVAX
PVAX 4 1S(C23

pSIC23 + 1SiC23

PSIC23/pS]TPI+
1SjC28/rS]TPI

All groups received piL-12 at the prime.

10

Worms

Total worms per  Reduction (%)
animal (X  SD)
393.33 + 32.99
266,67 +£14.73 32.2%
p <0.0001
198.00 & 18.74 49.66%
p <0.0001
176.80 = 33.43 55.05%
p <0.0001

p-value compared to pVAX by one-way ANOVA and Turkey's post-test
No significant difference between the third and the fourth groups.

Liver eggs

Eggs per gram
liver (X  SD)

444.44 £ 76,01
306.67 £ 63.25

235.56 = 64.65

208.00 + 74.95

Reduction (%)

31%

p <0.0001
47%

p <0.0001
53.2%

p <0.0001

Miracidia

Eggs per gram
feces (X  SD)

33.78 = 4.30
22,67+ 5.00

16,22 £3.23

14.40 + 4.30

Reduction (%)

32.80%
p <0.001
51.98%
p <0.001
57.37%
p <0001,
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With indecisives With indecisives
considered to be negative  considered to be positive

sn sp sn sp
Microscopy? 83% 100% wa wa
SCAA20? 94% 100% wa wa
UCAA1O 22% 100% 56% 100%
UCAA250 89% 92% 89% 81%
UCAA2000 100% 73% 100% 54%
UCCA10 33% 69% wa wa
POC-CCA 20% 88% 33% 81%

2Sp is 100% by definition as the composite reference assumes 100% specifiity for
microscopy and SCAA20 (in total 18 positives)
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Worms

Group n  Total worms per
animal (X £ SD)

PVAX 9 348.56 + 55.60
pSjC23 9 243.33 + 85.79
PpSjC23/plL-12 9 186.00 + 56.20

pIL-12 was only administered at the prime.

Reduction (%)

30.19%
p <001

46.64%
p <0.0001

p-value compared to pVAX by one-way ANOVA and Turkey's post-test
Addition of IL-12 encoding plasmid enhanced all vaccine efficacies, yet the difference was not statistically significant.

Liver eggs

Eggspergram  Reduction (%)
liver (X  SD)
404.23 £ 7215
27902 + 83.53 30.97%

p <0.001
21954 + 64.75 45.69%

p <0.0001

Miracidia

Eggs per gram Reduction (%)
feces (X + SD)

22,40+ 4.97

16.07 + 6.81 28.26%
p<05

12.75 + 3.60 43.08%
p <001
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ucca1o

Negative

(n=14) (n=230)
UCAA2000 Positive 9 16
Indecisive 2 3

Negative 3 11

Total

(n=44)

25
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Group
(time between injections)

Mock
(extended)

PVAX
(extended)

pS|C23-Hsp70 (extended)

pS|C23-Hsp70
(regular)

"

Worms

Total worms per
animal (X + SD)

454.44 £19.42

454.67 £ 15.18

285.27 +30.19

267.27 +30.46

pIL-12 was administered at the prime for all groups but mock.
p-value compared to mock by one-way ANOVA and Turkey's post-test.
No significant difference between extended and regular

Reduction and
Statistics

37.23%
p < 0.0001
41.19%
p <0.0001

Liver eggs
Eggspergram  Reduction and
liver (X  SD) Statistics

464.11 £ 98.43
486.11 £ 103.99
328,00 £ 40.91 30.4%

P < 0.0001
290.00 + 45.68 37.5%

p <0.0001

Miracidia
Eggs per gram Reduction and
feces (X + SD) Statistics
26,00 +7.00
26,67 +6.00
17.82 £ 5.40 31.46%
p <001
14.00 +2.43 45.81%
p <0.001
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UCCA10

positive negative

(=14 (n=30)
POC-CCA Positive 7 0
Trace 3 1

Negative 4 29

Total

(n=44)
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Worms
Group n'  Total worms per animal (X £SD)  Reduction and Statistics
pVAX 10 565.7  134.208
Hanvard 13 431,692 & 137.602
Adevion 14 420,286 % 114.603

" Several buftalo were excluded due to improper perfusion.
pIL-12 was administered at the prime for all groups.
p-value compared to pVAX by one-way ANOVA and Turkey's post-test.

235% p < 0.01
25.7% p <002

n

14
15
15

Miracidia
Eggs per gram feces (X & SD)

28.506 + 13.927
22.976 + 11.112
25.670 + 15.623

Reduction and Statistics

19.3% n.s.
10.3% n.s.
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No. Mzmed
1 321,04
2 193.04
3 174.83
4 44917
5 45117
6 279.04
7 195.99
8 286.06
9 135.03
10 105.02
11 281.04
12 573.13
13 207.05
14 566.35
15 256.06
16 385.18
7 567.35

RT (min)

0.73
4.96

1.80
1.10
1.10
1.58
3.65
5.38
3.95
3.70

1.60
5.37
4.07
9.31
3.44
1.24
9.31

Compound

Diphenol glucuronide
D-Glucuronic acid

Cerium

Glycerol tribenzoate
Catechin 7-glucoside
Uridine
Selenomethionine
Muramic acid
Allopurinol

Glyceric acid

1-Methylinosine
Anigorootin
Dimethyl D-malate
PS(21:0/0:0)

N-Acetyl-D-glucosamine

PGE3

Deoxycholic acid 3-glucuronide

Related pathway

ND

Pentose and glucuronate interconversions
Starch and sucrose metabolism

ND

Glycerolipid metabolism

ND

Pyrimidine metabolism

Selenoamino acid metabolism

Amino sugar metabolism

Bile secretion

Glycine, serine and threonine metabolism
Glycerolipid metabolism

Glyoxylate and dicarboxylate metabolism
RNA biosynthesis

ND
Citric acid cycle
P

hospholipid metabolism

Amino sugar and nucleotide sugar metabolism

Arachidonic acid metabolism
Bile acid metabolism

Trend
1w/0w

v

Trend
2w/l w

Trend
3 w/2w

Trend
4 w/3 w

Trend
5 w/4 w

Type

A, B, C, D, E, and F: means six types of changing trends. ND: No metabolic pathways involved in this metabolite were found in this studly.
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Composite reference” Total

Positive Negative (n=44)
(n=18) (n=26)

UCAA1O Positive 4 0 4
Indecisive 6 0
Negative 8 2 3

UCAA250 Positive 16 2 18
Indecisive 0 3 3
Negative 2 21 23

UCAA2000  Positive 18 7 2
Indecisive 0 5 5
Negative 0 14 14

*Composite reference: urine egg microscopy positive and/or a SCAA20 result >30 pg/ml.
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No. Compound I P value? VIPP P valueP VIP® P value® vipd P value® 1 P value®
1 9(S)-HpODE 1.04 <0.001 1.24 <0.001 1.00 <0.001
2 D-Glucuronic acid 1.53 <0.001 1.55 <0.001 1.46 <0.001 1.88 <0.001 1.35 <0.001
3 a-D-Glucose 5.74 0.029 6.03 0.016 6.24 0.002 6.10 0.005
4 19-Oxotestosterone 1.43 <0.001 1.66 <0.001 1.32 <0.001
5 1-Methylinosine 117 <0.001 1.44 <0.001 1.20 <0.001 1.75 <0.001 1.22 <0.001
6 3-Hydroxyphenyllactate 3.31 0.028 3.50 0.015 3.60 0.002 3.58 0.005
7 3-Sulfinoalanine 1.03 0.001 1.07 0.036 1.24 <0.001

8 5,6-Dihydroxyindole Nali2 0.014 1.85 <0.001
9 Acetyl-DL-Valine 1.12 <0.001 1.10 <0.001

10 Allopurinol 2.31 0.002 2.74 <0.001 2.09 0.004 3.16 <0.001 2.02 0.005
11 Anigorootin 1.21 0.029 1.30 0.01 1.08 0.015 1.48 0.002 1.10 0.024
12 Arachidonic acid 1.60 0.006

13 Catechin 7-glucoside 1.54 0.04 1.69 0.008 1.74 0.005 2.1 0.016 1.74 0.009
14 Cerium 1.12 0.014 1.29 0.001 1.29 0.001 1.66 <0.00 1.34 0.002
15 Cytidine monophosphate 1.09 <0.00 1.05 <0.001 1.05 <0.001

16 Deoxycholic acid 3-glucuronide 1.56 <0.001 1.27 <0.001 1.87 <0.001 1.57 <0.001 1.18 0.001
17 Dimethyl D-malate 1.59 <0.00 1.68 <0.001 1.24 0.004 1.67 <0.00 1.04 0.042
18 Diphenol glucuronide 2.69 <0.00 2.59 <0.001 2.58 <0.001 1.74 0.00 2.07 <0.001
19 Glyceric acid 1.05 0.005 1.60 <0.001 1.22 <0.001 1.69 <0.001 1.33 <0.001
20 Glycerol tribenzoate 2.56 0.044 2.84 0.008 2.92 0.005 3.42 0.023 2.93 0.008
21 Hippuric acid 1.46 0.00 1.78 <0.00 1.49 <0.001
22 Hypoxanthine 2.67 0.001 1.97 0.048 2.90 0.001 2.15 0.005
23 ndole 1.96 0.033 127 0.005 1.85 0.008
24 ndoxylsulfuric acid 3.93 <0.00 3.89 <0.001 265 0.006 3.32 <0.001
25 L-Phenylalanine 2.14 0.012 1.21 0.004 2.42 0.007 2.19 0.001
26 L-Tryptophan 3.23 <0.001 3.16 <0.001 2.63 0.001 2.64 <0.001
27 L-Tyrosine 1.48 0.027 1.56 0.016 1.60 0.002 1568 0.005
28 uramic acid 2.23 0.08 2.66 0.002 2.58 0.002 3.61 <0.001 228 0.012
29 -Acetyl-D-glucosamine 1.91 <0.001 1.82 <0.001 1.81 <0.001 2.01 <0.001 1.49 <0.001
30 N-Acetyl-L-tyrosine 1.08 <0.001 1.44 <0.001 1.09 <0.001

31 -Acetylserotonin sulfate 1.16 0.005 1.16 0.001 1.26 <0.001

32 D 1.87 0.012 2415 <0.001 2.13 0.001 2.69 <0.001 2.18 0.002
33 ND 1.70 0.011 1.92 <0.001 1.86 0.001 2.46 <0.001 2.01 0.001
34 D 1.50 0.012 1.69 0.001 1.65 0.001 207 <0.001 1.7% 0.002
35 D 1.30 0.044 1.44 0.008 1.47 0.005 1.79 0.017 1.48 0.009
36 Oleic acid 214 0.005 213 0.035 1.97 0.002
37 PGE3 1.81 <0.00 1.61 0.00 1.38 <0.00 .50 <0.00 117 0.002
38 Prostaglandin A1 1.08 <0.001 1.19 <0.001 1.01 <0.001 1.13 <0.001

39 PS(21:0/0:0) 2.90 <0.00 2.37 <0.00 2.56 <0.00 2.92 <0.00 217 0.001
40 Purine 1.18 <0.00 1.34 <0.00 1.14 <0.00 15 <0.00

41 Pyrocatechol sulfate 1.48 <0.001 1.25 0.013 1.38 <0.001 1.25 0.001
42 Selenomethionine 175 0.00 2.18 <0.00 1.66 <0.00 2.28 <0.00 1.77 <0.001
43 Stearoyllactic acid 1.24 0.018 1.27 0.015 .35 0.027 1.08 0.006
44 Thiamine 1.22 <0.001 1.12 <0.001 1.07 <0.001

45 Uridine 2.10 <0.00 2.58 <0.00 213 <0.00 3.13 <0.00 2.18 <0.001
46 18-Hydroxyarachidonic acid 1.12 0.03 22 0.034 2.37 <0.001
47 Dithionous acid 1.10 0.004 1.02 <0.001

48 D-Lactic acid 5.62 0.005 5.95 0.004 4.87 0.043
49 Formamide 1.27 0.004 112 0.002

50 soplumbagin 1.13 <0.001 1.08 <0.001 1.05 <0.001

51 L-Threonine 2.03 0.011 1.74 0.01 1.22 0.004 2.02 <0.001
52 Succinic acid 1.63 <0.001 1.23 <0.001 1.02 <0.001 1.36 <0.001
53 -acetylaspartate 1.84 0.001 1.66 0.001
54 2-hydroxy-2-methyl-butyric acid 1.08 <0.001

55 Glucaric acid 1.08 0.008

56 MG[18:2(9Z,122)/0:0/0:0] 1.03 0.002

57 Deoxyuridine 1.24 0.003

58 PGE3 1.38 <0.001

59 PE(18:0/14:0) 1.45 <0.001

60 (+)9-HODE 1.17 <0.001

61 (E)-13-Octadecenoic acid .01 0.041

62 ADP-glucose 1.27 <0.001

63 Adrenosterone 1.06 <0.001

64 Avenoleic acid .16 <0.001

65 Deoxyinosine 1.17 <0.001

66 L-Arginine 1.27 <0.001

67 D 13 <0.001

68 B-Alanine 1.08 <0.001

69 Cholic acid glucuronide 1.60 <0.001
70 LysoPE[18:2(92,122)/0:0] 1.00 0.03
71 yristoylglycine 1.07 0.001
72 Palmitoleic acid 1.04 0.008
73 Sinapinic acid-O-sulfate 1.06 <0.001

aCompared 1 w post-infection group with control group; ®Compared 2 w post-infection group with control group; °Compared 3 w post-infection group with control
group; dCompared 4 w post-infection group with control group; and ©eCompared 5 w post-infection group with control group. ND: not identified.
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Urine egg microscopy Total

Positive Negative (n=144)
(n=15) (n=29)
SCAAZO Positive 14° 3 17
Indecisive 1 7 8
Negative 0 19 19

*Numbers indicate samples included in the composite reference: urine egg microscopy
positive and/or a SCAA20 result >30 pg/ml.
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Cut-off threshold

Positive Indecisive Negative
(pg/mL) (pg/mL) (pg/mL)

Anodic antigen test?
SCAA20 >30 10-30 <10
UCAA1O >30 10-30 <10
UCAA250 >3 13 <1
UGAAZ000 >03 0.1-03 <01
Cathodic antigen test?
UGCA10 >2,460 <2,460

#Anodic antigen assays utiizing the UCP-LF test platform: SCAA, CAA assay performed
on 20 L serum; UCAA, CAA assay preformed on respectively 10, 250 and 2000mL.
urine.

©Cathodic antigen assay utiizing the UCP-LF test platform: UGAA, CCA assay performed
on 10 L urine.
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Primer name

Hort1 f
Hort1 r
Gapah f
Gapah
g f
ihgr
naf
nar
Col2 f
cozr
n7af
n7ar
Tnfa f
Tnfar

Sequence

AGTGTTGGATACAGGCCAGAC
CGTGATTCAAATCCCTGAAGT
ATTGTCAGCAATGCATCCTG
ATGGACTGTGGTCATGAGCC
TCAAGTGGCATAGATGTGGAAGAA
TGGCTCTGCAGGATTTTCATG
AGACCAGACTCCCCTGTGCA
TGGGTCCTGTAGATGGCATTG
CCTGCTGTTCACAGTTGCC
ATTGGGATCATCTTGCTGGT
GCTCCAGAAGGCCCTCAGA
AGCTTTCCCTCCGCATTGA
CCACCACGCTCTTCTGTCTAC
AGGGTCTGGGCCATAGAACT
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Tissues S. mansoni nodes H. sapiens nodes Total nodes Total edges Avg. degree

Blood 4 131 172 195 1.13
Intestine 38 77 115 114 099
Liver 68 305 373 443 1.18
Lung 49 127 176 191 1.08
Skin 49 103 162 163 1.00

Human and S. mansoni identifiers were retrieved from TISSUES and STRING databases, respectively. HC, Highest centrality:

Top 10 (HC Proteins)

Smp_030370
Smp_049550
Smp_089670
Smp_141710
Smp_148790
Smp_171460
ENSP00000221930
ENSPO0000295897
ENSP00000339007
ENSP00000368752

Smp_049550
Smp_089670
Smp_018760
Smp_141710
Smp_143150
Smp_171460
Smp_186710
ENSP00000221930
ENSP00000327801
ENSP00000368678

Smp_018760
Smp_030370
Smp_056760
Smp_089670
Smp_143150
Smp_148790
Smp_163810
Smp_171460
ENSP00000228307
ENSPO0000346067

Smp_049550
Smp_089670
Smp_141710
Smp_148790
Smp_171460
Smp_174640
ENSP00000261405
ENSP00000266376
ENSP00000291295
ENSP00000339007

Smp_049550
Smp_089670
Smp_141710
Smp_148790
Smp_171460
ENSPO0000339007
ENSP00000341189
ENSPO0000378699
ENSP00000384886
ENSP00000398632
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GO term

GO:0002251
GO:0002227
GO:0030198
GO:0022617
GO:0007160
GO:0031589
GO:0044419
GO:0016032
GO:0033554
GO:0071496
GO:0007596
GO:0003073
GO:0007229
GO:0009611

Description

Organ or tissue specific immune response
Innate immune response in mucosa
Extracellular matrix organization
Extracellular matrix disassembly

Cell-matrix adhesion

Cell-substrate adhesion

Interspecies interaction between organisms
Viral process

Cellular response to stress

Cellular response to external stimulus
Blood coagulation

Regulation of systemic arterial blood pressure
Integrin-mediated signaling pathway
Response to wounding

PPIs for each term are available (Supplementary Table 3).
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Protein ID Description

Human proteins with the highest centrality

ENSP00000346067 Ribosomal protein SA
ENSP00000378699 Cyclin-dependent kinase 1

S. mansoni proteins with the highest centrality

Smp_056760 Protein disulide-isomerase
Smp_018760 Neutral alpha-glucosidase ab
Smp_035980 Histone H2A

Smp_171460 Cell adhesion molecule

Smp_049550 Heat shock protein 70 (Hsp70)
Smp_143150 Eukaryotic translation elongation factor
Smp_089670 Alpha-2 macroglobulin

Smp_148790 Laminin subunit beta 1
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Species Parasite proteins ~ Host proteins  Parasite nodes Host nodes Total nodes Total edges
T. brucei 2,147 3,568 237 555 792 1,241
T. cruzi 6,006 5046 123 954 1077 2,333
T. spiralis 705 3715 131 801 932 1,496
S. mansoni 318 3175 74 491 565 695
G. lamblia 1,134 554 10 8 18 21
P, falciparum 1,974 6979 270 1,285 1,505 2,659
P vivax 1,453 6,979 349 1,716 2,065 4,163
P knowlesi 1,455 6979 376 1,756 2,182 4,470
C. hominis 965 554 3 13 16 13
C. parvum 1,075 554 7 87 44 44
T. gondii 1,846 11,796 351 2,556 2,907 6,863
L. brazilensis 1,446 4073 35 239 274 388
L. infantum 1,484 7,085 58 840 898 1,273
L. donovani 1,414 7,605 54 647 701 1,039
L. mexicana 1,491 4073 44 370 414 654

This table contains the number of host and parasite nodes, the number of interactions, and the average degree of the predicted interactomes.

Avg. degree

1.56
2.16
1.60
1.23
1.16
1.76
201
2.09
0.81

10
2.36
1.41
1.41
1.48
157
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Tax_id Species El UM Tissues Proteome S5 (%) MP (%) Input

size
5691 Trypanosoma brucei E U Skin, blood, brain, lymph node, 8,747 708(8,1)  1439(16,4)  SS+MP
spinal cord
353158 Trypanosoma cruzi 1 U $Skin, heart, blood, eye, 19,602 2,633 (13, 4) 3,373 (17,2) SS+MP
6334 Tiichinella spiralis E M Intestine, brain, heart, muscle, 16,380 705 (4,3) N/A ss
lung
6183 Schistosoma mansoni E M Skin, liver, intestine, lung, blood 11,770 318(2,7) N/A ss
184922 Giardia lamblia E U Intestine 6,502 407 6,2) 727(11,2)  SS+MP
5833 Plasmodium falciparum | u Skin, blood, liver 5429 619(11,4) 1,355(25,0)  SS+MP
5855 Plasmodium vivax 1 U Skin, blood, liver 5,050 553(11,0)  900(17,8)  SS+MP
5850 Plasmodium knowlesi | u Skin, blood, liver 5,102 565 (11,0) 890 (17, 4) SS+MP
353151 Cryptosporicium hominis E U Intestine 3,885 324(8,9) 641(16,5)  SStMP
353152 Cryptosporium parvum E U Intestine 3,805 307(10,4)  678(17.8)  SS+MP
5811 Toxoplasma gondii 1 U Blood, brain, eye, heart, muscle, 7,988 658(8,2)  1183(14,8)  SS+MP
placenta
420245 Leishmania brazilinsis 1 U Skin, nose, mouth, blood 8,160 294(3,6)  1,452(14,1)  SS+MP
929439 Leishmania mexicana 1 U Skin, nose, mouth, blood 8,147 305(3,7)  1,186(14,5  SS+MP
5661 Leishmania donovani 1 U Skin, iver, spleen, blood, bone 8,032 310(8,8)  1.104(18,7)  SS+MP
marrow
435258 Leishmania infantum 1 U Skin, iver, spleen, blood, bone 8,150 325(3,9)  1,150(14,2)  SS+MP
marrow

E, Extracelular; I, intracelluer. U, Unicelluler; M, Multicellular. Tissues: diferent tissues associated with the parasite’s tropism (information retrieved from: https://www.cdc. gov/parasitesy).
Proteome size: sequences in the predicted proteome. SS, Soluble secretome; MP. Membrane proteins (%: is the percentage in relation to the overall proteome); N/A, Not applicable.
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BS90-SP vs. NMRI-SP: 4 fold difference

NCBI acc. no. Protein identification BS90-SP NMRI-SP Function
IMMUNE RELATED

XP_013070436.1  Syntenin-1-like isoform X1 [B] 095600  Trafficking/
immunomodulation

XP_013067749.1  Lysosomal alpha-mannosidase-ike, partial (Bg] 095600 Oligosaccharide catabolism

XP_013070669.1  Lipopolysaccharide-binding protein-ike [Bg] 1.0127 Innate immune response

XP_013078814.1  */ Proteoglycan 4-like [Aplysia californica] XP_005092461.1 (45%) 196879 Immune response

XP_013079231.1  N-acetyigalactosamine kinase-lie (Bq] 095609 Galactose binding

XP_013064208.1  Reelin-like [Bg] 2.8909 | 168007 | Lipoprotein receptor binding

REDOX

XP_0130777241  */Carbonyl reductase [NADPH] 1-lie [Bg] XP_013077725.1 (74%) 095600  Redox

XP_013080583.1  Thioredoxin reductase 1, cytopiasmic-ike isoform X1 (Bg] 095609  Redox

XP_013069507.1 */Phytanoyl-CoA dioxygenase domain-containing protein 1-like [Pomacea 1.0127 Redox

canaliculata) XP_025105244.1 (70%)

XP_013060814.1 */ Hemoglobin type 1 [Bg] CAJ44466.1 (58%) 1.9122 0 binding

XP_013062383.1 */Hemoglobin type 1 [Bg) CAJ44466.1 (82%) 8.718 Oy binding

XP_013062584.1 */ Hemoglobin type 2 CAJ44467.1 (99%) 185552 O binding

XP_013075721.1  D-amino-acid oxidase-like (Bg] 1.8827 Redox

XP_013062841.1 Prolyl 4-hydroxylase subunit alpha-1-like isoform X2 (Bg] 0.94133 Redox

XP_013080874.1  Elecron transfer flavoprotein subunit alpha, mitochondrial-ike (Bg] 20164 Redox

APOPTOSIS

XP_013066053.1  */sequestosome-1-like [Limulus polyphemus) XP_013792674.1 (36%) 409 0.95609 Immune/Autophagy

XP_013091656.1  Apoptosis-inducing factor 3-like isoform X1 [Bg] 1.0082 | 48987 | Apoptosis

STRESS RESPONSE

XP_013075913.1  Endoplasmin-ike [Bg) 095600 Chaperone

XP_013079911.1  Heterochromatin protein 1-binding protein 3-like isoform X1 (Bg] 0.95609 Cellular response to hypoxia

XP_013065461.1  Protein deglycase DJ-12DJ-1-ike [Bq] 196879 Chaperone/Stress response

SIGNALING

XP_013077041.1  Receptor-type tyrosine-protein phosphatase alphalike, partial [Bg] 095600 MAPK cascade

XP_013077039.1 */ Receptor-type tyrosine-protein phosphatase alpha-like [Bg] 0.95609 MAPK cascade

XP_013063115.1 (42%)

XP_013081619.1  Serine/threonine-protein kinase PAK 2-lie [Bg] 196879 Signaling

XP_013087690.1  Formin-iike protein CG32138 [Bg] 095609 Rac GTPase binding

XP_013088191.1  Guanine nucleotide-binding protein G(o) suburit alpha (Bg] 095609 GTP binding

TRANSCRIPTION/TRANSLATION PROCESS

XP_013061677.1 408 Ribosomal protein $25-like [Bg] 0.95609 Translation initiation

XP_013070062.1  Protein LZIC-lke [Bg) 1.0127 Transcription factor

XP_013062948.1  RNA-binding protein lark-like (Bg] 095609 Transkation regulation

XP_013063676.1 */ Nucleolin-ike [Aplysia californica) XP_005100234.1 (31%) 095600 Transkation regulation

XP_013063201.1 Histone H1-delta-like [Bg] 1.0127 Transcription regulation

XP_013084934.1  Heterogeneous nuclear ribonucleoprotein U-like protein 1 isoform X1 (Bg] 196879 Transcription regulation

METABOLISM/CATABOLISM

XP_013068834.1  -Hydroxyacyl-CoA dehydrogenase type-2-lie [Bg] 095600 Lipid metabolism

XP_013072118.1  Glycogen debranching enzyme-like [Bg] 0.95609 Catabolic glycogen process

XP_013062675.1  UTP-glucose-1-phosphate uridylyltransferase-like [Bg] 095609 Glucose metabolism

XP_013081380.1  Fumarate hydratase class |, aerobic-like [Bg] 094133 Carbohydrate metabolism

XP_013060189.1  2-Aminoethylphosphonate-pyruvate transaminase-like [Bg] 1.94953 Phosphonate Catabolism

XP_013076947.1  Fatly acid synthase-like (Ba] 004133 Lipid metabolism

MiSC

XP_013088283.1  */Cartiage matrix protein-iie [Aplysia californica] XP_005102985.2 (50%) | 598243 0.95609 Collagen binding

XP_013075655.1  ATP synthase subunit f, mitochondrial (Bg] 1.0082 | 69192 | Proton transport

NGB! accession numbers and protein identification are listed. Color backgrounds indicate an increased spectral count for proteins in the corresponding treatment. Uncharacterized
proteins (*/) are followed by their closest NCBI Blastp IDs and ID percentages.
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Common BS90 vs. BS90-SP: 4 fold difference

NCBI acc. no. Protein identification BS90 BS90-SP Function

XP_018095968.1  */Proteasome subunit alpha type-5-ike [Aplysia californica] 0.94133 Proteasome

XP_005110071.1 (91%)
XP_013066054.1  Sequestosome-1-lie [Bg] 1.0082 Autophagy
XP_013066053.1  */Sequestosome-1-like [Limulus polyphemus) XP_013792674.1(36%) 4.0329 Autophagy

XP_013064208.1  Reelin-ike [Bg]
XP_013079231.1  N-acetyigalactosamine kinase-ike [Bg]
XP_013062216.1 268 proteasome non-ATPase regulatory subunit 12-like [Bg] 1.0881

2.8909 Lipoprotein receptor binding
Galactose binding
Proteasome

Detoxification of ROS

XP_0130756626.1 Glutathione S-transferase 7 [Bg]

XP_013089814.1  Alcohol dehydrogenase class-3-like [Bg] 094133 Redox
XP_013077425.1  Ferric-chelate reductase 1 [Bg] 1.0082 Redox
XP_018073942.1  Aldehyde dehydrogenase family 16 member Al-like (Bg] 1.94953 Redox

Redox
Fatty acid alpha-oxidation

XP_013086335.1  */Neurexin-1 [Aplysia californica] XP_012041838.1 (48%)

XP_018069507.1  */Phytanoyl-CoA dioxygenase 2-like [Saccoglossus kowalevski)
XP_006814546.1 (56%)

XP_018084558.1  Dual oxidase-like [Bg) X Generates ROS
SA G ]

XP_013091656.1  Apoptosis-inducing factor 3-like isoform X1 [Bg]

XP_013062216.1 268 proteasome non-ATPase regulatory suburnit 12-like [Bg]

XP_018084356.1 Acidic leucine-rich nuclear phosphoprotein 32 family member B-like (Bg] Anti-apoptotic

Pro-apoptosis
Proteasome

XP_013094041.1 Response to stress
GNALING
XP_013069708.1 . Calcium binding protein
\DI
XP_013073410.1 Sushi, von Willebrand factor A, EGF /pentraxin domain-containing protein

0.94133 Cell attachment process
1-like(Bg)
XP_013092731.1  Triple functional domain protein-like, partial [Bg) 1.0082 Actin remodeling

XP_018068207.1  Myosin heavy chain, striated muscle-{ike isoform X1 [Bg] 1.0082 Muscle contraction
TRAN

XP_013089288.1  60S Ribosomal protein L36-like [Bg]

XP_013082582.1 Eukaryotic translation initiation factor 3 subunit K-like [Bg]
XP_013096529.1  Eukaryotic pepide chain release factor subunit 1 [Bg]

0.94133 Pibosomal
094133 Transiation regulation
0.94133 Translation regulation

XP_013089019.1  Protein disulfide-isomerase Ad-like [Bg] 1.0082 Protein folding
XP_018003243.1  */DNA ligase 1-like isoform X3 [Bg) XP_013093256.1 (100%) 3.8322 DNA binding/ repair
XP_013078837.1 408 Ribosomal protein S12-like [Bg] 1.0881 Ribosomal
XP_018061577.1 408 Ribosomal protein S25-lie Bg] 1.0881 Ribosomal
XP_013073661.1  Cleavage and polyadenylation specificty factor subunit 5-like [Bg] 1.969 Polyadenylation
XP_013080627.1  Bifunctional glutamate/proline~tRNA ligase-like [Bg] 1.0881 Translation regulation

XP_013060775.1
A ]

Calumenin-fike [Bg] Calcium binding

XP_013093203.1  Trifunctional nucleotide phosphoesterase protein YikN-iike, partial (Bg) 094133 Nucleotide catabolic
process
XP_013083683.1  Sulfotransferase family cytosolic 1B member 1-like, partial (Bg) 1.0082 Lipid metabolism
XP_018095124.1  Stomatin-like protein 2, mitochondrial (Bg] 1.0082 Lipid binding
XP_013069854.1  Phosphonoacetaldehyde hydrolase-like [Bg] 09309 Phosphonate catabolism
XP_018070092.1  Ethanolamine-phosphate cytidylyltransferase-like isoform X1 [Bg] 09309 Lipid metabolism
XP_013094998.1  Enoyl-CoA hydratase, mitochondial-ike isoform X1 [Bg] 1.0381 Lipid metabolism
XP_013075978.1  Periliin-2-like [Bg] 1.0381 Lipid metabolism

AND TR/ I 3
ATP synthase subunit g, mitochondial-lie, partial [Bg] 094133 Proton transporter

XP_013077091.1

XP_013085659.1  Coatomer subunit beta’ike [Bg] 1.0082 Protein transport

XP_013086081.1 */Tripartite motif-containing protein 3-like isoform X1 [Pomacea canaliculata) 094133 Vesicular trafficking
(25%)

XP_013073443.1  dynamin-1-ike [Bg) 1.0082 Endocytosis.

XP_013062313.1 Unch. prot. LOC106051655 [Bg] 4.0451 Unknown

XP_013089315.1 */Caffeoyl-CoA O-methyltransferase 1 [Bg] XP_013087214.1 (59%) 0.9309 Methyl transferase

NCBI accession numbers and protein identification are listed. Color backgrounds indicate an increased spectral count for proteins in the corresponding treatment. Uncharacterized
proteins (/) are followed by their closest NCBI Blastp IDs and ID percentages.
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NMRI vs. NMRI-SP: 4 fold difference
NCBI acc. no. Protein identification NMRI  NMRI-SP  Function

IMMUNE RELATED
XP_013070669.1  Lipopolysaccharide-binding protein-lie (Bg]

XP_013070436.1  Syntenin-1-like isoform X1 [Bg]

XP_013082155.1  Apolipophorins-iike isoform X1 (Bg]

XP_013067749.1  Lysosomal alpha-mannosidase-lie, partial (Bg]

XP_013066053.1 */ Sequestosome-1-like [Limulus polyphermus] XP_013792674.1 (36%)
XP_013093397.1  Lysosomal alpha-glucosidase-like isoform X1 (Bg]

XP_013088376.1  Bactericidal permeability-increasing protein-like [Bg]

XP_013074089.1  Arginase-1-like isoform X3 [Bg]

REDOX

XP_013077724.1 */ Carbonyl reductase [NADPH] 1-like [Bg] XP_013077725.1 (74%)
XP_013076465.1  3-Oxo-5-alpha-steroid 4-dehydrogenase 1-iike [Bg]

101 Cellular defense
0.96 Immunomodulation

096  DetoxLPS

096 Kiling of foreign material

096 Autophagy

101 Degradation of Phagocytosed materials
Anti-microbial

Immune response

0.96 Redox
1.01 NADPH binding/Redox

o =
o =
&z

XP_013093038.1  Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, 1.02 Mitochondial electron transport
mitochondrial-lie (Bg]
XP_018073196.1  Cytochrome ¢ oxidase subunit 4 isoform 1, mitochondial-ike (Bg] 1.11 Mitochondial electron transport

STRESS RESPONSE
XP_018001012.1  Stromal cell-derived factor 2-like isoform X1 [Bg]
XP_013065387.1  Protein FAM107B-like, partial (Bg]

SIGNALING

XP_013088940.1  G-protein coupled receptor 64-{ke isoform X1 [Bg]

XP_018077039.1  */ Receptor-type tyrosine-protein phosphatase a-like [Bg) XP_013063115.1
(42%)

XP_013077041.1  Receptor-type tyrosine-protein phosphatase alpha-lie, partial [Bg)
XP_013081619.1  Serine/threonine-protein kinase PAK 2-like [Bg)

CELL ADHESION

XP_013081823.1  Collagen alpha-1(XVIl) chain-iike [Bg]

XP_013086335.1 */ Neurexin-1-like [Aplysia californica] XP_012941838.1 (48%)
TTRANSCRIPTION/TRANSLATION PROCESS

XP_018061577.1  40S Ribosomal protein S25-like [Bg]

XP_013084756.1  60S Ribosomal protein L19-lie, partial (Bg]

XP_013071682.1  60S Ribosomal protein L30-like [Bg]

XP_013073467.1  60S Ribosomal protein L34-like Bg)

XP_013063478.1  60S Ribosomal protein L8 [Bg]

XP_013084934.1  Heterogeneous nuclear ribonucleoprotein U-like protein 1 isoform X1 [Bg]
XP_013070062.1  Protein LZIC-like [Bg]

XP_013081352.1  Protein TFG-like isoform X1 (Bg]

XP_013063363.1  Ribonuclease UK114-like [Bg]

XP_013062048.1  RNA-binding protein lark-like [Bg]

XP_013075272.1 Serine/arginine repetitive matrix protein 2-like [Bg]

XP_013089331.1  Serine/arginine-rich splicing factor 7-like [Bg]

METABOLISM PROCESS

XP_018069940.1  Alpha-galactosidase Alike isoform X1 [Bg]

XP_013076662.1  Succinyl-CoA:3-ketoacid coenz. A transferase 1, mitochondrial-lie [Bg]
XP_013062675.1  UTP-glucose-1-phosphate uridylyltransferase-like (Bg]
XP_013061266.1  1,4-alpha-glucan-branching enzyme-lie [Bg]

XP_013092915.1  2-amino-3-ketobutyrate coenzyme A ligase, mitochondial-like [Bg]
XP_013094977.1  3-oxoacy-{acyl-carrier-protein] reductase FabG-like [Bg]

101 Regulation apoptosis/ chaperonin
096 Similarity with heat-shock proteins

096 Signaling proteins
096 MAPK cascade

096 MAPK cascade
197 Signaling

1.91 Cell adhesion
191 Cellachesion

096 Ribosomal
1.01 Ribosomal

096 Ribosomal

1.01 Ribosomal

495 Ribosomal

197 Transcription regulation

1.01 B-catenin binding

096 Regulation of NFKB signaling
1.01 Translation inhibition

096 Translation regulation

0.96 Pre-mRNA splicing

1.01 Pre-mRNA splicing

101 Glycosidase
101 Ketone body catabolism

0.96 Cellular metabolic pathways
096 Glycogen biosynthesis

191 Cellular amino acid metabolism
101 Fatty acid biosynthesis

PROTEIN SORTING AND TRAFFICKING
XP_013089878.1  AP-1 complex subunit beta-1-iike [Bg]

XP_013095772.1  Charged multivesicular body protein 4b-like [Bg]
XP_013061300.1  FK506-binding protein 15-lie (Bg]

XP_013067947.1  Huntingtin-interacting protein 1-like isoform X1 [Bg)
XP_013082360.1  Vacuolar protein sorting-associated protein 27 isoform X1 [Bg]
XP_013080518.1  Vacuolar protein sorting-associated protein 35-like [Bg)

191 Clathiin binding/ transporter activity
292 Multivesicular body pathway

101 Transport of early endosomes

096 Trafficking

096 Traficking

096 Trafficking

misc
XP_013080947.1 */Coiled-coil protein 90B, mitochondrial [Crassostrea gigas] EKC25784.1 0.96 Transmembrane protein
(50%)
XP_013080174.1  */voltage-dependent calcium channel y2 subunit-lie [Bg] XP_013080170.1 101 Voltage-dependent calcium channel
(40%)

XP_013069538.1  V-type proton ATPase 116 kDa subunit a isoform 1 [Bg] 096 Proton transporter

NCBI accession numbers and protein identification are listed. Color backgrounds indicate an increased spectral count for proteins in the coresponding treatment. Uncharacterized
proteins (*/) are followed by their closest NCBI Blastp IDs and ID percentages.
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UNIQUE proteins NMRI NMRI-SP BS90 BS90-SP  NMRI-SP  BS90-SP

NCBlacc.no. Protein identification
IMMUNE RELATED
XP_018062219.1  Integrin alpha-PS1-lie [Bg] + - . . = =
XP_018064668.1 */Fibrinogen-related protein F precursor [Bg] AQX34583.1 (96%) + = + - = Fy
XP_013070670.1  lipopolysaccharide-binding protein-ike isoform X1 [Bg] = = - + = +
XP_013064836.1 */ Interleukin-1 receptor-associated kinase -a [Mytis = s - - + _
galloprovincialis) AHI17298.1 (31%)
XP_013089248.1  Piwilike protein 1 [Bg] + = + - = =
XP_018068459.1  Protein argonaute-2-like isoform X1 [Bg] = = + - = _
XP_018079233.1  Protein argonaute 18-like [Bq] = s = v + py
XP_018060966.1  Histone H2AV [Bg] = 4+ + + + Py
XP_013088376.1  Bactericidal permeabilty-increasing protein-like (Bg] - 4 - + + %
XP_013095937.1  Bactericidal permeabilty-increasing protein-like [Bg] +/- - +- + - 2
XP_018064309.1  Fibrinogen-ike protein A [Bg] = = & + = -
XP_018065165.1 */ CD209 antigen-like protein 2 [Bg) XP_013006847.1 (56%) 4 s - - + _
XP_013064709.1 */Pannexin0 [Aplysia californica] NP_001191462.1 (24%) 4/~ s - - - -
XP_018075978.1  Periipin-2-like (Bg] 4 = - + - o
XP_013069899.1 GRB2-associated-binding protein 1-iike isoform X1 [Bg] 4 = - - = =
XP_018077736.1  Alpha-L-fucosidase-like [Bg] + - = = = -
XP_013066054.1  Sequestosome-1-lie [Bg] + = + - = py
XP_018067929.1  Leucine-rich repeat-containing protein 47-like [Bg] + - - - = =
REDOX
XP_018077425.1  Ferric-chelate reductase 1 [Bg] + = + - = Fs
XP_013084576.1  Glutaredoxin-3-like [Bg] + = - v = py
XP_018091598.1  Peroxidasin homolog (Bg] 2 - - - - _
XP_013077074.1  SH3 and PX domain-containing protein 2A-like isoform X1 [Bg] + + - - o -
XP_018076408.1  Glutarate-semialdehyde dehydrogenase DavD-like, partial [Bg] + + + - + -
XP_013068651.1  Microsomal glutathione S-transferase 3-like [Bg] + +/— + - 4= =
XP_018091634.1  D-arabinono-1,4-lactone oxidase-like (Bg) 4 & - + o s
XP_018070344.1  Superoxide dismutase [Cu-Zn]-like (Bg] 4= = - & = ¥
XP_018084558.1  Dual oxidase-like (Bg] = = e ¥ = P
XP_013060671.1  Glutathione S-transferase 4-like [Bg] +— - + + = +
XP_018090296.1  Nicotinamide phosphoribosyltransferase-lie, partial, [Bg] = = - + = %
XP_013085832.1  Laccase-3-like isoform X1 (Bg] +/- - - + = %
XP_018073837.1  Isocitrate dehydrogenase [NADP] cytoplasmic-like isoform X1 [Bg] + s + - 4 _
XP_013083111.1  NADPH-—cytochrome P450 reductase-like [Bg] 4 = +— + = s
NP_976169.1  Cytochrome ¢ oxidase subunit Il (mitochondrion) (Bq] 4 s + = . =
XP_013067188.1  Oytochrome P450 2J3-like [Bg] = = + + = s
APOPTOSIS
XP_013071242.1 */ E3 ubiquitin-protein ligase MIB1 ke [Bgl; XP_013087470.1 = +/— + - +/— =
51%)
XP_018086341.1  Death-associated protein 1-iike (Bg] = = - + = +
XP_013065969.1 Bol-2-related protein Al-like [Bg] + = + + = .
XP_018094855.1  Ubiquitin-like modifier-activating enzyme 6 isoform X1 [Bg) S +/— - + 4= %
XP_013088836.1  TAR DNA-binding protein 43-like [Bg] = &+ + - 4 =
STRESS RESPONSE
XP_018064401.1  T-complex protein 1 subunit gammarlike, partial (Bg] + = . + Z +
XP_018064658.1  Hsc70-interacting protein-like [Bq] = - +— + = +
XP_018061307.1  Prefoldin subunit 1-like [Bg] + s = = + -
XP_018068854.1  Parkin coregulated gene protein homolog isoform X1 [Bg] = s - - + =
XP_018077814.1  CDGSH iron-sulfur domain-containing protein 2-like [Bg] = = - + = +
XP_013094352.1  Serine/threonine-protein kinase fray2-like (Bg] = + - - . =
SIGNALING
XP_013077238.1  Coronin-1A-like [Bg] I i + = + -
XP_013070025.1 Rap1 GTPase-activating protein 1-like isoform X4 [Bg] + - - - = -
XP_013074990.1  COPQ signalosome complex subunit 6-like [Bg] + - +- - = -
XP_013086090.1 COPQ signalosome complex subunit 4-like isoform X1 (Bg] + = + + = s
XP_013078600.1  SHB domain-containing kinase-binding protein 1-lke isoform X1 + = - +- = =
(Bg)
XP_013087123.1  SHC-transforming protein 1-lie [Bg] = = + - - -
XP_013088835.1 */SH3 Domain-containing guanine exchange factor [Crassostrea + - +/- + - +
gigas); EKC39783.1 (48%)
XP_013087149.1  */Tensin-1-like, partial [Aplysia californical (49%) + - +— +— - v
XP_013078564.1 */Receptor-type tyrosine-protein phosphatase T-ike isoform X1 + - + + = 2
(Bgl: XP_013072072.1 (40%)
CALCIUM BINDING
XP_013077729.1  Calmodulin-like, partial [Bg] = = & + = +
XP_013079182.1  */Microtubule-actin cross-linking factor 1-ike isoform X13 [Bgl: +/— = + - = -
XP_013079259.1 (99%)
XP_013083369.1  Clathrin interactor 1-like isoform X3 [Bg] s 4 - - - -
XP_013001491.1 16 kDa calcium-binding protein-like (Bg] = - - + = +
XP_013072348.1  Calcineurin subunit B type 1 [Bg] = = - + = s
XP_013060775.1  Calumenin-like (Bg] = = v 4 = P
XP_013066201.1  Gelsolin-like protein 1, partal [Bg] = = +- + = -
XP_013068775.1  Gelsolin-like protein 1 (Bg] + - - + = 4
XP_013088705.1  Pefiin-like (Bg] s 4 + - 4+ -
XP_013086544.1  Nucleobindin-2-fike [Bg] +/— +/— - + A= +
TRANSCRIPTION/TRANSLATION PROCESS
XP_013063581.1 60 Ribosomal protein L14-like [Bg] = = + + = &
XP_013075095.1 608 Ribosomal protein L31-like [Bg] s = + + = ES
XP_013089238.1 608 Ribosomal protein L36-like [Bg] + = + - = =
XP_013006652.1 608 Ribosomal protein L37a-like [Bg] + = + + = 4
XP_013091387.1  Host cell factor-like isoform X1 [Bg] a* = + = - =
XP_013062003.1  LIM and senescent cell antigen-ike-containing domain proteint - +/— - + +/~ +
isoform X1 [Bg]
XP_013062476.1  Signal recognition particie subunit SRP72-like [Bg) 4 = + + = s
XP_013003252.1 */Histone-lysine N-methyltransferase MLL4 [Crassostrea gigas]; + +~ + = = =
EKC19620.1 (61%)
XP_013072871.1  Krueppel homolog 1-like isoform X1 [Bg] + - - - = -
METABOLISM
XP_013083732.1  Inter-alpha-trypsin inhibitor heavy chain H3-like isoform X1 (Bg] + + - - = -
XP_013079110.1  Alpha-N-acetylglucosaminidase-like isoform X1 (Bg] + = + +/— - 4=
XP_013080405.1 Gamma-glutamyl hydrolase A-lie (Bg] = = = + = I
TRAFFICKING
XP_013083454.1  Intersectin-1-like [Bg] s = - - = =
XP_013094430.1  Nuclear pore membrane glycoprotein 210-like [Bg] +/— = + - = -
XP_013083696.1  AP-3 complex subunit delta-1-like isoform X1 [Bg] + - - +— - A=
XP_013060735.1  Sorting nexin-33-lie, partial [Bg] + = + - = s
MISC.
XP_013092872.1  Endothelin-converting enzyme 2-like [Bg] = = + 2 = =
XP_013063554.1  Basement membrane-speciic heparan sulfate proteoglycan core + + + - + =
protein-like (Bg]

Unique proteins are organized by functional category and NCBI accession numbers and protein identification are listed. For each paired comparison, (+) indlicates the presence of the
protein; (~) indlicates the absence of the protein and (+/) indicates the protein presence, but the threshold of less than 2 peptides was not met. Uncharacterized protein are indicated
(), followed by their closest NCBI Blastp IDs and ID percentages.
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ESI Mode

+

m/z

301.2171
269.0885
464.3143
137.046
191.0178

596.3926
284.0993
298.0974
123.0554
267.0717
256.0676

219.0968
327.2327
592.3605
132.1019
480.309

293.1175
567.3195
182.0811
146.0449
540.3297

452.2769
281.2481
535.1628
146.0602
303.2326
478.2923
331.2635
264.005
230.0967

RT(min)

12.9477
1.4201

12.3082
1.4199
0.8004

13.4124
1.4349
4.0607
1.0077
1.4171
0.6944

0.6785
13.3711
11.2786

1.172

11.876

4.4634
10.6175
1.1304
0.6795
10.6169

10.5719
14.5325
1.4173
4.0002
13.5603
10.9031
14.2904
0.7038
0.7226

P-values

0.000132
0.003199
0.025349
0.000225
0.008998

0.010324
0.025797
0.00461
0.001965
0.002114
0.007146

0.0246
0.00792
0.004009
0.004177
0.00122

0.003346
0.000432
0.001879
0.013028
0.000736

0.002999
7.09E-05
0.001719
0.000858
0.000836
0.000403
0.000309
2.66E-05
7.35E-07

FDR

0.001233
0.006398
0.027741
0.001573
0.011998

0.013139
0.027741
0.007822
0.004584
0.004735
0.010815

0.027552
0.011671
0.007241
0.00731
0.003416

0.006462
0.001862
0.004574

0.01586
0.002944

0.006219
0.000794
0.004375
0.003004
0.003004
0.001862
0.001573
0.000745
4.12E-05

FC (Fis/Fig)

2.34
0.80
0.80
0.79
0.79

0.79
0.78
0.78
077
0.76
0.76

0.29

Metabolites

Retinyl ester

Arabinosylhypoxanthine

PC(P-15:0/0:0)/PE(P-18:0/0:0)/PE(O-18:1/0:0)

Hypoxanthine

Gitic acid/Isocitric acid/Diketogulonic acid/

2,3-Diketo-L-gulonate

CerP(18:1/12:0)

Guanosine

5/-Methylthioadenosine

Niacinamide

Inosine

N-Acetylmannosamine/N-Acetyl-b-D-
/Beta-N-Acetylgl i

Acetylgalactosamine

N-Acetyl-b-glucosaminylamine

Docosahexaenoic acid

PC(16:0/5:0(CHO)

Lisoleucine

LysoPG(15:0)/LysoPE(0:0/18:0/PC(14:0/0-

1:0/PC(7:0/0-8:0)/PE(18:0/0:0/PC(15:0/0:0)

Glutamylphenylalanine

Oleic Acid-biotin

L-Tyrosine

L-Glutamic acid

(25R)-Balpha,7alpha-dihydroxy-5beta-cholestan-27-oyl

taurine/

LysoPG(P-18:1)/C-8 Ceramide-1-phosphate

LysoPE(0:0/16:0)/PE(16:0/0:0/PC(13:0/0:0)

Vaccenic acid/Oleic acid

1,4-beta-D-Glucan/lsocaviunin 7-O-glucoside

4-formyl Indole

Avachidonic acid

LysoPE(0:0/18:1)

Adrenic acid

5-Phosphoribosylamine

Ergothioneine

ESI mode: +, positive ion mode; —, negative ion mode. m/z, mass-to-charge ratio. RT, retention time. FDR, false discovery rate. FC, fold change.
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PPROFIBROTIC vs. ANTI-FIBROTIC

Profibrotic factors References
Type 2 Oytokines (IL-4; IL-6 and IL-13) (41,42, 46-51)
Interleukin 33 Receptor (ST2) ©2)

Tumor Necrosis Factor alpha (TNF-o) (11,30, 44, 49, 53-55)
coLs (6)
CCL24/STNFR1/MIF ©7)
Connective Tissue Growth Factor (CTGF) (39, 58-60)
Transforming Growth Factor-beta 1 (TGF-p1) ©1)

Vascular Endothelial Growth Factors (VEGF) (62,69)
Hedgehog ligand (Hh) ()
Osteopontin (OPN) (65-67)
Antibodies (1G4 and IgE) (68-71)
Eosinophils/Eosinophil cationic protein (ECP) (@9,72)
Mannose-Binding Lectin (VBL) 73)
MicroRNAs 4

High mobilty group box 1 (HMGB1) (75)
Anti-fibrotic factors References

Interferon gamma (INF-x)
Interleukin 6 (L-6)

Interleukin 10 (IL-10)

Chemokines: RANTES (CCLS)

Meajor Histocompatibilty Class Il (MHC Il
Regulatory T cells (Tregs)

8, 11,30, 36,37, 40)
(61)
(11,40, 45, 51)
a1
(76-78)
9
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ESI Mode m/z

= 118.0609
- 104.0354
+ 258.1101
+ 296.0658
= 179.0556
= 102.0549
- 124.0058
199.0373
146.1176
282.2795
300.2902
482.3605
508.3405
576.4024
520.3399
302.3053
480.309
268.1045

+ + + A+ o+ o+

RT(min)

0.6543
0.6497
0.6723
0.6469
0.654
0.6795
0.6871
0.6377
36118
9.3158
9.3158
10.8804
12.2338
12.6121
10.1254
9.016
10.8995
1.2762

P values

0.017517
0.008371
0.004564
0.00484
0.049459
0.01748
0.003978
0.041292
0.04623
0.003731
0.000153
0.009467
0.001437
0.000271
0.001677
0.000153
4.90E-05
0.005214

FDR

0.023823
0.013552
0.008621
0.008661
0.049459
0.023823
0.007956
0.043873
0.047631
0.007928
0.001038
0.013994
0.004072
0.001152
0.004386
0.001038
0.000656
0.008864

FC (Mis/Mig)

1.88
181
1.78
1.57
1.27
1.26
1.26
1.21
0.79
0.78
0.78
0.73
0.73
0.72
0.72
0.67
0.61
0.57

Metabolites

L-Allothreonine
L-Serine
Glycerophosphocholine
5-Aminoimidazole ribonucleotide
L-(+)-Gulose
N-Ethyiglycine

Taurine

L-Fucose

Acetylcholine

Oleamide

Sphingosine

Lyso-PAF C-16
Gymnodimine
LysoPC(22:2)
PC(18:2/0:0)
Sphinganine
PE(18:1/0:0)
Adenosine

ESI mode: +, positive ion mode; —, negative ion mode. m/z, mass-to-charge ratio. RT, retention time. FDR, false discovery rate. FC, fold change.
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ESI Mode m/z

550.387
152.0568
205.0975
548.3715

+ + + +

578.4181

+

524.3717
562.4029
496.3402
860.6126
454.2931
460.2796

+ + + + o+

RT (min)

12.1807
1.4347
3.9998
11.2785

13.7448

11.9213
13.4005
10.5067
14,5507
10.5736
10.9475

P-value

3.21E-05
0.022438
0.009361
0.000244

7.20E-05

0.000386
0.001334
0.000265
0.00236
0.000823
1.99E-06

Male worms

FDR

0.000546
0.027246
0.013994
0.001152

0.000612

0.001458
0.004072
0.001152
0.005349
0.002798
0.000546

FC(Mis/Mig)

0.54
0.79
0.75
0.65

0.66

0.62
0.67
0.62
17.53
0.72
0.63

P-value

0.000218
0.003534
0.00142
0.001202

4.00E-05

0.000301
0.012797
0.024157
0.009766
0.00111
0.000269

Female worms

FDR

0.001573
0.008597
0.003787
0.003416

0.000746

0.001573
0.01586
0.027552
0.012718
0.003416
0.001573

FC(Fis/Fig)

0.57
0.74
0.61
0.64

0.57

0.63
0.72
0.47
0.31
0.60
0.65

ESI mode: +, positive ion mode; —, negative ion mode. m/z, mass-to-charge ratio. RT, retention time. FDR, false discovery rate. FC, fold change.

Metabolites

Butenoyl PAF
Guanine
L-Tryptophan
LysoPC(20:2)/
PC(O-18:2/2:0)/
PC(20:2/0:0)
LysoPC(22:1)/
PC(22:1/0:0)
PAF C-16

PAF C-18
PC(16:0/0:0)
PC(22:6/20:1)
PE(16:0/0:0)
PE(P-16:0/0:0)
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Purity 1
Cost/10L production run 5020
Yield per 10L (mo) 508
Production cosymg s11.65
Pty of ~80 kDa 639%
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Group Nosites  Snail  Density Nosites  Snail  Density Nosites Snail  Density Nosites  Snail  Density

2010 density infected 2011  density infected 2012  density infected 2013  density infected

2010 snails 2011 snails 2012 snails 2013 snails

2010 2011 2012 2013
*Gontrol 14 1.94 321 16 147 0.47 18 082 0 16 086 0
Placebo vaccine 5 1.63 597 6 156 0.14 8 068 0 6 0.90 0
Active vaccine 9 2.21 075 10 142 0.10 10 104 0 10 0.80 0
Human treatment 10 541 154 20 3.32 0.40 20 259 013 12 490 o
Placebo vaccine 3 0.15 092 12 005 0.09 12 005 0 4 0.10 0
Active vaccine 7 7.30 1.76 8 685 074 8 533 028 8 677 0
Mollusciciding 30 124 0.47 36 851 0.19 28 462 0 2 3.47 0
Placebo vaccine 1 16.85 1.03 12 1127 0.39 8 8.19 0 8 498 0
Active vaccine 19 9.74 0.14 24 682 0.07 20 238 0 18 2.46 0
Total 54 9.16 122 72 605 025 66 298 003 54 284 0

*Control, group received the placebo or SJCTP! vaccine only.





OPS/images/fimmu-09-03042/crossmark.jpg
©

2

i

|





OPS/images/fimmu-10-00645/fimmu-10-00645-t010.jpg
SiC SEA SicTPI

Pre- Post primary  Postbooster Post booster Pre- Post primary  Postbooster Post booster
vaccination  vaccination vaccination  vaccination
(Jan 2011) (May2011)  (May2012)  (April 2013) (Jan 2011) (May2011)  (May2012) (April 2013)
Al N o 7 82 75 %3 7 82 7%
[3 -0.112 0018 0311 0214 -0.173 -0.117 -0.329 -0.193
P-value 029 0.88 0.004 0.065 0.098 033 0.003 0.007
Placebo N 44 29 37 35 44 29 37 35
vaccine 3 -0.157 0.205 0264 0.180 -0.089 0.355 ~0.454 -0177
P-value 031 029 0.12 0.30 057 0.059 0.005 031
Active N 49 42 45 40 49 42 45 40
vaccine rs -0.113 0.037 0348 0.249 0312 ~0.408 -0.385 -0.324

P-value 0.44 0.82 0019 0.12 0.029 0.007 0.009 0041
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Parasite and model

Human maternal Wuchereria bancrofti
or Schistosoma haematobium

Human maternal malaria and/or
multiple helminth infections
Human maternal malaria and/or
multiple helminth infections

Human maternal Schistosoma
mansoni

Comparison of helminth-endemic:
region of Kenya compared to
non-endermic USA subjects

Human maternal Wuchereria bancrofti
or Schistosoma haematobium

Mouse model of acute maternofetal
exposure to Schistosoma mansoni

Human materal Schistosoma
mansoni

Human maternal Plasmodium
falciparum

Gomparison between endemic region
for helminth and malaria and
non-endeic region

Murine maternal Schistosoma
mansoni infection model

Murine maternal Schistosoma
mansoni infection model, using
cross-fostering to distinguish in utero-
from nursing-derived effects

Human matemal Schistosoma
mansoni

Human maternal Plasmodium
falciparum and/or Schistosoma
rmansoni

Study design

In vitro infant peripheral
blood mononuclear cell
(PBMGC) assessment 10-14
months after BOG
vaccination at birth
36-months follow-up after
infant vaccination
30-months follow-up after
infant vaccination

Anthelminthic treatment
during pregnancy, follow-up
medical assessment
CBMG cells assayed in vitro
for antibody production

Assessment of cord blood
plasma and CBMCs

Re-infection of offspring
from infected mothers

Assessment of cord blood
and later of infant urine

In vitro assessment of
CBMCs

Surface marker assessment
of CBMCs

Offspring challenged with
experimental allergic airway
inflammation and epigenetic
analysis of T cell
compartment in steady
state

Offspring from infected
mothers challenged model
ovalbumin vaccination or
cognate (schistosome)
infection

6-months assessment
following infant vaccinations.

2-years assessment
following infant vaccinations

Outcome of transmaternal exposure

Reduced type 1 cytokine responses and increased type
2 responses to vaccine antigen

Reduced IgG responses to Haemophilus influenzae type
B and Diphtheria vaccinations

Increased in vitro cord blood mononuciear cell (CBMC)
IL-10 responses to parasite-antigen (schistosome and
filaria) and later reduced vaccine-induced IgG:

Untreated antenatal infection is associated with
decreased risk of infantile eczema, but anthelminthic
treatment increased risk

Spontaneous IgE production, and increased
helminth-antigen induced IgE and IgG

Increased sign of mature in B cels as well
schistosome-specific IgE

Presence of schistosome-specific IgG in exposed
neonates, and subsequent reduced susceptibilty to
infection

Schistosome-specific IgG detected in cord blood, and
schistosome antigens detected in infant urine up to 24
months

Parasite Ag-specific type 1T cell responses reduced in
cases of active infection, and instead regulatory
responses, alongside reduced activation markers on
APCs.

CBMGCs from parasite-endemic regions show increased
signs of maturity in lymphocyte populations

Modulation of offspring allergic response according to
maternal infection phase. Tolerogenic late chronic phase
associated with epigenetic shift in CD4™ T cells, and
subsequent cytokine production capacity

Differential effects from schistosome exposure through
nursing (which increased humoral response) compared
to in utero exposure (which lead to IL-10-mediated
tolerizing effects, and reduced co-stimulatory signalling
from APCs)

No apparent effect on antibody titres

Maternal schistosomiasis was associated with reduced
antibody titres in response to measles vaccine
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Vaccine Pre-vaccination Post primary Post boost Post boost

vaccination
(Jan 2011) (May 2011) (May 2012) (April 2013)
N GM oD* N GMoD N GM oD N GMOoD
(95% CI) (95% CI) (95% CI) (95% CI)

SieSEA L
Placebo vaccine 83 0266 (0.240, 0.294) 60 0.383 (0,344, 0.425) 53 0286 (0.261, 0.312) 39 0.296 (0.264, 0.332)
Active vaccine 82 0274 (0.249, 0.301) 69 0.301 (0,278, 0.326) 64 0.296 (0.272, 0.323) 46 0.293 (0271, 0.316)
P value 066 <0.001 056 0.86
SieTRL
Placebo vaccine 83 0.174(0.162, 0.187) 60 0210 (0.191,0.281) 53 0.181 (0.165, 0.200) 39 0.192 (0.169, 0.217)
Active vaccine 82 0.197 (0.182,0.213) 69 0.294 (0.264, 0.327) 64 0234 (0.213, 0.258) 46 0.298 (0.256, 0.348)
P value 034 <0.001 <0001 <0001

*GM OD, Geometric Mean Optical Density.
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2011 2012 2013 Allyears

OR (95% Cl) P OR (95% Cl) P OR (95% CI) P OR (95% Cl) P
Vaccine 086(067,1.09) 020 097 (0.73,1.29) 0.86 1.16(0.76,1.78) 049 099(0.81,1.21) 092
Human treatment 035(0.26,048)  <0.001 026(0.19,085) <0001  051(031,082) 0006  086(029,045 <0001
Mollusciciding 060(0.43,083) 0002  024(0.17,033 <0001  039(0.26,060) <0001 038(0.31,048)  <0.001
Control arm 061(0.36,1.05 008 051(038,068) <0001  1.14(0.86,151) 038 0.71(0.56, 0.88) 0,002
Human treatment arm ~ 1.83(1.46,2.29)  <0.001 2.22(1.26,3.91) 0008  159(0.63,404) 033 1.86 (1.24,2.79) 0,003
Mollusciciding arm 056(037,085 0007  0.83(0.46,1.47) 051 087(038,198 074 074050, 1.09) 0.13
Placebo vaccine 021(0.13,034)  <0.001 012(007,022) <0001  043(0.19,097) 0042  022(0.15033 <0001
Active vaccine 061(0.45,084 0002  054(0.40,078) <0001  060(035,102) 006 058(0.46,0.74)  <0.001

Placebo vaccine 0.63(0.37, 1.06) 0.08 0.19(0.13,0.27) <0.001 0.45 (0.31, 0.64) <0.001 0.37 (0.29, 0.48) <0.001
Active vaccine 0.57 (0.38, 0.87) 0.009 0.30(0.18,0.62) <0.001 0.34 (0.16, 0.75) 0.007 0.39 (0.27,0.57) <0.001
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>4 epg*

Cytokines and chemokines Correlation coefficient
I p?-value
IL-18 032 0.006*
L6 0.002 -098
TNF-a 036 0002+
127 02 007
cxeL10 ~0.004 097
IL17A 013 026
IL-10 -0.13 026
IL-5 -0.04 0.7
IL-13 008 052
L33 015 025
ceLt ~0.12 033
ceLi7 011 035
ccLs ~0028 083
coLs 007 059

*epg, eggs per gram of feces; *Spearman’s rank test with significance of 'p < 0.05. Bold
values indicate significant correlations between cytokine/chemokine concentrations and
egg counts (**p < 0.01).
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2011 2012 2013 Allyears
OR (95% CI) P OR (95% Cl) P OR (95% CI) P OR (95% Cl) P

Vaccine 1.44(1.11,186) 00066  1.21(0.851.73) 029 090(057,143)1.43) 065 1.16 (092,1.47) 022

1111.47)
Human treatment 1.19(0.85,1.67) 031 0.74 (0.47,1.16) 0.19 055 (0.31,0.96) 0035  0.78(059,1.05) 0.10
Mollusciciding 1.28(094,1.74) 042 0.86(0.56, 1.30) 047 055(032096)0.96) 0035  085(0.64,1.13) 025
Control arm 2.30(1.39,380) 0001 285(1.56,624) <0001  178(087.362)862 0.1 227(152,339)  <0.001
Human treatment arm ~ 1.33 (0.84,2.10) 023 0.81(0.41,1.58) 053 059(0.25,140)1.40) 023  086(0.56,1.32) 048
Mollusciciding arm 098(0.69,1.38) 089 0.7 (0.44, 1.87) 038 069(080,1591.159) 039  0.80(0.54,1.20) 029
UMAN T
Placebo vaccine 157(093,265 0093 1.39(0.70,2.76) 035 095 (0.43,2.13) 09 1.28 (0.82,2.00) 029
Active vaccine 091(059,1.40) 066 0.39(0.22,0.71) 0.002 0.32(0.15, 0.69) 0004  048(033,0.70)  <0.001

MOLLUSCIC
Placebo vaccine 196(1.22,3.14)  0.005 1.65 (0.8, 3.09) 0.12 0.89 (0.41, 1.92) 077 1.42(0.95,2.12) 0.084
Active vaccine 083(056,128) 036 0.45(0.26,0.77) 0.004 0.35 (0.6, 0.75) 0008  050(0.34,076)  <0.001
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Group Number  Expected Number of Coverage %
number of doses ~ doses given

*Control 131 470 418 889
Placebo vaccine 68 233 201 86.3
Active vaccine 63 237 217 91.6
Human treatment 155 545 452 829
Placebo vaccine 64 225 183 813
Active vaccine a1 330 269 815
Mollusciciding 119 437 356 8156
Placebo vaccine 63 236 204 86.4
Active vaccine 56 201 152 75.6
Total 406 1,462 1,226 839

*Control, group received the placebo or SICTP! vaccine only.
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Infection group

Sex male and
female ()

%

Age median (IQR)*

Median epg** (IQR)
Mono-infections
with S. mansoni (%)
Coinfections with S.
mansoni and other
helminths (%)
Coinfections with S.
mansoni and other
protozoa (%)
Coinfections with S.
mansoni and other
helminths and
protozoa (%)

<4 epg
n=42

19/23

45.2/54.7
41.50
(16.6/54.2)

§
20/42
(47.6%)
7(16.7%)

15 (35.71%)

4-99 epg
n=60

27/33
45/55

34.50
(19/49.7)

45 (@4/11)
30/60 (50%)

1(1.7%)

27 (45%)

2(3.3%)

2100 epg
n=11

6/5

54.5/45.4
17 (12/33)

248 (160/056)
5/11 (45.5%)

2(18.2%)

2(18.2%)

2(18.2%)

Negative #
n=26

16/10

61.5/38.4
40.5 (25/54.7)

*(IQR) interquartiles range; **epg, eggs per gram of feces; #, Group negative, negative
results in all parasitological examinations; without co-infection with protozoa (intestinal), §
The load was not quantified °without co-infection with protozoa and geohelminths.
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Group 2010 2011 2012 2013

Number GMEPG Number GMEPG Number GMEPG Number GMEPG
positive (95% CI) positive (95% Cl) positive (95% CI) positive (95% CI)

*Control 15 5.1@3,11.1) 8 3.4(1.0,11.1) 6 13.2 (5.4, 32.4) 4 22(09,4.6)
Placebo vaccine 8 53(1.8,153) 4 28(0.4,17.9) 3 85(2.6,27.4) o -

Active vaccine 7 50(1.6,153) 4 39(06,24.9) 3 20.4 (63, 65.8) 4 2.1(09,46)
Human treatment 23 447,87 17 3.4(13,98) 6 4.4(18,109) 6 1.8(0.9,3.4)
Placebo vaccine 9 7.7@27,216) 5 1.9(0.1,117) 2 46(1.1,193) 4 13(06,29)
Active vaccine 14 29(12,7.1) 12 52(1.1,239) 4 43(16,119) 2 31(1.0,97)
Mollusciciding 17 89(4.2,190) 14 1.1(0.4,3.1) 5 1.6(0.6,4.3) 28 49(36,66)
Placebo vaccine 7 87(2.8,268) 5 1.2(02,69) 2 41(1.0,17.1) 11 44(28,7.4)
Active vaccine 10 9.1(3.3,24.7) 9 1.0(0.2,5.0) 3 09(03,2.8) 17 53(36.7.8)

]

Total 56 5.8(3.8,8.7) 39 23(1.2,43) 38 3.1(1.8,5.2)

*Control, group received the placebo or SJCTP! vaccine only.
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Group 2010 2011 2012 2013

Number Prevalence Number Prevalence Number Prevalence Number Prevalence

tested (95% Cl) tested (95% Cl) tested (95% CI) tested (95% CI)
*Control 145 10.3 (6.3, 16.5) 123 6.5 (3.1, 13.0) 94 6.4(2.9,13.5) 64 3.5(0.3,30.9)
Placebo vaccine 70 11.4(58,213) 67 60(23,14.9) 40 75(2.4,209) 26 0
Active vaccine 75 9.3(4.5,183) 56 7.4(27,17.6) 54 56(18,159) 38 83(1.6,34.07)
Human treatment 174 13289, 19.1) 166 103 (6.1, 17.0) 158 38(17,82) 160 356(05,21.1)
Placebo vaccine 62 14.5(7.7,25.6) 57 88(3.7,19.4) 58 3.4(09,12.8) 56 73(16,27.9)
Active vaccine 112 125 (7.5, 200) 109 11063, 18.4) 100 40(15,102) 104 1.4(0.2,96)
Mollusciciding 149 11.4(7.2,17.6) 118 12.2 (6.9, 20.6) 13 4.4(1.8,10.2) 83 21.8(3.2,70.5)
Placebo vaccine 3 7.6(37,15.1) 68 7.4(3.,165) 63 32(08,119) 53 13.8(3.1,44.8)
Active vaccine 57 17.5(9.7,29.7) 50 18.0 (9.6, 31.2) 50 6.0(1.9,17.1) 30 56.9(17.3, 89.3)
Total 468 118(9.1,15.0) 407 96(7.1,128) 365 47(29,7.4) 307 66(1.9,203)

*Control, group received the placebo or SJCTP! vaccine only.
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Group 2010 2011 2012 2013

Number GMEPG Number GMEPG Number GMEPG Number GMEPG

positive (95% CI) positive (95% CI) positive (95% CI) positive (95% CI)
“Control 134 19.7 (137, 28.4) 84 32.1(21.4,48.1) 53 60.4(34.2, 106.5) 37 35.0(20.3, 60.4)
Placebo vaccine 69 15.9 (9.9, 25.6) 27 40.1(24.9,64.5) 19 84.0(42.8, 164.8) 12 336 (16.9, 67.0)
Active vaccine 65 24.4(15.2,39.3) 57 26.4(17.7,39.4) 34 44.1(23.1,84.0) 25 36.4(18.7, 70.6)
Human treatment 112 86(5.9, 12.4) 91 11.3(7.6,16.7) 22 14.3(7.9,25.7) 12 17.5(0.6,31.8)
Placebo vaccine 44 7.8(48,12.9) 40 85(5.6,13.1) 9 89(4.4,18.1) 5 11.4(53,24.7)
Active vaccine 68 93(5.8,15.0) 51 14.8(09,223) 13 225 (1.3, 44.7) 7 26.4(12.5,55.6)
Mollusciciding 131 217 (15.0,31.2) 121 20.9(14.2,30.7) 4 18.6(7.7,24.2) 22 15.5 (8.8, 27.5)
Placebo vaccine 70 235 (14.6,37.7) 68 28.1(19.2,41.2) 28 12.3(6.4,23.6) 15 12.3(6.2, 24.4)
Active vaccine 61 19.9(12.3,32.2) 53 15.4 (10.2, 23.2) 13 15.2 (7.6, 30.4) 7 19.9 (9.4, 42.3)
Total 377 15.5(11.3,21.2) 206 195 (14.0,27.1) 116 22.9(13.7,38.5) 7 215(14.4,32.1)

*Control, group received the placebo or SICTPI vaccine ony. Discrepancies occur in the number positive and the number with non-zero GVIEPG in Table 2: In 2010 1 person was MHT
positive and had a KK egg count of zero; in 2012, 1 person was MHT positive and did not have a KK egg count measured, and 41 persons had a KK egg count of zero; in 2013 these
figures were 1 and 17, respectively.
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Group 2010 2011 2012 2013

Number Prevalence Number Prevalence Number Prevalence Number Prevalence

tested (95% CI) tested (95% CI) tested (95% CI) tested (95% CI)
*Control 2,009 67(67,7.8) 1,677 48(35,6.6) 1,696 35(23,5.1) 1,659 25(1.7,3.6)
Placebo vaccine 1,050 66(52,82) 812 332,49 858 21(13,3.4) 738 1.8(1.0,30)
Active vaccine 959 68(53,86) 865 65(4.9,8.7) 843 5287,7.4) 821 33(23,48)
Human treatment 1,729 6.5(5.5,7.8) 1,642 5.5(4.0,7.4) 1,530 25(1.6,3.8) 1,434 1.6(1.0,2.5)
Placebo vaccine 873 50(38,6.7) 838 48(3.4,6.6) 766 27(1.7,42) 719 19(12,3.9)
Active vaccine 856 8.1(6.4,10.1) 804 6.4(4.7,86) 764 23(14,38) 715 13(0.7,2.4)

10.1)

Mollusciciding 2,110 62(53,7.9) 2,069 5.7(4.3,76) 1,850 28(19,4.2) 1,634 15(1.0,2.4)
Placebo vaccine 1,072 65(5.2,82) 1,051 6.5(4.9,84) 945 35(2.4,50) 900 1.9(1.2,3.0)
Active vaccine 1,038 59(4.6,7.5) 1,018 52(38,6.9) 905 23(15,36) 734 1.2(06,2.9)
Total 5848 65(59,7.1) 5383 53(4.5,6.4) 5076 4,637 1.8(18,2.4)

*Control, group received the placebo or SICTP! vaccine only.
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Intervention Bovines given Bovines given
active vaccine placebo vaccine
Mollusciciding 2 vilages (4) 2 villages (8)
Human treatment 2 vilages (C) 2 villages (D)
Neither 2 vilages (E) 2 villages (F)
control

“A vilages received mollusciciding + bovine Schistosoma japonicum triosephosphate
isomerase (S/CTP)) vaccine. “B" vileges received molusciciding + bovine placebo
vaccine. “C" vilages received human treatment (praziquantel, PZQ) + bovine SiCTPI
vaccine. ‘D" vilages received human treatment (PZG) + bovine placebo vaccine. “E"
villages received bovine SICTPI vaccine. “F" villages received bovine placebo vaccine.
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Allergic reactivity

Variables Odds ratio zscore p-value  Cl95%
Schistosoma infection EPG < 12 0.69 -0.92 035 0.32-1.49
Schistosoma infection EPG > 12 0.17 —-212 003  003-0.87
TNF-e < 10 pg/ml 1.63 0.49 0.62 1.10-13.22
TNF-a > 10 pg/ml 6.88 2.54 0.01*  0.32-143.39
IL-10 < 100 pg/ml 4.55 2.41 0.01*  1.20-12.67
IL-10 > 100 pg/mi 237 1.34 0.18 0.56-7.36

Reference for Schistosoma infection was the non-infected category. Reference for TNF-a
and IL-10 was the undetectable category. ROC curve value = 0.7356. *p < 0.05.
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Variables Odds ratio

S. mansoni infection 0.38

IL-10 < 100 pg/ml 4.82
1L-10 > 100 pg/ml 1.48
1L-33 < 100 pg/ml 1.40
1L-33 > 100 pg/ml 2.70
CXCL-10 1.00

Allergic reactivity

Z-score

-227
236
0.49
0.59
201
2.02

p-value

0.02*
001"
0.62
0.65
0.04"
0.04

C195%

0.16-0.87
1.30-17.85
0.30-7.36
0.44-4.43
1.02-7.15
1.00-1.05

Reference for IL-10 and IL-33 was the undetectable category. ROC curve value = 0.7294,

*p < 0.05.
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Cytokines/Chemokines (pg/mL)

L-27
CXCL-10
CCL-3
CCL-56
CCL-11
CCL-17

a)Mann-Whitney test. IQR, Interquartile range.

Non-reactive for specific IgE

Median

700
11
5,970
11,605
74
251

IQR (25-75%)

330-1,056
72-173
3,360-1,555
7,498-21,857
24-181
109-1,079

Reactive for specific IgE

Median 1QR (25-75%)
623 400-862
120 90-178

5,360 2,900-309

13,245 6,328-32,307
91 24-192
228 117-688

p value?

0.623
0.248
0.943
0.602
0.497
0.736
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Cytokine

IL1-B (0 = 192)
Undetectable
Detectable

1L-6 (n = 192)
Undetectable
Detectable

TNF-o (n = 193)
Undetectable
Detectable

IL-17 (n = 193)
Undetectable
Detectable

1L-10 (n = 192)
Undetectable
Detectable

IL-5 (n = 192)
Undetectable
Detectable

1L-13 (n = 168)
Undetectable
Detectable

1L-33 (n = 175)
Undetectable
Detectable

aChi-quadrade test (x2), *p < 0.05 and *

Non-reactive for
specific IgE

150 (76.1%)

96 (64.6%)
52 (35.4%)

42 (28.4%)
106 (71.6%)

137 (93.2%)
10 (6.8%)

136 (92.5%)
11 (7.5%)

132 (90.4%)
14 (9.6%)

115 (87.8%)
16 (12.2%)

64 (48.9%)
67(51.1%)

88 (64.7%)
48 (35.3%)

<0.001.

Reactive for
specific IgE

47 (23.8%)

24 (63.3%)
21 (46.7%)

8(18.2%)
36 (81.8%)

38 (82.6%)
8(17.4%)

44.(95.7%)
2(4.3%)

33 (71.7%)
13 (28.3%)

38 (88.4%)
5(11.6%)

24 (64.9%)
13 (365.19%)

19 (48.7%)
20 (51.3%)

p value®

0.172

0.176

0.031*

0.459

0.001**

0.919

0.085

0.071
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Parasite infection status ~ Mono-infected®  Co-Infected®  Total (%)

Non-infected - - 58 (28%)
Leishmana sp. 19 61 80(31%)
Comensal protozoa® 11 61 72 (28%)
Glardlia lamblia 1 3 4(2%)
Entamoeba histolytica/dispar o 9 9(4%)
Schistosoma mansoni 59 81 140 (54%)
Ancilostomideo 4 19 23(9%)
Enterobius vermicularis 1 6 (2%)
Strongyloides stercoralis 1 0 1(0.5%)
Trichuris trichiura 1 o 1(0.5%)

@Indviduals with only 1 parasite detected.
Plndlviduals with 2 or more parasites detected.

®Cysts of Entamoeba col, Endolimax nana, lodamoeba buetschl, and/or Blastocystis
hominis.
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Pre-treatment n (%)

Indecisive pos

Positive Negative

3-WEEK POST- TREATMENT
UCAA2000

Positive 36(72) 4(5.2)
Negative 14(287  73(95)
SCAAS500

Positive 19 (44) 0
Negative 24(56) 76 (100)
6-WEEK POST-TREATMENT
UCAA2000

Positive 36(72) 9 (37)
Negative 14287 49(63)
SCAA500

Positive 155 3@.7)
Negative 28(65) 78(%)

Indecisive neg

Positive Negative
32(73) 2(2.4)
12 @7 81(98)
12 39) 101.2)
24 (67 82 (99)
27 (61) 8(95)
17 39 76/(90.5)
10(28) 1(1.1)
26 (72 87(99)

"Percentage cure as determined considering indecisive result as positive or negative.
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3 weeks after treatment 6 weeks after treatment

Baseline Total Positive Indecisive Negative Positive Indecisive Negative

Positive 44 32 4 8 27 8 9
Indecisive 6 0 [ 6 1 [ 5
Negative 78 2 2 73 7 22 49
Total 128 34 6 87 35 30 63
Positivity 34% 27% 27%

Seaasoo
Positive 39 12 6 18 10 5 21
Indecisive: 7 1 0 6 0 [ 7
Negative 82 0 [ 76 1 2 78
Total 128 13 6 100 " 3 106
Positivity 31% 1% 89%

2One patient have no UCAA2000 resuit at 3 weeks after treatment.
P Nine and four patients have no SCAAS00 results at 3 and 6-weeks after treatment, respectively.
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Comparative reference? Sensitivity (95% Cl) Specificity (95% CI) PPV (95% CI) NPV (95% Cl)

Kato-Katz 36(0.0-86) bd? bd? 58 (49-67)
PCR 35 (22-47) b.d. bd. 67 (58-76)
UCAA2000- 80 (69-91) b.d. bd. 87 (80-94)
UCAA2000+ 84 (74-99) 95 (89-100) 92 (85-100) 89 (81-96)
SCAAS00- 71 (59-83) b.d. bd. 82 (74-90)
SCAAS00+ 80 (69-91) 97 (94-100) 96 (90-100) 87 (79-94)
UCAA2000- and SCAAS00-° 87 (79-96) b.d. bd 91 (85-97)
UCAA2000+ and SCAAS00+> 89 (81-97) 92 (86-98) 89 (81-97) 92 (86-98)
POC-CCA (t-) 1@27-19) 97 (94-100) 75 (45-100) 59 (50-68)
POC-CCA (t+) 29 (17-41) 89 (82-96) 67 (48-86) 63(53-72)
UCAA2000-, SCAAS00-, and POC-CCA (t-)° 89 (81-97) 97 (94-100) 96 (91-100) 92 (85-99)
UCAA2000+, SCAAS00+, and POC CCA (t+)° 95 (89-100) 81 (72-90) 79 (69-89) 95 (90-100)
SWAP-ELISA 44.(31-67) 73 (62-83) 56 (40-69) 63 (53-73)

%0, comparative reference, assuming 100% specilicity of the egg detection (Kato-Katz), PCR and GAA results, considering “indecisive” readings as negative. Therefore, by definition
(b.d\) specificity and positive predictive values are 100%

5CAA in urine and/or serum.

“Combined of CAA assays and CCA test findings with trace/indiecisive results considered as negative or positive. UCP-LF GAA: up-converting phosphor—lateral flow assay detecting
circulating anodic antigen; UCAA 2000-: UCP-LF CAA prepared with 2ml. of urine, indecisive results were considered as negative; UCAA 2000+ UCP-LF CAA prepared with 2mL.
of urine, indecisive results were considered as positive; SCAAS00~: UCP-LF CAA prepared with 0.5 mL of serum, indecisive resuls were considered as negative; SCAAS00+: UCP-LF
GAA prepared with 0.5 mL of serum, indecisive results were considered as positive; POG-CCA: rapid urine based point-of-care circulating cathodic antigen test; Cl, confidence interval;
PPV, Positive Predictive Value; NPV, Negative Predictive Value; t-, trace negative; t+, trace positive.
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KatoKatz and/or PCR and/or POC-CCA
results as combined standard*

Positive Negative Total

Positive 16 28 44
Negative 9 75 8
Total 25 103 128
Sensitiity 64% Specificity 78%
Positive 17 33 50
Negative 8 70 78
Total 25 108 128
Sensitiity 68% Specificity 63%
seAmsco-
Positive 15 24 39
Negative 10 79 8
Total 25 108 128
Sensitiity 60% Specificity 77%

Negative 8 74 £
Total 2 108 128
Sensitivity 68% Specificity 72%
Positive 10 3 44
Negative 15 60 8
Total 2 103 128
Sensitivity 40% Specificity 67%

ie., combined reference standard, assuming 100% specificity of the egg detection (Kato-
Katz) andlor PCR and/or CCA results, considering “trace” readings as negative (n = 25
positives). UCAA 2000-: UCP-LF GAA prepared with 2m. of urine, indecisive resuits
were considered as negative; UCAA 2000+ UCP-LF CAA prepared with 2mL. of urine,
indecisive results were considered as positive; SCAASO0-; UCP-LF CAA prepared with
0.5mL of serum, indecisive results were considered as negative; SCAAS00+: UCP-LF
(CAA prepared with 0.5 ml. of serum, indecisive results were considered as positive.
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Positive

UCAA2000 POC-CCA

Positive
Indecisive
Negative
Total

Positive
Indecisive
Negative
Total

PCR
Positive
Negative
Total

Positive
Negative
Total

Positive
Negative
Total

7
0
3
10
‘SCAA500
66
2
14
82

UCAA2000
14
30
44
SCAA500
18
26
39
POC-CCA
3
5
8

Trace/indecisive Negative Total

"

20

16

62
13
153
228

10
144
162

74
78

78
82

9
95
104

80
13
165
258

13
165
258

19
108
128

19
109
128

19
108
128

K*

0.09

0.73

0.30

0.31

0.15

P-value

0.007

0.000

0.000

0.000

0.083

Six-cell and nine-cell-matrixes showing the agreement of the number of positive, negative,
indecisive, and trace results of the up-converting phosphor—lateral flow assay detecting
circulating anodic antigen in urine (UCAA2000) and in serum (SCAAS00), the POC-CCA
test and the PCR for the diagnosis of S. manson in samples from Brazil"Kappa indexes:
trace and indecisive results were considered as negative.
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Age group

2-9
10-19
20-29
30-39
40-49
50-69
>60
Total

Number tested

88888

23
29
268

Microscopy

o

0

0

37

128

0

0
416

Positives (/%)

UCAA-

3/9.4
12/20
16/42
20/47
11731
9/39

9/31
80/31

SCAA-

4/13
12/21
16/42
20/47
14/40
6/26
10/35
82/32

Tested*

26
39
17
20
14
5
7
128

Positives (1/%) PCR*

/7.7
3.7
5/29
6/30
1771
2/40
)
19/15

UCAA-: UCP-LF CAA assay detecting circulating anodic antigen in urine, indecisive results were considered as negative; SCAA-: UCP-LF CAA assay detecting circulating anodic

antigen in serum, indecisive results were considered as negative; 'PCR was performed by sampling (n = 128).
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Diagnostic Infected (N°.) % positive (95% CI)

Kato-Katz 4 1.6 (0.0-3.1)
UCAA2000— 80 31(25-37)
UCAA2000+ 3 36 (30-42)
SCAAS00— 82 32 (26-38)
SCAAS00+ 9% 37 (31-49)
POC-CCA (t-) 10 39(15-6.2)
POC-CCA (t+) 30 12 (7.7-16)
SWAP-ELISA 105 41(85-47)

UCP-LF CAA: up-converting phosphor—lateral flow assay detecting circulating anodic
antigen; UCAA 2000~: UCP-LF CAA prepared with 2mL of urie, indecisive results
were considered as negative; UGAA 2000+ UCP-LF CAA prepared with 2mL of urine,
indecisive results were considered as positive; SCAAS00~: UCP-LF CAA prepared with
0.5mL of serum, indecisive results were considered as negative; SCAAS00+: UCP-LF
CAA prepared with 0.5 mL of serum, indecisive results were considered as positive; POC-
CCA: rapid urine based point-of-care circulating cathodic antigen test; t-, trace negative;
t4, trace positive; Cl, confidence interval.
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Variables Category Number (%)

Gender® Male 112 (48.9)
Female 117 (51.1)
Age Group? <10 38(16.6)
11-20 43(18.8)
21-40 61(26.6)
41-60 60(26.2)
>60 27(118)
Education level® No education 123 (59.4)
Primary school 33(15.9)
Secondary school 43(208)
Higher education 8(3.9)
Income® <1 minimum wage 19(35.9)
1-2 minimum wages 16(30.2)
>2 minimum wages 18 (34.0)
Water supply® Covered well 21(39.6)
Stream 32 (60.4)
Sewage Disposal® Rudimentary cesspool 47 (88.6)
Does not know or no answer 6(11.4)

Variables evaluated in the individual questionnaire (229 residents).
bVariable evaluated in the indivicual questionnaire excluding chicren under 6 years of age
(207 residents).

¢Variables evaluated in the family questionnaire (53 residences).





