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Introduction

Current diagnostic tools for schistosomiasis are limited, and new tests are necessary to enhance disease diagnosis and surveillance. Identification of novel disease-specific biomarkers may facilitate the development of such tests. We evaluated a panel of biomarkers used in sepsis and parasitic diseases for their potential suitability in the diagnosis of schistosomiasis.



Objective

The study evaluated the levels of systemic plasma biomarkers in relation to Schistosoma mansoni infection and parasite burden.



Methods

Six biomarkers were measured in the plasma of children from schistosomiasis-endemic regions using ELISA. The concentration of soluble CD23 (sCD23) and lipopolysaccharide (LPS) was tested in 199 and 124 plasma samples, respectively, while interleukin-6 (IL-6), soluble triggering receptor expressed on myeloid (sTREM) cells, eotaxin-1, and fatty acid-binding protein (FABP) concentrations were tested in 30 plasma samples.



Results

The concentration of IL-6, eotaxin-1, FABP, and LPS was similar between schistosome-infected and uninfected children. The schistosome-infected children had higher median levels of sTREM and sCD23 as compared to uninfected children, 119.0 (29.9–208.9) versus 10.7 (0.0–73.4) (p = 0.046) and 2,549.0 (1,899.0–3,356.0) vs. 2,035.0 (1,448.0–2,939.0) (p = 0.05), respectively. In addition, sTREM was positively correlated with egg density (p = 0.017).



Conclusion

Our data show that active schistosomiasis per se is associated with elevated levels of sTREM and sCD23. sTREM has potential diagnostic and prognostic values. However, these biomarkers did not distinguish between children with low egg burden and uninfected children.
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Introduction

Schistosomiasis is a tropical disease affecting communities with limited access to safe water and with inadequate sanitation (1, 2). The disease affects over 200 million people worldwide, about 90% of whom reside in Sub-Saharan Africa. A significant number (123.6 million) of those affected are children (3). Children from endemic areas are infected at the age of 2 years and may remain chronically infected throughout their school-going age (4). The disease results in 3.3 million disability-adjusted life years (DALYs) lost annually due to overt and sub-clinical morbidities (5). In Kenya, about 17.4 million people are at risk of schistosomiasis (6, 7). The main parasite species causing infections in Kenya are Schistosoma haematobium and Schistosoma mansoni (6, 8, 9).

Immune molecules such as interleukin-6 (IL-6), soluble triggering receptor expressed on myeloid (sTREM), eotaxin-1, fatty acid-binding protein (FABP), soluble CD23 (sCD23), and lipopolysaccharide (LPS) have been evaluated in previous studies as potential diagnostic markers for parasitic infections and sepsis (10–13). Triggering receptor expressed on myeloid cells-1 (TREM-1) is a transmembrane receptor expressed by innate immune cells, including endothelial cells, mature monocytes, and macrophages and platelets (14). In addition to its expression in a cell membrane-bound form, TREM-1 is released as a soluble factor (sTREM-1). sTREM-1 has been investigated and is a reliable biomarker of disease severity and outcome in septic shock (15). TREM-1 is increased in the skin, biological fluids, and tissues with bacterial and fungal infections (16, 17). sTREM-1 released into the blood and other bodily fluids interacts with a 12-kDa DNAX-activating protein (DAP12) amplifying pathogen-induced signals (18). This interaction triggers the release of pro-inflammatory cytokines including IL-1b and IL-8 and monocyte chemotactic protein (19). A gradual increase in levels of sTREM has been observed in S. mansoni over the course of infection (20), which appeared to upregulate DAP12 and IL-8 gene expression, suggesting the important role of sTREM in parasitic infections (21).

IL-6 and eotaxin-1 levels are altered among individuals with parasitic infection (22), suggesting their potential utility in diagnosis (22). FABP induces protective immunity against S. mansoni infection by triggering a Th1-like immune response during infection (23); as such, its plasma concentration can be monitored to assess disease progression. CD23 is a surface membrane receptor for IgE on B cells. The receptor is initially expressed as a 45-kDa type II membrane protein and subsequently released as sCD23 fragments by the action of an endogenous metalloprotease (24). sCD23 levels were increased with schistosome infection intensity but declined significantly with schistosome-specific IgE levels (12). Elevated levels of serum sCD23 prior to diagnosis were associated with an increased risk of non-Hodgkin lymphoma (25). Increased synthesis of CD23 signals a corresponding increase in the synthesis of its ligand (IgE) (24, 26). CD23 expressed on the B-cell surface may bind IgE and regulate production and concentration in plasma (19). A previous study demonstrated the role of sCD23 in developing resistance to reinfection in schistosomiasis (27). Nonetheless, elevated levels of LPS in plasma of hepatosplenic schistosomiasis caused by S. mansoni have been demonstrated to be potential biomarkers for diagnosis of schistosomiasis (28).

The Kato–Katz technique is the gold standard method for the diagnosis of schistosomiasis. This tool relies on the detection of eggs in stool for most species apart from S. haematobium, whose eggs are detected in urine (29). A major setback of using the microscopy method is that it has a low sensitivity among individuals with low parasite burden and its dependence on the appearance of eggs in the stool, which may occur 6–8 weeks after infection (30). To improve the sensitivity and accuracy of diagnosis, an opportunity exists for developing biomarker-based diagnostic tools that can complement microscopy and help to monitor disease progression. We sought to investigate whether systemic plasma biomarkers can be used to distinguish between children infected with schistosomiasis and healthy controls (uninfected children). We also assessed the correlation between the biomarkers and their ability to distinguish infection intensities (light, moderate, and heavy) and changes in hemoglobin levels. The study hypothesized that children infected with S. mansoni would have unique biomarker profiles that could ultimately be exploited to aid in diagnosis.

The diagnosis of schistosomiasis currently relies on microscopic detection of schistosome eggs in stool or urine samples and serological assays. Identification of schistosomiasis-specific biomarkers will complement existing diagnostic methods with the added advantage of early diagnosis before schistosome eggs appear in stool and the ability to track disease progression. The optimization of novel diagnostic approaches may be accomplished by the selection of specific biomarkers of infection. In this study, we assessed the potential utility of systemic plasma biomarkers for the evaluation of pediatric schistosomiasis in western Kenya.



Materials and Methods


Study Population

Samples analyzed in this study were collected from children aged between 10 and 12 years from Lwanda Kotieno in Uyoma, Rarieda District, a schistosomiasis-endemic region in western Kenya. Eligible children provided stool samples for three consecutive days. The stool samples were used to diagnose the presence of S. mansoni eggs based on the Kato–Katz technique. At the enrolment visit, the study nurse conducted a clinical examination consisting of an assessment of nutritional status, body temperature, determination of liver or spleen sizes (by measuring extensions below the rib cage), and palpation of liver and spleen [for determination of the firmness of the organ(s)]. Height and weight were also measured and used to calculate a body mass index (BMI). Mid-upper arm circumference (MUAC) was measured to assess nutritional status. All plasma samples were from archived specimens collected as part of an ongoing study. Thus, all samples were collected from well-characterized participants. A total of 199 and 124 samples were analyzed for sCD23 and LPS, respectively. A subset of samples was assayed for IL-6, sTREM, eotaxin-1, and FABP. The uninfected control children were those attending the same schools but with stools samples negative for S. mansoni eggs at three continuous time points. The sample sizes tested were chosen based solely on the sufficiency of plasma volume to allow for the testing of multiple analytes.



Ethical Approval

This study was approved by the Scientific and Ethics Review Unit (SERU) of Kenya Medical Research Institute (KEMRI) (protocol # SERU/KEMRI/CGHR/009/3025). Written parental informed consent and child assent were obtained for all participants.



Sample Collection and Storage

Blood samples were collected in heparinized tubes and transported on ice to KEMRI-CGHR, Neglected Tropical Diseases (NTD) laboratory in Kisumu within 6 h of collection. In the laboratory, a blood sample was fractioned by centrifuging for 10 min at approximately 2,000 × g. Plasma was then aspirated and stored in a 0.5-ml Sarstedt tube at −20°C until further analysis. All the samples had never been thawed prior to the assays in this study. Stool samples for the detection of eggs were collected in sterile aluminum bags. The bags were issued to each participant labeled with a unique identifier number. An oral description of the use and proper handling of the stool bag and samples was given, and each participant was instructed to collect a fresh stool sample. Upon reception, samples were assessed for possible contamination and volume adequacy. The samples were transported in a cooler box within 6 h of collection to KEMRI-CGHR, NTD Laboratory, in Kisumu for analyses.



Stool Sample Microscopy

Stool samples were processed using the Kato–Katz technique for the detection of S. mansoni eggs based on duplicate slides using the 41.7-mg template (31). Slides were viewed under a light microscope by two independent microscopists under ×40 magnification. The eggs counted for each sample were recorded as eggs per gram (EPG), while samples with zero eggs were recorded as negative. The number of S. mansoni eggs was counted, recorded, and multiplied by 24 to determine the number of eggs per gram of feces. Infection intensity was classified as light (1–99 EPG), medium (100–399 EPG), or heavy (≥400 EPG) according to the WHO guidelines.



Assessment of Interleukin-6, Soluble Triggering Receptor Expressed On Myeloid, Eotaxin-1, and Fatty Acid Binding Protein

Plasma levels of IL-6, sTREM, eotaxin-1, and FABP were measured by commercially available quantikine ELISAs (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s protocol. Briefly, 100 µl in duplicate of standards, controls, or plasma samples was transferred to appropriate wells; the plate was then covered with an adhesive seal and incubated for 1 h at room temperature (RT) to allow for the target proteins to bind plate-coated antibodies. The unbound proteins were washed four times using the wash buffer in a plate washer. One hundred microliters of diluted biotinylated antibodies was added to each well and allowed to bind to captured biomarkers for 1 h at RT. At the end of the incubation period, six rounds of wash were performed, and 100 µl of the diluted streptavidin–peroxidase conjugate was added and incubated for 1 h at RT. Detection was performed by adding tetramethylbenzidine (TMB) substrate to the washed plate, and the reaction was allowed to take place for 20 min. The reaction was stopped by adding 100 µl of stop solution, and the plates were immediately read at 450 nm on a Spectramax Emax plate reader (Molecular Devices, San Jose, CA, USA). Absorbance was recorded for each biomarker and converted to concentration using the standard curve.



Assessment of sCD23

The sCD23 ELISA (catalog # BMS 227-2) was performed according to the manufacturer’s recommendation (Bender MedSystems, Vienna, Austria).



Assessment of Plasma Lipopolysaccharide

Plasma levels were evaluated using the chromogenic endpoint LPS amoebocyte lysate detection assay (catalog # A39553, ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Samples were measured on a microplate absorbance reader at 405 nm on a Spectramax Emax plate reader (Molecular Devices, San Jose, CA, USA). The kit had a minimum detection limit of 0.01 EU/ml.



Statistical Analysis

Medians were used as measures of central tendency. Comparisons between two groups were performed using the Mann–Whitney U test for non-normally distributed variables. The comparison between three groups was evaluated using the Kruskal–Wallis test, and the strength of association between variables was analyzed using a Spearman’s rank-order correlation (rs). Data were considered statistically significant at p ≤ 0.05. All statistical analyses were performed using GraphPad Prism version 6.0 for Windows (GraphPad Software, Inc., San Diego, CA, USA).




Results

A total of 199 children comprised the final dataset for analysis. The children’s ages, other general characteristics, and the status of their parasitological infections are presented in Table 1.


Table 1 | Demographic characteristics of the study participants and the status of infection.




Concentration of Biomarkers by Infection Status: Soluble Triggering Receptor Expressed On Myeloid Is Elevated in Children With Schistosomiasis

We compared the levels of biomarkers (IL-6, sTREM, eotaxin-1, FABP, sCD23, and LPS) between children with schistosomiasis (detectable eggs) and uninfected children (undetectable eggs). There was a significant difference in concentration of sTREM and sCD23 between the infected and uninfected children (p = 0.046 and p = 0.05, respectively). The median levels of plasma IL-6, eotaxin-1, FABP, and LPS were marginally higher in the infected group but not different from the uninfected group (Table 2).


Table 2 | Comparison of median serum level of biomarkers between infected and uninfected children.





Concentration of Biomarkers by Infection Intensity: Soluble Triggering Receptor Expressed on Myeloid Discriminates Between Light, Moderate, and Heavy Infection

Plasma concentration of sTREM showed a difference between the three infection groups: light, moderate, and heavy; p < 0.0001. Between-group comparisons of other biomarkers (IL-6, eotaxin-1, FABP, sCD23, and LPS) did not show significant differences (Figure 1).




Figure 1 | Comparison of biomarker plasma concentration in infection groups. Groups were categorized based on the egg counts into low (1–99 EPG), moderate (100–399 EPG), and heavy (≥400 EPG). EPG, eggs per gram. *** (Moderatly significant, p < 0.0008); **** (Highly significant level p<00001). ns, not significant.





Biomarker Correlation: Soluble Triggering Receptor Expressed on Myeloid Correlates With Eotaxin-1 and Interleukin-6 But Not With Eggs per Gram

We next evaluated the correlation of sTREM with other biomarkers. There was a strong correlation between sTREM and eotaxin-1 (p < 0.0001, r = 0.7628), sTREM and IL-6 (p = 0.0191, r = 0.3898), and sTREM and sCD23 (p = 0.008, r = 0.4370). LPS and FABP did not correlate significantly with sTREM (Figure 2). Evaluation of the association of various biomarkers with EPG revealed no significant correlations (Figure 3), suggesting that presence of eggs in stool did not affect biomarker concentration.




Figure 2 | Correlation between sTREM and other biomarkers in children in western Kenya. Data plotted are those with corresponding values (n = 36) for each of the biomarkers. sTREM, soluble triggering receptor expressed on myeloid.






Figure 3 | Correlation between biomarker concentration and eggs per gram (EPG) among infected children.





Correlation of Biomarkers With Hemoglobin Levels: Biomarker Concentration Is Not Associated With Hemoglobin Levels

Analysis of the correlation between biomarker (sTREM, IL-6, eotaxin-1, FABP, sCD23, and LPS) concentration and hemoglobin levels revealed no significant correlation. Moreover, Hb levels in egg positive and egg negative children were not different (Figure 4).




Figure 4 | Correlation of biomarker concentration and hemoglobin (g/dl) levels among study participants.






Discussion

Human schistosome parasites can be eliminated from the body, and the disease can be cured before progressing to complications if early-stage and sensitive diagnostic approaches are available. Additionally, prompt treatment can reverse morbidity (32). However, the currently used gold standard method is not sensitive and can only detect Schistosoma eggs in stool 6–8 weeks after infection (33). Therefore, there is a need to develop robust tools for the diagnosis of human schistosomiasis. In this study, the utility of systemic biomarkers (IL-6, sTREM, eotaxin-1, FABP, sCD23, and LPS) was assessed to determine their potential use as diagnostic markers.

This study reported significantly higher levels of sTREM in infected compared to uninfected children. The level of sTREM also increased with egg burden, discriminating between light, moderate, and heavy infections, p < 0.001. A subtle increase in levels of IL-6, eotaxin-1, FABP, sCD23, and LPS among schistosomiasis-infected children signaled a change in the concentration of these systemic biomarkers during schistosomiasis triggered by an immune response. Increased secretion of cytokines and chemokines such as IL-6 and eotaxin-1 (CCL11) during schistosomiasis infection has been reported (34). IL-6 has both pro-inflammatory and anti-inflammatory activities (35), while chemokine eotaxin-1 plays a role in parasite-induced inflammation by mediating mobilization, recruitment, and proliferation of primary eosinophils to the site of infection (22). Their participation in immune response warrants observed increased concentration among S. mansoni egg-positive children, suggestive of an increase in synthesis and secretion of these systemic biomarkers. The increased secretion of sTREM among schistosomiasis-infected children is noteworthy considering the primary role in amplifying the inflammatory response to parasite infection through the adaptor protein DAP12 (18, 36). Moreover, sTREM mediates macrophage activation in response to microbial infection, and increased levels have been demonstrated in schistosome infections (20).

FABP constitutes a family of transport proteins that have been shown to induce protective immunity against S. mansoni (23). However, despite its role in schistosomiasis, its correlation with EPG was not significant. CD23, a 45-kDa transmembrane low-affinity IgE receptor expressed on the surface of naïve IgM+ IgD+ B cells (24), was found to be associated with the development of resistance to schistosomes (12). This phenomenon is mediated by its ability to elicit the synthesis and production of IgE (27). The CD23 receptors are also expressed on the surface of macrophages, platelets, monocytes, and eosinophils in response to schistosomiasis infection (37). Although not significant, sCD23 was higher among children with heavy infection. These findings corroborated the finding from a previous study in western Kenya, where CD23 was found to be elevated among schistosomiasis but did not correlate with egg burden (38).

The role of the assessed plasma biomarkers in immunity underpins the observed changes in their concentration during schistosomiasis. Particularly, the significant changes in sTREM levels suggest its potential use as a diagnostic marker of schistosome infection. Previous studies have demonstrated increased sTREM levels in sepsis and pneumonia patients (10, 39), albeit in non-schistosome conditions. Furthermore, our study showed consistency of sTREM concentration with egg burden (p < 0.0001). A strong positive correlation was also reported between sTREM and both eotaxin-1 and IL-6. These changes were consistent with the role of sTREM in triggering immunological response against infections by stimulating the secretion of IL-6 and eotaxin-1 (40). The increased secretion of sTREM in schistosome-infected children reaffirmed the applicability of sTREM in the diagnosis of schistosomiasis.

Changes in the concentration of FABP and LPS among schistosome-infected children were not significant, and their concentration did not correlate with infection intensity. Contrary to our findings, Aly et al. (41) reported a significant increase in FABP among S. mansoni-infected children. Nonetheless, mixed results have previously been reported on the association between LPS levels and schistosomal infection status. Onguru et al. (13) reported an increase in LPS among schistosome-infected individuals, while Klemperer et al. (28) showed that the level of LPS in schistosome-infected women did not change. We observed a subtle increase in the mean level of LPS among schistosome-infected children. There was no association between the biomarkers and hemoglobin levels, suggesting that they are not good indicators for anemia in schistosomiasis. However, Nakagawa et al. (42) reported a positive correlation between IL-6 and hemoglobin levels in individuals infected with schistosomiasis.

This study has provided evidence to suggest an increased concentration of sTREM in children infected with S. mansoni as well as its association with both eotaxin-1 and IL-6. These findings support the use of sTREM as a potential marker for the diagnosis of schistosomiasis. However, large-scale studies are required to validate the specificity of this candidate marker for the diagnosis of schistosomiasis infection. Future serological investigations of schistosomiasis could focus on comparing the concentration of these biomarkers in different Schistosoma species to establish possible cross-species variation.



Conclusion

sTREM is a potential biomarker for diagnosis of schistosomiasis. A combination of biomarkers (sTREM and eotaxin-1) has the potential to complement the existing diagnostic methods.
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Schistosomiasis remains to ha/ve a significant public health impact in the Philippines. The Kato-Katz (K-K) technique is the reference standard and most used technique for definitive diagnosis of intestinal schistosomiasis for control programs in endemic regions. However, this has a very low sensitivity when applied in areas of low endemicity and patients with light infection. Hence, this study determined the diagnostic performance of immunological, molecular, parasitological, and ultrasonographic tests in diagnosing intestinal schistosomiasis in endemic municipalities in the Philippines. We performed a community-based cross-sectional study to determine the positivity of schistosomiasis in Leyte, Philippines. The diagnostic performance of five different detection techniques: (1) three stool K-K with duplicate smears; (2) soluble egg antigen IgG ELISA; (3) urine point-of-care circulating cathodic antigen (POC-CCA) test; (4) detection of Schistosoma japonicum circulating DNA (SjcDNA) in serum and urine samples; (5) focused abdominal ultrasound (US), were also obtained in this study. Multiple stool examinations enhanced the sensitivity of K-K from 26.2% (95% CI [16.4, 38.8]) with single stool to 53.8% (95% CI [41.1, 66.1]) and 69.2% (95% CI [56.4, 80.0]) with two and three stools from consecutive days, respectively. Among the SjcDNA nucleic acid amplification test (NAAT)-based detection assays, loop-mediated isothermal amplification (LAMP) PCR using sera had the highest sensitivity at 92.3% (95% CI [82.2, 97.1]) with LAMP consistently identifying more positive cases in both serum and urine samples. This study showed that single stool K-K, which remains the only diagnostic test available in most endemic areas in the Philippines, had low sensitivity and failed to identify most patients with light infection. SjcDNA detection assay and POC-CCA urine test were more sensitive than stool microscopy in detecting schistosomiasis. On the other hand, US was less sensitive than the widely utilized K-K technique in diagnosing schistosomiasis. This study emphasizes the need to revisit the use of single stool K-K in the surveillance and case detection of schistosomiasis in endemic areas of the Philippines. The availability of advanced and more sensitive diagnostic tests will help better control, prevent, and eliminate schistosomiasis in the country.
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Introduction

Intestinal schistosomiasis caused by Schistosoma japonicum is a zoonotic disease with a significant public health impact in the Philippines. This neglected tropical disease is endemic in 28 of 81 provinces distributed in 12 of 18 regions (1). Approximately 12 million in 1,593 barangays are at risk of infection, with 2.5 million directly exposed to 3,012 snail-infested bodies of water, making S. japonicum a serious national public health problem (2). Most transmission foci are in Mindanao, particularly in the CARAGA region (3). There are 3,012 identified snail-infested bodies of water as of 2015, and 80% of these are in Mindanao, 18% in the Visayas, and only 2% in Luzon.

The reference standard and most used technique for definitive diagnosis of intestinal schistosomiasis for control programs in endemic regions is still the Kato-Katz (K-K) technique due to its simplicity and high specificity when performed by trained personnel (4, 5). However, microscopy-based techniques that detect parasite eggs in stools, like the K-K technique, have very low sensitivity when applied in regions of low endemicity and in patients with light infection (6, 7). In areas where yearly mass drug administration has been implemented, such as in endemic barangays in the Philippines, infection intensity is decreasing, with light infections (egg per gram [EPG] < 99) being more common (8). These patients with low egg count can be misdiagnosed. Hence no appropriate curative treatment is given (6, 7). Due to the low sensitivity of one stool thick smear K-K for light infections, three consecutive day stool K-K has been recommended but with limited acceptance due to the burden of collecting multiple fecal samples.

Accurate, cost-effective, and easy-to-use diagnostic tests are crucial in controlling and eliminating schistosomiasis (9). Several diagnostic techniques have been developed to improve the detection of schistosomiasis, especially in endemic areas (10). These diagnostic tests include soluble egg antigen (SEA) IgG ELISA, urine point-of-care circulating cathodic antigen (POC-CCA) test, and detection of Schistosoma japonicum circulating DNA (SjcDNA) in serum and urine samples using (NAAT)-based detection assays and loop-mediated isothermal amplification (LAMP) (5, 9–12). The utilization of most of these newer tests can give better results, but large-scale antigen production is still difficult (13, 14). PCR-based tests gained popularity due to their high degree of sensitivity and specificity. Previous studies have shown the utility of this test in detecting cell-free DNA in serum, urine, or saliva for S. mansoni, S. haematobium, and S. japonicum (9, 12). POC-CCA urine test has been validated in multiple African countries to diagnose S. mansoni, and the assay’s diagnostic performance greatly varies with sensitivities ranging from 37% to 98% (15–17).

Aside from molecular and immunologic tests, focused abdominal ultrasound (US) was also helpful in diagnosing patients with sub-clinical hepatosplenic disease due to chronic schistosomiasis. This complication of schistosomiasis remains prevalent in endemic areas of the Philippines despite decreasing reports of schistosomiasis-related morbidity and mortality (18). The low sensitivity of the diagnostic test for schistosomiasis being used in endemic regions of the Philippines hinders the progress of the control and elimination program (19). It results in the persistence of sub-clinical hepatosplenic manifestations and low-intensity infections. With the national target of interrupting transmission by 2025, there is a need for more current and accurate diagnostic tests for diagnosing schistosomiasis in the Philippines. This study determined the positivity rate of intestinal schistosomiasis caused by S. japonicum in endemic places in Leyte, Philippines using orthogonal tests, including parasitological, immunological, molecular, and ultrasonographic tests.



Materials and Methods


Ethical Considerations

This study was approved by the University of the Philippines Manila Research Ethics Board UPMREB Code 2017-369-01. Written informed consent was obtained from all participants at the beginning of the study.



Study Location

The study sites comprised eight schistosomiasis endemic barangays (the smallest administrative division in the Philippines) in the municipalities of Julita, Alang-alang, Palo, and Sta Fe in the province of Leyte (Figure 1). Schistosomiasis classification of the selected barangays in these municipalities was based on the 2013-2015 single stool sentinel survey performed by the Department of Health Region VIII. The estimated prevalence of schistosomiasis using single stool duplicate Kato-Katz thick smear based on a focal survey in 2015 was 6.01% for Alangalang (8). These municipalities have had active schistosomiasis control programs with annual mass drug administration (MDA) with praziquantel for consenting individuals aged 5-65 years old since 2008 (20, 21).




Figure 1 | Map showing the study sites in the schistosomiasis endemic island of Leyte, Philippines.





Study Design and Sampling Technique

Community-based cross-sectional study design and convenience sampling techniques were employed. Residents who were conveniently available during the fieldwork were invited to the study. All consenting individuals who submitted the required specimens were included in the study.



Eligibility Criteria

The inclusion criteria for the initial cross-sectional survey were the following: (1) age 18 to 49 years old; (2) resides in the study area for more than five years based on the interview; (3) presence of significant exposure to potentially contaminated water based on the interview; and (4) agrees to participate in the study with signed informed consent forms. Individuals with these characteristics were excluded: (1) history of hepatitis virus types B and C based on the interview; (2) severely underweight (BMI < 16.00) or extremely obese (BMI > 40.0); (3) diagnosed with other hepatic disease based on the interview; (4) known case of malignancy based on the interview; (5) pregnant and/or currently lactating based on the interview; and (6) ≥ 60 grams per day of ethanol consumption for at least ten years based on interview.



Participant Selection

One thousand ninety-five (1095) residents showed interest to participate, of which 980 completed the three-stool submission. Individuals who tested positive in at least one of the three stool K-K were given treatment (PZQ 60 mg/kg in two divided doses at least 4 hours apart) under the supervision of the MHO or other attending physician. All 980 patients who completed the three-stool submission were included in the positivity survey. For the diagnostic performance study, 230 of the 980 patients were conveniently selected from three barangays with different endemicity levels. Of the 45 stool-positive cases in the 230 patients, 25 were conveniently selected for a post-PZQ follow-up study (Figure 2).




Figure 2 | Recruitment of participants for the diagnostic performance (n = 230) and post-treatment studies (n = 25).





Collection and Transport of Samples

Clean stool and urine containers were provided to participants. Three stool samples from three consecutive days were collected. Duplicate K-K thick smears per stool sample were immediately prepared following standard protocol and stored in sealed containers. A licensed medical technologist or trained phlebotomist performed venipuncture of the superficial veins of the upper limb. A strict aseptic technique was followed during blood extraction. At least 8-10 mL of blood were collected and transferred in 10 mL BD Vacutainer® Blood Collection Tubes with a red stopper. Blood samples were left at room temperature for 1 hour and were then centrifuged at 4,000 rpm for 10 minutes at 4°C. This was followed by another centrifugation for 10 min at 10,000 rpm at 4°C. Hemolyzed samples were excluded, and blood extraction was repeated to obtain a new specimen. Equal amounts of serum were carefully transferred into three RNase-free 2 mL tubes and stored in 4°C. Urine (3 mL) was concentrated to 140 µL using an Amicon® Ultra-15 Centrifugal Filter Device, 100K (Merck Millipore Ltd., Ireland). The urine concentrates were stored in 4°C inside sealed containers. Serum and urine samples were transported on ice. The universal precaution was done in handling the specimens. Materials like tubes and pipette tips used to evaluate the collected blood, serum, or urine were disinfected first with 0.5% hypochlorite solution, autoclaved, and disposed of as infectious waste material. Transfer of materials strictly followed regulations in the areas of origin and destination.



Schistosomiasis Diagnostic Tests

In this study, the composite reference standard or the true positives (TP) were defined as being positive in at least one of the following tests: three stool K-K (3 K-K) or detecting S. japonicum in at least one smear from the three stools submitted, serum LAMP (sLAMP), urine LAMP (uLAMP), serum PCR (sPCR), and urine PCR (uPCR). A true negative (TN) was designated negative in all the specified tests. Blood extraction and clinical and ultrasonographic evaluation of the liver and spleen were performed during day 1 of stool submission.


Stool Examination

Three consecutive day stool K-K with duplicate thick smears were prepared. Trained microscopists performed the duplicate examination of three stool specimens by K-K technique. Schistosomiasis infection intensity was estimated based on WHO criteria, namely low, moderate, and high-intensity infections defined as egg per gram of stool (EPG) of 1-99, 100-399, and ≥ 400, respectively (22). EPG was obtained by multiplying by 24 the number of egg found in the fecal smear. Eggs of other helminths were noted. As part of quality control, 10% of all slides were re-examined in a separate laboratory at the University of the Philippines Manila.



SEA IgG ELISA

Standard procedure for SEA ELISA was performed with slight modifications (23, 24). Anti-Human IgG-peroxidase antibody produced in rabbit and 3,3′,5,5′-tetramethylbenzidine (KPL, Gaithersburg, MD) served as the secondary antibody and substrate, respectively. Polystyrene 96-well ELISA plates (Greiner Bio-One, Co., Ltd., Germany) was sensitized separately with SEA (1µg/well). Antigen was diluted with 0.05M carbonate bicarbonate buffer (pH 9.6). After blocking with 1% bovine serum albumin (BSA) in phosphate-buffered saline with 0.05% Tween 20 (T-PBS) (T-PBS-1%BSA), serum samples were distributed on the antigen-coated wells. Human sera (0.1 mL) and secondary antibody (0.1 mL) was diluted 200-fold and 10,000-fold, respectively. Optical density (OD) at 450 nm was measured using a microplate reader. Each ELISA reaction utilized positive (8-weeks post-infected rabbit serum) and negative (diluting buffer) controls. Triplicates were performed. Mean absorbance of sera of healthy controls plus 3 standard deviations was used as cut-off value. Samples with mean absorbance higher than the cut-off value were considered positive.



Urine POC-CCA

The WHO NTD Department provided POC-CCA kit. Urine was subjected to POC-CCA following the manufacturer’s instructions (Rapid Medical Diagnostics; Pretoria, South Africa). Briefly, a drop of urine was applied to the circular well in the test cassette, followed by a drop of the buffer. Two blinded observers read the test 20 minutes after adding the buffer. The presence of pink bands in both the test and control areas indicated a positive result. A faint band in the test area of the urine kit was noted and considered positive.



SjcDNA Detection in Serum and Urine Samples

Total DNA from urine was extracted using DNeasy Tissue Kit (QIAGEN Inc., Valencia, CA) according to the manufacturer’s protocol. DNA extracts were stored at -20°C until use. The primer pair CF (5’-GATCGTAAATTTGGA/TACTGC-3’) and CR (5’-CCAACCATAAACATATGATG-3’) specific for S. japonicum mitochondrial cytochrome oxidase subunit 1 gene was used. The final PCR mixture composed of 1.0 μL DNA template, 13.8 μL distilled water, 2.0 μL of buffer, 1.6 μL of dNTP, 0.6 μL of 1.5 mM MgCl2, 0.2 μL of 5 U/mL Taq DNA Polymerase (Takara, Otsu, Japan), and 0.5 μM each of forward and reverse primers. Standard PCR was done in an automated thermal cycler. PCR tubes were incubated for 40 cycles with the following programmed profile: initial denaturation for 10 min at 95°C and 40 cycles of amplification (denaturation for 15 sec at 95°C, annealing for 1 min at 60°C, and extension for 1 min at 72°C). The final extension segment at 72°C was prolonged to 10 min. PCR products were separated using 2.0% agarose gel in Tris-Acetic acid-EDTA buffer (TAE 40.0 mM Tris-base, 20.0 mM Acetic acid, 1.0 mM EDTA, pH 8.0) stained with 10 ng/mL ethidium bromide and left for 45 min in a TAE-filled electrophoresis chamber supplied with 100 V (Agarose gel electrophoresis; AGE). Amplicon size was estimated using the molecular weight ladders. Urine supplemented with adult S. japonicum DNA and urine of patients from non-endemic areas were used as positive and negative controls, respectively. A positive sample would show the presence of a single band with the expected molecular weight (254 base pairs) (24).

The closed-tube LAMP assay targeting the 28s rDNA gene was prepared in 25 μL total volume consisting of 1x Isothermal Amplification Buffer (New England Biolabs), 6 mM MgSO4 (New England Biolabs), 1 mM each dNTPs (New England Biolabs), 0.8 M Betaine (Sigma-Aldrich), 0.2 μM each of Sj28F3 (5′-GCTTTGTCCTTCGGGCATTA-3′) and Sj28B3 (5′-GGTTTCGTAACGCCCAATGA-3′) primers, 1.6 μM each of Sj28FIP (5′-ACGCAACTGCCAACGTGACATACTGGTCGGCT TGTTACTAGC-3′) and Sj28BIP (5′-TGGTAGACGATCCACCTGACCCCTCGCGCACA TGTTAAACTC-3′) primers, 8 U Bst 2.0 WarmStart DNA Polymerase (New England Biolabs), 1x GelGreen (Sigma-Aldrich), and 1 μL gDNA sample. The reaction mixtures were incubated at 64°C for 60 min and followed by an inactivation step at 95°C for 5 min in an ABI thermal cycler. After incubation, the closed reaction tubes were visually assessed with the naked eye by two observers under a 254 nm UV transilluminator. LAMP products showing fluorescence were considered positives (25). To prevent cross contamination between samples, DNA extraction, reagent preparation, PCR and LAMP reactions, and product visualization were performed in separate rooms. Aseptic techniques and protocols to reduce DNA contamination in the laboratory were strictly adhered during processing. A closed-tube LAMP assay was used, which lessened risk of carry-over contamination of amplicons (26).



Ultrasound and Clinical Evaluation

A portable Vscan Pocket Ultrasound (GE Healthcare, United Kingdom) equipment was used in the study. US procedure followed the protocol of Ohmae etal. (27) with few modifications based on WHO recommendations (27, 28). All US examinations and interpretation at all time points were performed by two trained personnel to lessen inter-reader variability. Liver images were obtained by substernal, subcostal, intracostal, and sagittal scans, with the patients lying on their backs. Spleen images were taken by intracostal scans with the patients lying on their left sides. The following measurements were taken left liver lobe length in a longitudinal section left parasternal border; right liver lobe length based on the maximum oblique diameter using the right anterior axillary view; portal vein diameter in a right oblique view along the axis of the vessel with the internal diameter of the portal vein at its entry point into the liver; and spleen length in a left oblique view with the maximum length in a section measured through splenic hilus. Height-specific normal values for liver and spleen organometries were based on reference measurements among the healthy Chinese population due to the unavailability of data among healthy Filipinos. This reference measurement was chosen as the source study followed US protocol used in research involving schistosomiasis-induced liver pathology. Hepatosplenic enlargement and atrophy were defined as 2 standard deviations (SD) above and below the mean, respectively. Portal vein wall thickness was expressed as external diameter minus the lumen diameter. Portal vein dilatation and portal vein wall thickening were defined as 2 SD above the mean (29). US images of the liver were classified into three types based on the observed echogenic pattern and the thickness of the portal vein wall: 1.) within normal limits (WNL) or type 0 shows no echogenic patterns and absence of portal vein wall thickening; 2.) mild fibrosis or types 1 and 2 shows linear or tubular echogenic bands with mild, moderate, or severe echogenic thickening (6mm) of the portal vein wall; and 3.) network pattern or type 3 shows septal formation into regular geometric blocks, with more than three blocks surrounded by high echogenic bands (20). Analyses of images were performed in the Philippines.




Statistical Analyses

Disease positivity in each village was determined based on the results of the various examinations. The intensity of infection was calculated using the arithmetic mean of EPG in the six fecal smears. Results were presented as mean ± standard deviation (SD) for quantitative data and as percentages for qualitative data. Comparisons between groups for quantitative data were performed using the Chi-square test. One-way ANOVA was used for within-group comparisons for continuous variables. Sensitivity, specificity, positive predictive value, and negative predictive value were computed to assess diagnostic performances using a composite reference standard as recommended by WHO/TDR (30). The degree of agreement of the individual tests to the composite standard was assessed using Kappa statistics and classified according to the published guidelines (31). Double-entered data stored in EpiData 3.1 were analyzed using GraphPad Prism version 9 for Mac. A p-value of < 0.05 was considered statistically significant.




Results

Supplementary Table 1 summarizes the pertinent socio-demographic and clinical characteristics of participants in the cross-sectional study. Among the dependent variables, being female (p < 0.0438), having no formal education (Chi-square test, χ2 = 21.50, df = 3, p < 0.0001), having a farming-related occupation (p < 0.0001), and inconsistent participation (missing at least one dose of praziquantel) in MDA in the last 2 years (p < 0.0002) were significantly associated with stool positivity. Other variables such as living or working near snail colonies (p = 0.8799), ownership of latrine (p = 0.8535), presence of symptoms suggestive of schistosomiasis (p = 0.2810), history of schistosomiasis based on stool examination (p = 0.1351), previous abdominal US (p = 0.6705), and reactivity to HBsAg (p = 0.7172) were not significantly correlated with stool positivity.

Table 1 presents the estimated positivity rate of schistosomiasis at 95% CI based on 3 K-K, SEA ELISA, and the hepatosplenic US. SEA ELISA reported the highest proportion of cases (41.6%) followed by 3 K-K (27.4%), with the US detecting the least cases (23.7%). The number of cases detected by SEA ELISA was higher than the other tests in all endemic barangays. Among the study sites, the highest proportion of stool positives was recorded in Dita at 35.5% (95% CI [29.2, 43.0]), while San Roque had the lowest proportion of stool positive individuals at 18.5% (95% CI [11.7, 29.2]).


Table 1 | Positivity of schistosomiasis at baseline based on conventional diagnostic tests.



Among the 980 participants, parenchymal fibrosis of the liver was the most common US pathology, observed in 232 patients (23.7%). Other US findings consistent with schistosomiasis were splenomegaly in 81 patients (8.3%), hepatomegaly in 69 patients (7.0%), and portal vein wall fibrosis in 55 patients (5.6%). Using the Ohmae etal. (27) classification, there were 748 (76.3%), 101 (10.3%), and 131 (13.4%) with type 0 (no fibrosis), types 1-2 (mild fibrosis), and type 3 (severe fibrosis) US findings, respectively (27). Most had no clinical manifestations of hepatic disease. Six had signs and symptoms suggestive of decompensated liver disease.

All examinations except for the US were more sensitive than the widely utilized K-K technique, even with repeated fecal sampling. Table 2 summarizes the diagnostic performance parameters and agreement values with the composite reference standard (CRS) of the various examinations performed on samples from 230 patients (Supplementary Table 2). Multiple stool examinations enhanced the sensitivity of K-K from 26.2% (95% CI [16.4, 38.8]) with single stool to 53.8% (95% CI [41.1, 66.1]) and 69.2% (95% CI [56.4, 80.0]) with two and three stools from consecutive days, respectively. Among the SjcDNA nucleic acid amplification test (NAAT)-based detection assays, loop-mediated isothermal amplification (LAMP) PCR using sera had the highest sensitivity at 92.3% (95% CI [82.2, 97.1]) with LAMP consistently identifying more positive cases in both serum and urine samples. Regarding sample type, SjcDNA was detected more in sera than in urine samples. Although POC-CCA had the same sensitivity with three stool K-K, the former had low specificity (69.7%). US (K 0.15, 95% CI [0, 0.31]) had slight agreement while POC-CCA (K 0.34, 95% CI [0.21, 0.47]) and 1 K-K (K 0.33, 95% CI [0.17, 0.50]) had fair agreement. SEA ELISA (K 0.6, 95% CI [0.49, 0.71]), 2 K-K (K 0.62, 95% CI [0.50, 0.75]), and 3 K-K (K 0.76, 95% CI [0.66, 0.86]) had substantial agreement. All the SjcDNA detection assays had an excellent agreement.


Table 2 | Diagnostic performances of the different schistosomiasis examinations of samples collected from 230 participants using a composite reference standard (CRS).



Figure 3 depicts the correlation of EPG based on three stool K-K, an indirect measure of infection intensity, with results of single stool K-K (Spearman’s rho = 0.48, p < 0.001), POC-CCA (Spearman’s rho = 0.44, p < 0.001), and serum PCR (Spearman’s rho = 0.268, p = 0.075). POC-CCA and single stool K-K were more likely to miss diagnosing light infections than the SjcDNA detection assays.




Figure 3 | Correlations of egg per gram (EPG) determined by three stool Kato-Katz with results of single stool Kato-Katz, point of care circulating cathodic antigen (POC-CCA) urine test, and serum PCR (n = 45).



Among the 45 stool positive cases in the diagnostic study, 25 patients positive in SEA ELISA, urine LAMP (uLAMP), serum LAMP (sLAMP), POC-CCA, and 3 K-K at baseline were selected to participate in the post-chemotherapy study done at 5 and 7 months after PZQ treatment (Table 3). All 25 cases had negative 3 K-K at 5 and 7 months post-PZQ. The number of positive patients in sLAMP, uLAMP, and POC-CCA decreased at 5 and 7 months from 11 to 8, 15 to 6, and 10 to 4, respectively (Figure 4). SEA ELISA had a low rate of conversion to negativity of the results, with only five patients (16.1%) being non-reactive even at seven months post-PZQ.


Table 3 | Negative conversion of the different diagnostic examinations in 25 patients 5 and 7 months after completion of praziquantel treatment.






Figure 4 | Number of positive patients at 5 months and 7 months post-PZQ treatment based on different diagnostic tests (n = 25). PZQ, Praziquantel; SEA  IgG ELISA, Soluble Egg Antigen; uLAMP, Urine LAMP; sLAMP, Serum LAMP; POC-CCA, Point-of-care circulating cathodic antigen urine test; 3 K-K, Three consecutive days stool Kato-Katz.





Discussion

Despite the multiple studies showing its poor sensitivity in areas of low prevalence and among patients with light infection, K-K stool examination remains the primary technique used in endemic regions for different diagnostic purposes (32–34). The low sensitivity of K-K examination using single stool has erroneously resulted in reports of the apparent absence of cases in some endemic villages in the Philippines, with some regional schistosomiasis coordinators requesting to stop mass drug administration (MDA) in their localities (8). Single stool K-K detected S. japonicum eggs in most patients with moderate to heavy infection but missed the diagnosis of most individuals with light infection (Figure 3). Although repeated fecal collection and examination improved diagnostic sensitivity, this procedure might compromise the inherent simplicity and low cost of K-K (35).

SjcDNA was detected in more sera than urine samples despite using an additional DNA concentration technique for urine, possibly due to unequal distribution of SjcDNA in the two body fluids. The mature adult schistosomes lodged in the portal or mesenteric veins and the migrating schistosomula are in direct contact with the venous blood, resulting in higher levels of SjcDNA in serum than in urine (36). Compared with tests using serum, urine-based diagnostics are generally easier, less invasive, and result in better community compliance. Using bigger volumes of urine might increase the yield of urine SjcDNA detection (9).

LAMP assay detected more individuals with SjcDNA in their sera and urine samples than conventional PCR. This is consistent with previous reports showing LAMP to be more sensitive than endpoint PCR in detecting schistosome circulating DNA in body fluids (37). Aside from better diagnostic performance, LAMP is more field applicable than PCR as the former does not require a thermal cycler and electrophoresis set-up. Although the currently applied LAMP system is not yet field-deployable due to the need for DNA extraction, modifications can be done to enable on-site LAMP analyses, such as using simpler DNA extraction protocols with shorter incubation time and lesser need for expensive equipment.

Similar to previous studies, the different diagnostic tests were compared to a composite reference standard, which is used in the absence of a single suitable “gold standard” (38–41). Despite using duplicate smears from multiple stools collected from different days, Kato-Katz is still an imperfect test to diagnose intestinal schistosomiasis. POC-CCA showed a sensitivity of 69.2%, which is superior to single and two stool K-K, comparable to three stool K-K, and inferior to the SjcDNA detection assays. Similar diagnostic sensitivity of POC-CCA against multiple stool K-K was reported in studies done in Asia (15), Africa (42), and South America (43, 44). An important limitation of POC-CCA shown in this study is its high number of false positives, resulting in low specificity (69.7%) and only fair agreement (κ = 0.34) with the CRS (Table 2). Previous studies have recognized that the false positives of POC-CCA might be due to its cross-reactivity with pregnancy, conditions associated with proteinuria and hematuria, and other helminthic diseases such as opisthorchiasis and hookworm infection (45, 46). Additional information is necessary to elucidate the diagnostic implications of trace results and co-infection when applying POC-CCA for Intestinal schistosomiasis.

The other diagnostic test available, albeit not widely used in selected endemic areas of the Philippines are antibody testing using the COPT and US. US is a reliable and field applicable tool for evaluating the severity of schistosome egg-induced hepatosplenic abnormalities. US is more useful in establishing the presence of chronic disease with the presence of liver and spleen morbidities (33, 47). In this study, 20.4% were positive based on US findings. The presence of liver abnormalities based on US was higher than stool positivity, which was similarly reported in other areas of the Philippines (20). US abnormality usually manifests as hepatic fibrosis without overt clinical signs of liver disease. Even in the absence of active schistosomiasis infection, patients with this residual chronic liver pathology are at risk of developing more serious forms of liver disease from other communicable and non-communicable causes (48).

This study also assessed the ability of the different examinations to record treatment effectiveness. After completion of the PZQ regimen, all 25 cases enrolled in the treatment effectiveness study had negative stool examination at 5 and 7 months. The negative seroconversion rate of SEA ELISA remained low, while for the serum and urine LAMP assays and POC-CCA, their conversion rates to negativity of the results increased at 5 and 7 months. The remaining LAMP and POC-CCA positive cases might represent one of the following scenarios: (1) delayed clearance of the SjcDNA and CCA after successful treatment, (2) incomplete elimination of schistosomes, or (3) re-infection. Post-treatment studies using animal models have shown that SjcDNA was undetectable 6-8 weeks after PZQ exposure (37, 49, 50). Since patients in this study are constantly exposed to contaminated water bodies and might be chronically infected, delayed clearance of the SjcDNA might be due to the slower release of DNA from dead eggs deposited in the patient’s tissues (12).

A significant limitation of our study is that the CRS used to estimate the diagnostic performance of the different tests consists of in-house or non-commercial assays. Although the conventional PCR and LAMP assays were based on previous publications and the current study strictly adhered to their written protocols, there are still critical procedural variations that can affect the performance of these tests. Since there are no widely available commercial tests for intestinal schistosomiasis in the Philippines, the study still opted to include the in-house molecular tests in the CRS. The purposive sampling of high-risk individuals enrolled in the cohort is another limitation. The positivity using the different tests cannot be the basis for estimating schistosomiasis prevalence and should be cautiously interpreted.



Conclusion

In conclusion, this study provides further evidence that single stool K-K remains the only diagnostic test available in most endemic areas in the Philippines. It had low sensitivity and failed to identify most patients with light infection. Newer diagnostic tests such as SjcDNA detection assay and POC-CCA urine test were more sensitive than stool microscopy in detecting schistosomiasis. On the other hand, US was less sensitive than the widely utilized K-K technique in diagnosing schistosomiasis. However, it is more helpful in establishing the presence of chronic disease with the presence of liver and spleen morbidities. This study emphasizes the need to revisit the use of single stool K-K in the surveillance and case detection of schistosomiasis in endemic areas of the Philippines. The availability of advanced and more sensitive diagnostic tests will help better control, prevent, and eliminate schistosomiasis in the country.
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Stem cells play significant roles in driving the complex life cycle of Schistosoma mansoni. Fibroblast growth factor (FGF) receptor A (SmFGFRA) is essential for maintaining the integrity of schistosome stem cells. Using immunolocalization, we demonstrated that SmFGFRA was distributed abundantly in germinal/stem cells of different S. mansoni life stages including eggs, miracidia, cercariae, schistosomula and adult worms. Indeed, SmFGFRA was also localized amply in embryonic cells and in the perinuclear region of immature eggs; von Lichtenberg’s layer and the neural mass of mature eggs; the ciliated surface and neural mass of miracidia; the tegument cytosol of cercariae, schistosomula and adult worms; and was present in abundance in the testis and vitellaria of adult worms of S. mansoni. The distribution pattern of SmFGFRA illustrates the importance of this molecule in maintaining stem cells, development of the nervous and reproductive system of schistosomes, and in the host-parasite interplay. We showed SmFGFRA can bind human FGFs, activating the mitogen activated protein kinase (MAPK) pathway of adult worms in vitro. Inhibition of FGF signaling by the specific tyrosine kinase inhibitor BIBF 1120 significantly reduced egg hatching ability and affected the behavior of miracidia hatched from the treated eggs, emphasizing the importance of FGF signaling in driving the life cycle of S. mansoni. Our findings provide increased understanding of the complex schistosome life cycle and host-parasite interactions, indicating components of the FGF signaling pathway may represent promising targets for developing new interventions against schistosomiasis.
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Introduction

Schistosomiasis is first on the scale of devastating parasitic helminth diseases, causing more than 250 million human infections in 74 countries and leading to considerable morbidity and an estimated loss of 1.9 million disability-adjusted life years (1–3). There are three main schistosome species (Schistosoma mansoni, S. japonicum and S. haematobium) causing human schistosomiasis. Currently no human vaccines are available and, as clinical treatment relies entirely on the single drug praziquantel, the potential emergence of drug resistance is an ever-present concern (1). Recent studies have demonstrated that stem cells play vital roles in driving and maintaining the complex schistosome life cycle (4–8). Adult schistosomes parasitize mammals and lay eggs many of which eventually escape these definitive hosts in feces or urine. An egg gives rise to a ciliated larva, the miracidium, which infects a specific freshwater snail host and then undergoes a dramatic body conversion to produce an obligate asexually-reproducing parasitic stage, the mother sporocyst. Endogenous proliferation of stem cells in mother sporocysts leads to a new asexual stage - the daughter sporocyst. These ‘daughters’, in turn, can generate by stem cell proliferation either more daughters, or the next stage, the migratory cercaria (-ae), that escapes from the snail into the aquatic environment. The cercariae then penetrate the skin of a mammalian host to transform into a schistosomulum (-a), before entering the host vascular system. These juvenile schistosomes develop a functional digestive system and sexual reproductive organs through de novo processes that commence by differentiation of pluripotent stem cells (6), early in the development of schistosomula. The larvae then mature into sexual dimorphic adults and the female worms lay eggs into the mesenteric venules of the host (9). Given the critical roles that stem cells play in schistosome biology (10), targeting genes vital for controlling the integrity of these cells may, by impeding parasite development at critical phases of the life cycle, provide a novel strategy for drug and/or vaccine development against schistosomiasis.

The fibroblast growth factor (FGF) signaling pathway in mammals is critically involved in a variety of processes during embryonic development and adult homeostasis through promoting cell proliferation, cell differentiation, cell survival, tissue repair/regeneration, drug resistance, and apoptosis (7, 11–15). Significantly, FGF signaling is crucial in stem cell control in various model systems including both vertebrates (5, 16–18) and invertebrates (14, 19–22). The mammalian FGF pathway is activated by binding FGF ligands to FGFRs, thereby phosphorylating mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/AKT (protein kinase B, also called PKB), phospholipase C gamma (PLCγ), and signal transducers and activators of transcription (STAT) (23–25). The FGF signalling pathway has been shown present in various multicellular organisms ranging from vertebrates, such as humans and mice (13, 26–31), to invertebrates including Drosophila (32, 33) and the free-living nematode, Caenorhabditis elegans (34, 35). The FGF signaling pathway has also been demonstrated in members of the animal clade Lophotrochozoa (6, 7, 14, 20, 36, 37). For the Platyhelminthes, flatworms capable of exquisite regenerative or generative capacity, the FGF pathway has been described in free-living triclad planarians, with expression of FGF receptors found in stem cells of Dugesia japonica (19, 20) and Schmidtea mediterranea (21, 22). Similarly, three genes encoding FGFRs (emfr1, emfr2, emfr3) have been identified in the cestode Echinococcus multilocularis, a parasite capable of invasive growth in host livers as it undergoes internal asexual generation of abundant infectious tapeworm scoleces for infection of a new host (14). Expression patterns of the E. multilocularis FGFs suggested that only emfr2 and emfr3 could be expressed in the parasite’s stem cells or their immediate progeny, while emfr1 did not have a typical stem cell-specific expression pattern (14). Whereas no endogenous FGF ligands were identified in E. multilocularis, human FGF ligands were shown able to activate all three Echinococcus FGFRs and stimulate parasite development in vitro (14), thereby highlighting the importance of the interaction between host-derived hormones and the corresponding receptors of evolutionarily conserved parasite signaling pathways (14).

To date, two FGFR-encoding genes (SmfgfrA and SmfgfrB) have been described in S. mansoni (6, 36). SmfgfrA is expressed in the germinal cells of larvae (4, 6) and the stem cells of adult S. mansoni (7, 38, 39), emphasizing the vital roles SmFGFRA plays in the maintenance and proliferation of S. mansoni stem cells (6, 7, 27, 40). Hahnel et al. found the transcriptional levels of both SmFGRFs were upregulated following adult worm pairing, indicative of their importance in schistosome reproduction (36).

The role played by FGF signaling in different schistosome life cycle stages is unclear. To address this issue, we examined the expression of SmFGFRA in different developmental stages of S. mansoni by real-time PCR and immunolocalization and explored the co-localization of SmFGFRA and stem cells in adult worms. Furthermore, by employing protein binding and phosphorylation assays, we determined the binding affinity between SmFGFRA and host FGF ligands and showed this binding can activate the MAPK pathway in S. mansoni. In addition, we assessed the effects of the inhibitor BIBF 1120 on the development of eggs and the behavior of hatched miracidia of S. mansoni. BIBF 1120 is a highly selective adenosine triphosphate (ATP)-competitive tyrosine kinase (TK) inhibitor that has been shown to significantly reduce the numbers of somatic stem cells in adult worms of S. mansoni (36).



Materials and Methods


Ethics

All experiments were approved by the Animal Ethics Committee (ethics number P242) of the QIMR Berghofer Medical Research Institute. The study was conducted according to the guidelines of the National Health and Medical Research Council of Australia, as published in the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes, 7th edition, 2004 (www.nhmrc.gov.au). All work involving live S. mansoni life cycle stages was performed in quarantine-accredited laboratories as required by Australian Biosecurity law.



Parasites

Swiss mice (female, 6 weeks old) were infected subcutaneously with 100 S. mansoni cercariae. Seven weeks post-infection the mice were euthanised and adult worms were obtained by portal perfusion with 37°C pre-warmed RPMI Medium 1640 (Gibco, Sydney, Australia). Mouse livers were removed at necropsy and liver eggs were isolated (41, 42), with immature and mature liver eggs separated as described (43). Miracidia were harvested by hatching mature eggs in deionized water under light (41). S. mansoni cercariae were obtained by shedding infected Biomphalaria glabrata snails under bright light. Schistosomula were obtained by mechanical transformation of cercariae in vitro as described (2), and cultured in Basch’s medium (2) for five days to produce 5-day old schistosomula.



Sequence Analysis of SmFGFRs

Searches for SmFGFRs sequences were conducted using genome version Smansoni_v7, GCA_000237925.3 (44, 45) on the WormBase ParaSite website (https://parasite.wormbase.org/Schistosoma_mansoni_prjea36577/Info/Index). Searches for homologous FGFR protein sequences were performed using the Basic Local Alignment Search Tool (BLAST) on the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the WormBase ParaSite website (http://parasite.wormbase.org/Multi/Tools/Blast). Protein sequence identity was analyzed using EMBOSS Needle (https://www.ebi.ac.uk/Tools/psa/emboss_needle/) (46, 47). Signal peptides were predicted by the SignalP-5.0 Server (http://www.cbs.dtu.dk/services/SignalP/). Protein molecular weight and isoelectric point were calculated using the ExPASy-Compute pI/Mw tool (http://web.expasy.org/compute_pi/). Domain predictions were conducted using the Simple Modular Architecture Research Tool (SMART) (http://smart.embl-heidelberg.de/). Prediction of SmFGFRA 3D structures was performed using I-TASSER (https://zhanglab.dcmb.med.umich.edu/I-TASSER/) (48–50). Searching the S. mansoni single-cell atlas was carried out using the SchistoCyte resource (http://www.collinslab.org/schistocyte/) (39, 51).



SmfgfrA Transcription Levels in Different Life Cycle Stages Determined by Real-Time PCR

Total RNAs were extracted from S. mansoni eggs, miracidia, cercariae, schistosomula and adult male and female worms using RNeasy Mini Kits (Qiagen, Melbourne, Australia), followed by cDNA synthesis using QuantiTect Reverse Transcription Kits (Qiagen). Quantitative real-time PCR (qPCR) was performed with QuantiNova SYBR® Green PCR Kits (Qiagen) using a Corbett Rotor Gene 6000 Real-Time PCR system. Forward primer (5’-ATGGGACTCAATTACGCATT-3’) and reverse primer (5’-CACCACTGTCTTCCGACCTG-3’) for SmfgfrA were designed using the Primer 3 software (http://frodo.wi.mit.edu/), and the specificity of the primer sequences was confirmed by BLAST. The S. mansoni Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) housekeeping gene was used as reference gene (52). The qPCR reactions comprised 10 µl 2xSYBR Green PCR Master Mix, 100 ng cDNA, and 0.7 µM of each primer. The cycling parameters were as follows: 95°C for 2 min, 40 cycles of 95°C for 5 s and 58°C for 10 s. Relative gene transcriptional levels were normalized to the GAPDH gene and determined using the 2-ΔΔCt calculation.



Protein Expression, Purification and Antibody Generation

The SmFGFRA extracellular ligand binding domain (from T39 to L386, SmFGFRA-L) coding sequence (excluding signal peptide) was amplified from S. mansoni cDNA using a forward primer (5’-TACTTCCAATCCAATGCAACTTTACACTGTGCGTGTGACGC-3’) and a reverse primer (5’-TTATCCACTTCCAATGTTATTATCACAATCCACTATCCCTATAGGACAAATTTTC-3’). The full length SmFGFRA (from L27 to H918) coding gene, without signal peptide, was amplified from S. mansoni cDNA using a forward primer (5’-TACTTCCAATCCAATGCACTTGAGTGTAAATCACAATCAATGTACGAA-3’) and a reverse primer (5’-TTATCCACTTCCAATGTTATTATCACTAGTGTAAATACTGTCGCGGTTCCAAGT-3’). Both fragments were expressed in Escherichia coli after cloning into the pET His6 TEV LIC cloning vector (1B) (a gift from Scott Gradia, Addgene, Watertown, Massachusetts, USA); a Ligation Independent Cloning (LIC) fusion tag was added at the 5’ end of each primer (underlined in each primer sequence). The vector was linearized using the SspI-HF restriction enzyme (New England Biolabs, Melbourne, Australia) and then purified using a QIAquick Gel Extraction Kit (Qiagen). The linearized vector and insert were treated with T4 polymerase and then annealed at a molecular ratio of 1:3 at room temperature for 5 min followed by the addition of 1 μl 25 mM EDTA to stop the reaction. After sequence confirmation, the reconstructed vectors were transformed into E. coli (Rosseta strain) for expression induced with 1 mM IPTG (isopropyl-β-D-thiogalactopyranoside) (Sigma-Aldrich, Sydney, Australia) at 37°C for 3 h. Recombinant protein was purified using a Ni-NTA His-tag affinity kit (Qiagen). HALT protease inhibitor cocktail (Thermo Fisher Scientific) was added during protein purification. The His-tag on the purified protein was then removed by ProTEV Plus (Promega, Sydney, Australia) according to the manufacturer’s instructions.

A polyclonal antibody against the recombinant SmFGFRA-L (rSmFGFRA-L) was generated in SWISS mice (8 weeks old, female). Briefly, five mice were injected intraperitoneally with rSmFGFRA-L protein (25 μg/each mouse) adjuvanted with Montanide ISA 720 VG (SEPPIC, Courbevoie, France) three times at 2-weekly intervals (3). Blood was collected 2 weeks after the third injection. The titre of the antibody was determined using an enzyme-linked immunosorbent assay (ELISA) as described (53–55). In brief, an ELISA plate (Thermo Fisher Scientific, Brisbane, Australia) was coated with rSmFGFRA-L protein (1 µg/ml, 100 µl/well) in 0.05 M Carbonate-Bicarbonate coating buffer (pH 9.6) overnight at 4°C, followed by blocking at 37°C for 1 h with blocking buffer [1% (w/v) bovine serum albumin (BSA) (Sigma-Aldrich) in PBS containing 0.05% (v/v) Tween-20 (PBST)]. Serially diluted serum in blocking buffer (100 µl/well) was added and the plate incubated at 37°C for 1 h. As negative controls, naïve mouse serum was used. Following 3 x washes with 0.05% PBST, a secondary antibody, Novex™ Goat anti-Mouse IgG (H+L) - cross-adsorbed, horseradish peroxidase (HRP) conjugate (Thermo Fisher Scientific), was added (1:2,000, 100 µl/well) and the plate was incubated at 37°C for 1 h. After 3 x washes with 0.05% PBST, 1-Step™ Ultra TMB-ELISA Substrate Solution (Thermo Fisher Scientific) was added (50 μl/well) followed by 10 min incubation at room temperature prior to stopping the reaction with 2 M sulphuric acid (50 μl/well). The absorbance of each well was measured at 450 nm using a POLARstar OPTIMA multi-detection microplate reader (BMG LABTECH, Victoria, Australia). A positive antibody response was defined as an OD450 higher than 2.1 times the mean of the OD450 of serum samples from control mice.



Western Blot Analysis

S. mansoni, S. japonicum, and S. haematobium soluble worm antigen preparation (SWAP) (53) and S. mansoni soluble egg antigen (SEA) (56) were prepared as described. The mouse anti-rSmFGFRA-L serum was utilized in western blots to probe electrophoresed schistosome SWAP and S. mansoni SEA. Protein samples were separated on 12% SDS-PAGE gels and transferred to an Immun-Blot low fluorescence-PVDF membrane (Bio-rad, Sydney, Australia). The membrane was first blocked with Odyssey Blocking Buffer (PBS) (LI-COR Biosciences, Lincoln, Nebraska, USA) for 1 h at room temperature. Then, the membrane was incubated with the mouse anti-rSmFGFRA-L serum (1:100 diluted in Odyssey buffer with 0.1% Tween-20) for 1 h followed by four washes in phosphate-buffered saline (PBS) plus 0.1% Tween-20 (0.1% PBST). Subsequently, the membrane was incubated with IRDye-labeled 680LT goat anti-mouse IgG antibody (Li-COR Biosciences) (1:15,000 diluted in Odyssey buffer with 0.1% Tween-20 and 0.01% SDS) for 1 h with shaking in a dark chamber. After washing (4X) with 0.1% PBST, the membrane was dried in the dark and visualized using the Odyssey CLx Infrared Imaging System (53).



Immunolocalization of SmFGFRA in Different Life Cycle Stages of S. mansoni and Co-Localization of SmFGFRA and Stem Cells

S. mansoni adult worms, immature eggs, mature eggs, miracidia, cercariae, and 5-day old schistosomula were fixed in 10% (w/v) formalin in PBS prior to paraffin embedding. Sections (3-4 µm) prepared from the paraffin blocks were affixed to positively charged adhesive slides, air-dried overnight at 37°C and then dewaxed and rehydrated through xylol and descending graded alcohols to water. Subsequently, the sections were transferred to Dako Target Retrieval Buffer (pH 9.0) (Dako, Carpinteria, California, USA) and subjected to 30 min heat antigen retrieval at 95°C. This was followed by washing three times in 0.1% PBST. Sections were blocked in Biocare Medical Background Sniper with 2% (w/v) BSA (Sigma-Aldrich) for 15 min to stop non-specific binding and then incubated at room temperature overnight with mouse anti-rSmFGFRA-L antibody (1:50 dilution). After washing three times with 0.1% PBST, the sections were incubated with Alexa Fluor® 555 donkey anti-mouse IgG (Invitrogen, Melbourne, Australia) (1:300 dilution) for 2 h at room temperature.

To determine the co-localization of SmFGFRA and stem cells in adult S. mansoni, freshly perfused worms were cultured overnight in RPMI complete medium [RPMI Medium 1640 (Gibco, Sydney, Australia) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco) and 100 IU/ml penicillin and 100 μg/ml streptomycin (Gibco)] at 37°C in 5% CO2. Then the worms were incubated for 24 h with 10 µM EdU (thymidine analog 5-ethynyl-2’-deoxyuridine) (Thermo Fisher Scientific), which only stains stem cells in schistosomes (7). The stained worms were fixed in 10% formalin, paraffin embedded and sectioned. Sections (4 µm) of EdU-labeled adult worms were subjected to EdU detection using a Click-iT™ EdU Cell Proliferation Kit (Alexa Fluor™ 488 dye) (Thermo Fisher Scientific) according to the manufacturers’ instructions. Then the same sections were subjected to SmFGFRA immunolocalization as described above. Nuclei in all tissue sections were also stained with diamidino-2-phenylindole (DAPI) gold (Invitrogen) and visualized using a Zeiss 780 NLO confocal microscope (Zeiss, Oberkochen, Germany).



Protein Binding Assay

The binding affinity between rSmFGFRA-L/human FGFR1 and human acidic FGF (aFGF)/basic FGF (bFGF) was determined using the Octet RED 96 System (FortéBio, Menlo Park, California, USA) in standard Greiner black 96-well microplates (Sigma-Aldrich) as described (53). Briefly, to investigate the binding between rSmFGFRA-L and human aFGF/bFGF, the rSmFGFRA-L protein was biotinylated using a NHS-PEO4-biotin kit (Thermo Fisher Scientific), desalted with a Zeba Spin Desalting Column (Thermo Fisher Scientific), and then the protein was immobilized to a Streptavidin Biosensor (FortéBio). Prior to the assay, the Biosensors were hydrated in kinetic buffer (PBS with 15 mM NaCl, 0.1 mg/ml BSA, 0.002% Tween-20) for 60 min. Subsequently, a duplicate set of Biosensors were first incubated in kinetic buffer for 300 s as baseline and followed by immobilization for 600 s in 200 μl of 150 ng/μl biotinylated rSmFGFRA-L protein. Next, the Biosensors were washed in kinetic buffer for another 300 s. Finally, the sensors were exposed to a series (200 μl volume) of diluted concentrations of human aFGF/bFGF (Thermo Fisher Scientific). To further explore whether the binding affinity between human bFGF and rSmFGFRA-L is comparable to that between human bFGF and human FGFR1, human bFGF (8 ng/μl) was biotinylated and immobilized to Biosensors and then exposed to different concentrations (30 ng/μl and 23 ng/μl) of rSmFGFR-L and recombinant extracellular ligand binding domain of human FGFR1 (R22-I376) (FGFR1-L) (Sigma-Aldrich). PBS was used as a negative control. The association of the two proteins was detected for 1000 s followed by dissociation in the kinetic buffer for 1000 s. Experiments were run at 30°C with the orbital agitation of the microplate set to 1000 rpm. Data were analyzed using the FortéBio Data Analysis 7.1 program and included a double reference subtraction. The sample subtraction was conducted using PBS as a reference control, and sensor subtraction was performed on all samples automatically (53).



Detection of MAPK Using an Anti-Phospho-P44/42 MAPK (Erk1/2) Antibody

An anti-phospho-P44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody (Cell Signaling Technology, New England Biolabs, Ipswich, USA) was used to detect activated (phosphorylated) extracellular signal regulated kinases 1 and 2 (Erk1/2) in S. mansoni adult worms (53) following stimulation with human aFGF or bFGF. Briefly, freshly perfused S. mansoni adult worms were cultured overnight in RPMI complete medium at 37°C in 5% CO2. The parasites were then cultivated for 30 min in RPMI complete medium containing 10 nM human aFGF, or 10 nM bFGF, or 10 nM aFGF and bFGF (the same concentration used in a previous study (14)). For the inhibitor treatment group, adult S. mansoni were cultured in RPMI complete medium with 10 μM BIBF 1120 (dissolved in dimethyl sulfoxide (DMSO) and then diluted to different concentrations) (Sigma-Aldrich), or 0.1% DMSO (negative control) for 30 min as described (14). After each treatment, worms were harvested for SWAP extraction as described (53) in the presence of HALT protease inhibitor cocktail. Isolated SWAP was then separated on a 10% SDS-PAGE gel and analyzed by western blotting as described above.



Tyrosine Kinase Activity Assay

A Universal Tyrosine Kinase Assay Kit (Takara, Melbourne, Australia) was used to determine the enzymatic activity of rSmFGFRA at different concentrations (100 ng/μl - 0.78 ng/μl) in the presence or absence of 5 μM and 10 μM BIBF 1120 as described (14, 36), following the manufacturer’s instructions. DMSO (0.1%) was served as negative control. The activity of rSmFGFRA was determined by comparing its absorbance with that of control protein tyrosine kinase (PTK), supplied with the kit, according to the manufacturer’s instructions. Technical duplicates were performed and the experiment was repeated twice.



BIBF 1120 Treatment of S. mansoni Eggs In Vitro and Measurement of the Behavior of Miracidia Hatched From the Treated Eggs

S. mansoni eggs were cultured overnight at 37°C in RPMI complete medium under an atmosphere of 5% CO2. The eggs were then treated with different concentrations of BIBF 1120 (2.5 μM, 5 μM, 10 μM, 20 μM) or 0.1% DMSO (negative control). After seven days, the eggs were collected and miracidia were hatched in deionized water under light as described above. The egg hatching efficiency (%) in each group was calculated by dividing the number of hatched eggs with the total number of examined eggs X 100. The behavior of miracidia hatched from treated and control eggs was also monitored using a published bioassay (57, 58). Briefly, around 30 S. mansoni miracidia in 100 μl deionized water were, using a pipette, evenly distributed to the centre of a microscope slide. Miracidial movement (swimming) was monitored using an Olympus-CKX41 microscope equipped with an Olympus DPI Digital Microscope Camera DP22 (25 frames per second at 2.8-megapixel image quality). Miracidial movement in the field of view (FOV) was recorded for 1 minute by video. Then the videoed miracidial tracks were analyzed using FIJI software to calculate three individual behavioral measurements including velocity of miracidial movement, duration (time) of miracidia staying within the FOV, and tortuosity (the ratio of track length to maximum displacement) of miracidial movement (57). The miracidial movement velocity was calculated in pixel/s using the rolling mean subtraction method (57, 58). Miracidial location was tracked in each frame along an x-y axis and the trajectories were interpolated using the plugin for FIJI software, known as TrackMate (58, 59). Employing the MTrackJ plugin, the average velocity, duration, and tortuosity of miracidia in the FOV were determined. Heatmaps, representing the movement pattern of individual miracidia, were generated as described (58, 60).



Statistical Analysis

All data are displayed as the mean ± SE. Differences between groups were analyzed for statistical significance by One-way ANOVA. GraphPad Prism software (Version 8.2.1, La Jolla, CA, USA) was used for all statistical analyses. A statistically significant difference for a particular comparison was defined as a p value ≤ 0.05. * p value≤ 0.05, ** p value≤ 0.01, *** p value ≤ 0.001, **** p value ≤ 0.0001, not significant (ns).




Results


SmFGFRA Sequence and Structural Analysis

SmfgfrA (Smp_175590) encodes SmFGFRA and SmfgfrB (Smp_157300) has two transcripts encoding SmFGFRB1 and SmFGFRB2, respectively. SmFGFRA shares 78.4% amino acid sequence identity with S. haematobium FGFR2 (ShFGFR2, MS3_0015372) and 59.9% identity with S. japonicum FGFR2 isoform 2 (SjFGFR2-2, EWB00_002899). In contrast, SmFGFRA shares only 17.4% and 17.9% amino acid sequence identity with SmFGFRB1 and SmFGFRB2, respectively, and their common amino acids are mainly distributed in the conserved TK domain. SmFGFRA shares 21.7% sequence identity with human FGFR1.

The tertiary structures of the SmFGFRs were predicted by the I-TASSER server (Figure 1). The ligand binding residues (L588, G589, G591, V596, A617, K619, I650, R651, F652, I664, L666 - A669, G672, V754, C764, D765, F766) and the enzyme active site residue (R751) of SmFGFRA were predicted as shown in Figure 1. The ligand binding residues (l292 - A295, G297, I298, Y300, A321, K323, I353, M369, E370 -A372, N376, R425, L428, A438, D439) and enzyme active site residue (R425) of SmFGFRB1, and the ligand binding residues (L312, V320, A341, K343, E360, V361, M364, I373, F375, L387, M389, E390-A392, R445, N446, L448, A458, F460) and the enzyme active site residue (R445) of SmFGFRB2 are shown in Figure 1 (14). The predicted domain structures of SmFGFRA and SmFGFRB1/2 are shown in Supplementary Figure 1. Neither signal peptides nor immunoglobulin (IG)-like domains that are responsible for protein-protein and protein-ligand interactions (61, 62) were found in either SmFGFRB1 or SmFGFRB2 (Supplementary Figure 1).




Figure 1 | Three-dimensional (3D) structure (column 1), the predicted binding ligands (green spheres) and binding residues (blue balls and sticks) (column 2), and enzyme active sites (colored balls and sticks) (column 3) for S. mansoni FGFRA (Confidence score=-2.22), FGFRB1 (Confidence score=-2.7) and FGFRB2 (Confidence score=-3.74) predicted by the I-TASSER server. The residue numbers are shown in pink.



The predicted binding ability of SmFGFRA with its ligand indicated its potential in inducing dimerization of the extracellular domains of FGFRs [as demonstrated in mammalian cells (11, 12, 63)], and subsequent transautophosphorylation of the cytoplasmic TK domain, thereby activating downstream signal transduction in S. mansoni. However, no endogenous genes encoding FGF ligands have been identified in the genomes of S. mansoni (45, 64), suggesting that the parasite might explore host FGF ligands to stimulate its own signaling pathway.



Quantification of SmfgfrA Transcripts in Different S. mansoni Life Stages

Using real-time PCR assays, transcriptional levels of the SmfgfrA gene were quantified in eggs, miracidia, cercariae, schistosomula, and adult female and male worms of S. mansoni. We found SmfgfrA was transcribed in all the life cycle stages examined with eggs and miracidia having the highest expression levels (Figure 2).




Figure 2 | Quantification of SmfgfrA gene transcripts in different life cycle stages of S. mansoni. The relative expression of SmfgfrA in eggs, miracidia, cercariae, schistosomula, and adult female and male worms were normalized to its expression in cercariae. Data are representative of the mean ± SE of three independent experiments. P values were calculated using cercariae as a comparison group. (*p value≤ 0.05, One-way ANOVA).





Purification of Recombinant SmFGFRA and Antibody Generation

Purified rSmFGFRA-L and rSmFGFRA, expressed in E. coli, were shown by SDS-PAGE to migrate as bands at the predicted sizes of approximately 40 KDa (Figure 3A, Lane 1) and 105 KDa (Figure 3A, Lane 2), respectively. The smeared bands observed in the SDS-PAGE with purified full-length protein rSmFGFRA (Figure 3A, Lane 2) may indicate protein degradation during protein expression and/or purification, although cocktail protease inhibitors were added during the purification procedure.




Figure 3 | (A) Purified rSmFGFRA-L (lane1) and rSmFGFRA (lane 2) observed in SDS-PAGE gels. (B) Western blot analysis using an anti-rSmFGFRA-L polyclonal antibody to probe S. mansoni SWAP (lane1), S. japonicum SWAP (lane 2), S. haematobium SWAP (lane 3), and S. mansoni SEA (lane 4). The naïve mouse serum served as a negative control to probe S. mansoni SWAP (lane 5), S. japonicum SWAP (lane 6), S. haematobium SWAP (lane 7), and S. mansoni SEA (lane 8).



Specific antibody against rSmFGFRA-L was generated in mice and the titer of the antibody (1:25,600) determined by ELISA. The anti-rSmFGFRA-L serum was used for western blot analysis and immunolocalization.



Reactivity of the Anti-rSmFGFRA-L Serum

To determine whether the anti-serum raised against SmFGFRA cross reacted with homologous components in SWAP extracts prepared from adult S. japonicum and S. haematobium, western blot analysis was performed using the generated mouse anti-rSmFGFRA-L serum. Western blots demonstrated that the anti-rSmFGFRA-L antibody (1:80) recognized a band at the expected molecular size of approximately 130 kDa in the SWAPs (50 μg/well) of S. mansoni, S. japonicum and S. haematobium, whereas no bands were evident when the SWAPs were probed with naïve mouse serum (Figure 3B). Similarly, native SmFGFRA (approximately 130 kDa) was also recognized by the anti-rSmFGFRA-L antibody in S. mansoni SEA while no band was recognized by the naïve mouse serum (Figure 3B).



Localization of SmFGFRA in Different Life Cycle Stages of S. mansoni and Co-Localization of SmFGFRA and Stem Cells

Immunolocalization was performed on sections of immature and mature eggs collected from S. mansoni infected mouse livers, miracidia, cercariae, 5-day old schistosomula, and adult male and female worms to determine the distribution of SmFGFRA in the different developmental stages. Immunofluorescence showed that native SmFGFRA was localized in the embryonic cells (Figure 4B) of immature eggs (egg embryogenesis stages 2-3) (65, 66). In positive cells, the SmFGFRA signal was detected in a perinuclear distribution. In mature eggs, SmFGFRA was detected in the inner envelope (von Lichtenburg’s Layer), the peripheral cellular neural mass, the lateral and apical glands, and germinal cells (Figure 4D). SmFGFRA localization was not detected on the egg shell or in the central neuropile of the neural mass where no neuronal cells are present (67). The distribution of SmFGFRA was similar in miracidia to that observed in mature eggs being localized within the ciliated epithelium, neural mass, lateral glands, apical gland, and germinal cells (Figure 4F). SmFGFRA was also detectable in the tegument, oral sucker, preacetabular glands, germinal cells, and flame cells of cercariae (6, 68) (Figure 4H), and in the tegument and the internal cell masses, including germinal cells (4), of 5-day old schistosomula (Figure 4J). Significantly, SmFGFRA fluorescence labelling was detected in almost all tissues of the adult male worms including the tubercles (Figure 5F), tegument, parenchyma (Figure 4L), oral sucker, ventral sucker, and testes (69) (Figure 5J). Similarly, SmFGFRA was amply distributed in the tegument and inner cell masses of female worms including the vitellaria, but not the gastrodermis (Figure 4N). Naïve mouse serum served as negative control to probe fixed immature eggs (Figure 4A), mature eggs (Figure 4C), miracidia (Figure 4E), cercariae (Figure 4G), schistosomula (Figure 4I), adult male worms (Figure 4K) and female worms (Figure 4M).




Figure 4 | Immunolocalization of SmFGFRA in different life cycle stages of S. mansoni. Sections of different S. mansoni stages were exposed to a mouse anti-rSmFGFRA-L antibody to examine the distribution of SmFGFRA (shown in red). Naïve mouse serum was employed as negative control. All samples were DAPI stained (in blue). Fixed immature eggs were incubated with naïve control mouse serum (A) and mouse anti-rSmFGFRA-L antibody (B); mature eggs were exposed to naïve control mouse serum (C) and mouse anti-rSmFGFRA-L antibody (D); miracidia were probed with naïve control mouse serum (E) and mouse anti-rSmFGFRA-L antibody (F); cercariae were incubated with naïve control mouse serum (G) and mouse anti-rSmFGFRA-L antibody (H); schistosomula were exposed to naïve control mouse serum (I) and mouse anti-rSmFGFRA-L antibody (J); adult male worms were probed with naïve control mouse serum (K) and mouse anti-rSmFGFRA-L antibody (L); adult female worms were exposed to naïve control mouse serum (M) and mouse anti-rSmFGFRA-L antibody (N). ec, embryonic cells; ie, inner envelop; ig, lateral glands; ag, apical gland; nm, neural mass primordium; np, neuropile; gc, germinal cells; ce, ciliated epithelium; os, oral sucker; pg, preacetabular glands; fc, flame cells; te, tegument; vs, ventral sucker; pa, parenchyma; vi, vitellarium; ga, gastrodermis.






Figure 5 | Co-localization of SmFGFRA and EdU+ cells in S. mansoni adult worms. Sequential staining of (A) EdU (green) and (B) anti-rSmFGFRA-L antibody (red) to sections of adult female worms. (C) Merging of (A, B). (D) Magnified squared-areas in (C). Sections of adult male worms were stained with (E, I) EdU and probed with (F, J) anti-rSmFGFRA-L antibody. (G) Merging of (E, F). (H) Magnified squared-areas in (G). (K) Merging of (I, J). (L) Magnified squared-areas in (K). All samples were DAPI-stained (blue). os, oral sucker; vs, ventral sucker; tet, testes; tu, tubercles.



EdU is known for its ability to incorporate into newly synthesized cellular DNA, and stains only proliferating stem cells in S. mansoni adults (7). To determine the relationship between EdU+ cells (stem cells) and cells that express SmFGFRA (SmFGFRA+), we undertook immunolocalization of SmFGFRA using an anti-rSmFGFRA-L polyclonal antibody to probe sections of adult worms stained with EdU. All EdU+ cells present in both adult female worms and male worms were SmFGFRA+ (Figure 5), emphasizing the critical roles of SmFGFRA in maintaining stem cells at the translational level. However, not all SmFGFRA+ cells were EdU+, suggesting SmFGFRA is multi-functional in S. mansoni, being not only important in stem cell maintenance but also being involved in other critical biological processes.



SmFGFRA Has Strong Binding Affinity With Human bFGF

We performed real-time binding assays using the Octet RED system with ‘biolayer interferometry’ technology to investigate the binding affinity between rSmFGFRA-L and human bFGF/aFGF (Figure 6). A strong in vitro interaction between rSmFGFRA-L and human bFGF (protein concentration ranging from 5 ng/μl to 29.6 ng/μl) was detected (Figure 6A) (KD = 3.6E-10, coefficient of determination (r2) = 0.98). Binding affinity was also evident, albeit less strongly, between rSmFGFRA-L and human aFGF (protein concentration ranging from 24 ng/μl to 68.3 ng/μl) (KD = 5.81E-09, r2 = 0.92) (Figure 6B). Increasing the concentration of bFGF/aFGF resulted in an increased binding response with the dissociation phase slowly decreasing, demonstrating the specific binding ability presented between rSmFGFRA-L and bFGF/aFGF. To compare the binding affinity of rSmFGFRA-L to human bFGF and aFGF in vitro, rSmFGFRA-L immobilized sensors were exposed to bFGF or aFGF at 14.2 ng/μl and 11 ng/μl, respectively. At the same protein concentration, bFGF exhibited 19-33.7 times stronger binding affinity than aFGF to rSmFGFRA-L (Figure 6C). Notably, at the same concentration, human FGFR1-L demonstrated higher binding affinity than rSmFGFRA-L to human bFGF (Figure 6D).




Figure 6 | Assays showing Binding between rSmFGFRA-L and human bFGF/aFGF using the Octet RED system. The real-time binding response between rSmFGFRA-L and (A) human bFGF and (B) human aFGF at different concentrations (ng/μl) was monitored in seconds. The parameters of the binding affinity (nm) and the KD value (M) of the binding affinity between rSmFGFRA-L and human bFGF/aFGF are shown. (C) Comparison of the rSmFGFRA-L binding affinity to human bFGF and aFGF at concentrations of 14.2 ng/μl and 11 ng/μl, respectively. (D) Comparison of the human bFGF binding affinity to human FGFR1-L and rSmFGFRA-L at concentrations of 30 ng/μl and 24 ng/μl, respectively.





Human FGFs Activate the S. mansoni MAPK Signaling Pathway

To explore whether human FGFs could activate the S. mansoni MAPK pathway by phosphorylating Erk1/2, we incubated adult worms for 30 minutes with either 10 nM aFGF or bFGF individually or in combination. Then, SWAP extracted from the treated parasites was subjected to western blot analysis using an anti-phospho-P44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody. Phosphorylation of Erk1/2 was readily detected at the expected band size (approximately 44 kDa) (53) in SWAP of adult S. mansoni stimulated with either aFGF or bFGF, or co-stimulated with both aFGF and bFGF; stronger band intensity was observed in worms treated with bFGF (Figures 7A, S2). The Erk band was detectable in an extract of control parasites (wild type, i.e. untreated worms; and worms incubated with 0.1% DMSO). By using an anti-actin (control) antibody, no significant differences were evident in band intensity detected in any of the tested or control groups (Figure 7A, S2). Furthermore, 30 minute treatment of adult worms with the TK inhibitor BIBF 1120 (10 μM), an agent considered to selectively inhibit S. mansoni FGF receptors (36), resulted in markedly depleted phosphorylation of Erk (Figure 7A, s2).




Figure 7 | (A) Effect of human aFGF or bFGF on the stimulation of extracellular signal regulated kinases 1 and 2 (Erk1/2) in adult S. mansoni worms. An anti-phospho p44/42 MAPK (Erk) antibody (upper panel) and an anti-actin antibody (lower panel) were used to probe a protein extract of wild type, untreated adult worms (Lane 1) and worms which were incubated with 0.1% DMSO (Lane 2), human bFGF (Lane 3), human aFGF (Lane 4), both human bFGF and aFGF (Lane 5), and 10 μM BIBF 1120 (Lane 6), respectively. (B) Tyrosine kinase activity of rSmFGFRA at different concentrations (0-100 ng/µl) in the presence or absence of 0.1% DMSO or BIBF 1120 (5 µM and 10 µM).





Tyrosine Kinase Activity of rSmFGFRA

SmFGFRA is a receptor tyrosine kinase (RTK) and the RTKs are important enzymes involved in the signal transduction pathway (12). A universal Tyrosine Assay Kit, used to measure the TK activity of rSmFGFRA, indicated, as might be expected, increased activity with increasing concentrations (0-100 ng/μl) of rSmFGFRA (Figure 7B). However, the TK activity of rSmFGFRA was considerably inhibited following incubation with the TK inhibitor, BIBF 1120; indeed, when the rSmFGFRA concentration was less than 6.25 ng/μl, TK activity was completely inhibited in the presence of 5 μM or 10 μM BIBF 1120 (Figure 7B).



BIBF 1120 Inhibits the Hatching of S. mansoni Liver Eggs

To further understand the effects of inhibiting the FGFRs by BIBF 1120 in S. mansoni, eggs isolated from the livers of infected mice were treated in vitro with different concentrations (2.5 - 20 μM) of the inhibitor, and then the egg hatching efficiency was examined. BIBF 1120 had clear concentration-dependent effects on egg hatching ability. In the presence of 2.5 μM BIBF 1120, egg hatching efficiency was moderately but not significantly reduced. However, egg hatching was markedly decreased by 21.3% (p=0.0077), 54.4% (p ≤ 0.0001), and 65% (p ≤ 0.0001) in the presence of 5 μM, 10 μM, and 20 μM BIBF 1120, respectively, compared with control eggs treated with 0.1% DMSO (Figure 8).




Figure 8 | Effects of BIBF 1120 on the hatching of S. mansoni eggs. The egg hatching efficiency (%) of untreated wild type (WT) S. mansoni eggs and eggs treated with 0.1% DMSO, or 2.5 μM, 5 μM, 10 μM, and 20 μM BIBF 1120 was calculated by dividing the number of hatched eggs by the total number of eggs (hatched and unhatched eggs) X 100. (ns, not significant; **p value≤ 0.01, ****p value ≤ 0.0001 by One-way ANOVA).





Behavioral Changes of S. mansoni Miracidia Hatched From Liver Eggs Treated With BIBF 1120

Behavioral changes of miracidia hatched from eggs treated with BIBF 1120 were investigated by analyzing recordings of miracidial movement tracks. Heatmaps of the miracidia movement patterns were created to illustrate the behavior of individual miracidia within the 1 min recording. The heatmaps of the control miracidia [wild type miracidia (WT) and miracidia hatched from eggs treated with 0.1% DMSO] depicted linear soft blue lines suggesting these miracidia had less circular but faster movement (Figures 9A, B). In contrast, there were more circular lines and more abundant red and yellow regions in heatmaps of miracidia hatched from the BIBF 1120-treated eggs (Figures 9C–F), indicating more turning and circling and relatively slower movement of these miracidia in the FOV. As shown in Figure 9G, the swimming velocity of miracidia hatched from eggs treated with 10 μM and 20 μM BIBF 1120 was significantly decreased by 30.7% (p=0.0023) and 51.3% (p ≤ 0.0001), respectively, compared with that measured in the 0.1% DMSO-treated group. Markedly, the average time duration of miracidia hatched from eggs treated with 10 μM and 20 μM BIBF 1120 in the FOV was elevated by 72.1% (p=0.0006) and 72.7% (p=0.0088), respectively (Figure 9H). Similarly, the movement tortuosity of miracidia hatched from 10 μM and 20 μM BIBF 1120 treated eggs was dramatically increased by 61.7% (p=0.0003) and 68.8% (p=0.0024), respectively, compared with that observed in the 0.1% DMSO-treated group (Figure 9I). No significant behavioral modifications were evident in miracidia hatched from eggs treated with BIBF 1120 at concentrations of 2.5 μM and 5 μM.




Figure 9 | Behavioral changes in S. mansoni miracidia hatched from liver eggs treated with BIBF 1120. The behavior of miracidia hatched from WT eggs and eggs treated with 0.1% DMSO or BIBF 1120 at concentrations of 2.5 μM, 5 μM, 10 μM, and 20 μM was determined. Heatmaps (A–F) represent the movement patterns of individual miracidia within a 1 min recording. Colors in the heatmaps (A–F) show the time miracidia spent at a specific position. Black: absence; Blue: shorter time presence; Yellow and Red: longer time presence. Boxplots showing (G) velocity (H) duration, and (I) tortuosity of miracidial movement. (ns, not significant; **p value≤ 0.01; ***p value ≤ 0.001; ****p value ≤ 0.0001; One-way ANOVA).






Discussion

The somatic stem cell marker SmFGFRA has stimulated increased attention due to the essential roles it plays in maintaining schistosome stem cells (4–7, 36, 38). Transcription of SmfgfrA has been identified in the germinal cells (also defined as totipotent stem cells (5)) of miracidia, sporocysts and schistosomula (4, 6) and in the stem cells of adult S. mansoni (7, 39) [neoblasts or adult pluripotent stem cells (5)]. Recently, using single-cell RNA sequencing (scRNA-seq) analysis, Wendt et al. (39) characterized 68 distinct cell populations from adult S. mansoni, including three cell clusters expressing somatic stem cells markers (including SmfgfrA). They found the majority of SmfgfrA mRNA was detected in neoblasts and the tegument cells of adult schistosomes (39, 51). However, the precise functional roles of SmFGFRA in driving the development and differentiation of each developmental stage allowing them to thrive in diverse and challenging environments remains unclear. Herein, by immunolocalization and functional studies, we demonstrated abundant protein expression of SmFGFRA in various tissues of all examined S. mansoni life cycle stages and extended the range of prospective host-parasite cross-communication systems to the FGF family, reinforcing its likely multiple and critical functions in the survival and development of this flatworm parasite (6, 7, 27, 39).

In immature eggs, SmFGFRA was localized to all embryonic cells which possess large round nuclei. Specifically, the location was in the perinuclear region which is heavily involved in maintaining genome integrity and the regulation of gene expression (70), indicating this molecule is of critical importance in the differentiation and development of schistosome eggs. During development, the eggs develop extraembryonic envelopes beneath the shell and the embryonic cells differentiate into different schistosome tissues and organs (65). We showed that in mature eggs, the distribution of SmFGFRA extended to various tissues including the extra-embryonic von Lichtenberg’s layer, as well as the neural mass, lateral glands, the apical gland, and germinal cells of the miracidium. Of these, von Lichtenberg’s layer, which is present only in mature eggs, is highly active metabolically and is suggested to be the main source of immunogenic secretions that are released through eggshell pores into the host circulatory system to induce the host immune response (43, 71). This information supports the concept that SmFGFRA plays important roles in egg development and the host-parasite interplay.

The abundant expression of SmFGFRA in the neural mass of schistosome eggs and miracidia observed in our study and the transcription of SmfgfrA detected in almost all neuron cells of adult worms (39) suggest that expression of SmFGFRA in neurons occurs through all developmental stages of the parasite. SmFGFRA, as with its homologues in humans and mice (72–74), appears to promote neuronal cell development in schistosomes, but also plays a role in the continued activity of adult neurons. The inhibition of S. mansoni FGF signaling in schistosomes may affect neuronal development and function in schistosomes, and can provide the basis for developing an adjunct treatment to complement the currently widely used anti-schistosome drug, praziquantel, which induces severe but reversible contractions in worm muscles (75). Furthermore, clues to the potential importance of SmFGFA in neuronal function were evident by the remarkably changed behavior of miracidia hatched from BIBF 1120-treated eggs. The affected miracidia, which swim in freshwater by coordinated activity of cilia on their surface epithelial plates (76–78), displayed increased turning and circling motions in water. While the capacity of these affected miracidia to infect snails was not examined here, it seems improbable that they could navigate towards a Biomphalaria snail intermediate host in the natural aquatic environment after treatment with BIBF 1120 or a compound with comparable effects. Furthermore, treatment of S. mansoni eggs with BIBF 1120 resulted in a considerable reduction in egg hatching efficiency. These inhibitor-induced phenotype changes can be explained by the outcomes of a previous study showing the potential effects of BIBF1120 on mitotically active cells (such as proliferating cells or stem cells) in organs of adult S. mansoni (36), indicating the potential effect of BIBF 1120 in targeting SmFGFRA. BIBF 1120 is a selective inhibitor of mammalian FGFRs, vascular endothelial growth factor receptors (VEGFRs), platelet-derived growth factor receptors (PDGFRs) (79, 80), and Src-family kinases (81). Given the absence of VEGFR and PDGFR homologs in the genome of schistosomes, the SmFGFRs have been considered as the main targets of BIBF 1120 in these worms (36), a characteristic supported here by the capacity of BIBF 1120 to block the TK activity of SmFGFRA. However, a member of the Src family of cytoplasmic protein tyrosine kinases has been identified in S. mansoni (82) and further study is needed to investigate the effect of BIBF 1120 in regulating the functional activity of this and other Srcs in the blood fluke.

The presentation of SmFGFRA on the ciliated surface of newly released miracidia and internal cell masses (including the germinal cells), both of which are essential in the transformation of miracidia into primary sporocysts (6), implies a key role for SmFGFRA in promoting sporocyst growth and development. Miracidia penetrate the intermediate snail host resulting in the rapid shedding of ciliary epidermal plates from the larval surface during the development of the new tegumental syncytium of the developing sporocysts (83). Proteins (including SmFGFRA) in the epithelial cytoplasm, which are involved in the miracidium-to-sporocyst transformation (84), might also be important in modulating the immune response in the intermediate snail host, where cercariae are produced asexually and are released into fresh water as the next free-living stage of the life cycle (84). As expected, expression of SmFGFRA was detected in various tissues of cercariae including the tegument cytosol and oral sucker. Notably, a SmFGFRA-specific signal was also observed in the cercarial preacetabular glands which secrete enzymes for the penetration of mammalian host skin, in flame cells which are important for excretion processes (68, 85, 86), and in germinal cells. This pattern of localization suggests SmFGFRA is also associated with penetration of the mammalian host and in the transformation of cercariae to schistosomula. Importantly, the abundance of SmFGFRA in the germinal cells and tegument of cercariae would suggest that the molecule is produced in areas of rapid growth and differentiation in the development of schistosomula and further emphasize its critical role in the maturation of these juvenile worms into adults.

Given the pivotal role of stem cells in the renewal or repair of the tegument in adults (10, 87), the tegumental location of SmFGFRA in miracidia, cercariae, schistosomula and adult S. mansoni suggests the involvement of this protein in the process of stem cell - mediated tegumental regeneration. This is supported by scRNAseq data of cells isolated from adult worms showing SmfgfrA is transcribed in clusters of tegument 1 cells and tegument progenitor cells (39, 88). The tegumental location of SmFGFRA in adult schistosomes implies that SmFGFRA has potential as a vaccine and/or drug target, given the critical roles of tegumental proteins of schistosomes in the interplay with their mammalian hosts including hormone or nutrient uptake and immune evasion (89, 90). In addition, the pronounced expression of SmFGFRA in the testis of males and in the vitellaria of females, a stem cell-dependent tissue producing the yolk cells of eggs (39), suggests SmFGFRA is also heavily involved in egg production, reproductive system development and in the sexual maturation of adult schistosomes. These findings are also underpinned by the scRNAseq data which showed the presence of SmfgfrA transcripts in germline stem cells (GSC) and in vitellaria including vitellarium-specific stem cells (S1 cells) of both adult male and female worms, with higher levels in the S1 cells of females (39). To further determine the relationship between SmFGFRA and adult S. mansoni stem cells at the post-transcriptional level, we employed sequential labelling of EdU and using an anti-rSmFGFRA-L antibody in both males and female worms. We found all EdU+ stem cells expressed SmFGFRA, but not all cells expressing SmFGFRA were EdU+. This confirms the critical role of this protein in the functioning of schistosome stem cells and also highlights potentially multiple roles for SmFGFRA in S. mansoni.

To further explore the mammalian host and parasite interplay, we examined the conservation of FGF RTKs in S. mansoni, using 3D structure and domain structural analysis of SmFGFRA, SmFGFRB1 and SmFGFRB2. The similarity in structure between SmFGFRA and human mammalian FGFRs (27, 91) predicted a potential interaction between SmFGFRA and host FGFs. Since no S. mansoni endogenous FGF ligands have so far been identified, it is likely that activation of the SmFGFRA/FGF pathway in schistosomes is triggered by host FGFs, a scenario that is strongly supported by the protein interaction assay results we presented here showing SmFGFRA can bind the most active members of the human FGF family (26, 92, 93) - aFGF and bFGF, with much stronger binding affinity to the latter. Human bFGF is an essential exogenous growth factor required for maintaining the self-renewal of human embryonic stem cells (ESC) and induced pluripotent stem cells in culture (94–97). The strong binding affinity of human bFGF with SmFGFRA implies a crucial role for human bFGF in maintaining and promoting S. mansoni stem cell growth. We also demonstrated that the binding between human aFGF/bFGF and SmFGFRA could significantly induce the phosphorylation of Erk1/2 in adult worms of S. mansoni. The Erk signaling pathway regulates cell proliferation, differentiation and survival, and is one of the main MAPK pathways pivotal for sexual maturation of the female schistosome and egg production (98–100). The role of SmFGFRA in activation of the Erk pathway emphasizes again the importance of SmFGFRA in parasite development and maturation. Furthermore, given the plentiful presence of SmFGFRA in neurons of miracidia and germinal cells of miracidia and cercariae (two free-living stages), it remains to be determined whether there are other endogenous molecules that stimulate FGFR activity in these larval schistosomes.

Collectively, the results presented here emphasize the fundamental importance of SmFGFRA in driving the life cycle of S. mansoni and reveal its potential multiple functions in the proliferation of schistosome stem cells, in promoting cellular differentiation into tissues and organs, in the development of the nervous and reproductive systems, and in the host-parasite interplay. Our findings provide important clues for exploiting components of the FGF signaling pathway as promising targets for developing new interventions against schistosomiasis.
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Alongside the wide distribution throughout sub Saharan Africa of schistosomiasis, the morbidity associated with this chronic parasitic disease in endemic regions is often coupled with infection-driven immunomodulatory processes which modify inflammatory responses. Early life parasite exposure is theorized to drive immune tolerance towards cognate infection as well as bystander immune responses, beginning with in utero exposure to maternal infection. Considering that 40 million women of childbearing-age are at risk of infection worldwide, treatment with Praziquantel during pregnancy as currently recommended by WHO could have significant impact on disease outcomes in these populations. Here, we describe the effects of anthelminthic treatment on parasite-induced changes to fetomaternal cross talk in a murine model of maternal schistosomiasis. Praziquantel administration immediately prior to mating lead to clear re-awakening of maternal anti-parasite immune responses, with persistent maternal immune activation that included enhanced anti-schistosome cytokine responses. Clearance of parasites also improved capacity of dams to endure the additional pressure of pregnancy during infection. Maternal treatment also drove lasting functional alterations to immune system development of exposed offspring. Prenatal anthelminthic treatment skewed offspring immune responses towards parasite clearance and reduced morbidity during cognate infection. Maternal treatment also restored offspring protective IgE antibody responses directed against schistosome antigens, which were otherwise suppressed following exposure to untreated maternal infection. This was further associated with enhanced anti-schistosome cytokine responses from treatment-exposed offspring during infection. In the absence of cognate infection, exposed offspring further demonstrated imprinting across cellular populations. We provide further evidence that maternal treatment can restore a more normalized immune profile to such offspring exposed in utero to parasite infection, particularly in B cell populations, which may underlie improved responsiveness to cognate infection, and support the WHO recommendation of anthelminthic treatment during pregnancy.
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Introduction

Alongside the wide distribution throughout sub Saharan Africa of schistosomiasis, a chronic parasitic disease caused mainly by Schistosoma mansoni and Schistosoma haeamatobium, the morbidity associated with chronic infection remains characterized by immunomodulation and a hyporesponsiveness dependent on parasite burden (1). One potential driver of this phenomenon is in utero exposure to circulating schistosome antigens during maternal infection, which could influence the developing immune system of children, and modify anti-schistosome immunity. Immunomodulatory effects of schistosome infection are well-described in the context of bystander immune responses (1, 2), as are modulated immune responses following exposure to maternal infection (3–5), increased levels of schistosome adult-worm specific IgE and IgG in newborns cord blood whose mothers were infected during pregnancy (and not treated) (6). Schistosome antigens can drive immunomodulatory changes via presence in breastmilk (7), and have been detected as persisting in human children and murine offspring following exposure to maternal infection (8, 9). Murine models demonstrate that exposure to maternal infection with schistosomes consistently modifies immune development, with recent findings included impact upon B cell priming and DC-T cell interactions (5), as well as NKT cells (3).

Further infant outcomes of maternal parasite infection include earlier immune maturation (B cells), spontaneous (polyclonal) IgE, decreased infantile eczema episodes, anti-parasite IgG, lower vaccine-induced Ig-titres, suppressed T cell responses (anti-parasite and against vaccine antigens), altered T helper cell responses, increased regulatory responses (IL-10), and modified APC status (as reviewed in (10) and (11)). Considering that 40 million women of reproductive age are at risk of infection worldwide, treatment with Praziquantel (PZQ) during pregnancy could have significant impact on disease outcomes in these populations. PZQ has been effectively used for decades against adult schistosomes, via a recently described mode of action targeting a transient receptor potential melastatin ion channel (12). However, there is hesitancy to follow the WHO recommendation for treatment during pregnancy, as PZQ, marketed as Biltricide®, and donated for use within WHO-agreement as Cesol 600, is classed as a Category B drug for pregnancy, with animal studies not indicating a risk to the fetus, but with insufficient controlled studies in humans at this point (13). In existing studies, Praziquantel treatment has not been associated with adverse events regarding birth weight, fetal mortality, or congenital abnormalities (14). Anthelminthic strategies have been described to drive further changes associated with the re-awaking of the anti-parasite immune response, through disturbance of the regulatory states maintained by live parasites to ensure their survival within hosts (1). However, altered inflammatory outcomes have been associated with maternal treatment during pregnancy, including modified allergic parameters (15), and boosted immune responses to schistosome antigens after pregnancy (16). Enhanced immune priming during treatment is thought to occur due to death and degradation of worms, leading to increased load of worm antigens in the system, contributing to a natural partial-resistance hypothesized to develop of slowly as exposures to dead worms accumulate (17).

Treatment-induced shifts in schistosome-directed immune responses, particularly to antigens found in adult worms, can re-focus the tolerogenic modulations accumulated through chronic infection. Accordingly, treatment of S. haematobium infected children increased their IgG4 and IgE to adult worm antigen (AWA) as well as IgE to soluble egg antigen (SEA) (18), and a similar boost was seen following PZQ treatment of pregnant women infected with S. mansoni, where treatment caused a boost in IgG1, IgG2, IgG4 specific against worm antigens and enhanced IgE levels against SEA in the mothers (16), and enhanced cytokine levels (19). The well-established mouse model of S. mansoni [summarized in (20)], benefits from using a human pathogen in its preferred niche of the hepatoportal vasculature, and previously revealed materno-fetal effects including transcriptional changes in the placenta (21), later validated in human cohorts (6). Similarly, previous studies in murine systems of employing direct infection of previously schistosome-exposed offspring demonstrated transfer of schistosome antigens and anti-schistosome antibodies in utero and through breast milk, further associated with modified infections and reduced immune responsiveness (22), with detectable antibodies in neonatal mice arising from acute maternal infection further associated with reduced liver pathology and lower worm burden (9).

The shifting character of the anti-schistosome immune response across phases of infection is well described (23), with maternal infection phase, and likely associated cytokine profiles, further reflected in later offspring immune responses, able to differentially modify reactivity to allergens (21). Differences of priming effects also occur when comparing routes of maternal exposure, such as via breastmilk or in utero exposure (7). Parasite load presents another further variable, as-yet underexplored in maternal infection settings, yet determinants of worm burden are shown to impact host bystander immune responses (2). As such, the shared mechanisms behind transgenerational effects on cognate infection remain unclear, and with suggestions that these may involve processes linked to trained immunity (24) in innate cells, or specific priming in adaptive cells, such as in B cells, as has also been shown for other infections (25).

In line with these human cohort studies and murine models, here we focused on the interaction between immune imprinting effects of maternal helminth infection during pregnancy, and anthelminthic treatment with PZQ. Using this murine model, we explored the added implications of maternal treatment in transgenerational priming, and more specifically the hypothesis that the immune reactivation events triggered by PZQ-induced worm death during maternal treatment can imprint offspring immunity, with particular regard to cognate schistosome-direct immune responses. We link this to a profile of how prenatal treatment can disrupt the steady state immune priming imprinted via maternal parasite infection, changes that may not only underlie responses to schistosome infection, but also whether treatment of maternal infection can restore a more normalized immune profile to such offspring exposed in utero to parasite infection. These data provide supporting information regarding the WHO recommendation of anthelminthic treatment during pregnancy.



Results


Beneficial Impact of Anthelminthic (PZQ) on Maternal Schistosomiasis Is Accompanied by Persistent Maternal Immune Activation

In order to compare the transmaternal priming effects induced by prenatal anthelminthic treatment, maternal mice were divided into groups at week 10 of infection, following the type-2 dominant immune phase that peaks between weeks 7-9, at which time half of these were given a single dose of 400mg/kg PZQ, the other half only the vehicle (as per scheme in Figure 1A), and paired with naïve males. By the end usual 21-day gestation period, there was a clear difference in the successful survival of treated dams, compared to untreated dams, some of which needed to be removed from the experiment, unable to successfully bear the additional burdens of birth and the nursing period alongside a heavy parasite burden, as indicated by the drop in the blue line (Figure 1B). Although treatment clearly enhanced the ability of infected dams to effectively manage the requirements of pregnancy and birth, those dams who were infected had significantly smaller litter sizes compared to uninfected, naïve dams, regardless of subsequent treatment (Figure 1C). This was further reflected in the more regular gestation period of naïve mothers, in general giving birth in relative unison at the 3-week time point, compared to the more variable infection groups (Figure 1D). Upon end-point analysis, all PZQ-treated dams showed typical liver pathology of schistosomiasis upon visual inspection of successful patent infection, with the presence of eggs, although with visible trend of lower average egg number per liver compared to untreated infected dams (Figure 1E). Perfusion of livers yielded no surviving worms from treated mice, nor could these be identified in the intestines, as further confirmation of successful infection followed by successful treatment-based killing of the parasites. PZQ treatment did not appear to have a detectable effect on schistosome (egg)-specific antibody titers (Figure 1F).




Figure 1 | Impact of Anthelminthic (PZQ) on Maternal Schistosomiasis. (A) Model of exposure to maternal schistosomiasis, with (“Sm PZQ”) or without (“Sm vehicle”) additional anthelminthic treatment with PZQ in female mice, with subsequent maternal immune analysis post-weaning, with pairing occurring at day 0. (B) Survival curve of infected, treated, and naïve dams over the 100-day mating period post-anthelminthic treatment. (C) Number of pups per litter for dams with successful mating outcomes. (D) Comparison of pup number per litter with time (days) until birth. (E) Numbers of schistosome eggs per liver of infected dams. (F) SEA-specific IgE and IgG1 antibody titres in serum of dams. (G) Levels of secreted IL-4, IL-5, IFNγ, IL-10, and IL-13 as determined by ELISA in splenocyte and mesenteric lymph node cell culture supernatants after ex vivo re-stimulation with schistosome egg antigens (SEA). (B) through (D) is pooled from 2 independent maternal cohorts, with an initial total of 15 dams per condition. (E) through (G) show data from a representative maternal cohort, with an initial 7 dams per condition. Statistical differences induced by treatment between infected dam cohorts obtained via two-tailed via student’s T-test, or two-tailed Mann-Whitney U-test where data did not fit a normal distribution, *p < 0.05, **p <  0.01, shown as mean ± SEM.



Alongside these expected beneficial modified outcomes to infection, treatment of infection led to a lasting (re-)activation of immune responses in infected dams. Across mesenteric lymph nodes (mesLN) and spleens, ex vivo responses to schistosome egg antigens (SEA) demonstrated a clear immune enhancing effect of maternal treatment. This included enhanced levels of IL-4, IL-5, IFN-gamma, and IL-13 in supernatants of SEA-stimulated cell suspensions from either or both of spleen and mesLNs (Figure 1G), and indicates not only a degree of maternal immune activation (MIA) previously described for maternal cytokine alterations following viral infection (or its mimicry) during pregnancy (26), but a persistence of altered cellular functionality many weeks after treatment. TCR-based stimulation yielded similar enhanced responses from cells of treated mothers, with clearly increased IL-4, IL-10, and IL-13 responses from mesLN cells and splenocytes (Supplement 1A). Serum cytokine levels revealed long-term maintenance of altered profiles even in the case of treatment, with infection increasing IL-2, IL-13, GM-CSF, IL-5, among other cytokines, but these were not markedly altered following treatment (Supplement 1B).



Prenatal Anthelminthic Treatment Skews Offspring Immune Responses Towards Parasite Clearance

Whether enhanced maternal anti-schistosomal immune responses induced by prenatal PZQ administration impacted subsequent offspring immunity to cognate infection was examined by S. mansoni infection of offspring either exposed to treated or untreated maternal schistosomiasis, as described earlier. These offspring themselves were examined after the 8th week of infection (depicted in Figure 2A). A typical loss of bodyweight during infection was observed in naïve offspring as part of the disease progression during infection compared to uninfected controls. Comparing the effects of maternal anthelminthic treatment, those offspring of PZQ-treated infected mothers exhibited closer to normal bodyweight after patent infection, compared to the lowered weights of those exposed to untreated schistosomiasis (Figure 2B). This was further associated with a reduced worm burden in these PZQ-treatment exposed offspring compared to those born to infected, untreated mothers, showing on average 31% less worms (P = 0.0278), as retrieved from liver perfusion and further inspection of intestines (Figure 2C). Average eggs per liver showed similar trends, which although were not significantly different between offspring cohorts (Figure 2D), were significantly correlated to number of retrieved worms (Supplement 2A). Examination of liver sections from infection offspring cohorts did not reveal major differences in terms of granuloma formation in association with pre-exposure to maternal schistosomiasis (Figure 2E). Levels of alanine aminotransferase (ALT) in serum, as indicative of hepatic disease, weakly followed the pattern seen in worm burden, but did not reveal major differences between infected offspring cohorts (Figure 2F). Offspring serum cytokine levels during cognate infection further reflected the milder disease progression in offspring of PZQ-treated mothers compared to other groups, showing lower levels of infection-induced CCL5 (RANTES), and indications of lower amounts of IL-13, IL-5, IL-1b, IL-10, and IL-12p40 compared to standard infection of unexposed offspring (Supplement 2B).




Figure 2 | Prenatal anthelminthic treatment modifies infection outcomes during cognate schistosomiasis. (A) Generation of offspring exposed to maternal schistosomiasis, with (“PZQ O/S”) or without (“Sm O/S”) additional anthelminthic treatment other mothers, or from naïve dams (“Naïve O/S”), and subsequent cognate infection of all 3 groups with schistosomiasis. (B) Weight of adult offspring following 8-weeks of schistosomiasis. (C) Number of worms retrieved from infected offspring mice. (D) Extrapolated schistosome egg count per liver of infected offspring mice. E) Average size (area) of granulomas observable within livers of infected offspring mice after Masson’s trichrome stain of liver sections. (F) Alanine aminotransferase (ALT) levels in serum after cognate infection. Data from 2 independent infection experiments, each consisting of offspring from all 3 maternal exposures, with total n = 13-18 per infected group, with mothers: n = 3-6 per group. Statistical differences directly attributable to maternal treatment (i.e.: between offspring of infected dams) obtained via two-tailed via student’s T-test, or two-tailed Mann-Whitney U-test where data did not fit a normal distribution, or Kruskal-Wallis test plus subsequent individual comparisons from among all groups, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant, shown as mean ± SEM.





Prenatal Anthelminthic Treatment Enhances Schistosome-Specific Immune Responses

Ex vivo re-stimulation with SEA of offspring-derived splenic and mesLN cell suspensions after infection revealed distinct priming effects resulting from maternal exposure in terms of subsequent cytokine levels in culture supernatants. Specifically, TH2-associated cytokines IL-4, IL-5, IL-10, and IL-13 from splenic cell preparations appeared elevated in offspring exposed to treated maternal schistosomiasis (Figure 3A). Further TCR-based stimulation induced increased levels of IL-13 production from PZQ-treatment exposed offspring during cognate infection (Supplement 3). In terms of site-specific effects, interestingly both treated and untreated pre-exposed offspring groups showed induction of IFN-gamma compared to uninfected mice in their mesLN suspensions, (Figure 3B) not observed in infected offspring from naïve mothers, indicating further disturbance of usual cytokine dynamics through prior transmaternal exposure to infection. This was not reflected in spleens, and more generally mesenteric cytokine responses (potentially due to proximity to the parasite niche) appeared to be a greater site of variation than spleens.




Figure 3 | Prenatal anthelminthic treatment modifies schistosome-directed cellular and humoral immune responses following cognate schistosome infection of offspring. Levels of secreted IL-4, IL-5, IFNγ, IL-10, and IL-13 as determined by ELISA in splenocyte (A) and mesenteric lymph node (B) cell culture supernatants after ex vivo re-stimulation with schistosome egg antigens (SEA). (C) SEA-specific IgE and IgG1 antibody titres in serum of dams. Data from 2 independent infection experiments, each consisting of offspring from all 3 maternal exposures, with total n = 13-18 per infected group, with mothers: n = 3-6 per group. Statistical differences analysed via Kruskal-Wallis test plus subsequent individual comparisons from among all groups, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant, shown as mean ± SEM.



Antibody responses are induced strongly through schistosome infection, and as already described both schistosome-specific and polyclonal antibody titers have been suggested as induced through maternal helminth exposures. Overall, maternal schistosome infection drove lower SEA-IgG1 schistosome responses during infection (Figure 3C, upper), compared to infection of previously unexposed mice. Interestingly, however, was the apparent effect of maternal exposure on schistosome-specific IgE levels, known to be a specific part of the protective clearance response. Here, prior exposure to live maternal infection drove clearly lower levels of IgE (Figure 3C, lower), indicating a potential suppressive role on the ability to mount protective antibody responses (from live maternal infection), potentially indicating some degree of tolerance or ineffective response. This appeared instead restored with maternal PZQ-treatment, with those offspring instead displaying SEA-IgE titers closer to those of unexposed offspring.



Prenatal Anthelminthic Treatment Redirects Transgenerational Priming of DC and B cell Compartments

We then performed a further profiling of changes induced by maternal schistosomiasis, and in particularly how these are further impacted by the special case of PZQ treatment, within the steady-state (as in the overview Figure 4A). There were no clear alterations in serum cytokine concentrations, although some indications of mild increases in TH2-type cytokines (including IL-4 and IL-5) after exposure to maternal schistosomiasis (Supplement 4A), with only limited signs of impact from maternal PZQ-treatment, which also appeared not to discernably alter transmaternally-induced SEA-specific antibody levels nor shifts in total IgE or IgG1 antibody titers at steady state during this infection phase (Supplement 4B). We further conducted multiparametric cytometric analysis, and generation of relatively high-dimensional data, sampling spleens and bone marrow and multicolour antibody panels with a focus on dendritic cells and B cells, which we recently identified as site of maternal priming after schistosome infection (5). We applied the FlowSom algorithm (27, 28) to the generated flow cytometry-based data sets, generating self-organizing maps through unsupervised clustering of the acquired events, and developing those into minimal spanning trees (MSTs) that visualize and distinguish the cell populations within samples as based on identified clusters and metaclusters. The MST generated using manually pre-gated CD11c+MHCII+ conventional DCs (Supplement 4D), where group-wise comparisons identified 5 clusters where maternal schistosomiasis and/or its treatment with PZQ modified the relative enrichment of cells, the expression profile of these displayed in the heatmap (Figure 4B). Based on the proportion of cells within these clusters, as a percentage of total events (Figure 4C), both clusters C7 and C12 appear enriched in splenic DCs after exposure to maternal schistosomiasis, regardless of treatment, and are SIRP-α+XCR1low, indicative of cDC2-like subsets. C59, however, appears specifically enriched after exposure to PZQ-treated schistosomiasis, although its cluster-profile remains relatively indistinct. C108 has clear splenic cDC1 phenotype, high CD24 and XCR1, and relatively high CD86, and has clearly distinct group-wise effects: enriched after exposure to maternal schistosomiasis, but relatively reduced after exposure to treatment. Whether these cells represent the modified DC phenotype that we recently identified after chronic maternal schistosomiasis (5), particularly by bearing the CD86 signature of activation in both cDC1 and cDC2 populations via schistosomiasis and schistosome antigens (29), may warrant further mechanistic investigation in the switch that occurs following treatment.




Figure 4 | Prenatal anthelminthic treatment redirects transgenerational priming via maternal schistosomiasis. (A) Generation of adult steady-state offspring exposed to maternal schistosomiasis, with (“PZQ O/S”) or without (“Sm O/S”) additional anthelminthic treatment other mothers, or from naïve dams (“Naïve O/S”). FlowSOMbased splenic DC analysis, with (B) as corresponding heatmap of cluster identities and (C) showing differential enrichment of clusters (cluster % of total cells) quantified according to offspring groups. Differential clusters profiled in heatmap (D) of splenic B cell populations, and quantified per group in (E). Differential clusters from bone marrow B cell populations profiled in heatmap (F) and relative cluster enrichment quantified per group in (G). Data from 2 independent experiments, each consisting of offspring from all 3 maternal exposures, with total n = 6-10 per group, with mothers: n = 3-6 per group.



When applied to pre-gated B cells, based on their B220 and/or CD19 expression, the FlowSOM output identifies many points of difference induced via maternal schistosomiasis (the expression profile of differentially enriched splenic B cell clusters shown in heatmap Figure 4D, with organization of all clusters instead visualized in the MST, Supplement 4E). In the spleen, untreated maternal schistosomiasis led to the largest effect in differential enrichment of the many clusters identified, with cells from offspring of PZQ-treated mothers instead showing an intermediate phenotype between naïve and schistosome-exposed (quantified in Figure 4E) with C59 representing a potentially interesting exception, with PZQ-primed offspring showing similar levels to naïve mice, and the underrepresentation of these MZ-like, CD1dhi cells potentially indicating a tolerogenic immunomodulation imprinted by the live-infection alone. Additionally, both Sm-primed offspring groups shown underrepresentation of C27, which forms its own metacluster (MC8), and exhibits a CD21lo, IgMhi. IgDlo transitional B-cell-like phenotype. In the bone marrow, however, numerous clusters were identified to be differentially enriched in schistosome-exposed compared PZQ-treatment exposed offspring (expression profiles of these shown in heatmap Figure 4F, cluster proportions quantified in Figure 4G, and full MST visualization of cluster organization shown in Suppment 4F). This includes a set of clusters that exhibited marginal zone-like or IgM+ innate-like memory phenotype (clusters 20, and 21, 1, and 12, respectively), which are all lowered in offspring by maternal PZQ-treated infection, with some instead showing enrichment after live schistosomiasis (such as cluster 20), which, considering the noted roles of these cells in maintenance of homeostasis and production of regulatory cytokines (and similarity to phenotypes displayed by SEA-induced regulatory B cells (29)), could be involved in the switch from tolerance to active protection observed in during cognate infection of offspring from these groups. Similarly, the clusters C91, C83, C73, C54, C20 show the highest amounts of CD1d, and further appear specifically enriched only after untreated Sm-only. These could further indicate cells with activation-induced regulatory functions as observed in schistosome infection, as an additional hallmark of such cells in previous studies was CD1d expression (30), which has also previously been linked to IL-10 production and therefore a pro-regulatory immune predisposition. Further, those B cell clusters significantly and specifically enriched in bone marrow of the PZQ-primed offspring (clusters C57, C66, C77 and C86), however, all fall within the central grouping of the heatmap, and are notable for high levels of IgD expression, as well as increased CD138, indicative together of an increased maturation profile, and therefore could be involved in the preparedness towards infection evidenced during cognate infection.




Discussion

Environmental changes during early life are increasingly understood to impact proper development and education of the immune system. Of the many potential changes to the gestational environmental, maternal infection during pregnancy has been identified as a key factor driving heterologous immune responses (31). Maternal viral infection during pregnancy has been linked to numerous developmental changes, and has become explored experimentally through maternal immune activation models (26). Prenatal elimination of schistosomiasis through anthelminthic treatment has been shown to modify transgenerational effects of maternal schistosomiasis on atopy (15), and may poise the immune system for responsiveness to cognate infection. Indeed, recent discussions have highlighted the complexity of factors present during schistosome infection (11). Here, by means of a chronic schistosome infection mouse model, we uncover that the modified systemic immunological signature imparted by treating schistosomiasis is transferable from mothers to their offspring, distinguishable from active chronic infection by increased cytokine reactivity to schistosome antigens. Alongside improving pregnancy outcomes, prenatal treatment of schistosomiasis induced a form of maternal immune activation (otherwise described from maternal viral infection or models of this (26)) as signified by strongly increased antigen-specific TH1 as well as TH2 cytokines. We find that PZQ treatment boosted maternal cellular cytokine responses, in line with responses from treatment during pregnancy in human cohorts (19), and that this persists well beyond the point of weaning and therefore may impact the entire period of maternal contact for pups. The resultant improvements in offspring immunity to cognate schistosome infection indicate imprinting of this activation upon the developing immune system through transmaternal exposure. This altered offspring immune response by such treatment-exposed offspring to cognate schistosome infection, characterized by enhanced TH2-type cytokine responses to schistosome antigens, with a notably boost in SEA-induced IL-10 levels, and modified SEA-specific antibody levels. It is interesting to note that one of the clearest differences induced by exposure to treated maternal schistosomiasis was SEA-induced IL-10 levels, which reflects previous human studies where responses to schistosome antigens involving this cytokine was notable as elevated in children of PZQ-treated women (32). That maternal treatment was associated with normalized anti-schistosome IgE levels during cognate infection, otherwise suppressed by exposure to live maternal infection, reflects previous findings of detrimental effects of maternal schistosomiasis on effective induction of specific antibody titers (3). Treatment of helminth infection in humans was previously associated with increased IgG4 and IgE antibody responses (18), although pregnancy itself has been suggested to have a dampening effect of such boosting of antibodies (16). Recent data from our group demonstrated altered antibody transfer to children of schistosome-infected (yet untreated) mothers), in association with placental inflammatory parameters (6). Other infection parameters appeared largely unaltered by exposure to maternal infection in the absence of treatment, indicating only relatively faint specific immune effects in this setting, but the activating effect of maternal anthelminthic treatment was further associated with a modified appearance of infection-associated pathology, namely with reduced weight loss, lower worm burden, and associated signs of lower egg burden. Alongside the more general immune activation that follows treatment, the differential effect of exposure to PZQ treated versus non-treated maternal schistosomiasis may derive from specific induction on anti-worm versus anti-schistosome egg immune responses, the former not developing in the absence of worm death (17) and therefore may be enriched in the PZQ-treated groups. As with treatment leading to development of some resistance for infected hosts (33), this may similarly contribute to the transmaternally-primed partial resistance indicated in this study. This positions PZQ-treated maternal infection as a particular priming stimulus, that may differ in effect from untreated parasite infection, generally thought to downmodulate offspring anti-parasite responses to optimize the cross talk with the next generation of potential hosts, as observed in maternal malarial infection, where active (but not treated) maternal infection enhanced IL-10+ regulatory CD4+ T cells in cord blood that inhibited parasite-specific IFN-gamma responses (34). Additional dynamics of treatment (e.g.: PZQ given later during pregnancy) therefore represents a further avenue for research into this effect, as the timing of antigen release from dying worms, and the accompanying cytokine activation following treatment, could modify the amplitude of the priming effect on the next generation.

Despite the observance of reduced weight-loss during cognate infection following exposure to treated maternal schistosomiasis, the absence of a clear impact on schistosomiasis-induced liver pathology (in contrast to reports of total absence of egg-induced granulomas in some settings (9) suggests limits to protective effect of maternal treatment, at least in the context of a experimentally induced, high-burden infection. The reduced induction of serum cytokine levels, however, further supports an overall profile of reduced inflammatory pathology during infection. That these treatment-exposed offspring showed modified infection responses may further be linked to altered cellular priming, particularly within B cell activation state and B cell subset proportion, which we have observed after exposure to maternal schistosomiasis. Our cluster-based analysis allowed us to identify differences across subpopulations not immediately identified by manual gating, and further to assess these differences in an unsupervised way, and revealed the influence of maternal PZQ treatment. This includes a modification to the transgenerational priming driven by the parasites, which in the steady state did leave a signature of increased activation markers and modified enrichment of B cell subsets, evident in the bone marrow, which may further indicate priming alterations to hematopoiesis and trained immunity that remain to be elucidated, and deepens our profiling of the activation-induced enhanced regulatory phenotype described using manual gating-based analysis of DCs in our previous work (5). One such important change may be the underrepresentation of CD1dhi B cells in offspring primed by live infection, with SEA-loaded cells previously shown to activate NKT cells in a CD1d-dependent manner (35) and NKT functionality recently shown to be affected by maternal schistosomiasis and associated with dampened responsiveness to immunization in a cascade involving instead lower IL-4 and reduced B cell priming, when evaluated early at the onset egg-deposition in patent infection in mothers (3). This indicates a potential pathway for transgenerational immune interference by maternal infection, with possible links to the modified regulatory network postulated to alter offspring bystander immune responses. Late into chronic infection these suppressed offspring bystander responses are instead associated with an IL-4-skewed, modified type 2 phenotype (5), typical of the regulatory network present during chronic infection itself (36). Further, detailed analysis of differences in antigen-specific immunity and repertoire changes may further illuminate the transmaternal priming effect driven by PZQ-treatment, including potential differences that may exist in effector T cell and antibody-responses against worm-derived antigens compared to those direct against egg antigens. Findings from human studies of treatment during pregnancy have found that although treatment during pregnancy augmented cytokine responses to SEA, that overall schistosome-directed cytokine responses were dampened during pregnancy (19), indicating further cross talk between infection and the tolerogenic immune processes characteristic of pregnancy. The timepoint at which maternal immune responses were measured during our current study was well after when such potential dampening effects of pregnancy would be likely to be observed. As such, a further opportunity offered by this murine model would be to explore in detail the direct effects on fetal development that occur during the in utero period (that is, earlier end-analysis of maternal immune responses), and deeper profiling of how infection and treatment alter the dynamic of cytokine environment to induce transgenerational priming following the maternal immune activation.

In humans, the currently running, prospective freeBILy study (registration number NCT03779437) gathers information on PZQ usage in pregnant women, a vulnerable population not usually included in mass drug administration programs, assessing the impact of diagnostics and PZQ-based treatment upon health-related quality of life in children, as well as incidence of schistosome infection in these individuals. The planned assessment of infant infection in association with maternal PZQ treatment (37) may add information about the priming effects of maternal infection and immune activation in human children. Through improved application of diagnostics, the results of such studies will facilitate integration of pregnant women into schistosomiasis treatment programs, as well as providing additional important safety information that will further inform guidelines (38). Our current murine-based study shows that maternal PZQ treatment can lead to non-specific priming effects, as well as partial resistance to cognate infection in mice, and would thus support the current WHO recommendation of anthelminthic treatment during pregnancy which is still met with hesitancy in the field. Further studies in human cohorts, such as FreeBILy, may provide additional valuable information on whether the observed effects translate to clinical settings.



Materials and Methods

Animal experiments were performed under national and European Union guidelines 2010/63, and in accordance with specific approval by regional governmental authorities of Upper Bavaria (license AZ ROB-55.2-2532.Vet_02-17-145). C57BL/6J mice were purchased from Envigo (Germany). All mice were fed standard chow and housed under specific pathogen-free conditions at the Technical Univerity of Munich (TUM), Institute of Med. Microbiology, Immunology, and Hygiene, Munich, Germany.

C57BL/6 female mice were infected with 100 S. mansoni cercariae (using the in-house maintained Brazilian strain, with life cycle kept in mice), via subcutaneous injection into the flank (as demonstrated in Figure 2C, leading to on average 15-20 adult worms by week 8). These reached the 10th week of infection (end of the peak TH2 immune response) when half of the infected mice (8 out of 16) were then treated with a single oral dose of PZQ at 400mg/kg in 10% Cremaphor (in H2O). This was given as a single treated at one-time point. Infected mice not receiving praziquantel received instead on the vehicle (10% Cremaphor), as did the control uninfected mice (all also via oral gavage). The following day, mice were mated with naïve male C57BL/6 mice. Offspring mice were weaned at 21-days of age. Upon end-analysis, dams were sacrificed, and successful infection plus treatment was confirmed by visual inspection of livers, in combination with absence of worms either retrieved via liver perfusion or inspection of intestines. For cognate infection experiments investigating offspring responses following maternal exposure, adult offspring cohorts (minimum of 6 weeks old) were infected via the same method, but were instead analyzed at week 8 after infection to assess peak responses. Infected mice were euthanized with sodium-pentobarbital (Narcoren, Boeringer Ingelheim) at a dose of 5ml/kg (800mg/kg) bodyweight.

For assessment of secreted cytokines in supernatant, cell suspensions were treated with SEA (produced in-house from hamster-derived schistosome eggs, at 20µg/ml), or anti-T cell receptor (TCR) stimulation via anti-CD3/CD28 (1µg/ml each). Unstimulated controls standardized to similar volumes using medium alone. Measurement of SEA-IgG1 and SEA-IgE in serum was performed with in-house ELISA as adapted from (39). Briefly, 1µg of SEA in 50µl PBS was used to coat each well of a 96-well microtiter plate overnight (NUNC). After washing 3x with PBST, these were blocked for 2h at RT with 3% (w/v) in PBS. After a further 3x washing, 100µl of serum diluted in BSA blocking buffer was probed for 2h at RT, washed again, then probed with 100µl detection antibody (biotinylated anti-mouse IgE or IgG1, Biolegend) diluted at 1:400 for 2h at RT. After washing, detection antibody was conjugated to 50µl Avidin-HRP peroxidase diluted 1:1000 for 30min at RT (in the dark), washed, then 50µl undiluted TMB substrate (eBioscience) was added per well and allowed to develop in the dark, before stopping with 50µl of 2 N H2SO4.

Granuloma area was calculated from formalin fixed (4%) paraffin-embedded cut sections (4µM) of liver and intestine samples after standard Masson’s trichrome staining and microscopic analysis as previously described (40) using up to 40 granuloma per mouse to calculate an average area µm2 per mouse. Determination of S. mansoni egg numbers per liver performed described previously (21) using 5% (w/v) KOH digestion of liver samples. Multiplexed analysis of serum cytokine levels was performed using Bio-Plex Pro Mouse Cytokine 23-plex Assay #M60009RDPD (Bio-Rad), according to manufacturer’s instructions with an initial 1:4 dilution of sample, and run on a Bio-Plex 200 System (Bio-Rad). Culture supernatants were instead analyzed using Mouse Ready-Set-Go ELISA kits (IL-4, IL-5, IFNγ)(eBioscience) or Mouse Duo-Set ELISA kit (IL-10)(R&D), according to manufacturer’s instructions. Alanine aminotransferase (ALT) levels in serum, indicative of hepatic disease, and were measured using a 1:4 dilution in PBS, and Reflotron GPT/ALT tests (Roche Diagnostics, Mannheim, Germany).

Flow-cytometry was performed as previously described (5), with cells were acquired using the flow cytometer Cytoflex S (Beckman Coulter) and initially analyzed in FlowJo 10 (v10 TreeStar). For B-cell analysis of spleen and bone marrow, live cells were gated on by excluding cells that were positive for propidium iodide (PI) (Biolegend), and pre-gated on cells positive for B220-APCH7 and CD19-BV510 (Biolegend). Further staining for B-cell subsets included IgM-BV605, IgD-PE-Cy7, CD23-AF700, CD21-PE-Dazzle594, CD138-PE, CD1d-BB700, CD80-FITC, and CD86-APC (all Biolegend), and MHCII-ef450 (eBioscience). For DC analysis, live cells were gated on by excluding cells that were positive for PI (double positive for PE and ECD), monocytes and monocyte-derived macrophages were excluded by expression of CD64 PerCP5.5 (Biolegend), Tissue resident Macrophages were excluded by the expression of F4/80 PE (eBioscience). cDC were identified by the high expression of CD11c-PE-Cy7 (Biolegend) and MHCII-ef450 (eBioscience). Further staining for DC subsets included XCR1-BV650, CD11b-BV510, CD172a (Sirp-α)-APC/Fire 750, CD24-AF700, CD80-FITC, and CD86-APC (all Biolegend).

For the FlowSOM analysis, fcs files were pre-gated in FlowJo for CD11c+MHCII+ conventional DCs or B cells based on B220 and/or CD19 expression. The exported samples were quality controlled (removal of low-quality events) using the PeacoQC algorithm (41) then processed with the FlowSOM workflow (28) and concatenated from individual samples. The SOMs were visualized using minimal spanning trees (MST). For dendritic cells, 145 922 cells were used for producing a self-organizing map (SOM) with a 11x11 grid, producing 121 clusters and 10 metaclusters (Supplement 4D). For splenic B cells, 1 559 562 cells were clustered in a 9x9 grid, resulting in 81 clusters and 12 metaclusters (Supplement 4E). From the bone marrow, 335 603 B cells were used in a 10x10 grid, producing 100 clusters and 12 metaclusters (Supplement 4F). To find clusters that were differentially represented in the experimental groups, median percentages of clusters of total number of cells and fold changes per cluster were compared using a Wilcoxon test. Significant clusters where characterized by the mean fluorescence intensities (MFI) of the markers used for clustering, heatmaps show scaled MFI values (pheatmap package https://github.com/raivokolde/pheatmap).

Statistical tests were performed using GraphPad Prism 8.0.2 for Windows (GraphPad Software, San Diego California USA). Data was subjected to D’agostino and Pearson omnibus normality test. Where specified, normalization was calculated using standard or z-values, where Z = (x - mean of original experiment cohort)/standard deviation of original sample cohort, which allowed re-scaling of data between repeat experiments, with normalized value calculated as: Z*(repeat experiment standard deviation) + mean of repeat experiment cohort, to minimize artefacts when pooling repeat experiments. Differences between sample sets with a normal distribution were analyzed using an unpaired, two-tailed Student’s t-test, while non-parametric data was assessed using an unpaired, two-tailed Mann-Whitney U-test, where p-values ≤ 0.05 were considered statistically significant. Analysis between multiple groups was performed using ANOVA or Kruskall-Wallis test for non-parametric data, with Dunn’s post-hoc test for comparison between individual groups. Pearson and Spearman correlations calculated using Rstudio Version 1.4.1106 (© 2009-2021 RStudio, PBC).
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Schistosomiasis is a disease of global significance, with severity and pathology directly related to how the host responds to infection. The immunological narrative of schistosomiasis has been constructed through decades of study, with researchers often focussing on isolated time points, cell types and tissue sites of interest. However, the field currently lacks a comprehensive and up-to-date understanding of the immune trajectory of schistosomiasis over infection and across multiple tissue sites. We have defined schistosome-elicited immune responses at several distinct stages of the parasite lifecycle, in three tissue sites affected by infection: the liver, spleen, and mesenteric lymph nodes. Additionally, by performing RNA-seq on the livers of schistosome infected mice, we have generated novel transcriptomic insight into the development of schistosome-associated liver pathology and fibrosis across the breadth of infection. Through depletion of CD11c+ cells during peak stages of schistosome-driven inflammation, we have revealed a critical role for CD11c+ cells in the co-ordination and regulation of Th2 inflammation during infection. Our data provide an updated and high-resolution account of how host immune responses evolve over the course of murine schistosomiasis, underscoring the significance of CD11c+ cells in dictating host immunopathology against this important helminth infection.
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Introduction

Schistosomiasis is a complex and potentially life-threatening parasitic disease, caused by infection with blood flukes of the genus Schistosoma. S. mansoni, S. haematobium and S. japonicum are responsible for most human cases, with approximately 240 million individuals infected globally, predominantly clustering in specific regions of Africa, Asia, the Middle East, and South America (1).

Schistosomiasis has a distinctive triphasic immune profile that reflects transformative events within the parasite lifecycle (2). In brief, the host first progresses through a (pre-patent) acute phase (0-5 WPI; wks post infection), where it responds to immature, lung migrating schistosomula and developing worm pairs (3). In the second (post-patent) acute phase (5-12 WPI), the host is confronted daily with hundreds of highly immunogenic eggs, and must contend with accompanying inflammation and associated tissue damage (4). In the final chronic phase (12 WPI+), the host enters a more regulated or ‘exhausted’ state that follows prolonged exposure to parasite antigens (Ags) (5, 6). At each lifecycle stage schistosomes employ a wide range of immune evasion and manipulation strategies that enable mitigation against collateral tissue damage and promotion of long-term survival within the host (7). For example, as an appropriately regulated T Helper (Th) 2 response is essential for host and parasite survival (8–10), schistosomes produce an array of molecules that guide host immunity towards a Type 2 phenotype (11–17), whilst concurrently encouraging the expansion of regulatory networks that downregulate and resolve chronic inflammation (14, 15, 18–20).

The immune response triggered at each lifecycle stage has been thoroughly dissected in experimental murine infections and, to a lesser extent, human and primate work. Together, the following immune narrative has been established: during the initial 4-5 wks of pre-patency, migrating schistosomula and juvenile worms evoke a low-level mixed T helper 1 (Th1)/Th2 immune response (21–23). This profile takes a dramatic shift at around 5-6 WPI, with egg production skewing host immunity towards a Th2-dominated profile, including dramatic upregulation of interleukin (IL-) 4, IL-5, IL-13, IgE and eosinophilia. This Type 2 environment dwarfs and counteracts the early Type 1 component (21), peaks approximately 8-10 WPI, and is critical for coordinated granulomatous inflammation (8, 10, 24). Moreover, although Th17 responses are acknowledged during schistosomiasis, they are generally considered low level in relation to Th2 or Th1 responses, and typically only emerge in specific mouse strains (i.e. CBA mice but not C57BL/6 or BALB/C) (25, 26). The majority of data suggests Th17 responses act to promote immune pathology rather than benefit the host  (27, 28). As infections progress into chronicity, Type 2 responses decline and regulatory responses prevail (5, 29–31). Down-modulation of Type 2 responses and suppression of severe disease is thought to be primarily mediated by IL-10 (32), with its secretion attributed to Regulatory B cells (Bregs) (33, 34) and T cells (Tregs) (30, 35–37). Tissue fibrosis (scarring) is central to schistosomiasis associated pathology, particularly in the liver, with IL-13 proposed as the main pro-fibrotic mediator in mice (38). This immunological picture has been established over decades of research, often focusing on a single tissue site, timepoint or event within the schistosome lifecycle. While time-course studies exist, very few have simultaneously evaluated the Th1/Th2/regulatory balance over the course of infection, in a range of tissue sites. Pioneering work in the early 1990s provided two splenic time-course studies, which form the basis of our understanding of the Th1-Th2 switch from the point of egg production (21, 22). However, these studies reflect the technical limitations of the time, and have received minimal follow-up with the resolution that is possible today.

Dendritic cells (DCs) are central players in the host immune system, poised to recognize and respond to invading threats and inflammation, and translate these danger signals into the activation and differentiation of T cells (39). DCs have proven key to orchestration of Th1 and Th2 inflammation, as well as the promotion of regulatory responses. In the context of schistosomiasis, we have previously shown that they play a fundamental role in the priming of CD4+ T cell responses, with depletion of CD11c+ DCs early in murine S. mansoni infection (wks 4 – 6) leading to a stark reduction in splenic and hepatic Th2 cells (IL-4, IL-5, and IL-13) and Tregs (24). However, the involvement of DCs in maintenance and/or regulation of schistosome infection beyond wk 6 remains unclear. Similarly, it is currently unknown whether DCs in later stages of infection remain vital for coordinating CD4+ T cell function and cytokine secretion, or if other antigen presenting cells (APCs) adopt more dominant roles in this context.

We now provide a comprehensive account of schistosome-elicited immune responses over the course of infection and across multiple tissue sites (liver, spleen, and mesenteric lymph nodes [MLNs]). In addition to refined characterization of cell populations and cytokine dynamics across these compartments, we have interrogated how the host responds to infection and attempts to resolve egg-driven damage by RNA-seq analysis of liver samples isolated over the course of infection. Finally, we have revealed a critical role for CD11c+ cells in the maintenance of hepatic Type 2 inflammation, with CD11c depletion from 6 WPI leading to compromised cytokine production and altered granulomatous pathology. These novel data elevate and update our fundamental understanding of immune response development over the course of murine schistosomiasis, and the significance of CD11c+ cells in coordinating immunopathology against this important and relevant helminth infection.



Materials and Methods


Mice

Experiments were performed using female C57BL/6 mice, CD11c.DOG (40) x C57BL/6 or CD11c.DOG x 4get IL-4-eGFP F1 mice (41), housed under specific pathogen free conditions at the University of Manchester or the University of Edinburgh, and used at 8-12 wks of age. Experiments were performed under a project license granted by the Home Office UK following ethical review by the University of Manchester or University of Edinburgh, and performed in accordance with the United Kingdom Animals (Scientific Procedures) Act of 1986.



Schistosoma mansoni Infections and Cell Depletions

Biomphalaria glabrata snails infected with S. mansoni parasites were obtained from Biomedical Research Institute, Rockville, MD. Mice were percutaneously infected (42) with 40-80 S. mansoni cercariae, with infections lasting 4, 6, 8, 12 or 15 wks in duration. To quantify parasite burden, S. mansoni eggs were isolated and counted from pieces of liver (approx. 1g in weight) or intestine, and digested overnight in 5% KOH (42). For CD11c depletion experiments, mice received daily intraperitoneal injections with 8 ng/g diphtheria toxin (Sigma-Aldrich) in PBS or with PBS alone (24, 40), from wk 6 of infection (days 42-51), and culled on day 52.



Cell Isolation

Single-cell suspensions of liver, MLN and spleen were prepared using the following methods, and as described previously (24). Spleens and MLNs were diced and digested at 37°C with 0.8 U/ml Liberase TL and 80 U/ml DNase I type IV in HBSS (all Sigma), supplemented with 50 U/ml penicillin and 50 µg/ml streptomycin (Invitrogen). After 30 min the digestion reaction was halted by the addition of 100 µl/ml 0.1 M, pH 7.3, EDTA (Ambion) stop solution, followed by addition of DMEM containing 50 U/ml penicillin and 50 µg/ml streptomycin. This was then passed through a 70 µm cell strainer to generate a cellular suspension, with splenocytes undergoing an additional RBC lysis incubation to remove contaminating erythrocytes. Livers were perfused, minced with sterile scalpel blades, and incubated at 37°C for 45 min using the digestion media detailed above. After addition of EDTA stop solution and DMEM, digested livers were passed through a 100 µm cell strainer. To separate leukocytes, liver cells were resuspended in 33% isotonic Percoll (GE healthcare) and centrifuged at 700 g. Pelleted cells were passed through a 40 µm cell strainer (for removal of S. mansoni eggs), followed by RBC lysis, counting and resuspension in PBS supplemented with 2% FBS, 2 mM EDTA, for flow cytometry or culture/stimulation.



Quantification of Cytokines

Cytokine assays were performed as previously described (43, 44). Single-cell suspensions of livers, MLNs and spleens were stimulated ex vivo with plate bound anti-CD3 (0.5 μg/well) or SEA (0.25 µg/well) in X-vivo 15 media (Lonza) supplemented with 2 mM l-Glutamine and 50 µM 2-ME (Sigma). Stimulation was carried out in 96 well U bottom plates, with 1 x 106 cells seeded per well in 200µl volumes. Cell supernatants were harvested 72 h later and stored at -20°C until further analysis. Paired capture and detection Abs were used for analysis of murine IL-4, IL-10, IL-17A (Biolegend) IL-5, IFNγ (produced from hybridomas in-house) and IL-13 (eBioscience).



Serum Antibody and IgE Levels

SEA-directed antibodies and IgE levels were measured as described previously (24). In brief, to quantify serum levels of SEA-specific IgG, IgG1, IgG2a, IgG2c and IgG3, 96 well plates (NUNC Maxisorp) were coated with 5 μg/mL SEA overnight, then blocked with 1% bovine serum albumin (BSA, Sigma) in PBS for 1 h at room temperature. Plates were then incubated with sera at doubling dilutions (1:50-1:6400). Alkaline phosphatase conjugated goat anti mouse IgG, IgG1, IgG2a, IgG2c and IgG3 (SouthernBiotech) were added to plates, followed by liquid PNPP substrate i.e. ‘liquid PNPP substrate (Thermo Scientific), with absorbances read at 405 nm. Serum levels of IgE (BD) were measured using paired capture and biotinylated detection antibodies, with quantity assessed via standard curve and absorbances read at 450 nm. For all ELISAs, between individual incubation steps, plates were washed 3 times with PBS containing 0.05% Tween (Sigma). Data presented as endpoint dilutions.



Flow Cytometry

Single cell suspensions were washed with PBS and stained for viability with ZombieUV (1:2000; Biolegend) or LIVE/DEAD™ Fixable Aqua (1:500; Invitrogen). Cells were then incubated with 5 μg/ml FC block (αCD16/CD32; 2.4G2; Biolegend) in FACS buffer (PBS containing 2% FBS and 2 mM EDTA), before staining for surface markers for 30 min. After surface staining, cells were washed twice with FACS buffer before fixation in 1% PFA for 10 min. For intracellular staining, cells were permeabilized with eBio Fixation/Permeabilisation buffer for 1 h, before staining with relevant intracellular antibodies for 30 min. Samples were analyzed by flow cytometry (LSR Fortessa, BD) and data analyzed using FlowJo v10 software. A list of antibodies used is provided in Table 1.


Table 1 | List of flow cytometry antibodies and their clones.





Imaging

For histological analysis by light microscopy, median liver lobes were fixed in 10% NBF for 24 h, dehydrated through a series of graded alcohols and embedded in paraffin blocks. Tissues were cut into 5 μm thick sections using a microtome and stained with Masson’s Trichrome (MT; granulomatous inflammation). For quantification of granulomatous pathology and fibrosis, MT stained liver sections were scanned with a dotslide digital slide scanner (Olympus BX51, VS-ASW FL Software), creating differential Interference Contrast (DIC) images of the whole slide (see Figure 5A). Using FIJI imaging analysis software (ImageJ 1.48r) (45) individual liver sections were cropped to obtain solely liver sections. Colour thresholds were set using hue, saturation and brightness (HSB) settings to select either granulomas alone (blue staining) or liver parenchyma (purple staining). HSB thresholds were set using an algorithm developed by Dr. Tim Kendall (Western General Hospital, Edinburgh), enabling the quantification of the number of pixels for the region of interest.

For immunohistochemistry (IHC) analysis by confocal microscopy, pieces of the left liver lobe were placed in optimum cutting temperature formulation (OCT) and stored at -80°C until further processing. Tissues were cut into 20 μm cyrosections, dried overnight at RT, then fixed in ice-cold acetone for 5 min before storage at -20°C. For confocal Immunohistochemistry, cryosections were thawed and rehydrated with 1X PBS before incubation for 1 h at RT with 10% blocking solution: 1% BSA, 10% FCS and 0.005 μg/µl FcR-Block (2.4G2) in PBS-T (Tween-20; 1:1000 in PBS). Samples were incubated overnight at 4°C with fluorescently labelled monoclonal antibodies (all eBioscience) for CD11c (N418; 1:250), Siglec-F (E50-2440; 1:100) TCRβ (H57-597; 1:50), in 2% blocking solution (0.2% BSA, 2% FCS and 0.005 μg/ul FcR-Block in PBS-T). Stained cryosections were washed once with PBS-T followed by 2 washes with PBS, then stained with 1 μg/ml DAPI dissolved in PBS for 15 min at RT. Cryosections were subsequently mounted with coverslips using ProLong Gold antifade reagent (LifeTechnologies) and blinded before analysis. Analysis of confocal photographs was carried out using Volocity imaging software (PerkinElmer). For each photograph, the contrast was enhanced to remove background staining and schistosome eggs were cropped out of individual images to exclude possible autofluorescence during subsequent quantification steps. Snapshots of cropped images were captured separately for each fluorochrome used, and for each snapshot the surface area of positive staining above a fixed intensity was measured. Intensity was set using isotype controls for each fluorochrome labelled.



RNA Extraction and Sequencing

RNA extraction was performed in line with Peña-Llopis & Brugarolas (46). In brief, liver tissue samples weighing between 15 mg and 40 mg were homogenized in lysis buffer, followed by an acid-phenol chloroform extraction of total RNA. Polyadenylated mRNA was purified from liver total RNA using oligo(dT) Dynabead selection, followed by metal ion hydrolysis fragmentation with the Ambion RNA fragmentation kit. First strand cDNA was synthesized using randomly primed oligos followed by second strand synthesis using DNA polymerase I to produce double-stranded cDNA. This was followed by end repair with T4 and Klenow DNA polymerases and T4 polynucleotide kinase to blunt-end the DNA fragments. A single 3’ adenosine nucleotide was added to the repaired ends using a Klenow fragment (3’→5’ exo-) and dATP to deter concatemerization of templates, limit adapter dimers and increase the efficiency of adapter ligation. Adapters were then ligated (containing primer sites for sequencing). Ligated fragments were run on an agarose gel, size selected for 100-200 bp inserts and the DNA extracted according to the Qiagen gel extraction kit protocol, except for the dissolution of gel slices, which was done at room temperature rather than 50°C. Libraries were then amplified by PCR to add primers for flow cell surface annealing and to increase yield; sample cleanup was performed with AMPure SPRI beads. The libraries were quantified on an Agilent Bioanalyzer and Kapa Illumina SYBR Fast qPCR kit, and sequenced on the Illumina HiSeq 2500 platform as 75 bp paired end reads.



RNAseq Analysis

mRNA reads were aligned to the mouse reference transcriptome (GRCm38) using Bowtie2 v2.2.1 (47) and quantified using eXpress v1.3.0 (48). Briefly, the mouse cDNA reference was downloaded from the Ensembl Genomes FTP server and indexed prior to mapping using the Bowtie2-build command. Reads were aligned with Bowtie2 using default parameters apart from -X 800, which sets the maximum fragment length for concordant pairs at 800 bp, thus ensuring that reads from all valid fragments are considered; and -a, which reports all alignments. The Bowtie2 alignments were passed directly to eXpress for transcript quantification. As eXpress reports transcript-level counts, a custom perl script was used to aggregate and collapse the reported counts into their corresponding gene-level counts. The results were organized into a tab-delimited matrix with each row representing a gene and each column representing a sample.

Read counts were normalized and differential expression analysis performed using the DESeq2 package (49). Genes with low expression were removed prior to downstream analysis by removing those where the sum of the total read counts in all samples was fewer than 50. Gene names were assigned to ensembl IDs using the biomaRt package (50). Principle component analysis was performed using the DESeq2 package. For the production of volcano plots and heatmaps genes were considered significantly differentially expressed between conditions if they had an adjusted p value (padj) < 0.01 and a log2FoldChange in expression >1. Gene set enrichment analysis for GO terms associated with biological process was performed using the clusterProfiler package (51). Genes with padj < 0.01 (both up- and down-regulated) were selected for gene set enrichment analysis. The statistical significance of enriched terms was adjusted using the Holm method. GO terms with a padj > 0.01 were considered statistically significant. Redundant GO terms were removed using the ‘simplify’ function in clusterProfiler using a cutoff value of 0.5 when selecting by padj.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9 or JMP software. As described in corresponding figure legends, experimental groups were compared using an unpaired t-test, one-way or two-way ANOVA, followed by appropriate post-hoc tests. Significance for all statistical tests was shown in figures as P < 0.05 (*), P < 0.01 (**), P < 0.001 (***).




Results


Dynamics and Development of Hepatic Pathology

Experimental schistosome infections of mice are commonly employed to model the pathological and immunological features of human infections (52, 53). To assess host responses at several distinct stages of schistosomiasis, mice were percutaneously infected with 40 cercariae, and animals taken for analysis after 4, 6, 8, 12 or 15 wks (Figure 1A). In brief, these wks correspond to pre-egg production/adult pairing and maturation (wk 4), the initial phase of egg production (wk 6), the peak of post-patent active disease (wk 8), progression into chronic disease (wk 12) and established chronicity (wk 15) (2-4). Egg-driven granulomatous responses generally peak at 8 wks post infection before declining in magnitude, with calcified and fibrotic granulomas accumulating during chronic infection stages, coincident with the immune response against freshly laid eggs being down-regulated (36, 54, 55). Importantly, as egg production is an ongoing, asynchronous process, infected tissues simultaneously present with newly formed, mature and resolving granulomas. To visualise the extent of granulomatous inflammation in the liver, sections from the median lobes of infected mice were stained with Masson’s Trichrome (MT) (Figure 1B). Before the start of egg-laying (wk 4), there were no visible signs of damage or eggs in the livers of infected mice, whilst at later infection stages, eggs continued to accumulate within hepatic tissue (Figure 1A and Supplementary Figure 1A). Granulomatous inflammation became more pronounced at each ensuing stage, with infected livers showing extensive MT staining from wk 8, which accounted for approximately 50% of the total tissue section by wks 12 and 15 (Figures 1B, C). Closer assessment of wks 6-8 revealed that granulomatous inflammation in this transition phase started at approximately 45 days post infection, with significantly greater inflammation visualized by day 51 (Supplementary Figures 1B, C) and with evidence of enhanced DC, T cell and eosinophil infiltration to hepatic tissue, as assessed by confocal microscopy paired with quantification of CD11c+, TCRβ+ and Siglec-F+ staining (Supplementary Figure 1D). Furthermore, mirroring the exaggeration of hepatic pathology during later stages of infection (Figures 1B, C), infected mice displayed significantly higher serum levels of SEA-specific antibodies and IgE by wks 12 and 15 (Supplementary Figures 1E, F), as well as hepatosplenomegaly from wk 8, as defined by increased spleen and liver weight as a proportion of total body weight (Supplementary Figure 1G).




Figure 1 | Development of granulomatous pathology and a dominant Type 2 response during S. mansoni infection. (A) Schematic of infection setup. C57BL/6 mice were infected with 40 S. mansoni cercariae with infections lasting, 4, 6, 8, 12 or 15 wks in duration (indicated by X). (B) Representative images of liver sections stained with Masson’s Trichrome (MT) at indicated wks, allowing for visualisation of inflammatory cell infiltration and type I collagen deposition. (C) The proportion of granulomatous inflammation per tissue section, using an objective algorithm to quantify the number of pixels of granulomatous inflammation in a defined region of interest. (D) At specified wks, liver, spleen and MLN cells from naïve and schistosome infected mice were cultured for 72 h with 0.25 µg of schistosome egg antigen (SEA; antigen-specific stimulation). Supernatants were collected and cytokine production (medium alone values subtracted) was assessed by ELISA. Data are from a single experiment (B, C) or pooled from 2 (D) separate experiments (n=36-10 animals per time point). Significance calculated by one-way (C) or two-way ANOVA (D). Data presented as mean +/- SEM. *p < 0.05, **p < 0.01, ***p < 0.001.





Tissue-Specific Cytokine Responses During Infection

Next, to define how parasite-specific cytokine responses develop across infection, we focused on three tissue sites that are differentially affected by schistosomiasis: the liver, spleen, and MLNs. More specifically, while the liver represents a principal effector site in which eggs deposit and granulomas form, the spleen and MLNs represent important immune priming sites against parasite Ags from systemic circulation and intestinal sites, respectively.

To evaluate Ag-specific cytokine secretion, isolated liver, spleen and MLN cells were cultured in the presence of SEA (Figure 1D). Irrespective of the tissue site in question, immune cells from infection produced very low levels of SEA-specific Th2 associated cytokines (IL-4, IL-5 and IL-13) at wk 4 post infection, with no statistically significant differences relative to naïve mice. In contrast, the Th1 associated cytokine IFNγ peaked at this time-point in infected animals. As infections progressed beyond wk 6 and splenic, MLN and hepatic IFNγ dramatically reduced. All tissues showed increased production of IL-4, IL-5 and IL-13 from wk 6, which either peaked at 8-12 wks post infection or remained elevated into chronic stages. IL-10 responses tended towards an increase during later stages of infection, which was particularly evident in the MLNs and liver. Similar cytokine profiles were seen upon stimulation of isolated cells with anti-CD3 (Supplementary Figure 2). This included peak Th2 cytokine potential at approximately 8 wks post infection, and increased IL-10 during chronicity, particularly in the liver and MLNs (Supplementary Figure 2). Moreover, while SEA-specific IL-17A production was minimal in all three sites, anti-CD3 stimulated liver cells from infected mice produced significantly increased levels of IL-17A than their naïve counterparts.



Cellular Responses to Schistosome Infection Vary Across Tissues

We next looked to identify the cell types responding at different sites over the course of infection. From as early as 4 wks post infection, despite the lack of egg production, cellular infiltration to the liver was significantly increased in infected animals compared with naïve (Figure 2A). Closer inspection of immune cell numbers (Figures 2A, C) and frequencies (Figures 2B, D) revealed a dramatic increase in hepatic eosinophils, macrophages, DCs, plasmacytoid DCs (pDCs), B cells, CD4+ T cells and NK cells in comparison to naïve mice, but without any significant increase in their frequency. Similarly, while wk 6 saw an increase in overall cell numbers in the liver (aside from pDCs), cellular frequencies remained comparable to naïve controls. However, cell proportions altered significantly by wk 8 of infection, with an increased frequency of hepatic eosinophils, neutrophils, and monocytes, coinciding with a decline in B cell, T cell, NK cell, DC and macrophage proportions. These differences in percentages persisted into later wks of infection. Akin to the earlier observed peak in Th2 cytokine production (Figure 1D), liver cell counts peaked at 8 wks post infection before a gradual decline (Figure 2A). By 15 wks post infection, eosinophils and monocytes were the only cell types found to be significantly more numerous in infected livers than naïve.




Figure 2 | Tissue-specific cellular responses during schistosomiasis. Stacked bar charts showing hepatic splenic and mesenteric (A) cell counts and (B) cell frequencies (as a proportion of total live cells) at indicated wks of infection when infected with 40 cercariae. For infected mice, data is presented as mean values for each given time point, with averages calculated from two pooled experiments per time point. n=6-8 per timepoint from two pooled experiments. Naïve data is presented as mean values for the entire infection, with averages calculated from two pooled time course experiments. n=30. Significance in (A) reflects comparison of total cell counts between naïve and infected mice. Statistics tables showing differences in (C) cell counts and (D) cell frequencies between naïve and infected mice, for the liver spleen and MLN. Arrows in table (C, D) represent the direction of cell frequency change in infected animals in comparison to naïve. Significance calculated by Kruskal-Wallis followed by Dunn’s multiple comparisons test, with comparison between naïve and infected groups. *p < 0.05, **p < 0.01, ***p < 0.001, ns = non-significant (P > 0.05) .



Although there were clear differences in basal immune cell composition between priming (MLN and spleen) and effector (liver) sites (Figure 2B), changes in cellularity evoked by schistosome infection were largely comparable in all three tissues. MLN and spleen cell counts remained unchanged at wks 4 and 6 when compared to naïve mice but, similarly to the liver, a significant infiltration in immune cells was observed from wk 8 onwards in these sites that persisted into chronic stages of disease. Eosinophilia was a prominent feature of both MLNs and spleens from the 8 wk time-point onwards, but less dramatically than in the liver. Neutrophilia was also evident within MLN and splenic responses by wks 8 and 12 that, akin to the liver, was no longer significant by 15 wks post infection. Notably, the liver showed a significant decrease in B cell frequency from wk 8-15 of infection, while increased B cell proportions were observed in the spleen and MLNs.

Tregs are key immunosuppressive cells that aid in control of immunopathology during S. mansoni infection (30, 36, 37, 56), commonly defined by their expression of the transcription factor FoxP3 (57) and/or the activation marker CD25 (IL-2 receptor α) (58) (Figure 3A). When looking at relative Treg proportions, we observed significant expansion of CD25+Foxp3+ Tregs within the liver of infected mice from 8 wk onwards (Figure 3B), whilst in the spleen and MLNs, an increase in CD25+Foxp3+ Treg frequency was observed at wk 12 in the MLNs only (Figure 3B). However, reflecting the infection-induced increase in liver, spleen, and MLN cellularity (Figure 2A), we observed significant numerical expansion of CD25+Foxp3+ Tregs by wks 8, 12 and 15 in the liver, spleen and MLNs (Figure 3B). Assessment of CD25+Foxp3- CD4+ T cells, representing activated effector CD4+ T cells populations (59), revealed their numerical and proportional expansion in the liver from wk 8 of infection (Figure 3C). These Foxp3- populations showed numerical expansion in the MLNs at wks 8, 12 and 15, with significant proportional increases met at wk 15, while the least striking expansion of these effector cells was evident in the spleen (Figure 3C).




Figure 3 | Regulatory T cell dynamics across S. mansoni infected tissues. (A) Representative flow plots for CD25+Foxp3+ and CD25+Foxp3- gating, pre-gating on live CD45+TCRβ+CD4+CD8- cells. The frequency and total numbers of (B) CD25+Foxp3+ T cells and (C) CD25+Foxp3- cells in the liver, spleen and MLN of naïve and 40 cercariae infected mice, at indicated timepoints, and with frequency presented as % of total CD4+ T cells. (B, C). Results are mean +/- SEM from two experiments pooled (wks 6-15) or a single experiment (wk4) (n=3-8 mice per group per time-point). Significance calculated by two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.





Transcriptional Signature of Schistosomiasis Associated Liver Pathology

Given the dramatic changes in liver pathology and granulomatous inflammation observed over the course of S. mansoni infection, we next sought to obtain a broader, deeper and less biased understanding of the changes occurring in the liver tissue over the course of S. mansoni infection. RNA was isolated from the livers of infected mice and matched naïve controls at wks 3, 4, 6, 8, 12, and 15, with transcriptional profiling performed by RNAseq (Supplementary Excel File 1). As early as wk 3 post infection we were able to observe distinct transcriptional profiles in infected mice compared to naïve controls (Figures 4A, B) including increased expression of chemokines (Cxcl9 and Cxcl10) and genes associated with MHCII expression (H2-Aa, H2-Ab1 and H2-Eb1) (Figure 4B). From wk 4-6 onward, significant upregulation of transcripts associated with maturation of myeloid cells and B cells (Irf8, Cd74, Ly6d and Ear2) was observed. Starting at wk 8 and continuing through wks 12 and 15 we observed collagens (Col6a1 and Col6a2) and other genes associated with the extracellular matrix (ECM) (Lpl, Lum, Anxa2) among the most significantly upregulated differentially expressed genes (DEGs; Figure 4B).




Figure 4 | Schistosome egg deposition dramatically alters the liver transcriptome. Livers from schistosome infected mice (Inf) or matched naïve controls (Nv) were harvested at 3, 4, 6, 8, 12 and 15 wks post infection (40 cercariae infection, n=3-4 per timepoint). RNA was isolated from the liver tissue and transcriptionally profiled by RNAseq. (A) Principal components analysis of total read counts. Points represent individual replicates. Point shape indicates group, Nv (○) Inf (◻), and colour indicates timepoint. (B) Volcano plots of differentially expressed protein-coding genes in Inf vs Nv mice at each time point. Genes were considered significantly differentially expressed in Inf mice when the adjusted p value (padj) was < 0.01 and the log2FoldChange was > 1. Red dots indicate genes significantly up-regulated in Inf mice, blue dots indicate genes significantly down-regulated in Inf mice, yellow dots represent genes not significantly differentially expressed between Inf and Nv mice. (C) Gene set enrichment (GSE) analysis for Inf mice from wk 6 to wk 12 using GO Biological Process terms based on genes with a padj < 0.01 vs Nv mice. Points represent the enrichment score for a given GO term at each time point. Size of point indicates the enrichment score. Opacity of point indicates the significance value for that enrichment score expressed as -log10(padj). Point colour indicates whether a given GO term was positively (red) or negatively (blue) enriched. Blank spaces indicate that GO term was not significantly enriched at that timepoint. GO terms were considered significantly enriched if padj < 0.01. Heatmaps representing the mean expression of top 15 most significantly differentially expressed genes identified in specific GO terms: (D) “extracellular matrix structure” and “extracellular matrix organisation” and (E) “Immune response”, and “Leukocyte migration”. All genes presented by heatmap had a p value < 0.01. Differential expression analysis was performed using DESeq2, GSE analysis was performed using clusterProfiler.



To obtain an overview of the processes influenced by infection we performed gene set enrichment analysis (GSE) of gene ontology (GO) terms associated with biological processes using genes differentially expressed at each timepoint (Figure 4C and Supplementary Excel File 2). Whilst there were too few differentially expressed genes at wk 3 and wk 4 post infection to identify statistically meaningful enrichment of GO terms, we identified a range of terms to be enriched (both positively and negatively) from wk 6 onwards. As expected, we observed strong positive enrichment of terms associated with the immune response, including those related to antigen presentation, immune cell migration and cytokine production. Notably, our GSE analysis identified an number of terms associated with the synthesis of collagen and restructuring of the extracellular matrix at wk 12 and wk 15. Interestingly, we identified strong negative enrichment of a number of GO terms associated with metabolic processes, particularly those associated with the metabolism of nucleotides.

As we had observed substantial hepatic changes by MT staining (Figure 1B) we examined genes associated with extracellular matrix remodelling. Selecting the 15 most significant DEGs associated with GO terms relating to tissue remodelling revealed strong upregulation of matrix metalloproteases (MMPs) (Mmp2 and Mmp14); a collagen (Col1a2) and ER-resident chaperon associated with collagen biosynthesis (Serpinh1); other secreted components of the extracellular matrix (Dpt, Postn, Efemp2, Smoc2 and Elna); a catalytic enzyme required for matrix component crosslinking (Loxl1), a matrix binding protein (Ccdc80); and receptors associated with the regulation of matrix deposition (Anxa2 and Pdgfra) (Figure 4D). In total we identified 76 DEGs associated matrix, including 13 encoding collagens, 5 Adamts (A Disintegrin and Metalloproteinase with Thrombospondin motifs) family members, 8 MMPs, and the transcription factor Sox9 (Supplementary Excel File 1).

Interrogation of the most significantly differentially expressed genes associated with the immune response revealed a diverse array of genes linked to different aspects of immune function. We identified genes associated with immune cell chemotaxis (Cd34, Cxcl14, Ear2 and Pf4 (encoding CXCL4)); TLR4/RAGE binding S100 family members associated with triggering migration via NF-κB signalling (S100a8 and S100a9); an actin regulator associated with macrophage function (Gsn); genes associated with interaction with and remodelling of the extracellular matrix (Col3a1, Mmp2, Spp1); genes related to B cell function including an alarmin receptor involved in B cell development (Crlf2) and components of immunoglobulins (Iglc2 and Jchain); a signal transduction enzyme (Smpd3); and an antimicrobial peptide (Slpi) (Figure 4E).

These data demonstrated a dramatic change in the transcriptional profile of the liver during S. mansoni infection with strong enrichment of genes linked to the attraction and activation of leukocytes, and the restructuring of ECM. Additionally, we found significant downregulation of GO terms associated with various metabolic and catabolic processes. Although some of these changes were evident as early as 3 wks post infection, the major changes in gene expression occurred between wk 6 and wk 8, indicating that transcriptional reprogramming of the liver environment is associated with the start of egg production.



Hepatic Granuloma Composition Over the Course of Infection

We next sought to investigate some of the transcriptional changes we had observed at a location level, in hepatic granulomas (Figure 5). Schistosome granulomas consist of ECM, fibroblasts and a range of immune cells (predominantly Th2 cells), whose frequency and spatial distribution varies across the course of infection and the site in question (55, 60). To examine the spatial dynamics of granuloma formation and resolution and assess the localisation of key cell types, confocal microscopy was performed on liver sections at each stage of infection (Figure 5A).




Figure 5 | Confocal microscopy analysis reveals distinct alterations in hepatic granuloma composition across infection timeline. At indicated stages of 40 cercarial dose infection, the infiltration and localization of CD11c+, Siglec-F+ and TCRβ+ cells in hepatic granulomas was assessed by IHC. (A) Representative confocal microscopy images taken from livers of 5 S. mansoni infected mice at each timepoint. Top row showing differential Interference Contrast (DIC) images, with eggs indicated by arrows and dotted lines outlining granuloma periphery. (B) Quantification by Image J of positive Siglec-F, CD11c and TCRβ staining. 1 experiment. Significance calculated by Two-way ANOVA. Data presented as mean +/- SEM. *p < 0.05, **p < 0.01. Bars indicate SEM of from 3 sections of naïve hepatic tissue vs 10 granulomas from infected mice.



While no eggs were found in livers from infected mice at wk 4, we observed disorganised clustering of immune cells with sporadic Siglec-F staining throughout that was not present in naïve mice (Figure 5A). By wk 6, immune cells began to assemble into more organised, compact, areas that enveloped tissue-trapped eggs and harboured CD11c+ and Siglec-F+ cells, and a small number of TCRβ+ cells, at their core. By wks 8 and 12, CD11c+ and Siglec-F+ cells now appeared distributed across granulomas, with new infiltration and co-localisation of TCRβ+ cells with CD11c+ cells. By wk 15, CD11c+ and TCRβ+ cells reduced in frequency but remained dispersed and colocalised across granulomas, while Siglec-F+ cells were again evident within the innermost layer, along with some staining across granulomas. By quantifying the surface area for positive staining around individual eggs, we were able to assess the kinetics of these cell types within granulomas (Figure 5B). From wks 6-8, the staining for each marker increased markedly, but was only significant for CD11c and Siglec-F. After wk 8, Siglec-F decreased while CD11c remained consistently elevated until wk 15. TCRβ patterns were somewhat comparable to CD11c, but with a more dramatic reduction by wk 15. These histological data were generally consistent with the hepatic flow cytometry readouts for DCs, eosinophils and T cells (Figure 2).



CD11c Depletion Dramatically Impairs Hepatic Immune Cell Polarisation, Provoking Neutrophilia

In previous work, we used targeted CD11c+ cell depletion to reveal a crucial role for CD11c+ cells in Th2 induction during initial egg producing stages of S. mansoni infection (wk 4-6) (24), prior to the dramatic pathological and immunological changes that occur from 6–8-wks post infection (Figures 1–5). We next sought to explore how CD11c depletion would affect immunopathology and the maintenance of immune responses at later stages of infection using CD11c.DOG mice, in which the CD11c promotor controls expression of the human diphtheria toxin (DTx) receptor (DTR) (40). CD11c+ cells were depleted from day 42 to 51 of infection, and host responses evaluated at day 52 (Figure 6A). CD11c depletion had no discernible impact on hepatosplenomegaly (Figure 6B), egg burden (Figure 6C) or the extent of hepatic granulomatous inflammation, as measured by quantification of MT staining (Figure 6D). However, closer inspection of hepatic granuloma composition revealed more inflammatory pathology following CD11c depletion (Figure 6E). As expected, CD11c+ staining was significantly reduced in granulomas from DTx treated mice, indicating effective depletion (Figures 6F, G), coincident with a significant decrease in the proportion of TCRβ+ and Siglec-F+ cells (Figures 6F, G).




Figure 6 | CD11c depletion disrupts granulomatous pathology during S. mansoni infection. (A) Schematic of infection setup. CD11c.DOG mice were infected with 40 S. mansoni cercariae with CD11c+ cells depleted via Dtx administration on days 42-51, and mice culled at d52. (B) Liver and spleen weights for infected mice with data represented as a proportion of total body weight. (C) The total number of schistosome eggs per gram of liver or intestinal tissue. (D) Quantification of granulomatous inflammation. (E) Representative images of hepatic granulomas stained with H&E. (F) Representative confocal microscopy granuloma images, with staining for CD11c, Siglec-F and TCRβ. First column showing differential Interference Contrast (DIC) images, with eggs indicated by arrows and dotted lines outlining granuloma periphery. (G) Quantification of positive Siglec-F, CD11C and TCRβ staining. Data are from a single experiment (D, E, F&G) or pooled from 3 (A–C) 3 separate experiments. Significance calculated by unpaired T-test. Data presented as mean +/- SEM. *p < 0.05, **p < 0.01, ***p < 0.001.



In support of our histological data (Figures 6F, G), assessment of liver cell populations by flow cytometry showed that DTx administration significantly depleted CD11c+MHC-II+ DCs (approximately 50% depletion across experiments), while hepatic macrophage proportions remained intact (Figure 7A). These changes were accompanied by a significant reduction in hepatic CD4+ T cells, CD8+ T cells and eosinophils, alongside a stark increase in hepatic neutrophilia (Figure 7A). Next, to explore the impact of CD11c depletion on cytokine dynamics, we evaluated hepatic responses following culture of isolated liver cells with SEA (Figure 7B) or anti-CD3 (Figure 7C). While CD11c depletion did not significantly alter Ag-specific cytokine production by isolated liver cells in culture, their potential to produce IL-4 and IL-10 in response to anti-CD3 was significantly diminished (Figure 7C). Together, these data showed that CD11c depletion significantly influenced the hepatic granulomatous response during schistosome infection, reducing eosinophilia and T cells, while increasing neutrophilia and impairing IL-4 and IL-10 potential, without dramatically affecting Ag-specific cytokine production.




Figure 7 | CD11c depletion compromises hepatic cellular dynamics during S. mansoni infection. CD11c.DOG mice were infected with 40 S. mansoni cercariae, with CD11c+ cells depleted on d42-51 via Dtx administration, and mice culled on d52. The total number of liver cells (A) and the frequency of various immune cells in the liver of Dtx of PBS treated infected mice. Liver cells were cultured for 72 h with (B) 0.25 µg of SEA or (C) 0.5μg of anti-CD3. Supernatants were collected and cytokine production (medium alone values subtracted) was assessed by ELISA. Data are pooled from 3 separate experiments (n=12-18 animals per time point). Significance calculated by unpaired T-test. Data presented as mean +/- SEM. *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

In addition to elevating our basic understanding of immune response development over the course of murine S. mansoni infection, in both effector and priming sites, we have revealed a crucial role for CD11c+ cells in hepatic granuloma coordination and maintenance in the post-patent phase of schistosome infection. The onset of egg production evoked pronounced pathological (Figure 1 and Supplementary Figure 1), immunological (Figures 1–3 and Supplementary Figure 2) and transcriptional host responses (Figure 4), with clear immunopathology by the eighth wk of infection (Figures 1, 4, 5 and Supplementary Figures 1, 2). As demonstrated through cytokine analysis of cultured liver, spleen or MLN cells ex vivo (Figure 1 and Supplementary Figure 2), infection elicited a distinctive triphasic kinetic, including a Th1-skewed phase prior to egg production, a Th2-dominated response from egg deposition, and a more regulated profile in the chronic stage (Figure 1 and Supplementary Figure 2). Egg deposition drastically remodelled the liver transcriptome, including dramatic enrichment of genes associated with granulocyte recruitment, tissue remodelling and leukocyte activation, and with the most pronounced transcriptional changes starting between wk 6 and 8 of infection (Figure 4). Histologically, distinctive hepatic granulomatous inflammation was evident by wk 6 of infection, which subsided by more chronic stages (Figures 1, 5). Importantly, depletion of CD11c+ cells between wks 6-8 of infection had a dramatic impact on the hepatic response, including disrupted granuloma formation and cellularity, increased neutrophilia, and impaired cytokine production (Figures 6, 7).


Time Course Kinetics

We found that the dramatic granulomatous inflammation that develops in the liver from wk 6 of infection (Figure 1) became evident over the course of a matter of days, with day 45 representing a distinct tipping point between ‘homeostasis’ and stark pathology (Supplementary Figure 1). However, it is important to note that, although we selected representative images for each timepoint, granuloma development is asynchronous, due to differences in timing and location of egg deposition, egg maturity and secretions, and previous exposure to cross-reactive worm Ags (52, 61). To investigate granuloma development in a more synchronous manner, investigations could be made using intravenous injections into the portal vein or lung (52).

Schistosome infection actively modifies T cell responses in order to promote the Th1-Th2 switch, trigger regulatory cell networks, and induce a state of T cell hyperresponsiveness (8, 62, 63). We observed a reduced propensity for isolated cells from livers, spleens or MLNs of more chronically infected mice to produce cytokines in response to Ag-specific (SEA) stimulation (Figure 1), in support of previous studies suggesting CD4+ T cell exhaustion during later stages of active disease (64, 65). In contrast, upon polyclonal (anti-CD3) stimulation, many cytokines continued to increase in the liver and MLNs beyond wk 12 of infection (Supplementary Figure 2). This might suggest that down-modulation of T cell activation during chronic infection is restricted to Ag-specific responses. Alternatively, it is possible that while Ag-specific T cells enter an exhausted state following repeat Ag stimulation (5), a pool of T cells undergo Ag-independent bystander activation towards circulating cytokines and TLR ligands, thus sustaining cytokine secretion across infection (66). Finally, the reduction in T cell activity may reflect the direct activity of schistosome products on T cells or modulation of APC activity (19, 65, 67, 68), which could include promoting the emergence of more tolerogenic APCs (65, 68) or those with a reduced capacity to elicit effector Th2 cell proliferation (69).

In keeping with regulatory responses being more apparent during chronicity (5, 29), we observed evidence for enhanced immunoregulation in later stages of infection (Figures 1, 2 and Supplementary Figure 2). CD25+Foxp3+ Tregs were expanded across all tissues at later infection phases, but with the most statistically robust expansion (both proportional and numerical) within the liver (Figure 3). These observations support previous studies showing enhanced Treg frequencies in the liver, MLN, spleen and colonic granulomas during infection (30, 36, 37) and suggest the hepatic inflammatory environment to most effectively support Treg activation and recruitment. This may result from the costimulatory environment (63), TGFβ (38), RELMα (70, 71) egg antigens (35, 37), or the higher levels of IL-4 and IL-13 (Figure 1), all of which have shown capable of inducing CD25+ Tregs from peripheral naïve CD25-CD4+ T cells (72, 73). Although previous work has assessed Treg development in the spleen, MLN and liver during murine schistosomiasis (30, 36, 37), we are the first to show side by side comparison of tissue specific Treg kinetics over the course of infection. It remains to be addressed whether Breg and CD8+ Treg (74) generation mirrors these CD4+ Treg dynamics, and whether S. mansoni elicited Tregs harbour tissue-specific functions.

We also observed increased IL-10 levels as infection progressed, from isolated and cultured spleen, MLN and liver cells, with this profile being most evident with anti-CD3 stimulation (Figure 1 and Supplementary Figure 2). This may reflect our choice of SEA for Ag-specific ex vivo restimulation, given that adult worm-derived molecules may preferentially expand regulatory responses (19, 68). Splenic IL-10 levels were low in comparison to the liver and MLN, which again could reflect the choice of stimulation or the relative abundance of cultured cell types. Furthermore, B cells can be meaningful sources of IL-10 during schistosomiasis (29, 34), quantification of which would require alternative approaches, such as stimulation via TLRs and CD40 (75), or the use of IL-10 reporter mice, which constitute an improved tool for visualisation of which cell types contribute to the IL-10 pool (76).

In terms of other cellular responses, CD8+ T cells comprised a third of all T cells in the liver (Figure 2), with previous literature accrediting them with ‘suppressor’ functions in the downmodulation of egg-driven pathology (77, 78). Eosinophils showed increases across tissues during infection, a likely reflection of elevated levels of IL-5 (Figure 1 and Supplementary Figure 2) or chemokines such as CCL24 (79) (Figure 4) or CXCL12 (80). Despite their dominating presence within schistosome infected tissues, the true function of eosinophils in schistosomiasis is not yet known, with eosinophil ablation (81) or IL-5 removal (82) failing to impede granuloma formation or fibrosis, influence hepatocellular damage, or impact Th2 development (83). Analysis of Siglec-F staining of liver sections showed eosinophilia during early stages of granuloma formation within the inner perimeter of circumoval inflammation (Figure 5). In previous reports, this localisation has only been shown through morphometric inspection of Giemsa or H&E-stained granulomas (55, 60, 81), and this pattern suggests that eosinophils may play an important role in granuloma formation and protection of parenchymal tissue, and/or in the destruction of the entrapped eggs (84). Indeed, an interesting feature of the hepatic response was that liver cells from infected mice had a greater potential to produce IL-5 as early as wk 4 of infection (Figure 1 and Supplementary Figure 2), which could support the rapid recruitment of eosinophils during granuloma initiation and development from around wk 6. Moreover, we suggest that the hepatic immune infiltration observed at wk 4 (Figure 2) may be encouraged by the deposition of worm-derived antigens or regurgitation products within the liver. Indeed, schistosome-derived hemozoin has shown to deposit in large quantities the liver and influence components of host immunity, including alternative activation of macrophages (85). Further interrogation of this pre-patent inflammation would ideally entail comparison between naïve, mixed-sex and single-sex infections.

Transcriptomics is a powerful investigative tool, that offers a high-resolution and unbiased description of host processes at an RNA level. The transcriptional profile of the mammalian host during schistosomiasis has been explored in a range of primate and rodent models (86–88), with more recent work exploring the human transcriptome during active infection (89, 90). However, only a few of these studies have interrogated the dynamics of host gene expression at multiple time points of schistosome infection (88), and no comprehensive overview of how the hepatic transcriptional environment changes across the course of infection yet exists. By defining hepatic transcriptional signatures during pre-patency, our data offers insight into first cellular responders and the mechanisms underlying their recruitment (Figure 4). Notably, the IFNγ-inducible chemokines Cxcl9 and Cxcl10 (91) were among the most upregulated genes at wks 3 and 4 post infection, which is consistent with reports from murine S. japonicum infection (86) and suggests Th1-associated chemokines (91) may be associated with initial inflammatory cell recruitment and instigation of granulomatous inflammation. Similarly, expression of IFNγ-driven Tgtp1 (T cell-specific GTPAse-; Supplementary Excel File 1), which is associated with M1 effector functions (92) links with literature showing enhanced frequency of M1-like macrophages during acute schistosomiasis (93, 94) and provides further clarity into the timing of their arrival and/or proliferation.

The transcriptome of the post-patent liver (Figure 4) clearly reflected the diverse populations of immune cells populating the tissue (Figures 2, 3), as well as the structural and fibrotic changes the liver undergoes to counteract and/or compensate for egg-induced inflammation (Figures 1, 5). From wk 6, infected livers transitioned into an inflammatory state, as evidenced by enhanced transcripts of acute-phase serum amyloid proteins, SAA1 and SAA2 (Supplementary Excel File 1), and moderate upregulation (relative to later wks of infection) of chemokines Ccl8 and Ccl24 (Supplementary Excel File 1). Interestingly, and in line with our histological analysis for Siglec-F+ cells (Figure 5), the chemotactic ligand for eosinophils, Ccl24 [encoding eotaxin-2 (95)], reached peak expression at wk 8 of infection before declining at more chronic phases (Supplementary Excel File 1). The list of upregulated genes from wk 8 onwards was dominated by genes associated with tissue restructuring and fibrosis, as well as the recruitment, activation and function of key immune cells, including mast cell proteases, eosinophilic elastases and a marker of macrophage alternative activation, chitinase-like 3 (Chil3, encoding Ym1; Supplementary Excel File 1), whose function during schistosomiasis has yet to be resolved. Our transcriptomic analysis may assist in the identification of novel cellular and molecular targets for the therapeutic control of schistosomiasis, or treatment of schistosomiasis associated hepatic fibrosis. Notably, the ratio of MMPs to tissue inhibitors of matrix metalloproteinases (TIMPs) Figure 4), is a suggested determining factor in the severity of schistosomiasis and may provide clarity on the differences in wound healing response and outcome between S. japonicum and S. mansoni infections (86, 96). Moreover, in terms of individual genes of interest, Timp-1, Ccl24, and Sox9 all demonstrate sustained upregulation from the point of egg production and are all implicated in the exaggeration of fibrosis (97–99). Finally, the transcriptome of the chronically infected liver showed very interesting metabolic changes, including the downregulation of the cytochrome P450 family (CYPs), amongst other drug metabolising enzymes. Importantly, the downregulation of Cyp2b and Cyp3a (Supplementary Excel File 1) may have significant implications for the metabolism and clearance of the anti-schistosome drug praziquantel (100) and thus this could represent a therapeutically fruitful area of follow-up.



CD11c Depletion

Having generated a high-resolution picture of hepatic schistosomiasis at a transcriptional (Figure 4) and cellular (Figures 2, 3, 5) level, we next sought to identify the importance of CD11c+ cells in coordinating the liver response to infection. The development of Th2 immunity is crucial for the control of excessive schistosome associated pathology (8, 10, 32, 38). Notably, mice in Th1 polarised settings (including IL-4 deficient or IL-10/IL-4 double-deficient mice) exhibit rapid weight loss at the onset of egg production, elevated expression of proinflammatory Th1 cytokines and mediators, and high levels of mortality between wks 8-10 of infection (10, 32, 101). The mechanisms underlying the dramatic transition from a mixed, low level Th1/Th2 to a Th2 dominated immune response have been thoroughly dissected, with central involvement of STAT-6 (102), IL-4 (10, 32) and IL-4Rα (9, 103) signalling, and DCs (24). However, there is less understanding of how granulomas and hepatic Th2 responses are maintained and regulated over the course of infection. Herein, we show CD11c depletion during peak development of schistosome-elicited Type 2 inflammation (wks 6-8) compromised hepatic granuloma composition (Figure 6). Although CD11c depletion at this stage of infection resulted in impaired liver cell potential to produce IL-4 and IL-10 (Figure 7C), it did not significantly impact Ag-specific cytokine responses (Figure 7B). This contrasts CD11c depletion at wks 4-6, which we have previously shown significantly reduces hepatic cell Ag-specific IL-4, IL-5 and IL-13 production (24). These data indicate that, while CD11c+ DCs may be crucial for the induction and expansion of CD4+ T cells in priming stages of infection (24) at later stages effector T cells can competently produce cytokines without their assistance, with other APCs such as B cells or macrophages potentially playing larger roles in effector T cell activation at later phases of infection (104). Alternatively, as hepatic CD11c depletion was incomplete in our experiments (Figures 6, 7), it is possible that residual CD11c+ DCs were sufficient to maintain hepatic Th2 effector responses. While Ag-specific liver cell cytokine responses were not significantly affected following CD11c depletion at this timepoint, production of both IL-4 and IL-10 was impaired following stimulation with anti-CD3, implicating CD11c+ cells in dictating hepatic CD4+ T cell potential to produce these cytokines during schistosomiasis. Taken together, these results suggest that CD11c+ APCs play a supportive role in stimulation of T cell cytokine production in the liver effector site. In contrast, CD11c depletion dramatically altered granuloma and hepatic cellularity (Figures 6, 7), in particular significantly reducing eosinophilia and T cells, without reducing overall granulomatous inflammation (Figure 6D). Deficits in hepatic recruitment and/or retention of eosinophils and T cells following CD11c depletion may fit with the known ability of DCs to produce a range of chemokines (105–107). In line with this, in a model of schistosome egg induced pulmonary granulomatous inflammation, depletion of known eosinophil (105) and Th2 cell (108) chemokines CCL17 and CCL22, which can be produced by DCs (105–107), led to altered granuloma structure, including a dramatic reduction in eosinophilia (109).

In our experiments, neutrophils, which are normally minor constituents of S. mansoni granulomas due to the release of egg-derived chemokine-binding proteins and proteases that inhibit neutrophil function or recruitment (16, 110), significantly increased in the liver following CD11c depletion (Figure 7). The fact that schistosome eggs actively secrete neutrophil inhibiting molecules suggests that their presence is undesirable during infection, and their expansion may give rise to more damaging hepatic inflammation, as seen in murine S. japonicum infection (111). The cause of neutrophilic expansion is unclear, but this has been reported in other studies using CD11c DTR transgenic mice (112). We predict that the dysregulated granulomas observed in CD11c-depleted mice could have severe pathological consequences in later disease stages, with the absence of intact granuloma barrier leading to increased perfusion of hepatotoxic egg molecules into the tissues.

Together, these data indicate that CD11c+ cells play a critical role in recruitment or retention of eosinophils and T cells in the liver from wk 6 of schistosome infection, while other CD11c- cells are generally sufficient for reactivation of cytokine production by hepatic effector T cells. Our results provide a platform for future interrogation of the role of CD11c+ cells in more chronic stages of infection, alongside employment of more targeted CD11c depletion approaches (113), to enable a more holistic understanding of the role and importance of CD11c+ APC subsets in governing immunopathology in effector sites such as the liver over the course of schistosome infection

In conclusion, this study provides a detailed and comprehensive analysis of immune response development over the course of schistosome infection at a resolution not previously achieved, providing a valuable resource to inform future work aiming to better understand the mechanisms that govern immunity, inflammation and pathology in this important neglected tropical disease.
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Supplementary Excel File 1 | Differential expression analysis from RNAseq on the liver during S. mansoni infection (A) Read counts for each identified transcript in individual samples (B) Sample meta data (C) Results from differential expression analysis comparing naive and infected mice irrespective of timepoint (D) Results from differential expression analysis comparing naive and infected mice at week 3 post infection (E) Results from differential expression analysis comparing naive and infected mice at week 4 post infection (F) Results from differential expression analysis comparing naive and infected mice at week 6 post infection (G) Results from differential expression analysis comparing naive and infected mice at week 8 post infection (H) Results from differentia expression analysis comparing naive and infected mice at week 12 post infection (I) Results from differential expression analysis comparing naive and infected mice at week 15 post infection.

Supplementary Excel File 2 | Results from gene set enrichment analysis, using Gene Ontology (gseGO) terms associated with biological processes, for genes identified as differentially expressed in the livers of mice infected with S. mansoni compared to naive mice. (A) gseGO results at week 4 post infection (B) gseGO results at week 6 post infection (C) gseGO results at week 8 post infection (D) gseGO results at week 12 post infection (E) gseGO results at week 15 post infection

Supplementary Figure 1 | Development of hepatic pathology and antibody responses during S. mansoni infection. (A) The total number of schistosome eggs per gram of liver or intestinal tissue. (B) Visualisation of hepatic granulomas at 36, 39, 42, 45, 48 and 51 days post infection (DPI). Representative images of liver sections stained with Masson’s Trichrome (MT) (C) Quantification of granulomatous inflammation. (D) Quantification of positive CD11C, TCRβ and Siglec-F staining in liver sections. (E) SEA-specific IgG, IgG1, IgG2c and IgG3 titres in the serum of naïve and infected mice, presented as endpoint serum dilutions. (F) Serum IgE titres, presented as concentration. (G) Liver and spleen weights for infected mice with data represented as a proportion of total body weight. Data are from a single experiment (B–F) or pooled from 2 (G) or 3 separate experiments (A), with 3-18 mice per timepoint, per infection group. Significance calculated by one-way or two-way ANOVA. Data presented as mean +/- SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

Supplementary Figure 2 | Development of a dominant Type 2 response across tissues during S. mansoni infection. Liver, spleen and MLN cells from naïve or infected mice were cultured for 72 h in the presence of 0.5ug anti-CD3. Supernatants were collected and cytokine production (medium alone values subtracted) was assessed by ELISA. Data are pooled from two separate experiments. Significance calculated by two-way ANOVA. Data presented as mean+/-SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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The tegument of Schistosoma mansoni is involved in essential functions for parasite survival and is known to stimulate immune responses in pre-clinical vaccine trials. Smtal-9, a member of the tegument-allergen-like (TAL) family, is one of the components of the tegument of schistosomula recognized by sera from immunized and protected mice. In this work, we assessed the role of Smtal-9 in parasite survival using the RNAi approach. Also, we cloned and expressed a recombinant form of Smtal-9 and evaluated its ability to induce protection in mice. Smtal-9 knockdown did not impact parasite survival in vitro, but significantly decreased schistosomula size. Additionally, significant reduction in both parasite and egg burdens were observed in mice inoculated with Smtal-9-knockdown schistosomula. Immunization using the Smtal-9 as an antigen conferred partial protection against challenge infection. Overall, our results indicate that Smtal-9 is a candidate target for drug and/or vaccine development due to its important role in parasite biology and survival.




Keywords: Smtal-9, immunization, Schistosoma mansoni, RNA interference, protection



Introduction

The schistosome tegument represents one of the interfaces between parasite and host, and is involved in essential functions of parasite biology, such as nutrition, sensory perception, evasion of the immune system and osmoregulation (1). Additionally, it has been demonstrated that the tegument itself, as well as several tegument proteins, such as SmTSP-2, Sm29, Stomatin-like protein-2 and Sm200 are able to induce protective immunity when used in vaccine formulations in pre-clinical trials (2–7).

Among the various parasite tegument proteins, Smtal-1, a member of the tegument-allergen-like (TAL) family, has previously been associated with resistance to infection/reinfection. Smtal-1 has been pointed as the major target of an IgE response that is associated with resistance to reinfection in individuals living in endemic areas for schistosomiasis (8). Additionally, when Smtal-1 was used as antigen in a vaccine formulation, partial resistance against infection was observed in mice (9). Besides the recognition of Smtal-1, IgE antibodies from the sera of individuals living in endemic areas for schistosomiasis also recognize other members from the TAL family, such as Smtal-2 and Smtal-5 (10), but it is not known if this recognition is able to induce some level of resistance to parasite infection.

The Schistosoma TAL family includes 13 proteins that are associated with the worm tegument, Smtal-1 to 13 (10–12). These proteins are characterized by the presence of one or two EF-hand motifs in the N-terminal region of the protein, and a dynein light chain (DLC)-1 domain in the C-terminal region (10, 13, 14). These characteristics, together with the demonstration that Smtal–3 can bind the Schistosoma mansoni dynein (SmDCL), suggest that proteins from TAL family may be involved in vesicle transport in the parasite tegument (12, 14).

Smtal–9 (Smp_077310.1) is a member of the TAL family which is predicted to be expressed throughout the parasite life cycle, though most abundantly in eggs and adult worms (10). This member of the TAL family was recently biochemically characterized, and the study described its ability to form homodimers and to bind Mn2+, Mg2+, Ca2+, as well as to interact with the calmodulin antagonists CPZ, W7 and TFP, suggesting its involvement in Ca2+–dependent signal transduction (15). In another proteomics study, analyzing the schistosomula tegument preparation (Smteg), a protein spot recognized by sera from mice immunized with Smteg (5) was identified as a putative S. mansoni tegumental protein (XP_018655674.1) (unpublished data). According to the online databank WormBase ParaSite, this protein is a product of gene Smtal–9 (Smp_077310). In this study, we aimed to evaluate the role of Smtal–9 in parasite survival, and to investigate its ability to induce a protective immune response in mice, because of the key role of antibodies against tegument proteins in the protective immunity induced by vaccination (16). Our data indicates that RNAi–mediated Smtal–9 knockdown in schistosomula negatively impacts on parasite survival within the host, resulting in a reduction in the worm burden, as well as in the number of eggs trapped in the liver and intestine of infected mice. In addition, a transient reduction in Smtal–9 expression resulted in small–sized parasites in vitro. The immune response triggered by a prime–boost immunization protocol using Smtal–9 as antigen, also generated significant levels of protection (19.3 to 28.6%), measured as a reduction in parasite burden. Overall, our data indicate that Smtal–9 is a candidate target for drug and vaccine development.



Methods


Animals and Parasite Culture

In this study, all procedures involving animals were approved by the Ethics Committee of Animal Use of the Fundação Oswaldo Cruz (FIOCRUZ) under licenses LW26/12 and LW22/16. Female Balb/c and C57BL–6 mice aged 6–8 weeks were used and obtained from the Institute René Rachou (IRR)/FIOCRUZ animal facility. Schistosoma mansoni cercariae from the LE strain were obtained from the mollusc facility “Lobato Paraense” of IRR/FIOCRUZ by exposing infected Biomphalaria glabrata snails to artificial light for about 2 hours to induce shedding. LE Schistosoma mansoni/Belo Horizonte was obtained by Dr. J. Pellegrino in Belo Horizonte, Minas Gerais, Brazil, in 1965 from an infected human patient (17). The line is maintained at the mollusck rearing facility “Lobato Paraense” of IRR/FIOCRUZ by passage through B. glabrata and mice or hamsters

RNAi trials were performed using cercariae mechanically transformed into schistosomula according to Milligan and Jolly (17) with modifications. Briefly, cercariae solution was distributed in 50ml conical tubes that were placed on ice for one hour to sediment the cercariae. Then, after centrifugation at 218 xg for 3 minutes at 4°C, the supernatant was removed. The final 7ml solution, enriched with cercariae, was passed through a 22 gauge needle until all tails were removed. After transformation, schistosomula were sedimented in a conic tube, resuspended in Minimal Essential Medium (MEM) and incubated a 37°C for one hour. After that, parasites were placed in Glasgow Minimum Essential Medium (GMEM) (Merck) supplemented with 0.1% lactalbumin (Merck), 5% Schneider’s Insect Medium (Merck), 20 mM of HEPES (Merck), 0.1% glucose (Vetec), 0.5% MEM vitamin solution (Gibco, Thermo Fisher Scientific, USA), 2% inactivated fetal bovine serum (Gibco, Thermo Fisher Scientific, USA), 0.2 mM of triiodothyronine (Merck), 1 mM of hydrocortisone (Merck), 0.5 mM of hypoxanthine (Merck), and 1% penicillin/streptomycin (Gibco, Thermo Fisher Scientific, USA) and incubated in a biological oxygen demand (BOD) incubator at 37°C under 5% CO2 (18).



Smtal–9 ds–RNA Synthesis and Gene Expression Assessment

The sequence of the primers used for double–stranded RNA (dsRNA) synthesis and quantitative real–time PCR (RT–qPCR) were designed using the Primer 3 program (v.0.4.0) (bioinfo.ut.ee/primer3–0.4.0) and purchased from Integrated DNA Technologies Inc. (Coralville, IA). The primers used in the synthesis of the dsRNA carried a T7 promoter sequence added to their 5′–end. The Smtal–9 mRNA (XM.018790318) containing 354 bp was amplified by PCR using the following primers: forward 5–taatacgactcactatagggAAAACAAGCGCGGGAATTA–3′ and reverse 5–taatacgactcactatagggGCAGAACATGGTGTTTTCCA–3. Total RNA from schistosomula was used as the template for cDNA synthesis and Smtal–9 amplification. A 360 bp fragment of the green–fluorescent protein (GFP) gene was used as a nonspecific control for the RNAi and was amplified using the pCRII–GFP plasmid vector (Thermo Fisher Scientific, USA) as a template and the following primers: gfp_dsRNA_Forward, 5–taatacgactcactatagggGTGTTCAATGCTTTGCGAGA–3, and gfp_dsRNA_Reverse, 5–taatacgactcactatagggCTTTTCGTTGGGATCTTTCG–3’.

The dsRNAs were synthetized using PCR products and T7 RiboMAX™ Express RNAi System Kit (Promega, USA), according to the manufacturer instructions. A Nanodrop Spectrophotometer ND–1000 (Thermo Fisher Scientific, USA) was used to determine the dsRNA concentration. The integrity of the dsRNA was determined by analysis on a 1% agarose gel.

Approximately 12,000 schistosomula were exposed to 200 nM of dsRNA (smtal–9 or gfp) in a 6–well plate containing supplemented GMEM medium (3,000 parasites/ml). As an additional control, parasites were incubated in supplemented GMEM only. Cultures were incubated for up to ten days after dsRNA exposure at 37°C, 5% CO2 and 95% humidity. Approximately 3,000 schistosomula between days four to seven post–dsRNA–exposure were removed from the culture for Smtal–9 relative gene expression analysis using RT–qPCR. TRIzol Reagent (Thermo Fisher Scientific, USA) was used for the RNA extractions, as recommended by the manufacturer. The extracted RNA was quantified using the Qubit 2.0 Fluorometer (Thermo Fischer Scientific, USA) after removing residual DNA from the extracted RNA with Turbo DNase (2 U/μl) (Thermo Fisher Scientific, USA). The ImProm–II™ Reverse Transcription System (Promega, USA) was used to produce the cDNA for the RT–qPCR. After standardization to determine the appropriate primer concentration, the RT–qPCR experiments were performed using 200 nM of primers that amplify a 126 bp Smtal–9 fragment (forward 5′–CTCGTTTTTGGACGCTTTTT– 3′ and reverse 5′–CGACGAAGAAATGTTTCTGGA–3′). The smgapdh (Smp–056970) gene was used as an endogenous normalization control. A fragment of 53 bp of smgapdh was amplified using 900 mM of the following primers (forward 5′–TCGTTGAGTCTACTGGAGTCTTTACG–3′ and reverse 5′–AATATGAGCCTGAGCTTTATCAATGG–3′). The transcript levels of Smtal–9 were evaluated using the relative 2–ΔΔCt method (19) and calculated as a percentage of difference compared to the nonspecific gfp–treated controls and untreated parasites. PCR reactions were performed using a ViiA 7 (Thermo Fisher Scientific, USA) at the Real–Time PCR Facility/RPT09D PDTIS/René Rachou Institute/FIOCRUZ MG.



In Vitro and In Vivo RNAi Assay Using Schistosomula

For the RNAi assay, schistosomula were separately treated with either Smtal–9– or gfp–dsRNA or supplemented medium lacking dsRNA. Schistosomula were examined for phenotypic changes using an inverted fluorescence microscope (Axio Observer, Carl Zeiss), as previously described (19). Parasite viability was evaluated by incubating approximately 100 schistosomula with 5 μg/ml propidium iodide (Sigma–Aldrich), and the stained parasites were observed and counted using a fluorescence microscope with a 544 nm filter (Carl Zeiss). Data from three independent assays using 100 schistosomula er assay were analyzed.

To analyze the role of Smtal–9 in parasite’s definitive host, after schistosomula exposure to Smtal–9– or gfp–dsRNA for 4 days, approximately 270 larvae were subcutaneously inoculated into Balb–c mice. An additional control group was inoculated with untreated schistosomula. Before infection of mice with dsRNA–treated and untreated parasites the Smtal–9 transcript levels were determined by RT–qPCR to confirm knockdown. Three independent experiments were performed using 10–12 mice in each group per experiment. Fifty days after subcutaneous inoculation, adult worms were recovered by perfusion of the hepatic portal system from mice (20). The liver and gut from mice were weighed and digested with 10% KOH solution for subsequent determination of the egg number per gram of organ. The experimental approach used to investigate the role of Smtal–9 in parasite development and survival is illustrated in the Supplementary Figure 1.



In Silico Analysis and Smtal–9 Modelling

The S. mansoni Smtal–9 (access number: XP_018655674.1) protein had its molecular weight and isoelectric point predicted using the compute pi/MW tool (https://web.expasy.org/compute_pi/). The protein amino acid sequence was analyzed using SignalP5.0 (https://services.healthtech.dtu.dk/service.php?SignalP–5.0) to predict signal peptides in its sequence. Also, SOSUI Engine version 1.11 (http://harrier.nagahama–i–bio.ac.jp/sosui/sosui_submit.html) and TMHMM (http://www.cbs.dtu.dk/services/TMHMM/) were used to predict transmembrane domains and protein solubility. WolfPSORT (https://wolfpsort.hgc.jp/ ) was used to predict cellular localization. Post transcriptional changes were predicted using NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc/), NetOGlyc (http://www.cbs.dtu.dk/services/NetOGlyc/) and Big–PI prediction (https://mendel.imp.ac.at/gpi/gpi_server.html). The XP_018655674.1 amino acid sequence was compared with the sequences from the WormBase ParaSite databank using the BlastP (BLAST – Basic Local Alignment Search Tool) algorithm (https://parasite.wormbase.org/tools/blast), with the default parameters of this algorithm. Multiple sequence alignments of XP_018655674.1, Smp–077310.1, Smp–077310.2 and Smp–324770.1 were performed using Clustal Omega (http://www.clustal.org/omega/).

T cell epitope prediction was performed using NetMHCII 2.3 (https://services.healthtech.dtu.dk/service.php?NetMHCII–2.3) using default parameters and selecting H2–IaB and H2–IaD to predict epitopes that strongly bind to C57BL–6 and BALB–c MHCII molecules, respectively. B cell linear epitopes were predicted using the BepiPred (https://services.healthtech.dtu.dk/service.php?BepiPred–2.0) with default parameters.

The amino acid sequence of the S. mansoni Smtal–9 recombinant protein (Figure 3) was submitted to build a three–dimensional homology model by automated comparative modeling using Protein Homology/analogy Recognition Engine V 2.0 (Phyre2) using Intensive Modelling Mode (21). The resulting structure for the recombinant protein was predicted using seven different templates (d3e2ba1, d1cmia, c6zywM, c7kznP, c5x2eA, c5fx0A and c5x,2dA) with >90% confidence with 90% sequence coverage (173 residues).



Recombinant Antigen Preparation

A synthetic gene containing the coding region sequence for Smtal–9 (access number (XP_018655674.1) was designed using ApE software (www.apesoftware.com ), optimized for expression in bacteria and mammals. The synthetic gene was purchased from IDT Technologies, and contained restriction sites for BamHI (GGATCC) at the 5′ end and XhoI (CTCGAG) followed by AgeI (ACCGGT) at the 3′ end. These restriction sites were used to subclone the synthetic gene into the pET28a TEV bacterial expression vector (22) or into the mammalian expression vector pcDNA3.1 V5/His A (Thermo Fisher Scientific, USA). The constructs were inserted into Escherichia coli BL21 and DH5α strains. Antibiotic–resistant bacteria clones were selected, and the presence of the construct and the correct orientation of the Smtal–9 open reading frame were confirmed by Sanger sequencing. The pcDNA 3.1 V5/His A and pcDNA 3.1 V5/His A/Smtal–9 plasmidial DNA were purified using EndoFree Plasmid Giga Kit (Qiagen), according to manufacturer’s instructions. Recombinant Smtal–9 expression in fusion with the 6–histidine–tag was induced by the addition of 1 mM isopropyl–B–D–galactopyranoside to the LB medium. Bacteria were maintained at 37°C for 4 hours at 150 rpm, and then, after a centrifugation step (4800 x g for 10 min) the pellet was resuspended in PBS 0.15 M pH 7.2 containing 1 mM phenylmethylsufonyl fluoride (PMSF) (Sigma Aldrich) and 0.2 mM EDTA (Sigma Aldrich) and lysed by 5 cycles of sonication (5 x 30 seconds using 30% output followed by 1 min on ice). After the last sonication step, the cell lysate was centrifuged at 8000 x g for 10 min, and the pellet resuspended in a buffer containing 20 mM NaH2PO4, 0.5 M NaCl, 30 mM imidazole and 0.9% N–Lauroylsarcosine sodium salt (Sigma Aldrich) and used for protein purified using a His Trap HP column (GE Life Science) in an AKTA FPLC equipment (GE Life Science). Elution was performed using a linear gradient from 0 to 100% of 20 mM Na2HPO4, 0.5 M NaCl, pH 7.4 with 500 mM of imidazole. Recombinant protein was dialyzed against a 0.15 M PBS solution for 24 hours and quantified using the BCA Protein Assay Kit (Thermo Scientific Pierce, Rockford, IL, USA) before its use in experimental protocols. Protein quality and purity were analyzed using 15% SDS–PAGE, and its recognition by an anti–His (C–term) HRP antibody (Novex, life technology) was assessed by a western blot assay. Briefly, proteins were separated using a 15% SDS–PAGE and transferred to a nitrocellulose membrane at 100 V for one hour. The membrane was blocked over night with 1X TBS containing 0.05% of Tween 20 (TBST) and 5% of powdered skimmed milk. After three washing steps with TBST for 10 minutes each, the membrane was incubated with an anti–His HRP conjugated antibody diluted 1:5000 in TBST plus 3% of powdered skimmed milk for one hour. The membrane was submitted to three additional washing steps, and the recognition of the His–tag in the recombinant protein was detected using ECL™ Prime Western Blotting Detection Reagent (GE Healthcare). The western blot result was acquired using the Amersham Imager 600 equipment (GE).



Prime and Boost Immunization Protocol

A prime–boost immunization protocol was performed using female C57BL–6 mice (12 animals per group) using Smtal–9 as antigen. Five days before the beginning of the immunization protocol, mice were inoculated with 50 μl of cardiotoxin (10 μM) in each quadriceps muscle. At day 0, mice received 100 μg (50 μg/quadriceps muscle) of pcDNA 3.1V5/HIS or pcDNA 3.1V5/HIS/Smtal9. Fifteen days after the prime immunization with the DNA vaccine, mice received two doses of the protein vaccine containing 25 μg of rSmtal–9/dose inoculated subcutaneously in a 15–day interval between them. As a control, two groups (pcDNA 3.1V5/HIS + Saline CFA/IFA and pcDNA 3.1V5/HIS/Smtal9 + Saline CFA/IFA) were inoculated with a saline solution instead of the recombinant protein. Both saline and rSmtal–9 were formulated with complete Freund`s adjuvant at the first boost and incomplete Freund`s adjuvant at the second boost. The immunization regimen and formulations for each experimental group are summarized in Table 1 and illustrated in Supplementary Figure 2. Fifteen days after the last boost, mice were percutaneously infected with approximately 100 S. mansoni cercariae (LE strain) and fifty days after challenge infection mice were perfused as previously described (20) for the recovery of worms from the mesenteric veins. The liver and intestine from mice were also obtained, and the number of eggs trapped in these organs was determined as previously described (23). Two independent immunization trials were performed.


Table 1 | Immunization regimen and formulations.





Statistical Analysis

The data were analyzed using GraphPad Prism 8.0 (Graph–Pad Software, San Diego, CA, United States). The distribution of the data was analyzed using the Shapiro–Wilk normality test, followed by the Brown–Forsythe or Bartlett`s test to assess the variance homogeneity. When the results from the different groups showed significant differences in variance, the data were analyzed pair by pair using the Student’s t test or the Mann–Whitney U test using the alpha value adjusted according to the number of comparisons made between the groups. When the variances did not differ significantly between groups, one–way ANOVA or the Kruskal–Wallis test, followed by Tukey or Dunn’s multiple comparison tests, was used in statistical analysis using a 95% a confidence level. Two–way ANOVA was used to calculate statistically significant differences between groups and over time in the viability assay.




Results


Smtal–9 Expression Is Essential for Parasite Development and Survival In Vivo

A RNAi assay was performed to evaluate the role of Smtal–9 in parasite biology. Double–stranded RNA was used to target Smtal–9 transcripts in schistosomula. The dsRNA used to knockdown Smtal–9 targets the two protein isoforms of Smtal–9 (Smp–077310.1 and Smp–077310.2) as well as Smp–324770 in RNAi assays (Supplementary Figure 3A). The transcript levels were determined in schistosomula at days 4, 5, 6 and 7 post–exposure to dsRNA in comparison to two negative controls: schistosomula exposed to gfp–dsRNA and untreated schistosomula. Decreased levels of transcripts were observed in schistosomula exposed to Smtal–9–dsRNA at days 4 (80%–76%), 5 (74%–60%), 6 (99%–84%) and 7 (83%–85%) post–exposure when compared to untreated (Figure 1A) and gfp–dsRNA treated parasites, respectively (Figure 1B), indicating that the RNAi assay succeeded in knocking down Smtal–9 gene expression. The impact of Smtal–9 knockdown on schistosomula survival and morphology was evaluated in vitro at days 2, 4, 6, 8 and 10 after parasite exposure to specific and nonspecific dsRNA. Parasite treatment with either dsRNA did not impact parasite survival in vitro, since no significant differences in parasite viability was observed between dsRNA–exposed and unexposed parasites (Figure 2A). Parasite area was also evaluated after exposure to Smtal–9 specific and nonspecific dsRNA. Four days after treatment with dsRNA, a significant decrease in parasite size was observed in schistosomula treated with Smtal–9–dsRNA in comparison to both negative controls (nonspecific gfp–dsRNA and untreated parasites) (Figure 2B). This difference in parasite size was not observed at days 6 and 8 post–treatment and was only observed between Smtal–9–dsRNA–treated and gfp–dsRNA–treated parasites on the 10th day (Figure 2B). To evaluate the impact of Smtal–9 expression in parasite survival in the vertebrate host, mice were inoculated with Smtal–9–dsRNA–treated schistosomula four days after exposure to dsRNA, when differences in the size–phenotype were observed in in vitro cultured parasites. Regardless of the control group, in all assays, there was a significant reduction in parasite burden (56.5 – 71.4%) in mice inoculated with Smtal–9 knocked–down schistosomula (Table 2). Reduced number of eggs trapped in the liver (53.8 – 70%) and in the intestine (64% – 81%) were also observed in mice inoculated with Smtal–9 knocked–down parasites (Table 2).




Figure 1 | Kinetics of smtal–9 transcript levels after schistosomula dsRNA exposure for 7 days. Graphical depiction of the relative smtal–9 transcript levels and their comparison between smtal–9 dsRNA (white bars in both charts) exposed schistosomula and two different control groups: untreated parasites (black bars in A) or parasites treated with gfp–specific dsRNA (grey bars in B). Transcripts were evaluated between the fourth to the seventh day after dsRNA exposure. Transcript levels of smtal–9 were evaluated by RT–qPCR. Percentage of reduction of the smtal–9 transcript levels in smtal–9–dsRNA treated parasites was calculated in comparison to the transcript level observed in untreated (A) or gfp–dsRNA (B) treated parasites.






Figure 2 | In vitro impact of smtal–9 knockdown on parasite survival and size. Schistosomula were treated with either smtal–9–dsRNA (open triangle), gfp–dsRNA (grey triangle) or untreated (closed triangle). (A) Parasite viability was evaluated every two days after exposure to dsRNA until day 10 post–exposure. The percentage of live parasites was calculated from three independent replicate experiments and differences between groups were determined using one–way ANOVA. (B) Parasite size was calculated for parasites recovered from the cultures of each group every two days until the 10th day post–dsRNA–exposure. The size of each parasite is represented in the graphs, with the red line representing the mean parasite area in each group. Significant differences between groups are indicated on the graphs and were determined using the Mann–Whitney U test using an adjusted α value.




Table 2 | Worm burden recovery from mice infected with schistosomula knocked–down Smtal–9 expression.





A Vaccine Formulation Containing Smtal–9 Reduces Parasite Burden in Mice

Since the RNAi functional assay suggested an important role for Smtal–9 in parasite survival within the definitive host, we assessed whether an immune response triggered against this tegument protein would induce protection in mice. In silico analysis of the Smtal–9 protein sequence (XP_018655674.1) used to produce the recombinant protein used in this study (Figures 3A, B) indicated that Smtal–9 is a soluble cytoplasmic protein with predicted 22kDa and 6.44 isoelectric point. No signal peptide, transmembrane domain nor GPI–anchor site was predicted in this sequence. A BLASTp search of the above sequence against trematode proteins from the parasite WormBase ParaSite databank demonstrated that the sequence used to generate the recombinant proteins and incorporated into the DNA vaccine did not possess the 22 N–terminal amino acids present in the proteins Smp–077310.2 and Smp–324770, nor the 4 N–terminal amino acids from the protein Smp–077310.1 (Supplementary Figure 3B). Additionally, our recombinant protein differs from the protein Smp–324770, where a substitution from a phenylalanine to a leucine in position 108 is observed (Supplementary Figure 3B).




Figure 3 | In silico analysis of rSmTAL–9. (A) Nucleotide sequence of the synthetic gene encoding rSmTAL–9 with the added BamHI, and XhoI restriction sites in green at the 3’ and 5’ ends, respectively, and the AgeI restriction site in blue at the 5’ end. The start codon is indicated in red. (B) The open reading frame sequence of rSmTAL–9. The linear B cell epitopes predicted by Bepipred is indicated in bold. The amino acids highlighted in purple indicate epitopes that bind the H2–IaD haplotype. The amino acid in red represents a predicted site for O–glycosylation. Boxes highlight the EF–hand motif, while the DLC motif is highlighted in grey, and the His–tag is indicated in orange. (C) Secondary structure within rSmTAL–9 amino acid sequence obtained using Phyre in intensive mode. Boxes highlight predicted linear B cell epitopes by Bepipred. (D) Three–dimensional model of the rSmTAL–9 obtained using Phyre2 in intensive mode.



A linear B cell epitope in the rSmtal–9 sequence was predicted by BepiPred (Figure 3B), but according to the predicted secondary structure of the protein obtained by computational modelling using Phyre2, most of the amino acids in this epitope (60–99) reside within a region that corresponds to an α–helix (Figure 3C), which is therefore likely to disrupt the linear B cell epitope. Additionally, NetMHCII predicted four H2–IAd–binding epitopes in rSmtal–9 and no H2–IAb–binding epitopes (Figure 3B). Thus, to perform the immunization protocols, C57BL–6 mice were used. The 3D structure of the recombinant protein (Figure 3D) demonstrates that the N–terminal part of the recombinant protein is rich in α–helices, while anti–parallel β–sheets can be observed in the C–terminal part of the protein (Figure 3D).

The electrophoretic profile of the recombinant protein demonstrates a protein with approximately 25 kDa that can dimerize and migrate at 50 kDa in SDS–PAGE (Figure 4). Both the 25 kDa and 50 kDa bands are recognized by the anti–HIS antibody, thus indicating that it represents the recombinant protein that is expressed in fusion with 6X–His–tag (Figure 4).




Figure 4 | Electrophoretic and western blot analysis of the purified recombinant SmTAL–9. Purified rSmTAL–9 was detected using 15% SDS–PAGE stained with Comassie blue. Precision plus Protein™ Dual color standard from BioRad was used as the molecular weight standard (MW). Recognition of the 6XHis–tag from the recombinant protein was analyzed via western blotting using an anti–His (α–His) antibody.



Furthermore, our results using a prime–boost immunization protocol demonstrates that immunization of mice with Smtal–9 as antigen confers partial protection against infection with a significant reduction in parasite burden in mice (Table 3). The highest reduction in parasite burden (25.5% – 34.3%) was observed in mice that received a prime with the DNA vaccine containing the Smtal–9 gene and two boosts of a vaccine formulation with the recombinant protein. But even mice that received a prime with the control plasmid lacking the Smtal–9 sequence and two boosts with the recombinant protein showed a significant reduction in parasite burden (19.4% – 22.9%) (Table 3). Although immunization resulted in a significant decrease in worm burden, this reduction did not result in a significant reduction in the number of eggs trapped in the liver and intestine (Table 3).


Table 3 | Protection induced by a prime (DNA vaccination) – boost (recombinant protein) regimen using SmTAL–9 as the antigen.






Discussion

A family of proteins that contains an N–terminal EF Hand motif and a C–terminal dynein light chain domain have been described in worm parasites was reviewed recently (21). In S. mansoni, this family of proteins have been denominated as S. mansoni tegument–allergen–like (Smtal) due to its location in the parasite tegument and its similarity with allergen (11, 12, 24, 25). The S. mansoni TAL family is composed of 13 members (10), and some have been associated with resistance to infection and reinfection (9, 14, 26).

Smtal–9 is a member of the TAL family which forms homodimers and can interact with Ca2+, thus suggesting its role is Ca2+–dependent signaling (15). Its expression is predicted to occur during all the parasite life cycle stages, but most abundantly in adult worms, eggs, and miracidia (10). Smtal–9 has been identified by our group during a proteomic study (unpublished data), in which this protein was recognized by sera from mice immunized with a preparation of the schistosomula tegument called Smteg (7). As immunization with Smteg induces a robust antibody response that transfers protection to a naïve recipient (16), we thus sought to evaluate the role of Smtal–9 in parasite development (in vitro) and survival (both in vitro and in vivo), as well as its ability to induce protection when used in a DNA prime–protein boost vaccination schedule.

Our RNAi assay demonstrated that the use of Smtal–9–dsRNA significantly reduced the levels of Smtal–9 transcript in exposed schistosomula between days 4 to day 7 post–exposure reaching the striking level of reduction of 90%. The knockdown of Smtal–9 expression resulted in a transient in vitro reduction in the schistosomula size in Smtal–9–dsRNA exposed parasites at day 4 post–exposure in comparison to both control groups (untreated parasites or gfp–dsRNA treated parasites) and at day 10 post–exposure in comparison to gfp–dsRNA–treated parasites. It is important to note that the Smtal family is composed of 13 members, and possible redundancy in their function might explain the transient modification observed in Smtal–9–dsRNA–treated parasites (27). For instance, besides Smtal–9, the expression of transcripts for Smtal–1, Smtal–2, Smtal–8, Smtal–10, Smtal–12 and Smtal–13 are all observed in 3 day and 6 day–schistosomula (10).

The exact role of proteins from the Smtal family is not known, but due to its dynein light chain domain, and the demonstration that Smtal–3, a member of the TAL family, can bind the S. mansoni dynein (SmDLC), it is speculated that these proteins may be involved in cytoskeletal process (12). Recently, it was demonstrated that Smtal–1 can bind the IQ motif of the voltage–gated calcium channel, called SmCav1B, thus, suggesting a role for this protein in calcium homeostasis (28). In our in vitro assays, the knockdown of Smtal–9 expression did not impact parasite survival, since no differences in parasite viability was observed between the different groups. In contrast, when confronted with the host immune system, there was a significant reduction in the number of parasites and eggs recovered from mice infected with Smtal–9–dsRNA–treated parasites. This outcome demonstrates that Smtal–9 is important for providing the parasite the means to deal with its host environment. To our knowledge, this is the first study to report the role of one member of the Smtal family in parasite survival. The discrepancy between our in vitro and in vivo assays could be explained by the lack of pressure in the in vitro system. This was also previously demonstrated for depleted parasites for other proteins described as essential for parasite development, such as some protein kinases (SmJNK, SmERK, Smp38, and SmFES). For instance, these parasites presented relevant phenotypic alterations after confrontation with the host immune system, ranging from lack of worm maturation, underdeveloped internal structures, and reduced numbers of parasites, among other changes (28–30).

Thus, the impact of the Smtal–9 expression knockdown on parasite survival in vivo, in addition to the fact that the Smtal–9 sequence possesses predicted B and T cell epitopes, suggests this antigen is a potential vaccine candidate. Indeed, the use of this antigen in our prime–boost vaccine schedule, induced a significant reduction in parasite burden in Smtal–9 immunized mice. But this formulation did not impact egg load in the liver or in the intestine. Although our results validate Smtal–9 as a vaccine candidate (proof of concept), better vaccine formulation still need to be developed to improve the protective immunity induced by this antigen. Then, by improving the effect of the vaccine on worm burden is expected to also observe a significant reduction in egg load. In this regard, the use of other adjuvants, optimization of the antigen obtention process and the use of better delivery systems are alternatives to improve vaccine efficacy. Also, a better understanding of the immune mechanisms involved in parasite elimination upon vaccination with Smtal–9 is important to drive the design of a better vaccine.

How the immune response triggered by vaccination acts in parasite elimination is puzzling. Some evidence suggests that antibodies would play an important role in the parasite elimination upon vaccination with Smtal–9: (i) in an immune proteomic assay, Smtal–9 is recognized by sera from mice immunized with a preparation of the schistosomula tegument (Smteg) (data not shown), a vaccine formulation that induces a protective immune response in mice (5), (ii) sera from Smteg–immunized mice can transfer protection to a naïve recipient (16). However, our in silico analysis of the protein sequence predicts it has a cytoplasmic location inaccessible to antibodies.

Therefore, what would be the importance of antibodies in the protective immune response since it would seem unlikely to be able to bind its target in live parasites? Data from a recently published proteomic study helps to clarify this question, as Smtal–9 was identified as one of the proteins associated with the S. mansoni tegument membrane of the schistosomula (31). This observation suggests that this antigen is exposed to host immune response, and, thus, could be recognized by antibodies produced upon immunization.

The same study also demonstrates that Smtal–9 expression increases during larval maturation, with higher expression levels being observed in 5–day–old parasites (31). Previous observations have demonstrated that schistosomes become refractory to antibody–dependent cellular and complement–mediated damage as they migrate from skin to the lungs (31–33). Thus, we hypothesize that if antibodies play a role in the immune response induced by vaccination with Smtal–9, parasite–killing mechanisms may involve antigen functional blockage rather than an Fc–effector–mediated–killing of the parasite. But this hypothesis, as well as the role of antibody in Smtal–9–induced protective immunity need to be proven by further studies.

Regardless of the mechanism involved in parasite elimination upon vaccination with Smtal–9 antigen, our data demonstrate that Smtal–9 is a promising antigen to be used in a vaccine formulation against schistosomiasis. We also demonstrated, for the first time, that one of the TAL family members, Smtal–9, plays an important role in parasite survival in its definitive host, although its function during parasite development and survival still needs to be determined.
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The gut microbiota has been identified as a predictive biomarker for various diseases. However, few studies focused on the diagnostic accuracy of gut microbiota derived-signature for predicting hepatic injuries in schistosomiasis. Here, we characterized the gut microbiomes from 94 human and mouse stool samples using 16S rRNA gene sequencing. The diversity and composition of gut microbiomes in Schistosoma japonicum infection-induced disease changed significantly. Gut microbes, such as Bacteroides, Blautia, Enterococcus, Alloprevotella, Parabacteroides and Mucispirillum, showed a significant correlation with the level of hepatic granuloma, fibrosis, hydroxyproline, ALT or AST in S. japonicum infection-induced disease. We identified a range of gut bacterial features to distinguish schistosomiasis from hepatic injuries using the random forest classifier model, LEfSe and STAMP analysis. Significant features Bacteroides, Blautia, and Enterococcus and their combinations have a robust predictive accuracy (AUC: from 0.8182 to 0.9639) for detecting liver injuries induced by S. japonicum infection in humans and mice. Our study revealed associations between gut microbiota features and physiopathology and serological shifts of schistosomiasis and provided preliminary evidence for novel gut microbiota-derived features for the non-invasive detection of schistosomiasis.
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Introduction

Schistosomiasis, one of the most important human parasitic diseases, affects over 240 million people and threatens nearly one-eighth of the world population at risk of infection worldwide (1–3). This zoonotic disease is caused by trematodes of the genus Schistosoma including Schistosoma japonicum (S. japonicum), Schistosoma mansoni, Schistosoma haematobium, Schistosoma intercalatum and Schistosoma Mekongi (4, 5). In China, S. japonicum is the only endemic parasitic flatworm of schistosome. Among the 12 province endemics for schistosomiasis in China, Yunnan, Hubei, Anhui, Jiangxi and Hunan provinces maintained the criteria of transmission control by the end of 2020 (6). There are still 29,517 advanced schistosomiasis cases documented (6), implying that S. japonicum infection remains one of the most important public health problems in some endemic areas of China. To achieve the goal of the National Thirteenth Five Year Plan, strategies for schistosomiasis control are still required.

The lifecycle of S. japonicum includes the several developmental stages of paired adult worms, eggs, ciliated miracidium, mother and daughter sporocyst and cercariae (1, 4). Immature schistosomula migrate downstream to the hepatic portal-mesenteric system. Then, females become mature in the liver and release thousands of eggs. The eggs retained in host tissues can induce hepatic granuloma formation, which ultimately evolves into progressive hepatic fibrosis and portal hypertension in advanced schistosomiasis patients (1, 5, 7). Despite the wide use of praziquantel (PZQ) for the prevention and control of schistosomiasis in endemic regions, hepatic fibrosis remains a serious chronic schistosome-infected disease affecting public health (5, 8). Until now, liver biopsy is the gold standard for the assessment of fibrosis, but the disadvantages such as poor patient compliance, morbidity, mortality and sampling error limited the wide application of liver biopsy (9–11). Therefore, a comprehensive evaluation of the stage of liver fibrosis is still essential. Previous studies have revealed that serum tests (such as aspartate aminotransferase (AST), alanine aminotransferase (ALT) and miR-146a-5p) (9, 12, 13) and liver stiffness measurement (LSM) (11, 14) are some important diagnostic indexes of liver fibrosis. Ultrasonography has been used for the assessment of hepatic fibrosis of advanced schistosomiasis but it showed only a moderate correlation between Ultrasonography and liver biopsy (15, 16). However, the limitations and costs of these invasive indexes and imaging detection restrict their widely used for the detection of liver fibrosis. Thus, research on more non-invasive tools for the prediction of the level of S. japonicum infection-induced liver fibrosis is still essential.

Mammals harbor hundreds of gut microbiota that affect host biology and health (17). Recent studies have demonstrated that Schistosoma infection can affect the composition and structure of gut microbiota in infected patients (18, 19) and mice (20, 21). Previous research suggested that gut microbiota composition is associated with S. mansoni infection burden in rodent models (22). These studies indicated that Schistosoma infection is associated with the diversity and composition of gut microbiota in infected mammals. The liver-gut microbiota axis is involved in the physiopathology of liver diseases, implying that gut microbiota may be associated with fibrotic development or progression (23, 24). Evidence suggests that gut microbiota, such as Veillonellaceae and Ruminococcaceae, are reliably predicted biomarkers for the detection of hepatic fibrosis and damage (25–27). However, the relationship between the gut microbiota and hepatic fibrosis induced by S. japonicum remains unclear. Accordingly, whether gut microbiota alterations in S. japonicum infection-induced disease can be used as potential non-invasive biomarkers for the detection of the level of hepatic fibrosis is unclear.

In this study, we hypothesized that a strong relationship exists for the development of gut microbiota features derived biomarkers that can be used to predict the hepatic fibrosis and granuloma in S. japonicum infection-induced diseases. Here, we comprehensively investigated the relationship among gut microbiomes, serologic detection and the level of hepatic injuries in S. japonicum-infected mice, and compared it with the gut microbiota of human individuals. We aimed to develop a panel of gut-microbiota-derived biomarkers for the non-invasive detection of the level of hepatic injuries in schistosomiasis.



Materials and Methods


Mice

We purchased 56 male pathogen-free BALB/c mice (6-week-old, 18 ± 2 g) from the Experimental Animal Center of Southern Medical University. The mice were reared in plastic cages with free access to autoclaved sterile water and chow in the Biosafety Level-2 (BSL-2) laboratory of Sun Yat-Sen University. The rearing conditions include controlled temperature and humidity and a 12 h light and 12 h dark cycle. We randomly divided the mice into groups for further experiments.



S. japonicum Cercariae and Infection

The S. japonicum cercariae were obtained from infected Oncomelania hupehensis, which were purchased from the Chinese Center for Disease Control and Prevention (Shanghai, China). The steps of releasing cercariae from snails were conducted described as in a previous study (28). The mice were infected with 5, 15, 20 or 60 S. japonicum cercariae per individual via the shaved abdominal skin, and treatment was continued for 7 or 8 weeks. The mice uninfected were served as the control group.



Sample Collection and Detection From Mice

All mice were sacrificed after chloral hydrate asphyxiation and cervical dislocation at 49 or 56 days after infection (dpi) of S. japonicum. Luminal content samples were collected from colon intestines at 49 or 56 dpi under sterile conditions and transferred directly into sterile tubes. Left liver lobes and colons were collected and immediately fixed in 4% paraformaldehyde for the histopathological analysis described in the previous study (29). Liver samples were also collected for the detection of hydroxyproline content according to the protocol of the hydroxyproline assay kit (Nanjing, China). Blood samples were drawn from orbital veins and centrifuged at 1,500 g for 15 min. We then collected the serum samples after clotting for ALT and AST measurements in KingMed Diagnostics (Guangzhou, China). These samples were snap-frozen on dry ice and stored at -80°C until further study.



Histological Staining

The fixed fragments from the liver were sliced into sections for histopathological analysis. These paraffin slices were dewaxed for the Masson’s trichrome staining and hematoxylin and eosin (H&E) staining. We captured the images of staining slices using an inverted microscope (Japan). We analyzed the percentage of the granulomatous and fibrotic area using a ZEISS Axio Scan automated slide scanner microscope (Germany). We also obtained a full view of the whole liver tissue. We analyzed the area of the whole tissue and the blue positive region using Image-Pro Plus 6.0 software (Media Cybernetics, USA). We calculated the percentage of the granulomatous and fibrotic areas described in the previous study (29).



Subjects and Sample Collection From Humans

Twenty-six participants (with S. japonicum infection or without) of the previous study (30) were more than 30 years old, and they were initially screened for Schistosoma spp. eggs in feces using the Kato-Katz method (30, 31), and finally, twenty-six stool samples (15 controls, 11 patients) were colllected (30). To further investigate specific diagnostic biomarkers of schistosomiasis, we analyzed the association between shifts of gut microbiota of humans infected with non-parasitic factors (Such as hepatitis B virus) and the level of liver injuries. To this end, we recruited participants, and all participants from the Third Affiliated Hospital of Sun Yat-sen University were included in the study. All these participants from the Third Affiliated Hospital were >30 years old with non-parasitic factor infection, and the patients display clinical symptoms of liver injuries, and second liver two half-and-half detect provided reliable clinical test results of the participants (Supplementary Table S1). The information of participants about age, sex, diagnosis, medication, length of infection, HBsAg, HBsAb, HBeAg, HBeAb, HBcAb was shown in Supplementary Table S1. The participants were diagnosed with Hepatitis B virus-induced liver cirrhosis, and a total of twelve fresh fecal samples were collected.



Liver Stiffness Measurement in Humans

Twelve patients with cirrhosis from the Third Affiliated Hospital were included in the present study. All participants were >30 years old with non-parasitic factor infection and the patients displayed clinical symptoms of liver injuries (Clinical information was shown in Supplementary Table S1). The participants were subjected to two kind of Liver stiffness measurements: A two-dimensional shear wave elastography (2D SWE) examination and transient elastography which performed using FibroTouch, and the measurements were performed according to the operations manual as described in the previous study (32–35). Twelve fresh fecal samples were collected and stored in Eppendorf tubes at –80°C. All participants gave informed written consent.



DNA Extraction, PCR amplification and Sequencing

Total DNA from fecal samples was isolated using the protocol of the Hipure Stool DNA Kit (Guangzhou, China). After extraction, we detected the DNA quality and quantity examination using NanoDrop 2000 spectrophotometer (USA). The 16S rRNA gene (for V3-V4 regions) from mice gut microbiota was amplified using a bacterial primer set: 338F 5’-ACTCCTACGGGAGGCAGCA-3’ and 806R 5’- GGACTACHVGGGTWTCTAAT-3’. We performed the PCR amplification using the Takara PrimeStar DNA polymerase (Dalian, China). The following PCR cycling conditions included: denaturation at 95°C for 5 min, 25 cycles of 95°C for 30 s, 50°C for 30 s, 72°C for 40 s, and final extension at 72°C for 5 min. The PCR products were analyzed using 2% agarose gel electrophoresis. An amplicon library for sequencing was generated from the individual specimens. Finally, all fecal samples were sequenced on an Illumina HiSeq 2500 platform constructed by Biomarker technologies (Beijing, China).



Microbiome Analysis

After the base calling analysis, we transformed the raw data files from the sequencing platform and NCBI (30) into the original sequenced reads and stored them in FASTQ format. QIIME (version 1.8.0) was used to cluster reads into operational taxonomic units (OTUs) and identified at 97% or more similarity (36). To analyze the alpha diversity, we rarified the OTU table using mothur (v. 1.33.3) (37). PERMANOVA and analysis of similarities (ANOSIM) were used to evaluate the beta diversity using mothur. The partial least squares discrimination analysis (PLS-DA), Statistical analysis of metagenomic profiles (STAMP) and principal coordinates analysis (PCoA) graphs (based on Bray Curtis distance) were done in R software (v. 2.15.3). Taxonomic characterization was performed using the linear discriminant analysis (LDA) effect size (LEfSe). Based on the genus or OTUs abundance of gut microbiota of mice, we conducted random forest algorithms with 500 random permutations described in the previous study (38). The relationships among variables were analyzed using Spearman analysis in R. The area under the receiver-operating characteristic (ROC) curves (AUC) was measured using GraphPad Prism (v. 6.0; USA). For range adjustment, all pairwise comparison between two groups was tested using Wilcoxon-test.



Overview of the Sequencing Information Gut Bacterial Samples

Finally, a total of 94 bacterial samples obtained from sequencing and NCBI were investigated via 16S rRNA gene sequencing. We generated a total of 5,731,918 clean reads from these samples, with an average of 60,977 reads obtained from each sample. After being processed and filtered, over 800 and 504 operational taxonomic units (OTUs) with 97% minimum identity were annotated from human and mouse sequences, respectively.



Statistical Analysis

Data are expressed as the mean ± standard error of the mean (SEM). The differences between groups were analyzed by student’s t-test using SPSS 19.0 software (USA). *P < 0.05, **P < 0.01 and ***P < 0.001 were considered statistically significant.




Results


Distinct Signatures of Gut Microbiomes in S. japonicum-Infected Mice With the One-Time Point

The previous study has revealed that S. japonicum infection could induce alteration of gut microbiota in mice (29). In this study, Bacteroidetes and Firmicutes were the dominant phyla in mice (Figure S1A). The top 20 genera of gut microbiota in mice were shown (Figure S1B). We found significantly different gut bacterial diversities (based on OTU number) and community structures (based on PLS-DA) in S. japonicum-infected mice (Figures 1A, B, S1), regardless of the treatment on mice. In addition, a range of gut bacterial taxa, such as Bacteroides, Blautia and Bacteroidaceae, were considered as biomarkers to distinguish infected and uninfected mice using LEfSe analysis (Figures 1C, S1).




Figure 1 | Comparisons of gut microbiota between S. japonicum-infected (n = 24) and uninfected (n = 12) mice. (A) OTUs analysis. (B) PLS-DA analysis. (C) Differential gut bacterial taxa were analyzed by LEfSe analysis with LDA score >3.5 between groups. Control: without S. japonicum infection mice. SJ: S. japonicum-infected mice. *P < 0.05 indicates significant difference.





Distinct Signatures of Gut Microbiomes at the One-Time Point With Different Numbers of S. japonicum Infection

Alteration of gut microbiota in mice with varied S. japonicum infection is unclear. We found that gut microbiota community structure (based on PCoA) in varied S. japonicum-infected mice differed significantly, which was calculated by PERMANOVA analysis based on Bray Curtis distance (Figures S2A, B). There was a significant difference in gut bacterial diversities (based on the Simpson index) between infected and uninfected mice (Figure S2C). The top 20 genera of gut microbes in mice showed a higher relative of Bacteroides, Alistipes and Blautia in infected mice (Figure S2D).



Distinct Signatures of Gut Microbiomes at Different Time Points With Different Numbers of S. japonicum Infection

There were significant differences in gut bacterial diversities (based on Shannon index) and community structures (based on PLS-DA; PERMANOVA, P =0.001) between S. japonicum-infected and uninfected mice (Figures 2A, B). At the genus level, a higher abundance of gut microbes such as Bacteroides, Alloprevotella and Blautia but a lower abundance of gut microbes such as uncultured bacterium f Muribaculaceae, Alistipes and Candidatus Saccharimonas in S. japonicum-infected mice were found using Statistical analysis of metagenomic profiles (STAMP) (Figure 2C). In addition, thirty bacteria, such as Bacteroides, Alistipes, Blautia and Desulfovibrio, were considered as potential predictors for distinguishing S. japonicum-infected and uninfected mice based on a machine-learning strategy (Figure 2D). Similar results were found using LEfSe analysis (Figure S3).




Figure 2 | Taxonomic differences of gut microbiota between S. japonicum-infected (n=39) and uninfected (n = 17) mice. (A) Shannon index. (B) PCoA plot. (C) The difference of gut microbes in mice at the genus level using STAMP. (D) Top 30 of different gut microbes between populations are shown . Control, without S. japonicum infection mice. SJ, S. japonicum-infected mice.



To further investigate specific diagnostic biomarkers of schistosomiasis, we compared the difference in the gut microbiota of mice infected with non-pathogenic factors and pathogenic S. japonicum. Previous studies have shown that probiotic Bacillus subtilis could affect the composition of gut microbiota and the level of liver disease in mice (29, 39, 40). Here, we showed that gut microbiota diversity and structure of gut microbiota of mice treated with Bacillus subtilis (non-pathogenic factor) significantly differed from these of mice infected with S. japonicum using Shannon index (Figure S4A) and PLS-DA analysis (Figure S4B), and the diversity of gut microbiota of mice treated with Bacillus subtilis is significantly higher than that of S. japonicum-infected group. Based on the LEfSe analysis, a range of gut bacterial taxa, such as Bacteroides, Blautia and Bacteroidaceae, could be considered as potential biomarkers to distinguish among control, S. japonicum-infected and Bacillus subtilis-infected mice (Figure S4C). In addition, gut microbes, such as Bacteroides and Blautia, were considered as potential predictors for distinguishing S. japonicum-infected and Bacillus subtilis-infected mice based on a machine-learning strategy (Figure S4D) and LEfSe analysis (Figure S4E).



Relationships Among Granulomatous and Fibrotic Area and Gut Bacterial Variables in Mice

Granuloma showed a significant positive correlation with gut microbes Bacteroides, Alloprevotella, Parabacteroides and Mucispirillum but a significant negative correlation with Alistipes, Lachnospiraceae NK4A136 group, and Candidatus Saccharimonas (Figure 3). Fibrosis showed a significant positive correlation with Hydroxyproline, ALT, AST, Blautia, Enterococcus, Lactobacillus, Alloprevotella, Parabacteroides and Rikenellaceae RC9 gut group but a significant negative relation with uncultured bacterium f Muribaculaceae, uncultured bacterium f Lachnospiraceae and Odoribacter. Hydroxyproline, as well as ALT and AST, also showed a significant correlation with a range of gut microbes.




Figure 3 | Spearman correlation for variables in S. japonicum-infected mice was shown. The circle size indicates the magnitude of the correlation. The circle in color indicates P <0.05, P < 0.01 or P < 0.001.





Distinct Signatures of Gut Microbiomes Between S. japonicum-Infected and Uninfected Patients

There were significant differences in gut bacterial community structures (based on PLS-DA; ANOSIM, P =0.025) between S. japonicum-infected and uninfected humans (Figure 4A). Gut microbes such as Blautia and Pantoea were considered as biomarkers to distinguish between infected and uninfected humans (Figures 4B, S5). Importantly, thirty gut bacterial genera, such as Bacteroides, Blautia, Bilophila, Enterococcus, Intestinibacter and Desulfovibrio were considered as a predictor for distinguishing S. japonicum-infected and uninfected humans based on a machine-learning strategy (Figure 4C). In addition, thirty gut microbes at the family level for distinguishing S. japonicum-infected and uninfected humans were shown (Figure S5C).




Figure 4 | Identification of gut microbial biomarkers in S. japonicum-infected (n = 11) and uninfected (n = 15) humans. (A) PLS-DA plot. (B) Differential gut bacterial taxa analyzed by LEfSe analysis with LDA score >3 between groups. (C) Top 30 of different gut microbes between populations are shown. Control, without S. japonicum infection humans. SJ, S. japonicum-infected humans.





Gut Microbiota Features Reflected the Granulomas or Fibrosis of S. japonicum Infection in Hosts

Based on the results from gut microbiomes in mice and humans, three major fibrosis- or granulomas-related taxa, Bacteroides, Blautia, and Enterococcus, were found to be associated with the level of liver injuries induced by S. japonicum and could be used for distinguishing S. japonicum infection in humans (Figures 3, 4). To assess the utility of these gut microbes for indicating S. japonicum infection, the area under the receiver-operating characteristic curve (AUC) was analyzed (Figure 5). The ratio of Bacteroides could help discriminate between S. japonicum-infected patients and normal with an AUC of 0.8385 and it is 0.9639 for the diagnosis of S. japonicum-infected and uninfected mice (Figure 5A). The values of AUC generated by predictor Blautia of gut microbiota in humans and mice were 0.8182and 0.8478, respectively (Figure 5B). Enterococcus could be used for distinguishing the granulomatous or fibrosis level in S. japonicum-infected patients with a rate of 0.8438, but it could be inefficiently used in mice with a lower AUC value (Figure 5C). In addition, The values of AUC generated by the combination of gut microbes could be used for the prediction of schistosomiasis, with a high value of AUC (Tables 1, S2, S3). However, none of these gut microbiota features was associated with liver injuries induced by the non-parasitic factor (hepatitis B virus, HBV) in humans (Figure 6).




Figure 5 | Receiver-operating characteristic (ROC) curves for the diagnosis of granulomas or fibrosis in S. japonicum-infected and uninfected hosts. ROC curves using three bacteria including Bacteroides (A), Blautia (B) and Enterococcus (C) were plotted for the diagnosis. The area under the ROC curves (AUC) was calculated. The rate of identified outliers of Bacteroides is 10% and the rate of identified outliers of Blautia and Enterococcus is 5%.




Table 1 | Receiver-operating characteristic (ROC) curves for the diagnosis of liver injuries using the combination of gut microbes.






Figure 6 | Spearman correlation for variables during fibrosis disease (induced by non-parasitic factors, hepatitis B virus) in humans (n = 12) was shown. Information of participants of study on liver fibrosis induced by non-parasitic factors wes shown in Table S1. The methods of FibroTouch and SWE were clinical evaluation strategies in humans. The circle size indicates the magnitude of the correlation. The circle in color indicates P < 0.05, P < 0.01 or P < 0.001.






Discussion and Conclusions

Schistosomiasis is still one of the most prevalent neglected tropical diseases worldwide (1). S. japonicum infection could induce a variety of fibrotic diseases and lead to gut microbiota dysbiosis (18, 20, 41). Previous studies have demonstrated that the gut microbiota plays an important role in the progress of hepatic diseases via the gut-liver axis (25, 42, 43). These studies suggested that gut microbiota are reliably predicted non-invasive biomarkers for the detection of hepatic fibrosis and damage (25–27). However, few studies explored the relationship between the gut microbiota and the level of hepatic injuries induced by S. japonicum. Here, we found significant differences in diversities and composition of gut microbiota of mice infected with S. japonicum or without. We revealed that gut microbes such as Bacteroides, Blautia, Enterococcus, and Mucispirillum displayed a significant correlation with the level of hepatic granuloma, fibrosis, hydroxyproline, ALT or AST in S. japonicum infection-induced disease. Furthermore, novel gut microbiota-derived features Bacteroides, Blautia, and Enterococcus and their combinations could be considered as potential biomarkers for detecting liver injuries induced by S. japonicum infection in humans and mice. In total, more non-invasive tools for the prediction of S. japonicum infection-induced liver injuries may be beneficial to schistosomiasis control.

Liver injuries and alterations of gut microbiota are associated with the infection of schistosomes and other pathogenic or non-pathogenic factors. These factors, such as S. japonicum (20, 29, 44), S. mansoni (19, 21, 22), Clonorchis sinensis (45), HBV (46, 47), hepatitis C virus (HCV) (48), Tetrachloromethane (CCl4) (49) and alcohol (50), induce the dysbiosis of the gut microbiota of animals and humans and acute or chronic liver injuries such as advanced schistosomiasis, liver cirrhosis and liver cancer. Our study found significant differences in the gut microbiota of mice and humans infected with S. japonicum, and S. japonicum infection showed a decrease in gut microbial diversity of hosts and an increase in the relative abundance of the genera Bacteroides, Blautia and Lactobacillus. A previous study suggested that the alpha-diversity of intestinal flora in liver fibrosis mice is lower than that in normal mice induced by CCl4 and suggested the decline in Lactobacillus in the liver fibrosis mice with NOX4 or RhoA intervention (49). In addition, Blastocystis infection induced the decrease of Bacteroides in children (51). The abundance of genus Enterococcus was significantly downregulated in the intestinal tract of mice with inflammatory bowel disease (IBD) after Schistosoma soluble egg antigen (SEA) intervention (44) and was associated with the progression of the HBV related acute-on-chronic liver failure (52). Phyla Firmicutes and Bacteroidetes represent more than 50% of the total bacterial composition in mice infected with Schistosoma mansoni (19), which was similar to our findings, However, there is no significant difference in the relative abundance of genera Bacteroides, Blautia and Lactobacillus after Schistosoma mansoni infection. In short, pathogenic factors, as well as non-pathogenic factors, could induce gut microbiota dysbiosis, however, it showed differences in the diversity, abundance or species of gut microbiota of hosts.

It is important to reveal the cause-and-effect relationship between gut microbiota and liver diseases. Previous studies have suggested that gut flora affects cirrhosis (53, 54) and fecal microbiota transplantation (FMT) provides new insights into the interactive mechanism between gut microbiota and liver diseases (54–57). However, the causal association between gut flora and schistosomiasis is unclear, and it deserves further studies.

Although our study has added influence factors such as probiotic supplements (29) that may affect the gut microbiota of mice, there were significant differences in diversities and community structures of gut microbiota between S. japonicum-infected and control mice. Our study revealed significant changes in gut bacterial diversity and communities of mice infected with different numbers of S. japonicum or in different stages. These results were similar to the previous studies (20, 29, 58). In addition, we obtained and analyzed the gut bacterial data from the previous study (30), and we found significant differences in the compositions of gut microbiota of S. japonicum infection-induced patients when compared with the control healthy individuals. Overall, our findings revealed that S. japonicum infection could significantly shape the compositions of gut microbiota in both mice and humans.

Previous studies have revealed that gut microbiota played an important role in the liver diseases induced by abiotic factors via the gut-liver axis and can be considered as biomarkers to distinguish the level of liver injuries (26, 27, 43). However, whether gut microbiota could be defined as a good biomarker of S. japonicum infection-induced liver injuries is controversial. Previous studies have indicated that gut bacterial taxa cannot be used as non-invasive biomarkers for S. japonicum infection-induced liver cirrhosis (18), and the researchers suggested that the gut microbiota of S. japonicum infection-induced liver cirrhosis patients was similar to that of healthy individuals. But our findings and previous studies (20, 30) revealed that S. japonicum infection induced significant changes in the compositions of gut microbiota in both mice and humans. In addition, infection of schistosomes, such as Schistosoma mansoni and Schistosoma haematobium, is associated with the shifts of gut microbiota in rodent models (21, 59) and humans (19, 41, 60–62). These studies implied that there was a strong relationship between gut microbiota features and schistosome infection-induced diseases in mammals.

Fibrosis-related Ruminococcaceae and Veillonellaceae species could be used to evaluate their effects on liver damage in mammalian NAFLD models (25). A total of 37 bacterial species, such as Bacteroides caccae, Bacteroides dorei and Blautia sp., were used to construct a random forest classifier model to distinguish mild/moderate NAFLD from advanced fibrosis in humans (26). In our study, a range of gut microbes was identified to distinguish the S. japonicum infection in mammals using the random forest classifier model, LEfSe and STAMP analysis. Importantly, we further detected the relationship between these gut bacteria and liver injuries using the Spearman correlation. In total, we found that three gut microbes including Bacteroides, Blautia and Enterococcus and their combinations may define as possible predictors for non-invasive detection of liver injuries of schistosomiasis in mammals (humans and mice) but not for hepatic fibrosis diseases induced by non-parasitic factors in humans, which may highlight the specificity of predicted models.

Enterotypes in the landscape of gut microbial community composition (63) show that Bacteroides is one of the important gut microbes to distinct community composition types termed enterotypes (42). Enterococcus, a gut pathobiont harboring both humans and mice, is associated with liver disease (64). In addition, Blautia, a genus of Firmicutes with potential probiotic properties that occurs widely in the feces and intestines of mammals (65), is lessened in chronic liver diseases and hepatocellular carcinoma patients (66). These studies have revealed that Bacteroides, Blautia and Enterococcus were significantly associated with biological aspects of humans and animals. Our findings found these gut microbes with potential predictor properties.

Furthermore, our study identified a range of gut bacterial features (Bacteroides, Blautia and Enterococcus) to distinguish schistosomiasis from hepatic injuries and first showed a significant correlation with the level of hepatic granulomas, fibrosis, hydroxyproline, ALT or AST in S. japonicum infection-induced disease. Previous studies have revealed the association between gut microbiota and schistosomiasis (20, 29, 30), but did not show more details about the relationship between serologic detection and the level of hepatic injuries in schistosomiasis. Our findings provided more evidence for novel gut microbiota-derived features for non-invasive detection of schistosomiasis.

We acknowledged several limitations of this study. First, to distinguish the fibrosis-specific microbiome, we investigated the relationship between gut microbiota and liver fibrosis using 16S rRNA sequencing but not metagenomics as in the previous study (26). This limited our further investigation to the species level of gut microbiota. Second, although we used gut bacterial data from human individuals in the present study (30), our study lacks cross-sectional studies to allow us to further analyze the relationship between the stool microbiota and disease in schistosomiasis from humans. Nevertheless, our findings were sufficient to confirm the differences in gut microbiota changes according to hepatic injuries and revealed a range of gut microbiota features for non-invasive detection of schistosomiasis. However, it needs further study.

In total, we concluded that the gut microbiome profile changed significantly in S. japonicum infection-induced disease and provided preliminary evidence of an association between gut microbiota and hepatic injuries in schistosomiasis. We have described several gut microbiota features and combinations as non-invasive biomarkers for diagnosing liver injuries in mammals with S. japonicum infection. Further studies are needed.
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In the published article, there was an error in Figure 1 as published. The description of the Y-axis in Figure 1A was incorrectly described. The corrected Figure 1 appears below.




Figure 1 | Comparisons of gut microbiota between S. japonicum-infected (n = 24) and uninfected (n = 12) mice. (A) OTUs analysis. (B) PLS-DA analysis. (C) Differential gut bacterial taxa were analyzed by LEfSe analysis with LDA score >3.5 between groups. Control: without S. japonicum infection mice. SJ; S. japonicum-infected mice. *P < 0.05 indicates significant difference.
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Many years ago, our research group has demonstrated extramedullary hematopoiesis in the peripheral zone of murine hepatic schistosomal granulomas. In the present study, we revisit this phenomenon using new technical and conceptual approaches. Therefore, newborn mice were percutaneously infected by Schistosoma mansoni cercariae and euthanized between 35- and 60-days post infection. Liver samples were submitted to histopathology and immunohistochemical analyses. Cells under mitosis and/or expressing Ki67 demonstrated the proliferation of hematopoietic cells both around the parasite’s eggs trapped in the liver and around hepatic vessels. After 50 days post infection, proliferating cells at different levels on differentiation were located preferentially in the peripheral zone of the granulomas, around the vessels and inside the sinusoids. The presence of acidic and sulfated glycoconjugates, reticular fibers and the absence of fibronectin characterized the microenvironment for attraction and maintenance of hematopoiesis. Some neutrophils secreted MMP9 from the earliest points of infection, indicating degradation of the extracellular matrix in regions of histolysis and a possible chemoattraction of hematopoietic stem cells to the liver. Fall-3+ cells and Sca-1+ cells indicated that early hematopoietic progenitors could be mobilized to the liver. Groups of vWF+ megakaryocytes suggest chemoattraction of these cells and/or migration, proliferation, and differentiation of very immature progenitors to this organ. The increase of blood vessels and extramedullary hematopoiesis in this environment, where markers of immature hematopoietic and endothelial cells have been identified, points to the possibility of the presence of progenitors for endothelial and hematopoietic cells in the liver during the infection. There is also the possibility of concomitant migration of more differentiated hematopoietic progenitors, that proliferate and differentiate in the liver, and the occurrence of angiogenesis caused by inflammation or release of ovular antigens that stimulate the activation and proliferation of endothelial cells. Altogether, these data increase knowledge about a murine model that is of interest for investigating the pathology of the schistosomiasis and also the dynamics of hematopoiesis.
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Introduction

Schistosomiasis is a parasitic disease commonly related to environment factors and underdevelopment and mainly affects tropical and subtropical areas of the planet (1). It is caused by the helminth of the Trematoda class and genus Schistosoma. The only species that occurs in Brazil is Schistosoma mansoni, capable of causing the severe form of the disease with hepatosplenic involvement (2).

The adult worms of Schistosoma mansoni inhabit portal and mesenteric veins (3), where they copulate and female initiates oviposition (4). To complete the cycle, eggs need to pass through the intestinal wall and are passed in the feces. However, the blood flow carries part of the eggs and some of them are mainly trapped in liver, spleen and intestines, and stimulate a granulomatous reaction (3).

The deposition of collagenous fibers both in the granuloma and around the vessels of the portal system is responsible for the fibrosis, the main pathological manifestation of schistosomiasis (5, 6). In schistosomal infection, this mechanism may be related to angiogenesis both during the fibrosis formation and after the end of infection, helping to resolve the fibrosis (7, 8).

When mature, hepatic granulomas have three zones: the central, essentially macrophagic; the medial, which is rich in extracellular matrix; and the peripheral, where the arrangement of collagen fibers forms a loose network which harbors extramedullary hematopoiesis (9). This proliferation of hematopoietic cells outside the bone marrow can be observed under physiological and other pathological conditions. In the first case, it is usually related to hematopoietic sites that occur during embryonic development of most vertebrate (10, 11). In the second one, extramedullary hematopoiesis is frequently observed in the spleen and liver of individuals with hematological diseases, such as thalassemia and sickle cell anemia, and infectious diseases, such as some disorders caused by bacteria and murine schistosomiasis mansoni (12–14). Many years ago, some studies, including one from our research group, described the occurrence of extramedullary hematopoiesis in the peripheral zone of hepatic granulomas (15). There, we showed islands of hematopoiesis in the periphery of granulomas, composed by cells of the same myeloid lineage and in different stages of development, together with some mitotic figures, using histopathology and brighfield microscopy techniques (15). Here, we revisit the topic of hepatic extramedullary hematopoiesis in murine schistosomiasis mansoni, using current histology, immunohistology and microscopy tools, and interpreting their findings in light of modern concepts about hematopoiesis and its correlation with angiogenesis.



Materials and methods


Infection

The study was reviewed and approved by the Institutional Ethics Committee for Animal Research of the Oswaldo Cruz Institute (CEUA IOC, license: L-2/13). Five-day-old male Swiss Webster mice were infected by percutaneous exposure to 70 cercariae of the Belo Horizonte strain of S. mansoni. Four infected animals were euthanized at 35, 40-, 45-, 50- and 60-days post infection (dpi), along with two control animals. The infection was confirmed by searching schistosoma eggs in the feces of the rodents by Hoffman parasitological technique. The euthanasia was performed by initial administration intraperitoneal injection of Ketamine-Xylazine (120mg/kg and 20mg/kg) and subsequently after finding the loss of the foot reflex, the application was performed injection of 2.5% sodium thiopental (300mg/kg). The experiments were carried out in triplicate.



Paraffin sections and histological stains

Four fragments from different liver lobes with approximately 3mm thick were collected and fixed in Carson’s Formalin-Millonig (16) for 48 hours at room temperature, washed and processing according to standard histological techniques for paraffin embedding. Sections of 5 μm thick (one/block) were obtained from paraffin blocks and stained with hematoxylin-eosin, Gomori’s reticulin, Picrosirius (17), Sirius red pH 10,2 (18), and Alcian Blue pH1,0. The slides were analyzed by brightfield microscopy using a Axioscope microscope (Zeiss, Germany) equipped with a Axiocam HRc camera (Zeiss, Germany).



Frozen sections

Another four fragments from different liver lobes with approximately 3mm thick were collected and cryopreserved in OCT compound (Tissue Tek) and kept at -20°C. Sections of 5 μm thick were obtained in a cryostat at -20°C and stored at the same temperature.



Immunofluorescence assay

At least two hours after being obtained, slides from paraffin blocks were deparaffinized, hydrated, washed, and hydrated in PBS. Antigen retrieval was performed in citrate buffer pH 6.0, in Pascal Chamber (Dako, USA) according to the manufacturer’s recommendations. In some cases, slides were incubated with blocking solution (2% skim powdered milk, 2.5% bovine serum albumin (Sigma, cat. A2153-100G) and 8% fetal bovine serum (Hyclone, cat. SH30088.03)) in a humid chamber for 30 min at room temperature, washed with PBS and then kept overnight with the following primary antibodies: Von Willebrand Factor (vWF, Cell Marque, cat. 250A -15), CD31 (Abcam, cat. ab28364), Fall 3 (Pharmingen, cat. 01581), VEGF (ThermoFisher, cat. RB-9031-P1), Lyve1 (Abcam, cat. ab17917), Sca-1 (Abcam, cat. ab25031), MMP9 (Abcam, cat. ab38898), Fibronectin (Abcam, cat. ab2413), and Ki67 (Abcam, cat. ab15580).

The slides were further incubated with the 1:750 secondary antibody Alexa Fluor 488 goat anti-rabbit IgG, or Alexa Fluor 594 goat anti-mouse IgG for 1h at 37°C, washed, stained with 1:10,000 Evans Blue, counterstained with 1:5,000 DAPI (ThermoFisher, cat. 03571) and mounted with ProlongGold (ThermoFisher, cat. P36934).

Slides from frozen sections were fixed in acetone at -20°C for 15 min and allowed to dry at room temperature for 15 min. They were washed in PBS and incubated with the blocking solution previously described for 40 min, and then proceeded for the antibodies incubation as described.

The slides prepared for immunofluorescence were analyzed on a LSM 710 confocal microscope (Zeiss, Germany).




Results


Morphological evolution of liver lesions

The oviposition of the adult worm starts around the thirtieth day of infection and continues during all the life of the adult worm. At 35 dpi, it was possible to identify an average of three units of parasite eggs per histological section in the liver. These eggs had a small inflammatory infiltrate located between the hepatocytes and the blood vessel wall and were composed mainly of macrophages and eosinophils (Figure 1A). With the development of the infection, at 40 dpi, there was an increase in the number of cells that made up the inflammatory infiltrate around the egg. These inflammatory cells, in some cases, were located between necrotic hepatocytes (Figure 1B). At 45 days of infection, it was possible to observe some monocytes and eosinophils in the region closest to the egg. Around this area there were some elongated cells among extracellular matrix. At this point, although the granulomas were still immature (Figure 1C).




Figure 1 | Figure 1 Evolution of hepatic granulomatous lesions over the days of infection. HE-stained sections demonstrate: (A) a small inflammatory infiltrate (*) composed of eosinophils and macrophages around the egg (E) at 35 dpi; (B) inflammatory infiltrate (*) greater than that observed at the previous point of infection, located between the necrotic hepatocytes (arrow) around the egg (O); (C) Larger granuloma with deposition of fibrous extracellular material, but still disorganized at 45 dpi; (D, E) Granulomatous lesion found in the acute phase of infection, at 50 and 60 dpi, is organized into three zones – central (CZ), medial (MZ) and peripheral (PZ), with proliferation of hematopoietic cells in the peripheral zone. Bars, A: 20 µm, B – E: 50 µm.



The first mature granulomas, with central, medial, and peripheral zones, were found at 50 and 60 dpi. At this time, the granulomas that had this conformation showed proliferation of hematopoietic cells in the peripheral zone. The zone of extramedullary hematopoiesis was composed of cells of the myeloid lineage, mainly eosinophils, neutrophils and monocytes, in different stages of maturation (Figures 1D, E).

The largest hepatic vessels, such as central vein, portal vein and portal arteriole, without a parasitic element nearby, also had inflammatory infiltrates around them. From 35 dpi, cells of the myeloid lineage located between the vessel wall and the hepatocytes were observed. At 40 dpi there was an increase in the amount of surrounding inflammatory cells, with the presence of eosinophils, neutrophils, and monocytes (Figure 2A). Cells in mitosis were observed in the periphery of these vessels at 45 days of infection (Figure 2B). The structural organization of the distribution of hematopoietic cells around the vessels is similar to that of the previous points of infection. The main difference is the increase in more immature myeloid cells and in mitosis.




Figure 2 | Morphological aspect of hepatic perivascular lesions in mice infected with S. mansoni. HE-stained sections demonstrate: (A) Inflammatory infiltrate composed of myeloid cells, eosinophils (arrowhead), macrophage cells (yellow arrow) and neutrophils (black arrow) in the hepatic portal space of mice at 40 dpi. (B) hematopoietic cells of the myeloid lineage, highlighting a cell in mitosis (arrow), in the periphery of a vein at 45 dpi; (C) Hepatic portal space with many mature and immature hematopoietic cells at 60 dpi; and (D) highlighting cells in mitosis (arrow) in the periphery of vessels in the hepatic portal space at 60 dpi. Bars, (A, B, D) 20 µm, (C) 50 µm.



The morphological description of the liver lesions during schistosomal infection pointed to the evolution of the granulomatous structure over the days of infection with definition in three zones, the identification of the peripheral zone of mature granulomas and the periphery of the large vessels as favorable regions for the establishment and maintenance of extramedullary hematopoiesis. The proliferation of hematopoietic cells in these regions has been described from the frequently observed mitoses. Considering the ephemerality of cell division in these cases, it was important to associate other techniques for identifying proliferating cells to improve the topographical and kinetic description of hepatic extramedullary hematopoiesis during schistosomal infection.



Identification of proliferating cells

Ki67 immunostaining was used to confirm the data on cell proliferation, obtained by the analysis of mitotic cells, mainly hematopoietic. At 35 dpi, Ki67 positive myeloid cells were found within sinusoids in a region near to a hepatic vessel (Figure 3A). At 40 and 45 dpi, there was an increase in the number of hematopoietic cells expressing Ki67, especially at 45 dpi. These cells were present in the periphery of large vessels, inside granulomas and within sinusoids and belonged mainly to neutrophilic and monocytic lineages (Figures 3B, C; Figures 4A, B). At 50 and 60 dpi, there were cells of monocytic, neutrophilic and eosinophilic lineages positive for Ki67 around large vessels, as well as within sinusoids and granulomas. In the latter case, the location of the cells was restricted to the peripheral zone (Figure 3D; Figures 4C–F).




Figure 3 | Localization of proliferating cells in the periphery of blood vessels in the liver by Ki67 labeling. (A) Some Ki67-positive cells are seen into the sinusoids at 35dpi; (B) cells of the neutrocytic (white arrow) and monocytic (yellow arrow) lineage that express Ki67 are located among other myeloid cells around a blood vessel at 40 dpi; (C) Ki67-positive neutrophils (white arrow) and monocytes (yellow arrow) within a sinusoid at 45 dpi; (D) cells of the eosinophilic (red arrow), neutrocytic (white arrow) and monocytic lineages (yellow arrow) in different stages of differentiation that expressing Ki67 are located inside of sinusoid at 60 dpi. At this point of infection also is possible to observe some hepatocytes expressing the molecule which indicates cell proliferation (arrowhead). Bar: 20 µm. Blue: DAPI, Red: Evan’s blue, Green: Ki67.






Figure 4 | Localization of proliferating cells in schistosomal granuloma in the liver by Ki67 labeling. (A) Cells of the neutrocytic and monocytic lineage which express Ki67 are arranged among the other inflammatory cells that form the 40-day infection granuloma (B) A greater number of hematopoietic cells, mainly of the neutrocytic and monocytic lineage, are stained with Ki67 and are concentrated in the periphery of the granuloma at 45 dpi; (C, D) At 50 dpi in addition to cells of the monocytic and neutrocytic lineages, cells of the eosinophilic lineage expressing Ki67 are also observed. These cells are in the peripheral zone of the mature granuloma; (E, F) The proliferate Ki67-labeling hematopoietic cells are localized in the peripheral zone of granuloma at 60 dpi, as was observed in the previous point of infection analyzed. Bars, (A) 20 µm, (B, C, E) 50 µm, (D, F) 10 µm. Blue: DAPI, Red: Evan’s blue, Green: Ki67.



Thus, it was possible to observe that the location of proliferating hematopoietic cells in the murine schistosomal liver varies according to liver lesions. During the acute phase the proliferating cells are almost restricted to the peripheral zone of the granulomas, around the large vessels and within some sinusoids (Figure 5).




Figure 5 | General localization of proliferating cells of murine schistosomal liver by Ki67 labeling, during acute phase of the disease. A Hematopoietic cells proliferating in the schistosomal liver of mice are mainly and almost restrictedly located in the periphery of the large vessels, inside some sinusoids and in the peripheral zone of mature granulomas. E, Egg; BV, Blood Vessel; MZ, Medial Zone; PZ, Peripheral Zone. Blue, DAPI; Red, Evan’s blue; Green, Ki67.





Extracellular matrix elements associated with extramedullary hematopoiesis

In order to characterize the microenvironment favorable to this event, it was important to investigate the stroma of these regions, with special attention to some extracellular matrix elements. Considering the fibrosis present in the disease and the importance of collagen fibers for the organizational structure of the granuloma, picrosirius staining and Gomori’s Reticulin histochemistry were performed. In both analyses, it was possible to observe the uniform distribution of fibers throughout the immature granuloma (Figures 6A, C) and the contribution of these structures to the organization of the mature granuloma into three zones. In the peripheral zone of mature granulomas, these reticular or collagen fibers were arranged in a loose-mesh-like that surrounded groups of hematopoietic cells forming small compartments (Figures 6B, D). The analysis of the large vessels that had surrounding hematopoietic cells also showed the presence of these compartments formed by collagen fibers. However, in this case, there was no difference in the perivascular structural organization between 45 and 60 dpi (Figures 7A–D).




Figure 6 | Extracellular matrix elements found in hepatic schistosomal granuloma. (A) Reticular fibers, highlighted in black by Gomori’s reticulin staining, extend throughout the immature granuloma; (B) The reticular fibers, evidenced by Gomori’s reticulin staining, in the 60 dpi granuloma form a looser mesh-like in the peripheral zone (PZ) of the granuloma, forming compartments (arrow) that house hematopoietic; (C) Types I and III collagen fibers are evidenced by Sirius red staining and are present among most of the cells that are part of the granuloma of 45 dpi, with the exception of the closest to the egg (E); (D)The collagenous fibers identified by Sirius red staining present in the mature granuloma have the conformation of a network with the looser weft in the peripheral zone (PZ) of the structure. In this region, these thin fibers form small compartments that house isolated hematopoietic cells or in small groups; (E) Sulfated acid glycoconjugates can be identified by Alcian Blue staining in the full extent of immature granulomas; (F) Alcian blue staining is concentrated in medial zone and is absent in the peripheral zone of mature granulomas; (G) In immature granuloma, fibronectin expression occurs more concentrated in the region closest to the egg and more diffused among cells that are distant from the parasitic element; (H) Fibronectin expression in mature granuloma can be seen in the medial zone (MD) and is absent in the peripheral zone (PZ). Bars (C–E): 50 µm, (A, B, F, G, H) 20 µm. Stains: (A, B) Alcian Blue pH 1,0, (C, D) Picrosirius, (E, F) Gomori’s Reticulin. (G, H) White: DAPI, Red: Evan’s blue, Green: Fibronectin.






Figure 7 | Extracellular matrix elements found at the periphery of large hepatic vessels during Schistosoma mansoni infection. (A, B) the arrangement of reticular fibers, highlighted by Gomori’s reticulin, was resembling to the observed in samples stained by picrosirius in both of point of infection; (C), (D) At different times of infection, types I and III collagen fibers, identified by picrosirius, are arranged in a similar morphology among the hematopoietic cells that surround the large hepatic vessels. They form compartments like those seen in the periphery of mature granulomas, which harbor groups of hematopoietic cells; (E) Absence of Alcian Blue staining, which identifies sulfated acid glycoconjugates, among hematopoietic cells present in the periphery of large hepatic blood vessels (BV), such as portal veins (PV), at earlier points of infection; (F) and during the acute phase of the disease; (G, H) Anti-fibronectin immunostaining did not identify the expression of the molecule among the hematopoietic cells that surrounded the hepatic blood vessels at the two points of infection (45 and 60 dpi). Bars, (A–G) 20 µm, (H) 50 µm. Stains: (A, B) Alcian Blue pH 1,0, (C, D) Picrosirius, (E, F) Gomori’s Reticulin. (G, H) White: DAPI, Red: Evan’s blue, Green: Fibronectin.



Alcian Blue staining pointed to the presence of acidic and sulfated glycoconjugates. They were identified in the full-length immature granulomas (Figure 6E). In the periphery of the large vessels, both in the earliest points (Figure 7E) and in the acute phase of the disease (Figure 7F), staining was absent among the hematopoietic cells. The absence of staining was also identified in the peripheral zone of mature granulomas (Figure 6F). Fibronectin expression showed a morphological pattern similar to the presence of sulfated acid glycoconjugates. The molecule was immuno-identified in the entire extension of the early granulomas (Figure 6G) and absent among the hematopoietic cells that surrounded the great vessels throughout all times of infection (Figures 7G, H) and in the peripheral zone of the mature granulomas (Figure 6H).

The microenvironment favorable to the maintenance of hematopoietic cell proliferation seems then to be dependent on the formation of compartments delimited by collagenous fibers and independent of sulfated acid glycoconjugates and fibronectin.



Extracellular matrix remodeling and possible chemoattraction of hematopoietic cells

Immunostaining identified metalloproteinase 9 (MMP9) in neutrophils present among necrotic hepatocytes at the first points of infection (Figure 8A). In granulomas, cells immunoreactive for this molecule were preferentially located in the peripheral zone, forming small groups at the interface with hepatocytes (Figures 8B–D). In the periphery of the vessels with surrounding hematopoietic cells, the neutrophils positive for the molecule did not form clusters but were arranged in a dispersed manner (Figures 9A, B).




Figure 8 | Identification of expression of MMP9 in murine liver granulomas by immunofluorescence. (A) Neutrophils expressing MMP9 were immunolabeling in an inflammatory infiltrate between necrotic hepatocytes (arrow) at 40 dpi; (B) The expression of MMP9 in granulomas found in mice at 45 dpi was concentrated in neutrophils located in de periphery of structure; (C, D) Neutrophils at different points of infection express MMP9 preferentially in the peripheral zone of mature granulomas at 50 dpi. Bars, (A–C) 20 µm, (D) 10 µm. DAPI: blue (A, B), white (C, D), Evan’s blue: red, MMP9: green.






Figure 9 | Identification of expression of MMP9 in the periphery of large blood vessels in mice infected by S. mansoni by immunofluorescence. (A) Some neutrophils expressing MMP9 are arranged randomly among others hematopoietic cells in the periphery of a vessel with no apparent parasitic element at 45 dpi and (B) 60 dpi. Bars, (A) 20 µm, (B) 50 µm. DAPI: blue (A), white (B), Evan’s blue: red, MMP9: green.



The organization of the granuloma structure seems to favor the presence of clusters of cells that express MMP9 and this does not occur in the periphery of the great vessels.



Identification of immature hematopoietic cells in the liver

Considering the possibility of mobilization of immature hematopoietic cells from the bone marrow to the liver, the degree of maturation in which the hematopoietic cells from the periphery of the granulomas and the great vessels presented was investigated. During the labeling of Fall-3, the analysis identified groups of hematopoietic cells close to large vessels and in the periphery of the granulomas with characteristics of immature hematopoietic cells. These cells had loose chromatin, protruding nucleolus, and larger size (Figures 10A–C).




Figure 10 | Identification of immature hematopoietic cells by immunofluorescence in livers of mice infected by S. mansoni. (A, C) Fall 3 immunostaining identified cells with characteristics of immature hematopoietic cells (loose chromatin and protruding nucleolus) close to a central vein (CV); (B) These cells Fall 3-positives also were found in the periphery of 45 dpi granuloma; (D, E) The immunostaining identified the expression of Sca-1 in a blood vessel (arrow) placed on medial zone some cells located in the peripheral zone of 50 dpi granuloma. Bars (A, B, D, E) 20 µm, C: 12 µm DAPI: red (A–C), white (D, E), Evan’s blue: blue (A–C) and red (D, E), Fall 3: green (A–C), Sca-1: green (D, E).



Some isolated cells were found in the periphery of mature granulomas expressing Sca-1, indicating the presence of immature cells in this region. In addition, some blood vessels, including intragranulomatous ones, also expressed the molecule.

Phenotypic characteristics provided by morphological analyzes and the identification of the expression of a molecule present only in more immature hematopoietic cells suggest the migration of immature hematopoietic cells, which establish and proliferate in the schistosomal liver.



Phenotypic analysis of hepatic blood vessels

Immunoreactivity to vWF was present in some rare sinusoids, in portal and central veins when they were associated with the parasite egg, or with surrounding inflammatory infiltrates (Figures 11A, B, D, E) and, in some cases, in wide-lumen blood vessels present in the peripheral zone of mature granulomas (Figure 11E). In addition, vWF is also capable of identifying megakaryocytes. These cells were found between hepatocytes, close to the periphery of the granuloma (Figures 11A, C) or around large vessels with surrounding hematopoietic cells (Figure 11D), at all points of infection analyzed. In some cases, these cells were present in more than one unit per field.




Figure 11 | Expression of vWF in livers of mice infected by S. mansoni, identified by immunofluorescence. (A) Detection of more than one megakaryocyte among the hepatocytes in the same area of analysis at 45 dpi; (B) Blood vessel vWF-positive with inflammatory cells in the periphery situated between the endothelium and the hepatocytes at 45 dpi; (C) (C) Megakaryocytes (arrow) are still found in the liver of infected animals during the acute phase of the disease, close to the peripheral zone of the granulomas, but still in contact with hepatocytes, (D) and close to a vessel with surrounding hematopoietic cells at 50 dpi; (E) central vein (CV), vessels associated with the periphery of the granuloma and some sinusoids express the protein at 60 dpi. Bars, A: 50 µm, (B, C, E) 20 µm, D: 10 µm. DAPI: white, Evan’s blue: red, vWF: green.



The analysis of immunostaining by CD31 in mature hepatic granulomas showed blood vessels present between the middle and peripheral zones, and others, very characteristic for having a wide lumen, in the peripheral zone (Figures 12B). These vessels were not identified in samples from points of infection with earlier granulomas (Figure 12A). The expression of Lyve-1 in some vessels present in the peripheral zone of mature granulomas suggests the appearance of vessels in this region (Figures 12C, D).




Figure 12 | Identification of blood vessels in livers of mice infected by S. mansoni, immunostaining by CD31 and Lyve 1. (A) Sinusoids that are observed among the other cells that form the granuloma at 45dpi express CD31; (B) CD31 immunostaining identified a blood vessel with sinusoidal morphology (arrow) in the medial zone of the granuloma and other vessels with broad lumen (arrowhead) in the peripheral zone of the same granulomas at 60 dpi; (C) Identification of lymphatic vessels (arrowhead) located in the periphery of mature granulomas at 50 and (D) 60 dpi. Bars, 20 µm. DAPI: blue, Evan’s blue: red, CD31: green (A, B), Lyve-1: green (C, D).



In the schistosomal liver, there are vessels with activated endothelium that express vWF, in addition to the appearance of new vessels in the middle and peripheral zones of mature granulomas. Some of them are immunoreactive to lymphatic vessel markers.




Discussion

This work confirmed the occurrence of extramedullary hematopoiesis during the schistosomal infection and demonstrated the localization of the proliferating myeloid cells in the liver. We point to some phenotypic characteristics of the hematopoietic cells located in proliferating areas and produced other data, such as the distribution of extracellular matrix compounds, which can help to understand the process of attraction, establishment and maintenance of hepatic extramedullary hematopoiesis. Also, it was identified increase in the quantity of blood vessels, which can be stimulated both directly by the parasite and by mechanisms that have intersection with extramedullary hematopoiesis.

It was identified extramedullary hematopoiesis in the liver of mice infected by S. mansoni, as previously observed by Lenzi et al. (15). Using light microscopy, these authors detected myeloid cells in mitosis, mainly in the peripheral zone of granuloma, beginning at the 40th day of infection. Here, we identified myeloid cells in mitosis both in the granuloma and around of large hepatic blood vessels and, to improve the location of the proliferating cells we used immunolabeling for Ki67, which showed proliferating myeloid cells inside the sinusoids since 35 dpi. It can indicate that some inflammatory cells which are attracted to schistosomal liver arrive in this organ in proliferation shortly after the start of oviposition, that happens around the 30th day post infection (2). On the other hand, it is possible to suggest that presence of parasite, or the release of soluble eggs antigens (SEA), induces the activation of hepatic resident inflammatory cells, such as Kupffer cells. Although it was previously considered that Kupffer cells are derived from bone marrow HSC, they are actually originated from macrophage progenitors that come from yolk sac and persist in some organs during the adult phase, such as liver. These macrophage progenitors can be responsible for the local proliferation of the Kupffer cells in some cases, like inflammatory events (19, 20).

The proliferating cells which were labelled by Ki67 in granulomas have the distribution pattern related to evolution of each granuloma, that starts in disorganized immature form, the pre-granulomatous exudative stage, and evolute to a mature granuloma, which is in the exudative-productive stage (21). The last is characterized by three well defined zones: central, middle, and peripheral (9). During the exudative-productive stage, the Ki67-positive cells were almost restricted to the peripheral zone of granulomas, while on the immature ones these cells were distributed in a disorganized way around the parasite eggs, as observed by Lenzi et al. (15).

In addition to cellular proliferation in the peripheral zone of granulomas, it was also identified proliferating cells around blood vessels of portal spaces, central veins, and some sinusoids. The myeloid proliferation in these regions resembles the observed in the fetal liver of mice during the embryonic development. Between the 15th and 17th days post coitus occurs a peak in the eosinophilic and neutrophilic lineages production located under the hepatic capsule and around the portal veins, places where there is mesenchymal stroma (22). In opposite of what is found in mature granulomas, the distribution of proliferating cells around the hepatic blood vessels has the same aspect since the start of the oviposition. This can indicate difference in the modulation of cell proliferation in these two areas.

The extramedullary hematopoiesis described here is different from the observed in hematological disorders and in massive hepatic necrosis, hepatocarcinoma and in adenoma. In these last diseases there is erythroid proliferation among hepatocytes, which provide a endoderm-derived stroma (14, 23) while in murine schistosomiasis it was detected myeloid proliferation in microenvironments with elements of mesenchymal origin.

Hepatic schistosomal granulomas have collagen fibers and it is one of the causes of the hepatic fibrosis in the schistosomiasis (24). In mature granulomas, collagen fibers are present in a great concentration in medial zone and show a loose-mesh-like aspect in peripheral zone. Usually, these compartments were filled with cellular clusters of the same hematopoietic lineages, mainly neutrophilic, monocytic or eosinophilic ones. These data led us to consider the possibility of clonal expansion in these regions.

Although fibronectin is a structural molecule expressed by osteoblasts, pericytes and endothelial cells in bone marrow (25), with many functions in hematopoiesis such as migration, homing (26), retention (27), differentiation, and cell proliferation (28), it was not detected by immunofluorescence both in peripheral zone of the granulomas and among the hematopoietic cells around large vessels. The proliferation of myeloid cells around large vessels with presence of reticular fibers and absence of fibronectin also was observed by Ayres-Silva et al. in mice fetal liver (22). In some cases, such as hematological diseases, the adult liver can support extramedullary hematopoiesis. Some authors suggest that this mechanism happens due to hypoxia and a possible reactivation of hematopoietic stem cell (HSC) niche of the fetal liver (14, 29).

Heparan sulfate is an important glycoconjugate which can participate of regulation of retention and proliferation of HSC, through the link to SDF-1 by endothelial cells and osteoblasts (30). Alvarez-Silva and Borojevic identified heparan sulfate secreted by cells isolated from murine hepatic schistosomal granulomas, which could interact with growth factors in vitro, such as G-CSF, and act like a myelopoietic stroma (31). However, our data showed the absence of the sulfated and acid glycoconjugates in regions of hematopoietic proliferation in the schistosomal liver, although it is present in medial zone of granuloma. This led us to suggest that the cells isolated by Alvarez-Silva and Borojevic were from medial zone of granuloma and the extramedullary hematopoiesis which happens in the peripheral zone of granuloma is independent of sulfated and acid glycoconjugates, at least by direct cell-matrix interactions.

MMP9 is a metalloproteinase involved in tissue remodeling through wide-spectrum extracellular matrix degradation, which can occur under pathological or physiological conditions (32). At 35 dpi, MMP9 was expressed by neutrophils inside sinusoids or in areas of necrosis, indicating their participation in the initial histolysis in the liver caused by the arrival of the parasite eggs. Inside the granulomas, at 50 and 60 dpi, the MMP9-positive neutrophils were located along the peripheral zone. In addition to acting in the remodeling of the extracellular matrix, Kawai et al. showed that this molecule can act as chemoattractant of hematopoietic cells Lin- in liver damage. The mechanism involves an expression enhancement of CXCR4 and its ligand, SDF-1, which is found in a concentration gradient towards the organ (33). Considering the liver damage caused by schistosomal infection, it is possible that MMP9 also can attract immature hematopoietic cells to cellular proliferation regions, especially in the periphery of granulomas.

In addition to extramedullary hematopoiesis, schistosomal infection may promotes angiogenesis in the liver, as previously reported (7, 8, 34). We confirmed the increase in the number of blood vessels in mature granulomas using the immunolabeling by CD31 molecules. Usually, angiogenesis in schistosomal liver can be associated to hypoxia caused by granulomatous and periportal fibrosis. The generation of vessels caused by hypoxia can be related to expression of HIF, which could stimulate the release of VEGF and promotes the proliferation of endothelial cells (35, 36). Also, it has already been demonstrated that SEA regulates positivity the expression of VEGF (37) and consequently promotes the endothelial proliferation and angiogenesis (38). Furthermore, we identified lymphatic vessels in the peripheral zone of mature granulomas, by immunofluorescence for LYVE-1. This hyaluronan receptor is mainly expressed in lymphatic vessels and can be involved in process of lymphangiogenesis (39, 40).

Although vWF is normally present by endothelial cells, there is a differential expression in different organs (41). Our data showed some blood vessels expressing vWF, mainly large vessels and sinusoids associated to hematopoietic cells. Previous studies have shown that the absence of vWF can lead to endothelial cell proliferation in two ways: 1) vWF participates in formation of Weibel-Palade bodies, which store Angiopoietin-2 (Ang-2). So, in the absence of vWF, Ang-2 links to Tie-2 and act synergically to VEGFR2, promoting angiogenesis; 2) the absence of vWF decrease the expression of αvβ3 and it leads to increase the quantity of membrane VEGFR2, promoting angiogenesis (41–43). Based on this data, we suggest that angiogenesis possibly occur manly from some sinusoids which do not express vWF.

In addition to blood vessels, vWF is classically described as a molecule which also identifies cells of the megakaryocytic lineage (44). In addition to the increase of proliferating myeloid cells, the murine schistosomal liver also showed an apparent increase in cells of the megakaryocytic lineage. More than one megakaryocyte was frequently seen together, leading us to consider the possibility of local proliferation. To explain this phenomenon, we suggest two possibilities: 1) Chemoattraction of megakaryocytic progenitors to the schistosomal liver, which find favorable microenvironment to proliferate and differentiate; 2) Attraction of undifferentiated HSC or HSPC, which can differentiate both in other hematopoietic cells and directly in megakaryocytic progenitors or megakaryocytes. The second hypothesis is based on the holocracy theory of hematopoiesis, in which HSC could be capable of differentiate into restrict hematopoietic progenitors, such as Common myeloid progenitor (CMP), Megakaryocyte Erythroid Progenitor (MEP) and Megakaryocyte Progenitor (MkP) (45, 46). Some LT-HSC (Long Term Hematopoietic Stem Cell) which express vWF were stimulated with thrombopoietin and could be capable of maintaining the production of megakaryocytes and platelets for long term (47).

Considering the possibility of the arrival of immature hematopoietic cells to the liver, analyzes were performed to identify Sca-1 expressing cells. This molecule is used as a marker of immature hematopoietic cells and can be present in LT-HSC, ST-HSC (Short Term Hematopoietic Stem Cell) and MMP (Multipotent Progenitor) (48). In this work, we identified hematopoietic cells expressing Sca-1 in mature granulomas, indicating the presence of more immature cells than those previously observed by Lenzi et al. (9), who, by brightfield microscopy, identified promyelocytes and metamyelocytes (15). The expression of Sca-1 was also observed in some blood vessels, which is already described for mice. According to Luna et al., (49), the expression of Sca-1 by endothelial cells can support the hypothesis of a common progenitor to hematopoietic and endothelial cells (49).

The schistosomal liver is an environment conducive to the occurrence of angiogenesis and hematopoiesis. The possibility of common progenitors between endothelial and hematopoietic cells is based on the characteristics of the hemogenic endothelium, which occurs during the embryonic life of mammals. Cells derived from this structure are part of the definitive hematopoietic wave, although some of these cells have already been found in adult individuals (50–52). These data, together with the characteristics shared with the hematopoietic fetal liver, lead us to suggest that schistosomiasis is a disease capable of activating a context that contribute to the establishment of a hepatic environment similar to the one found during embryonic development.

The immunolabeling of Fall-3 also was chosen to identify immature hematopoietic cells. In addition to identifying HSC and HSPC, Fall3 is present both in ly6a and ly6b cells which suggests that this marker is also capable of identifying more differentiated cells (53). The morphological data generated by the Fall-3 labeling provide us with important information about the phenotypic characterization of cells present in regions of proliferation. It was possible to detect labelled large cells with loose chromatin and protruding nucleolus, that are characteristics commonly found in immature cells. These morphological data reinforce the hypothesis of the arrival of progenitors to the liver that are very immature.

The differences in pattern of distribution of cells and extracellular matrix in zones of schistosomal granuloma can lead us to consider that the structure is analogous to an ecosystem, as suggested by Malta et. Al., 2021 (54). In this context, hematopoietic cells would be occupying a specific niche in the peripheral zone of granuloma, which provide conditions of survival and maintenance of these cells interacting with each other and with cellular matrix elements. The idea of niche in ecological context of granuloma and in production of hematopoietic cells in bone marrow and in the embryological development presents some similarities, as we observed here.

From a physiological perspective, extramedullary hematopoiesis, both perivascular and perigranulomatous, increases the system’s ability to produce hematopoietic cells in a context in which the bone marrow is already highly activated and with intense hematopoietic activity. This is possible because, at the same time that the bone marrow is exporting immature cells, either because of the hyperplasia itself, or because of the possible direct mobilization of hematopoietic progenitors, the assembly of hepatic microenvironments favorable to its homing and proliferation is taking place. In addition to a coincidence of events, perhaps this may have some evolutionary importance in the co-evolution of Schistosoma and its mammalian host.

In summary, the present work describes new aspects about hepatic extramedullary hematopoiesis that occurs during murine schistosomal infection. We detailed the characteristics of the perigranulomatous and perivascular niches as microenvironments conducive to the proliferation of hematopoietic cells, in addition to shedding light on the possibility of integrating the processes of hematopoiesis and hepatic angiogenesis triggered by the disease. Also, our data suggests the possibility of direct mobilization of immature hematopoietic cells from bone marrow to both hepatic sites, induced by SEA, which should be a topic of further investigation.
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Schistosomiasis represents a condition in which every aspect of the disease, starting from skin invasion of the cercariae to egg laying by adult worms, incites a tissue response from the vertebrate host. This response, whether acute or chronic, leads to the appearance of reporter molecules of tissue injury in bodily fluids that could be surveyed as markers for disease diagnosis, status and prognosis. In this scenario, the serum proteome associated with a schistosome infection remains poorly explored; particularly by the use of high-throughput mass spectrometric instrumentation. In this study, we aimed to comparatively examine the serum proteome of control versus infected BALB/c mice, spanning the interval between the onset of egg laying and the peak of the acute phase of infection. Compositional analysis of the sera, using one dimensional reversed-phase fractionation of tryptic peptides coupled to mass spectrometry, allowed identification of 453 constituents. Among these, over 30% (143 molecules) were differentially present comparing sera from infected and non-infected mice, as revealed by quantitative label-free shotgun approach. The majority of proteins exhibiting altered levels was categorised as belonging to immune response (acute phase-related proteins) followed by those linked to lipid transport and metabolism. Inspection of the lipid profile from control and infected individuals demonstrated more pronounced and significant alterations in triglycerides, VLDL and HDL fractions (p<0,001), attesting for a disturbance in circulating lipid molecules, and suggesting a key role in host-parasite interactions. Our findings provide a global view of the serum proteome in the context of experimental schistosomiasis during the acute phase of infection. It contributes by listing key molecules that could be monitored to inform on the associated inflammatory disease status. We hope it will shed light into uncovered aspects of the Schistosoma mansoni parasitism in the vertebrate host, particularly those related to modulation of the lipid metabolism mediating immune responses.
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Introduction

Schistosomiasis is a neglected tropical disease affecting millions of people worldwide (1–3). Its clinical manifestations promote in most cases irreversible tissue damage to the host, resulting in a high morbidity disease (4). Schistosoma mansoni adult worms dwell for years within the host vasculature, where they interact with circulating host molecules and utilise the nutritional rich constituents of sera to sustain parasitism. Molecular investigations have provided a deep understanding of parasite´s biology (5–7), however much remains to be elucidated on the mechanisms operating in this complex host-parasite interaction. Understanding host responses to schistosomes could reveal biomarkers of active infection and allow for better monitoring on the inflammatory status as a manner to alleviate the long term chronic tissue injuries.

Proteomic investigations aimed at elucidating S. mansoni-host interactions have been applied to the liver (8–10) and spleen (11) soluble proteomes in the murine model of the disease. In these occasions, significant changes in protein expression were observed, but how these are triggered is poorly understood. Therefore, analysis of the serum proteome in the context of schistosomiasis could provide the basis to comprehend the metabolic reprogramming operating at target tissues. Recent studies have investigated the serum proteome during S. japonicum infection in animal models of the disease and markers of infection have been proposed (12, 13). To our knowledge, we are the first to investigate the serum proteome in the context of S. mansoni infection, in the murine model, with a particular focus on proteins related to lipid metabolism.

Here we employed quantitative label-free shotgun proteomic analyses of the serum proteome collected at the 5th and 7th weeks post infection from S. mansoni infected BALB/c mice. Compositional analysis of the undepleted sera allowed identification of over 400 constituents, over 30% of which were differentially abundant comparing control and infected individuals. Distinct patterns of protein expression were seen at these two time points, possibly as a response to specific demands related to the onset of egg laying by adult parasites and granuloma formation in the liver. Our findings provide a repertoire of differentially abundant serum constituents in the context of S. mansoni infection and uncover key molecules proposed to modulate lipid metabolism during disease establishment.



Materials and methods


Ethics statement

All experiments involving animals were conducted in accordance with the Brazilian Federal Legislation (Arouca’s Law number 11,794). 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 2017/35 and 2017/34, respectively.



Infection model and experimental design

Twenty-three male and female BALB/c mice aged 35 days were anaesthetised using a combination of ketamine hydrochloride (8 mg/kg) and xylazine (4 mg/kg) administered intraperitoneally. For infected groups, mice were exposed to active penetration by S. mansoni cercariae (LE strain) through tail immersion (250 cercariae/animal). The control group was established with 23 non-infected individuals of the same age. After 5th and 7th weeks post-infection, both infected and control mice were weighed and sacrificed using anaesthetic overdose. Spleens were collected and weighed to measure the spleen-to-body weight ratio Supplementary Figure 1. Serum samples were collected and their protein content measured using the BCA protein assay kit (Thermo Scientific, Cramlington, UK). Samples were kept frozen under -20°C and used for the analyses within a maximum of 60 days after collection from animals. The number of samples varied depending on the type of analysis. A total of 40 sera (n = 10 per group) proved suitable (did not display hemolysis and quantity was not limiting) for analysis of the lipid profile. For proteomic analysis sera from three animals from each group were pooled and this constituted one biological replicate per group. A second biological replicate was prepared by pooling three other sera from each group. Compositional and quantitative proteomic data were obtained from 6 independent LC-MS/MS runs.



In-solution digestion

Briefly, 30 µg protein representing pooled sera from control or 5th and 7th post-infection groups were incubated with RapiGest (Waters, UK), to a final concentration of 1% (w/v) and maintained at 80°C for 10 min. Then, proteins were reduced using dithiothreitol (Sigma Aldrich, St. Louis, MO, USA) to a final concentration of 3,3 mM at 60°C for 10 min. Alkylation was performed at room temperature in the dark, using iodoacetamide (GE Healthcare, Little Chalfont, Buckinghamshire, UK) to a final concentration of 9,4 mM for 30 min. The digestion was performed using sequencing grade trypsin (Promega, Madison, WI, USA) at a ratio of 50:1 (protein/trypsin) during incubation at 37°C for 16 h. To precipitate RapiGest and stop the digestion step, trifluoroacetic acid was added to a final concentration of 0.5% v/v. Afterwards, a centrifugation step was performed for 15 min at 7°C at 20,000 x g (Mikro 200R, Hettich Zentrifugen, Tuttlingen, DEU). The clarified supernatant containing the peptides was then collected and submitted to UHPLC-MS/MS analyses.



Liquid chromatography-mass spectrometry

After the digestion step, approximately 400 ng of peptide samples were injected into the liquid chromatography platform (UHPLC UltiMate R 3000, Dionex, San Jose, USA). Peptides were loaded onto an Acclaim PepMap100 C18 Nano-Trap column (100µm i.d. × 2 cm, 5 µm, 100 Å; Thermo Scientific, Waltham, MA, USA) and washed for 3 min in 3,8% acetonitrile/0.1% Trifluoroacetic acid solution (ACN, HPLC grade, USE), at a flow rate of 5 µL/min. Then, peptides were directed to a reverse phase chromatography using an Acclaim PepMap100 C18 RSLC column (75µm i.d. × 15 cm, 2 µm, 100 Å; Thermo Scientific), in tandem with the trap column on a constant flow rate of 300 nL/min. A multistep gradient was performed, using solvents A (0.1% formic acid, HPLC grade, JTBaker, Mexico) and B (80% ACN, 0.1% formic acid) and applied as follows: a conditioning step with 3,8% of B during 3 min, followed by a ramp from 3,8 to 30% B over 120 min, and subsequently, 30–55% B to 150 min. Then a final ramp with 99% B to 162 min, followed by a reconditioning step with 3,8% B until 180 min. The spectral data was acquired using a Q-Exactive mass spectrometer (Thermo Scientific, Bremen, Germany) operating at full-scan/MS2 mode. The nanospray flex ion source (Thermo Scientific) was set at 3,8 kV on positive mode, with a capillary temperature of 250°C and S-lens levels set to 55. The Data Dependent Acquisition method (DDA) was performed in the top 12 ions with charge states between +2 and +4 from a 1,2 m/z window. Survey scans were tuned for a resolution of 70,000 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 scans, selected ions were fragmented by Higher Energy Collision Dissociation (HCD) with a stepped Normalized Collisional Energy (NCE) of 28–30. After the dissociation, the fragmentation spectra were acquired using a resolution of 17,500 performing a maximum injection time of 60 ms with a dynamic exclusion time of 40 s and a target value of 5e5 (minimum AGC target 6.25e3).



Analysis of proteomic data

The spectral data obtained from the UHPLC-MS/MS platform was directed to protein identity search using PEAKS Studio v8,5 (Bioinformatics Solutions Inc.). Searching parameters included: Enzyme: trypsin; maximum of 2 missed cleavage sites; fixed post-translational modifications: cysteine carbamidomethylation (+57,0214 Da) and methionine oxidation (+15,9949 Da) as variable modifications, maximum 3 post-translational modifications per peptide; time window: 4 minutes; mass error tolerance of 10 ppm for precursor ions and 0,1 Da for product ion fragmentation.

The database search was performed with a False Discovery Rate (FDR) of 1%, a protein significance of 13 (p-value ≤0.05) considering only proteins identified with at least one unique peptide. The Mus musculus proteome database was downloaded from the UNIPROT website, containing 55,398 protein sequences. Quantitative label-free analysis was performed under fold-change ≥ 2, protein significance of 13 (p-value ≤0,05) using the PEAKSQ significance method, considering proteins identified with at least 1 unique peptide. Cytoscape Software v. 3.9.1 (available at https://cytoscape.org/), underpinned by STRING query tool, was used to construct a protein interaction network for differentially abundant serum constituents and retrieve the top 10 most significant enriched molecular functions they are linked to.



Lipidogram analyses

Lipidogram analyses were performed through measurement of Total Cholesterol, HDL Cholesterol and Triglycerides using colorimetric detection methods (BioClin-Quibasa kits, Belo Horizonte, MG, Brazil) using a Calm SBA2000 equipment (Medsystem). VLDL cholesterol levels were estimated by dividing triglyceride levels by 5, as specified in the literature (14). The atherogenic fraction was calculated by subtracting Total Cholesterol levels from HDL cholesterol. Sera from ten animals per group (control at 5th and 7th weeks post-infection and respective infected groups) were used for these analyses.



Statistical analysis

Statistical analysis of data ​​obtained from body weights, spleen weights, and lipidogram parameters were evaluated for significant statistical differences (p-value ≤0,05), using the GraphPad Prism v8,0 program (San Diego, California, USA). The Kolmogorov-Smirnov and Shapiro-Wilk tests were applied to evaluate data normality. Then, the t-test or Mann-Whitney test were applied according to parametric or non-parametric distribution. All values were expressed as the mean ± standard deviation. For principal component analysis, the ClustVis (15) platform was used to perform the multivariate analysis.




Results


Assessing disease establishment during experimental schistosomiasis

In this investigation we first seek to evaluate disease progression in the BALB/c model of experimental schistosomiasis aiming to monitor the homogeneity of serum samples for downstream analysis from control and infected individuals. As shown in Supplementary Figure 1A the spleen from infected animals exhibited significant increase in size at 5th and 7th post infection, whilst for non-infected animals it remained unchanged. In addition, the observed splenomegaly throughout the infection period is better monitored by measuring the spleen-to-body ratio (9). As seen in Supplementary Figures 1B, C for both investigated periods, infected animals displayed a marked increase in this ratio compared to control animals, attesting for the successful establishment of murine schistosomiasis. As for the spleen, liver from infected animals were visually enlarged in both periods with increased granuloma formation, particularly at the later time point.



The compositional analysis of undepleted sera in the context of murine schistosomiasis

In order to evaluate the depth of proteome coverage through mass spectrometric analysis of undepleted murine sera, we first combined the spectral data obtained from uninfected and infected animals to interrogate the available Mus musculus proteome database. The accumulated 35,555 Peptide-Spectrum Matches resulted in 3450 confidently assigned peptide sequences yielding 453 distinct protein groups (Supplementary Table 1). Inspection of the total accumulated area for the top and least abundant constituents revealed five orders of magnitude difference, attesting for the identification of both high, medium and low abundant serum components (Figure 1A). Approximately 90% of cumulative abundance was accounted for 10 protein identities, the remaining 10% comprising the additional 443 molecules (Figure 1B). The top 10 most abundant proteins were mainly associated with transport, immune function and acute phase response. Serum Albumin was the most abundant component (72.7% of the detected ion signal), followed by Serotransferrin (7.5%) and Pregnancy zone protein (2.9%). Additional seven constituents in the top 10 list (Apolipoprotein A-I, Hemopexin, Immunoglobulin heavy constant mu, Complement C3, Immunoglobulin kappa constant, Alpha-2-HS-glycoprotein and Fibrinogen beta chain) collectively contributed 8,3% to the cumulative ion abundance. The vast majority of identified proteins contributed 8,7% to the total ion signal. This variation in the dynamic range of protein expression was confirmed by analysis of the frequency histogram for protein abundance, which revealed a non-Gaussian distribution (p<0,0001), Figure 1C. Next, we performed a comparative label-free quantitative analysis on the mass spectral data to detect differentially abundant serum molecules in the acute phase of murine schistosomiasis.





Figure 1 | Compositional analysis of undepleted serum proteome during S. mansoni infection in the BALB/c mice. (A) Dynamic range of identified proteins encompassed five orders of magnitude difference between the most and least abundant serum constituent, as judged by Area Under Curve (AUC). (B) Cumulative abundance plot revealed 10 molecules contributing to 91% of the total ion signal. (C) Frequency histogram for protein abundance in the samples.






The host serum proteome is pronouncedly altered during the acute phase of experimental schistosomiasis

The quantitative label-free proteomic analysis revealed 143 shared constituents (31.5% of the total identified proteins) as differentially abundant comparing control and infected individuals. A consolidated list of the top three differentially abundant proteins categorised according to biological process is shown on Table 1 (see Supplementary Table 2 for a list of differentially abundant molecules). A heatmap plot indicated that over ⅔ of the differentially abundant proteins showed positive regulation at the 7th week. The 5th week period represented a transition with a few groups of proteins exhibiting either increased or decreased abundance, whilst for the majority of identities, levels did not differ significantly from control samples (Figure 2A). Only 22 proteins appeared significantly down regulated exclusively at 7 weeks (Figure 2B) and 36 displayed contrasting patterns of abundance at weeks 5 and 7 (Figure 2C). For the remaining differentially abundant proteins (85 molecules) during infection, increased levels relative to controls were observed at these two time points with higher abundance at 7th week; possibly indicating that these molecules accumulated in the serum as the peak of the acute phase had been reached (Figure 2D). Protein lists associated with these distinct patterns of protein expression are provided in Supplementary Table 3.


Table 1 | Consolidated list of the top three differentially abundant proteins categorised according to biological process.






Figure 2 | Heatmap of differentially abundant serum proteins in the context of S. mansoni infection in the murine model. (A) A total of 143 molecules with fold changes ≥ 2 were listed. Lipid transport and metabolism related proteins are marked in red. (B-D) Distinct expression patterns for differentially abundant serum constituents during S. mansoni infection. Molecules displaying downregulation in infected samples (B); downregulation at week 5 post-infection followed by upregulation at week 7 (C); upregulation in both time points (D); list of theses molecule identities is seen on Supplementary Table 3. (E) Functional categorisation according to biological processes for differentially abundant serum constituents.



These proteins were further categorised according to the main biological processes they are related to (Figure 2E). Approximately half (48.21%, 54 molecules) of the differentially abundant molecules were associated with immune response. Among these, immunoglobulin kappa and lambda chains comprised the most prevalent signatures within this group. Immunoglobulin heavy chains belonging to isotypes IgM (mu chain), IgG (gamma chain), IgA (alpha chain) and 5 peptides matching the J chain, which joins two IgM or IgA monomers, confirmed the dominant immunoglobulin profile induced by the parasitic infection. For the majority of Ig entries, positive regulation was seen early at the 5th week and fold changes relative to control were higher at the 7th week. In the Acute Phase Response protein group, the classic C-Reactive Protein, Alpha-1B-glycoprotein and Serum amyloid P-component were the main representatives. In this group, positive regulation was observed at the 5th week (except for Alpha-2-HS-glycoprotein), and increased expression was seen at the 7th week.

Proteins related to lipid metabolism and transport were represented by 13 members. In this category, over 50% were apolipoproteins belonging to subtypes A-II, A-IV, B-100, C-II, C-III, C-IV, and D. Overall, apolipoproteins were up regulated at the peak of acute phase, with most exhibiting down regulation at the 5th week. In this scenario, ApoB100 constitutes an exception, exhibiting a discrete increase (~30%) at the 5th week and reaching approximately 500% increase at the 7th week. In parallel, proteins involved in the control of fat metabolism and immune regulation, such as CD5 antigen-like and adiponectin displayed contrasting patterns of expression in response to the schistosome infection. For lipid transport proteins, whilst corticosteroid-binding globulin displayed down regulation as disease progressed from 5 to 7 weeks, phospholipid transfer protein exhibited an opposite pattern of abundance.

Among the differentially abundant proteins 7 members of the complement system contributed 6,25% to the total of identities (Supplementary Table 2). Equal contribution was provided by metal binding and acute phase response proteins. The former were mostly associated with iron binding and transport represented by ceruloplasmin, serotransferrin and hemopexin, all displaying increased abundance as infection progressed from 5 to 7 weeks. In agreement, decreased levels were seen for alpha and beta haemoglobin subunits. Protein identities related to hemostasis and proteolysis, or its inhibition, contributed <5% each in the total number of differentially abundant serum constituents. Concerning coagulation factors, fibrinogen alpha, beta and gamma chains were consistently up regulated from 5 to 7 weeks post infection. In contrast, coagulation factor XIII B chain and platelet glycoprotein Ib alpha chain exhibited down regulation at these two time points. Alpha-1-antitrypsin, also classified as an acute phase response protein, is a protease inhibitor for which expression levels were high at the 5th week and continued to accumulate, as seen at the 7th week. The same behaviour was shared by kininogen 2, inter-alpha trypsin inhibitor, protein Z-dependent protein inhibitor and the serine protease inhibitor A3N.

Of note, abundance profiles for lipid metabolism and transport proteins at the 5th and 7th weeks were quite divergent (Figure 3), typified by downregulation at 5th week post-infection (except for platelet-activating factor acetylhydrolase), and up regulation at the 7th week for the majority of identities in this group. Three exceptions for this behaviour were adiponectin, corticosteroid-binding globulin and apolipoprotein A-II, which displayed decreased abundance up to the peak of the acute phase in infected animals. In contrast, Apolipoprotein B-100, CD5-antigen like, platelet-activating factor acetylhydrolase, phosphatidylcholine sterol transferase and phospholipid transfer protein exhibited increased abundance throughout the investigated periods. Apolipoproteins C-III, C-IV and D were at reduced levels at week 5 in infected animals but their levels increased relative to non-infected individuals at week 7. In this group, Apolipoprotein C-II displayed the most pronounced fold decrease early at the 5th week, exhibiting a discrete fold increase relative to control animals at the 7th week.




Figure 3 | Quantitative label-free analysis plot for lipid metabolism and transport proteins at the 5th and 7th weeks post-infection. Protein identities are displayed in alphabetical order. Fold-changes are shown in vertical bars.



Given the molecular diversity in the serum proteome, 15 unrelated identities, accounting for approximately 14% of those showing altered levels, were grouped as belonging to various biological processes. Among them, known serum markers of cell proliferation (e.g., leucine rich HEV glycoprotein), angiotensin 1-10 and fetuin-B displayed up regulation at the peak of the acute phase. Next, the differentially abundant constituents (apart from immunoglobulins) were interrogated for previously reported protein-protein interactions using Cytoscape software (Figure 4). The retrieved interactome revealed a highly connected protein network not only linking constituents under the same category, but also displaying various possibilities for protein interactions among those from distinct biological processes. A list of top 10 enriched molecular functions associated with the interactome reinforced lipid metabolism and protease inhibition as significantly overrepresented processes. Proteins uniquely found in one of the two time points were listed in Supplementary Table 4. The majority of identities were also represented by immunoglobulin light and heavy chains plus other identities with no clear enrichment to merit their classification according to biological function. As they were not consistently identified in all of the samples, they were not dealt with any further in this study.




Figure 4 | Protein interaction network displaying differentially abundant proteins, excluding immunoglobulins. Fifty out of 58 identities composed the interactome. Cytoscape Software v. 3.9.1, underpinned by STRING query tool for interrogation of the Mus musculus database, was used to visualise the generated network. Confidence cutoff score was set to > 0.4. Cytoscape also provided the Top 10 enriched molecular functions related to this network. The significant terms and pathways were selected with the threshold of adjusted Log2 FDR < -10. Abbreviations for protein identities are shown in Supplementary Table 2.



In light of the above findings concerning the distinct pattern of serum constituents, we wondered whether the protein profile associated with each condition (non-infected versus infected animals at the 5th and 7th weeks post infection) would allow segregation of individuals using principal component analysis. As observed in Figure 5, the PCA plot revealed a clear discrimination between groups. In agreement with the quantitative label-free analysis, serum profile from 5 week infected individuals was more closely related to that of control animals. The major fold differences observed for serum constituents at week 7 justifies its position in the PCA plot. This analysis demonstrated that a window of two weeks difference between evaluated samples in the acute phase of murine schistosomiasis promoted distinct profiles in the relative abundance of serum constituents.




Figure 5 | Principal Component Analysis. Unit variance scaling was applied, the standard variation with imputation was used to calculate principal components. Axes demonstrates principal component 1 and principal component 2 showing 65.9% and 16% of the total variance, respectively.





Serum lipid profile during acute schistosomiasis

In order to back up the obtained proteomic data and the observed altered levels for proteins related to lipid transport and metabolism, we performed a comparative evaluation of the lipid profile for control and infected individuals at the 5th and 7th weeks post-infection. Lipidogram analyses demonstrated significant alterations in the sera from infected individuals. Decreased levels for Total Cholesterol (Figure 6A) and HDL Cholesterol (Figure 6B) were observed at the 5th week, with marked reduced levels for both VLDL Cholesterol and Triglycerides. At this time point, the non-HDL Cholesterol, here termed the atherogenic fraction (Figure 6C), remained unchanged. In the late investigated period (7th week post infection), disturbances in circulating lipid molecules were mostly related to VLDL Cholesterol (Figure 6D) and Triglycerides (Figure 6E). At this time point, both Total and HDL Cholesterol levels did not differ significantly. Both evaluated periods exhibited significant changes in the circulating lipid-content of lipoproteins from infected animals, however, with distinct patterns associated with each time point. These results, expressed as mean ± standard deviation, are listed in Supplementary Table 5.




Figure 6 | Serum lipid profile of experimental groups. Graphics represent the arithmetic means and standard deviations. Asterisks indicate significant differences between the evaluated conditions (p ≤ 0.05). (A) Total cholesterol content of control and infected mice. (B) HDL cholesterol demonstrated a decrease at 5th week post infection. (C) Infected mice at 7th week displayed a significant increase in the atherogenic fraction. (D) VLDL cholesterol levels declined at 5th week post infection and increased at the late time point. (E) Triglyceride levels displayed a significant decrease at 5th week post infection followed by an increase at the 7th week.






Discussion

In this study, we used mass spectrometry-based label-free quantitative proteomic analyses to comparatively evaluate the serum proteome composition in two distinct phases of murine schistosomiasis. Firstly, at the 5th week post-infection, representing a stage in which parasites have completed their sexual maturation with subsequent pairing and initiation of egg-laying by females. Secondly, at the 7th week post-infection, meaning the peak of the acute phase, characterised by changes from a dominant Th1 to an egg-induced Th2 response and extensive granuloma formation, leading to impaired liver function (4). In this investigation, the spleen weight and spleen-to-body weight ratios for control and infected animals were in agreement with previous studies (9–11) allowing to ascertain that schistosomiasis has successfully been established in the murine model.

The obtained compositional analysis reflected the paramount challenge of protein discovery in serum samples. Since no fractionation methods were employed, the number of identified protein groups represented a reasonable achievement for a shotgun approach using non-depleted sera. Although a single molecule (albumin) comprised 73% of the cumulative abundance, the remaining identified proteins highlighted uncovered aspects of the S. mansoni parasitism concerning host-parasite interactions. This quantitative label-free proteomic analysis provided a repertoire of differentially abundant serum proteins over the course of S. mansoni experimental schistosomiasis up to the peak of its acute phase.

In our previous investigation using shotgun analysis of the soluble liver proteome, we have shown that it undergoes significant alteration in protein expression as schistosomiasis evolves (10). Those findings were also in agreement and complemented earlier findings using the 2D-DIGE approach applied to the murine model of this disease (8, 9). Taking into account that the liver is a secretory organ and its protein products constitute a major source of serum constituents, it was not surprising that relative levels in the serum for liver-derived molecules were significantly altered due to the infection. In the present study, we have identified classical acute-phase response proteins with altered levels early at week 5, but more pronounced alteration at week 7, as shown for C-reactive protein, alpha-1-acid glycoprotein and serum amyloid protein. Their altered levels in the serum of infected animals is possibly a non-specific response to the antigenic burden associated with the parasitism. In agreement, a recent plasma proteome study with patients on acute phase COVID-19 (16) and on infants that had been exposed to Zika Virus (17), demonstrated a similar set of molecules exhibiting altered levels in the plasma associated with both infectious diseases.

Almost one-third of the identified molecules showed altered levels in the serum during experimental schistosomiasis. Complement constituents, acute phase and immune response proteins were responsible for approximately 61% of those differentially abundant, with immunoglobulins representing the largest group in numbers. In this investigation peptides matching IgG have chains contributed with the majority of identities compared to IgA and IgM isotypes. The antigenic stimuli for the induced humoral response are associated with every aspect of the S. mansoni life cycle in the vertebrate host, from cercariae penetration (18) to its final establishment in the hepatic portal system (19, 20).

A novel aspect of this host-parasite interaction was revealed by the abundance profile of proteins related to lipid metabolism with implications for immune regulation. CD5 antigen-like is a key regulator of lipid synthesis and inflammatory response mainly secreted by macrophages (21). It circulates in the bloodstream in association with IgM (22). On adipose tissue, it is internalised by CD36 receptor and binds to fatty acid synthase promoting a decrease in its activity. As a result, lipolysis is stimulated leading to a decrease in lipid droplet content through mobilisation of triglycerides and consequent efflux of fatty acids and glycerol (23, 24). Hepatocytes also incorporate CD5 antigen-like through the same receptor (21, 25). In agreement, the soluble hepatic proteome evaluated during the acute phase of S. mansoni infection (10) also demonstrated downregulation of fatty acid synthase in addition to other lipid metabolism-related proteins. In our findings, CD5 antigen-like (Q9QWK4) exhibited increased abundance in both investigated time points. As a classically described immune effector, its expression is positively regulated under inflammatory circumstances (21), justifying its interpretation as a potential biomarker of liver damage (21, 26, 27). To our knowledge, we are the first to report on the differential abundance of CD5 antigen like in the sera of S. mansoni infected animals.

In contrast, adiponectin, a classical anti-inflammatory adipose tissue-secreted adipokine which also modulates macrophage function (28) exhibited down regulation in infected animals. Under normal circumstances, it promotes inhibition of inflammatory chemokines and regulates the production of anti-inflammatory cytokines (29). In addition, adiponectin decreases serum levels of triglycerides by enhancing lipoprotein lipase gene expression and activity, leading to decreased levels of circulating triglyceride-rich lipoproteins in the bloodstream (30–32). Moreover, adiponectin augments circulating HDL-C levels by stimulating ApoA-I hepatic synthesis and the ATP-Binding Cassette Transporter A1 pathway (33–35). The decreased abundance in circulating adiponectin observed in our study is in agreement with the inflammatory condition associated with the schistosome infection. The accompanying reduction in HDL cholesterol levels was particularly observed at week 5. At week 7, the sustained low levels of adiponectin are in line with the increased content of liver derived lipoproteins (mostly composing the atherogenic fraction), a finding reinforced by high levels of apolipoprotein B-100 at the two investigated time points.

Our quantitative data also points to differential lipoprotein remodelling associated with the schistosome infection. Not only lipoproteins were found mainly upregulated, the enzymes phospholipid transfer protein and phosphatidylcholine-sterol acyltransferase, known to participate in the transfer and chemical modification of their lipid contents, increased in abundance as judged by their relative levels at weeks 5 and 7 in infected animals. Of note, various differentially abundant constituents, such as those involved in acute phase response, complement cascade and proteinase inhibitors, have been reported to be ligand-binding partners of lipoproteins, in particular HDL (36, 37). In fact, serum amyloid protein, here found upregulated, is currently considered an exchangeable lipoprotein. It was demonstrated to be associated with VLDL, LDL and HDL leading to enhanced binding of these particles to surface proteoglycans (38). Protocols designed to enrich for lipoproteins in the context of schistosomiasis should provide a better view of their potential ligands and clues to their distinct roles in immune response or sustaining parasitism. Concerning the latter, a recent report has highlighted the lipidomic profile in the S. mansoni -infected hamster liver using a combination of mass spectrometric approaches (39). Over 300 lipid markers of infection were appointed in the granulomatous liver, mostly representing phosphatidylcholines, phosphatidylethanolamines, and triglycerides. Our findings provide molecular clues into how lipid metabolism is modulated to attend both host and parasite demands for lipid and lipid-derived molecules. In agreement, the protein-protein interaction network, revealed the potential for complex interactions among molecules related to Lipid Metabolism and Transport group with those belonging to other categories such as acute phase response, complement activity, proteolysis inhibition and hemostasis. Given the predominance of proteins with increased abundance composing this interactome, the various binding possibilities attests for intricate mechanisms of immune response and host metabolism operating in the bloodstream during S. mansoni infection.

In this study, quantitative label-free proteomic analysis revealed lipid metabolism related proteins as key modulators of host-parasite interactions during the acute phase of schistosomiasis (Figure 7). The antigenic burden associated with the schistosome infection, in particular during the onset of egg laying, induces an inflammatory condition possibly linked to intense mobilisation of lipids as reflected in the altered lipoprotein profile and proteome of the infected sera. Our study has demonstrated macrophage and adipose tissue-secreted molecules, apolipoproteins/lipoprotein-bound proteins and enzymes differentially abundant, possibly contributing to lipid metabolism modulation. The complex interactions among the differentially abundant serum constituents and target tissues points to intense lipid metabolism regulation during schistosomiasis. It remains to be determined whether the seen alterations in the mouse serum can be translated to human disease to explore novel markers of active infection and inform on the inflammatory status posed by the S. mansoni parasitism.




Figure 7 | Proposed model for lipid metabolism regulation during schistosomiasis and the influence of macrophage and adipose tissue-secreted molecules. Up or down regulation of proteins are represented by half and full squares, meaning the 5th and 7th week post-infection periods, respectively. Colored squares indicate downregulation (green) or upregulation (red). 1) The liver responsible for lipoprotein assembly, apolipoprotein synthesis and overall metabolism receives the antigenic burden associated with adult parasites and laid eggs leading to pronounced changes in protein expression. Macrophages are a hallmark of inflammation during schistosomiasis 2) CD5 antigen-like, mostly secreted by macrophages, can be internalised on hepatocytes and adipocytes through CD36 receptors. 3) Reduced levels of adiponectin secreted by adipocytes contribute to modulate macrophage function and maintenance of the inflammatory status. Adiponectin also influences the serum levels of HDL-C and triglycerides. 4) CD5 antigen-like stimulates lipolysis with consequent triglyceride mobilisation. 5) Altered levels of apolipoproteins and upregulated levels of lipoprotein modifying enzymes (phospholipid transfer protein and LCAT) suggests pronounced lipoprotein remodelling during S. mansoni infection. Created with BioRender.com.
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Schistosoma haematobium, the causative agent of urogenital schistosomiasis, is a carcinogen type 1 since 1994. It is strongly associated with bladder squamous-cell carcinoma in endemic regions, where it accounts for 53-69% of bladder-carcinoma cases. This histological subtype is associated with chronic inflammation being more aggressive and resistant to conventional chemo and radiotherapy. Immune-Checkpoint-Blockage (ICB) therapies targeting the Programmed-Cell-Death-Protein-1(PD-1)/Programmed-Cell-Death-Ligand-1(PD-L1) axis showed considerable success in treating advanced bladder urothelial carcinoma. PD-L1 is induced by inflammatory stimuli and expressed in immune and tumor cells. The binding of PD-L1 with PD-1 modulates immune response leading to T-cell exhaustion. PD-L1 presents in several isoforms and its expression is dynamic and can serve as a companion marker for patients’ eligibility, allowing the identification of positive tumors that are more likely to respond to ICB therapy. The high PD-L1 expression in bladder-urothelial-carcinoma and squamous-cell carcinoma may affect further ICB-therapy application and outcomes. In general, divergent histologies are ineligible for therapy. These treatments are expensive and prone to auto-immune side effects and resistance. Thus,  biomarkers capable of predicting therapy response are needed. Also, the PD-L1 expression assessment still needs refinement. Studies focused on squamous cell differentiation associated with S. haematobium remain scarce. Furthermore, in low and middle-income-regions, where schistosomiasis is endemic, SCC biomarkers are needed. This mini-review provides an overview of the current literature regarding PD-L1 expression in bladder-squamous-cell-carcinoma and schistosomiasis. It aims to pinpoint future directions, controversies, challenges, and the importance of PD-L1 as a biomarker for diagnosis, disease aggressiveness, and ICB-therapy prognosis in bladder-schistosomal-squamous-cell carcinoma.
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Introduction

Schistosomiasis is a Neglected Tropical Disease (NTD) that affects over 240 million people worldwide, and 700 million are at risk of infection (1).

The clinical manifestations of the disease’Bs chronic and more severe stages are primarily due to immune reactions against Schistosoma eggs, the principal pathogenic agent, lodged in the tissues leading to granuloma formation (2). Granulomas are comprised of neutrophils, eosinophils, mononuclear cells, lymphocytes, macrophages, multinucleated giant cells, and fibroblasts (3). The granulomatous immune response is essentially coordinated by CD4+ T cells. Nevertheless, CD8+ T cells, B cells, and M2 macrophages also have a role (4, 5). Additionally, the overall egg-induced inflammatory immune response is Th2-biased (6). This polarization can be reverted by Praziquantel-intake as seen by the increase in pro-inflammatory egg-specific cytokine profile, namely Tumor-Necrosis-Factor-alfa (TNF-α), IL-6, Interferon-gamma (INF-γ), IL-12p70 and IL-23, after treatment (7).

The blood fluke Schistosoma haematobium, the causative agent of urogenital schistosomiasis, has been considered a carcinogen type 1 since 1994 (8). Moreover, it is strongly associated with bladder-squamous-cell-carcinoma (BSCC) in endemic regions. A Meta-Analysis reported that In Sub-Saharan-Africa it accounts for 53-69% of BC cases (9).

This histological subtype is associated with chronic inflammation being more aggressive and resistant to conventional chemo and radiotherapy (10–15). Immune-Checkpoint-Blockage (ICB) therapies targeting the axis Programmed-Cell-Death-Protein-1(PD-1)/Programmed-Cell-Death-Ligand-1(PD-L1) showed considerable success in treating several carcinomas, including the advanced bladder urothelial carcinoma (aBUC) presenting progressive disease and conventional therapies resistance (16, 17). This axis blockage may lead to complete restoration of the anti-tumor immune response improving disease outcomes (18, 19).

Programmed-Cell-Death-Ligand-1 is induced by inflammatory stimuli and expressed in the immune cells of the hematopoietic line, epithelial cells, and tumor cells, and in the latter, it aids immune evasion. This ligand binds to PD-1 during immune system modulation leading to T cell exhaustion (20). Its expression in the tumor microenvironment can be dynamic and present in several forms: membranar, exosomal, nucleic, and soluble. Such diversity can affect ICB therapy efficacy (21). Furthermore, soluble PD-L1 (sPD-L1) presents several variants, either derived from proteolytic cleavage or via matrix metalloproteases (MMPs) and A desintegrin and metalloproteases (ADAM), that are responsible for the shedding of exosomal mPD-L1, or by alternative splicing of PD-L1 pre-mRNA (21). sPD-L1 may also mediate immunosuppression or be responsible for ICB therapy resistance (21, 22).

The expression of mPD-L1 assessed by Immunohistochemistry (IHC) is a companion marker for patients’ eligibility for ICB treatment since it allows the identification of tumors that are more likely to be responsive (18, 19, 23). A higher expression is associated with better treatment outcomes. However, it was reported that lower/negative results don’t out rule successful ICB therapy (24–26), which may be associated with expression dynamics, tumor heterogeneity, different antibody clones, and staining platforms.

The performance and concordance of the established antibodies and staining platforms have been addressed in BUC and remain elusive (25, 27).

Program-Death-Ligand-1 is known to be overexpressed both in BUC with squamous differentiation and pure SCC (pSCC) and is associated with poorer disease outcomes (28).

This fact can have implications for further immune-therapy application and outcomes since divergent histologies are generally contra-indicated for ICB therapy since, despite mPD-L1 positivity, its overall incidence is low (14). Additionally, studies reported that variant and mixed histologies, including squamous differentiation, might not compromise ICB efficacy (29, 30). ICB treatments are expensive and prone to immune-related adverse events and resistance (31–33). Thus, biomarkers capable of predicting patient response are needed. In low and middle-income-regions, where schistosomiasis is endemic, SCC biomarkers are needed. Expression of sPD-L1 as BC biomarker has been previously approached (34), nevertheless needs further investigation in such settings.

Studies focused on the squamous-cell differentiation-associated or not with S. haematobium remain scarce. This mini-review provides an overview of the current literature regarding PD-L1 expression in BSCC and in Schistosomiasis. It aims to pinpoint possible future directions, controversies, and challenges as well as the importance of this ligand as a possible predictor biomarker for diagnosis, disease aggressiveness, and ICB-therapy success in schistosomal bladder-squamous-cell-carcinoma.



Bladder Schistosomal Squamous Cell Carcinoma biomarkers – from urogenital schistosomiasis to bladder carcinoma

The exact mechanisms that drive S. haematobium-induced bladder carcinoma remain unveiled. The early diagnosis of this condition in a more non-invasive manner is eagerly pursued. Bernardo et al. (2015) used mass spectrometry and a proteomics approach to evaluate urine biomarkers and study molecular pathways associated with the development of bladder schistosomal – BSCC (BSSCC) (35). They reported a specific profile in patients with BSSCC consisting of higher expression of proteins involved in immunity (complement factor H, complement component 9), negative regulation of endopeptidase activity and inflammation (C-reactive-protein). These proteins are associated with inflammation (mediated by cytokines and chemokines) and signaling pathways related with bladder cancer proliferation (epidermal growth factor (EGF) and fibroblast growth factor (FGF) pathways). Additionally, prolonged inflammation may lead to DNA damage and mutations in the suppressor genes such as TP53 which leads to an overexpression of p53 (36). The study groups presenting only urogenital schistosomiasis (UGS), or BUC revealed a profile associated with microbicide activity such as oxidative stress and immune system related proteins and a profile associated with renal system process, sensory perception and gas and oxygen transport, respectively. The expression of S100 proteins was overlapping in the groups with BSSCC and BC. In patients with UGS, the upregulation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), pinpoints the Th2 biased response characteristic from UGS. A recent study, performed in murine models, that addressed the proteome tissue profile in the bladder, after egg-injection, also corroborated that this parasitosis may drive to urothelial hyperplasia and further bladder carcinoma. The study revealed a differentiated expression of several proteins associated with carcinogenic pathways, cellular activity and enhancement of immune inflammatory responses involved in granuloma formation, Th2 responses as well as reduced integrity needed for egg shedding (37). Amongst the proteins associated with malignancy, cell proliferation and cancer poor prognosis was disabled homolog 2 (Dab2) that was reported to be associated with epithelial-mesenchymal transition and tumor aggressiveness in BUC (38). Dab2 has a role in the canonical Tumor-Growth-Factor-beta (TGF-β) signaling in fibroblasts and immune tolerance, especially in regulatory-T-cells (Tregs) - mediated immunosuppression and toll-like receptor (TLR) suppression in antigen presenting cells (APCs) (39, 40). Other proteins associated with inflammation and tissue repair were also upregulated in bladder-egg-injected tissue, namely, complement component 8 (C8a), platelet endothelial cell adhesion molecule (Pecam1) and serine protease inhibitor A3N (Serpina3n) (37).

Several carcinoma biomarkers were investigated in patients with BSCC and BSSCC. Most of them determined by IHC. Badr et al. (2004) evaluated the expression of several tumor markers (p53, bcl2, HER2/neu, MIB-1) related with tumor-suppression, apoptosis inhibition and cell-proliferation. The study population consisted in 15 patients with BSSCC. They concluded that 87% of the cases presented a MIB-1 positive staining, followed by p53 (73%), HER2/neu (27%) and bcl2 (20%) (41). None was significantly associated with disease severity (higher stage and grade). Nevertheless, other authors reported that in patients with S. haematobium infection either with BUC or SCC, p53, MIB-1, Bcl-x and Bax were independent prognostic markers (42). Expression of cyclooxygenase (Cox-2), a marker of inflammation and angiogenesis was also associated with disease aggressiveness and poor-prognosis in patients with BSSCC but not in BSCC (43). Later, five biomarkers (Cox-2, p52, Bax, FGF-2, fibrinogen-growth-factor-receptor (FGFR)) were considered the best predictors for oncologic outcomes in a population with SCC where 80.8% presented UGS (44). Furthermore, a study performed in Sudan by Hassan et al. (2013) reported that the expression of Cox2 and Nitric oxide synthase (iNOS) could differentiate schistosomal from non-schistosomal BC, since both markers were highly expressed in patients with BSSCC (45). Nevertheless, these results were not entirely in agreement with another study that showed FGF-2 as the best predictor biomarker for disease outcomes in SCC. Its expression varied significantly according to tumor grade, presence of metastasis and lymphovascular invasion, but not with the presence of UGS (46). Additionally, the overexpression of FGR2 was positively correlated with higher expression of PD-L1 (47).

Were proposed several biomarkers to predict ICB therapy response. NOTCH homolog-4 (NOTCH4) has been correlated with a better response in several carcinomas including BUC (48). A recent study addressed FGFR3 mutations also as possible biomarkers for ICB therapy response. The study included BUC with variant histologies and reported that this marker was not correlated with PD-L1 expression or with pathological response to therapy (49). On the other hand, EFGR expression in bladder tissue has been correlated with squamous differentiation and predicted disease hyper-response after ICB treatment in patients with BUC (50).

Thus, the need of molecular biomarkers to differentiate BUC into molecular subtypes was highlighted given its importance and impact in ICB therapy outcomes. It is known that basal-like sub-types expressing higher levels of the cytokeratin’s CK5/6, CK14 and CD44 are associated with worse disease outcome (51). A study by Al-Sharaky et al. (2020) evaluated the expression of CK5, CK14 and CK20 in BUC and after stratification reported that CK5 was significantly associated S. haematobium infection in 81.1% of the cases. The sub-group CK5+/CK20- (basal) was only comprised by patients with SCC and schistosomiasis (52). Schistosomiasis was evaluated by microscopic observation of eggs in the bladder tissue which can temper the overall prevalence found (32.2%). More recently, Serag Eldien et al. (2021) reported a significant association between GATA3 lower expression and S. haematobium infection while CK5/6 expression was only associated with squamous cell differentiation (53). Patients with pSCC were excluded from the study. Nevertheless, S. haematobium infection associated carcinoma carried poor disease outcome (as short Progression Free Survival).



PD-L1 in infections – schistosomiasis case

Infectious pathogens can modulate the host immune system to their benefit. Schistosoma spp are no different since they can polarize naïve-T-cells towards a Th1, Th2, and Treg phenotype depending on the antigen sampled during infection (54).

Studies performed in vitro and murine models reported the involvement of PD-L1 and several cells-subsets in Schistosoma infection-associated immune regulation according to the infectious stage of this parasitosis. Smith et al. (2004) demonstrated that S. mansoni warms can induce anergy in CD4+ and CD8+ T cells in the initial acute stages of infection via selective up-regulation of PD-L1 on the surface of Macrophages (Mϕ) (54). Additionally, the blockage of this ligand restored T-cell activation, thus demonstrating that up-regulated PD-L1 expression in Mϕ induces T-cell hypo-responsiveness granting S. mansoni worms the ability to subvert the immune-host response and to reach the egg-laying stage. Besides Macrophages, Dendritic Cells (DCs) were shown to regulate T- cell response either to Schistosome Egg Antigens (SEA) or towards cercaria via PD-L1 expression up-regulation. Klaver et al. (2015) showed that DCs stimulation with SEA induced the secretion of Transforming-Growth-Factor-beta (TGF- β) and the surface expression of the co-stimulatory molecules PD-L1 and OX40 ligand (OX40L) (55). PD-L1 and TGF-β induction was stimulated both on the mRNA and protein level. Furthermore, it was observed that the LPS-dependent cytokine induction in DCs was not affected by SEA-heat treatment since the expression of TNF-α, IL-6, and IL-12p70 remained impaired (55).

Later, Winkler et al. (2018) demonstrated that PD-L1 expression, along with PD-L2, IL-10, IL-6, and Macrophage-Inflammatory-Protein-1- alfa (MIP-1-α), was up-regulate on Dermal Dendritic Cells (DDCs) and in immature monocyte-derived DCs (moDCs) after infection by S. mansoni cercariae (56). The regulatory ability of extracellular vesicles (EVs), released at the schistosomula stage by S. mansoni, was shown to be driven by surface expression of PD-L1 on moDCs. Also, released EVs induced IL-10 and IL-12 overexpression by moDCs (57).

One knows that the induction of IL-10 in B regulatory cells is associated with immunosuppression during helminth infection (58, 59). Xiao et al. (2020) used murine models percutaneously infected with S. japonicum cercariae to investigate the B-cells profile and its role in CD4+ T-cells regulation, as well as the regulatory role of PD-L1 during infection (60). They observed that, after in vitro stimulation with SEA, B-cells assumed a regulatory phenotype via PD-L1 and CD5 up-regulation. Also, B-1a and Marginal-Zone-B-cells (MZB) percentages decreased, while the expression of IL-10, TGF- β, and INF-γ was up-regulated during acute and chronic infection. Additionally, during acute infection, B-cells could affect cytokine responses of CD4+ T-cells generating fewer effector memory cells and higher expression of Bcl-6. At the same time, PD-L1 expression resulted in a recovery of IL-4 production. It was also previously observed in B6 murine models that the expression of PD-L1 and PD-L2 was up-regulated during schistosome infection. Nevertheless, only PD-L2 was significantly reduced in the TLR-2-/- model (61). This result emphasizes the latter’s role in the expression of PD-L2, such as the possible different immunological roles of PD-L1 and PD-L2.

A more recent study by Zhang et al. (2021) showed that Myeloid-Derived-Suppressor-Cells (MDSC) in S. japonicum infected murine models were able to regulate the T-follicular -helper cells (Tfh-cells) proliferation via PD-1/PD-L1 axis (62). The authors reported that SEA and SWA could induce the generation of Tfh-cells in which the PD-1 expression rises along with PD-L1 in MDSC.

The host-immune response towards S. haematobium eggs was also addressed in murine models. Bladder-wall egg injection replicated the immune-host response closely related to the human counterpart, including the Th2-biased response, the inflammatory granulomatous environment, fibrosis, egg excretion, and urinary tract morbidity. It was observed in murine models percutaneously infected with cercaria or/and bladder-wall injection an elevation of Th2-cytokines (IL-4, IL-13, and IL-5) at granuloma formation. The systemic profile revealed the same type of response (6). The only bladder cytokine affected by cercaria exposure was leptin (63).

Furthermore, IL-4 and IL-4R were associated with bladder pathogenesis and carcinogenesis in urogenital schistosomiasis (64). The correlation between schistosome antigens and BC was assessed. It was observed that higher antigen densities were correlated with squamous differentiation and with disease aggressiveness (65). Though, the PD-L1 expression wasn’t evaluated.



PD-L1 expression in Bladder Squamous Cell Carcinoma – a brief overview

A PubMed search with the terms “urothelial carcinoma” AND “PD-L1” retrieved 587 results, while a search using the words “bladder squamous cell carcinoma AND PD-L1” retrieved 41 results. In the latter, only 4 matched the citation. The searches comprised results published between 2006 and 2016, respectively. The difference between results mirrors the lack of studies focused on PD-L1 expression on BC with squamous differentiation. Nevertheless, the number of publications increased within the last six years. The same string including the term “Schistosomiasis” retrieved one result. Most of the studies evaluated the inter-relationship between clinical-pathological features, the carcinoma subtype, and the expression of PD-L1 assessed by IHC (Table 1). The presence of S. haematobium was not evaluated possibly due to the study populations not being from endemic regions or to the retrospective design (Table 1). The only study that included urogenital schistosomiasis was performed in an Egyptian population (69). The PD-L1 expression was evaluated in tumor-micro-arrays (TMA) in a population with pSCC, from which 81.2% had a clinical indication of schistosomiasis. The positivity assessment relied on both immune cells (ICs) and tumour cells (TCs) scores (cut-off of >1%). Only the TCs score showed positivity. A cut-off of 5% was also performed with no positive results. The overall positive PD-L1 expression was 66.9% and the negative PD-L1 expression in the tumor was significantly associated with disease recurrence and cancer-specific mortality after adjusting for pathologic tumor stage, grade, lymph node involvement, and lymphovascular invasion. None of the established companion markers of ICB therapy outcome or staining platforms were used. It wasn’t stated how or when Schistosomiasis was diagnosed since the presence of eggs wasn’t reported.


Table 1 | Summary of most pertinent publications were PD-L1 expression was addressed by IHC accordingly Squamous differentiation.




Pichler et al. (2017) evaluated the PD-L1 expression as a biomarker for disease outcome in patients with bladder carcinoma (BC) recurrence (66). A high PD-L1 expression in tumor cells (TCs) was associated with worse disease outcomes and was significantly higher in patients with variant histologies (46.2% vs. 20%), though pure or schistosomal-associated squamous-differentiation were not studied. Several molecular characteristics are associated with rare histologies, namely the frequency of biomarkers related to immunotherapy benefits, such as Tumor-Mutational-Burden (TMB), Microsatellite Instability (MSI), PD-L1 gene amplification, and IHC staining of the latter (75). Udager et al. (2018) explored the PD-L1 expression in a cohort of primary pure BSCCs and reported positive staining of 64.7% (68). There were no differences in the clinical-pathological features in this study amongst PD-L1 positive and negative samples. However, the association of PD-L1 expression with basal-like molecular subtypes was established. Also, cyclin-dependent-kinase-inhibitor-2A (CDKN2A) alteration was significantly higher in PD-L1-positive tumors. This was in concordance with Kim et al. (2020) that reported a PD-L1 high positivity strongly correlated with the Basal-Squamous-Like (BASQ) subtype irrespective of antibodies clones used (51).

Necchi et al. (2020) demonstrated that up to 5% and 1% of cases of pSCC and BUC, respectively, featured PD-L1 amplification (76). Remarkably, were no significative differences between these two carcinoma subtypes regarding PD-L1 staining since 2/3 of each study group showed positivity in TCs score and Tumor-Infiltrating-lymphocytes (TILs). Liu et al. (2020) evaluated disease outcomes and progression parameters against PD-L1 expression in non-schistosomal SCC pure and mixed (71). They reported an overall PD-L1 positive staining of 61.2%. The positive PD-L1 TCs score was associated with higher TILs density, independently of tumor histopathologic features and staging. The positivity was also associated with higher Progression-Free-Survival (PFS) and Overall Survival (OS). PD-L1 expression with higher TILs were independent protective factors affecting survival and PFS rate. Gordetsky et al. (2021) stated otherwise since squamous differentiation, in the mix and pure histologies, was associated with worse OS and Cancer-Specific Survival (CSS) and higher PD-L1 expression in TCs was a predictor for worse CSS in pSCC. In the IHC staining the authors used three clinically available antibodies. The positivity score varied accordingly histological subtype being higher in pSCC (73). These conclusions agree with a study performed by Lee et al. (2021). Nevertheless, PD-L1 expression was determined in tumor-infiltrating immune cells (ICs). The overall PD-L1 positivity of 59.4% was closely related to disease aggressiveness and shorter PFS. Furthermore, 53.8% of patients with Mixed BUC presented positive staining though there were no statistically significant differences between histological subtypes (74).

Reis et al. (2019) also assessed the expression of PD-L1 in BC patients with predominant or pure variant histologies using 3 of the antibodies clones available as companion markers for prognosis of ICB (cut-off value of 1 and 5%) and a combined positive score (CPS > 10%) (25). Amongst all of the divergent histologies evaluated, SCCs presented the highest positive score both for TCs and ICs for all the criteria established, though, as seen in Udager et al. (2019), the PD-L1 expression was higher in TCs from the periphery/invasive front of the tumor (68). Nonetheless, the TMB wasn’t determine since the basal molecular subtype is enriched with squamous differentiation. Instead, the authors assessed PD-L1 expression in TCs and ICs since these are the accepted host factors associated with ICB therapy’s improved outcome. A previous study, also using different established clones for PD-L1 IHC staining, and their established scores, reported that higher-grade tumors showed higher positivity for PD-L1, and SCC demonstrated PD-L1 positivity more frequently than BUC when using one of the clones (67). Nevertheless, the OS, according to histological subtype, wasn’t assessed.

A French and Bulgarian cohort study also demonstrated that PD-L1 positive expression was associated with higher tumor grade and stage. A higher CPS in BUC with squamous differentiation (72). Other studies addressed the PD-L1 expression in pSCC, demonstrating that overall, pSCC presented a higher PD-L1 expression when compared with tumors with mixed histology. Still, the difference wasn’t statistically significative. It was clear an inter-assay heterogeneity since both ICs and TCs scores varied accordingly to the Antibodies used (70). No comparative analyses were performed regarding pBUC.

Recently, the expression of sPD-L1 as a prognosis marker was examined in the scope of BC and correlated with disease aggressiveness and ICB therapy outcomes (77, 78). Vikerfors et al. (2021) evaluated sPD-L1 expression both in urine and serum of BC patients, from which 9.1% presented squamous-cell features (79). The serum levels weren’t significantly different between cases and controls. However, after stratification accordingly, disease aggressiveness, the levels diverged. On the other hand, urinary levels were significantly higher in cases compared to controls. Both were associated with disease aggressiveness, such as metastasis presence. Tosev et al. (2021) reported the same (34). However, the authors didn’t study the PD-L1 expression according to the histological subtype.



Discussion – controversies, challenges, and roads to take

The high expression of PD-L1 is mainly associated with disease aggressiveness in several carcinomas, including BC with squamous differentiation (Figure 1). This histological subtype was also proposed as a biomarker for ICB-therapy outcomes and disease hyper-progression (50). PD-L1 expression assessment by IHC predicts disease outcomes and ICB therapy success (26). Nevertheless, despite its availability and cost-effectiveness, there are still pitfalls associated with the inter-assay heterogeneity due to different antibodies and staining platforms as well as different locations where PD-L1 is stained (TCs or ICs) (80). The biopsy can also be a factor for biased results, and challenging staining standardization since the tissue collected can be scarce, leading to misclassification (81). Furthermore, the antibodies available for the staining may not react to all PD-L1 isoforms (25).




Figure 1 | Overall key-points regarding PD-L1 expression in Non-Schistosomal and Schistosomal-Squamous-Cell-Carcinoma.



The only study that addressed bladder schistosomal SCC didn’t use companion antibody clones and presented an unattainable ICs score (69). The authors performed the staining in TMA, which can temper the results given the shortness of tissue sampled. In this regard, further studies are needed since the expression of PD-L1 can be dynamic, as seen in studies that reported divergent expressions or weak correlations between mPD-L1 and sPD-L1 (77, 78). It was shown that mPD-L1 expression correlated with the expression of metalloproteinases in both tissue and serum (77, 82). Krafft et al. (2021) showed a positive correlation between serum MMP-7 and sPD-L1 in patients with BUC, while Pichler et al. (2021) demonstrated an inverse correlation between mPD-L1 and ADAM17 bladder tissue expression (77, 82).

The quantification of sPD-L1 has been associated with disease severity and worse prognosis in several carcinomas (81, 83–85); nevertheless, the studies remain scarce in BC. Urinary sPD-L1 in BC has been associated with disease aggressiveness and treatment outcomes, yet its expression, despite proper, may need further evaluation, namely, to assess the contribution of ICs (34). sPD-L1 can be of great value as a non-invasive form of disease assessment and diagnosis along with other immune mediators, especially in resource-limited settings where S. haematobium infection is endemic.

A study by Tetteh-Quarcoo et al. (2019) approached the early correlation between S. haematobium infection and carcinogenesis development via urinary cytological and wet-mount microscopic analysis. They observed several abnormalities, such as squamous cell metaplasia, inflammatory cells, and hyper-keratinosis, which may lead to a severe form of the disease, such as bladder cancer (86). Later, they showed that Praziquantel intake reduced those abnormalities (87). None of the studies investigated the host-immune response. Nevertheless, other studies reported that several cytokines are associated with S. haematobium-induced morbidity, namely TNF-α, IL-10, and IL-6 (88–90). Njaanake et al. (2014) reported a correlation between urinary levels of IL-6 with hematuria, heavy infection, and urinary tract pathology evaluated by ultrasonography (89). Interleukin-6 was associated with BC’s poor prognosis. An in vitro and in vivo study reported a correlation of urinary IL-6 with CD44+ expression in MIBC patients’ bladder tissue. Also, CD44+-cells expressed higher levels of PD-L1, which corroborates the role of this pleiotropic cytokine in invasiveness and immune suppression. The abrogation of IL-6 impaired CD44 expression and PD-L1 (91). Korac-Prlica et al. (2020) further referred to the importance of the combinatory immunotherapy approach since carcinogenesis, namely the progression to invasion and squamous differentiation, was impaired by the inhibition of the IL6/STAT3 pathway. Additionally, that fact sensitized BC to anti-PD-L1 immune therapy in an animal model with chemically induced MIBC (92).

In conclusion, the available data shows a correlation between Squamous-Cell differentiation and PD-L1 expression since in carcinomas with such differentiation it is higher. It is known that BUC presents a low PD-L1 (20-30%) expression when compared to other solid tumors (25). The PD-L1 expression reported in BSCC associated with Schistosomiasis was 66.8% which may render it as a plausible target for ICB. Nevertheless, further studies are needed taking into consideration the established criteria for ICB therapy. Furthermore, assess the correlation, role, and utility of cytokines and PD-L1 as disease and prognosis biomarkers, may be pertinent to better understand S. haematobium-associated-carcinogenesis, evaluate the benefit of ICB-combinatory-therapy, and overcome resistance and pernicious side-effects.
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Schistosomes undergo complicated migration in final hosts during infection, associated with differential immune responses. It has been shown that CD4+ T cells play critical roles in response to Schistosoma infections and accumulated documents have indicated that miRNAs tightly regulate T cell activity. However, miRNA profiles in host T cells associated with Schistosoma infection remain poorly characterized. Therefore, we undertook the study and systematically characterized T cell miRNA profiles from the livers and blood of S. japonicum infected C57BL/6J mice at 14- and 21-days post-infection. We observed 508 and 504 miRNAs, in which 264 miRNAs were co-detected in T cells isolated from blood and livers, respectively. The comparative analysis of T cell miRNAs from uninfected and infected C57BL/6J mice blood showed that miR-486b-5p/3p expression was significantly downregulated and linked to various T cell immune responses and miR-375-5p was highly upregulated, associated with Wnt signaling and pluripotency, Delta notch signaling pathways, etc. Whereas hepatic T cells showed miR-466b-3p, miR-486b-3p, miR-1969, and miR-375 were differentially expressed compared to the uninfected control. The different expressions of some miRNAs were further corroborated in isolated T cells from mice and in vitro cultured EL-4 cells treated with S. japonicum worm antigens by RT-qPCR and similar results were found. In addition, bioinformatics analysis combined with RT-qPCR validation of selected targets associated with the immune system and parasite-caused infectious disease showed a significant increase in the expression of Ctla4, Atg5, Hgf, Vcl and Arpc4 and a decreased expression of Fermt3, Pik3r1, Myd88, Nfkbie, Ppp1r12a, Ppp3r1, Nfyb, Atg12, Ube2n, Tyrobp, Cxcr4 and Tollip. Overall, these results unveil the comprehensive repertoire of T cell miRNAs during S. japonicum infection, suggesting that the circulatory (blood) and liver systems have distinct miRNAs landscapes that may be important for regulating T cell immune response. Altogether, our findings indicated a dynamic expression pattern of T cell miRNAs during the hepatic stages of S. japonicum infection.
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Introduction

Schistosoma has a complex life cycle and needs different hosts (intermediate host and definitive host) to complete its life cycle. It has fascinating migratory nature starting from the infection site of the skin epidermis to blood vessels, then through the heart and lungs to the vasculature of the livers (1). During the migratory process, significant morphological changes and worm developments are associated with parasites (2). Ultimately, the parasites can develop into adult worms and then survive within the venous system of the definitive mammalian hosts for many years (3). The circulatory system is accumulated by various immune defenses, including immune cells, phagocytes, complement proteins, and antibodies. The adult schistosomes are shown to adopt several strategies, from coating their outer tegument with antigens from the hosts to secreting excretory-secretory products and extracellular vesicles to modulate the host immune response in its favor (4).

Livers are known as immune-permissive organs with unique anatomy, which contain various immunocompetent cells such as dendritic cells, Kupffer cells (KCs), natural killer (NK) cells, natural killer T cells, regulatory T cells, etc. (5, 6). Schistosomes have complicated migration in final hosts. Upon cercaria penetrating the skin epidermis, juvenile schistosomula are transformed and then reaches the dermal blood vessels. Then schistosomula reach the lungs and S. japonicum schistosomula found in lungs at day 2 and peaks at 3 days post-infection. Subsequently, S. japonicum schistosomula usually migrate into the liver 3 days post-infection and take 8-10 days for them to grow up and develop in the livers. Then, parasites begin to lodge in the portal and mesenteric veins at 11 days post infection. The early phase of S. japonicum living in the hepatic portal vein is essential to find a mate and pairing and complete maturation as well as flow to reach the egg laying sites (2, 7). The majority of studies focused on S. japonicum eggs induced immune response and liver pathology in final hosts (8), however, early stages of hepatic progression and related host immune response, which is critical for parasite development and maturation, remains poorly characterization. Consequently, it is necessary to determine how S. japonicum infection induces host immune response at early hepatic schistosomula stages, which may help to further reveal the relationship between schistosomula modulating host immune response and parasite development.

T helper cells have a crucial role in shaping the immune responses during schistosomiasis (9). During the early phase of infection, cercaria initiates a Th1 immune response, characterized by increased pro-inflammatory cytokines, including TNF-α and IFN-γ, IL-1, and IL-6 (10). When worms develop into adults and lay eggs, however, the Th2 immune response is triggered by their soluble egg antigen (11, 12). The Th2 immune response plays a critical role in the pathogenesis of schistosomiasis (13). Previous studies have suggested that Th17/IL-17 exacerbates egg-induced liver pathology and treatment with anti-IL-17 antibodies remarkably inhibits hepatic granulomatous inflammation (14). Then, Treg cells are recruited in the liver to hepatic granulomas and exert an immunosuppressive role to limit granulomatous inflammation and fibrosis (15, 16). Moreover, recent studies showed that Tfh and Th9 cells potentially promote liver granulomas and fibrogenesis in S. japonicum infected murine model of schistosomiasis (17, 18). Overall, these studies suggested that T cell subsets undergo complex crosstalk with antigen-presenting cells that regulate the pathological progression of schistosomiasis (19).

MicroRNAs (miRNAs) are endogenous small non-coding RNAs that regulate various biological processes, including proliferation, development, differentiation, and cell death, etc. (20). In the murine liver, some miRNAs such as miR-146b and miR-155 are dysregulated during the mid-phase of schistosome infection, indicating they are potentially involved in the modulation of hepatic inflammation (21, 22). Additionally, some studies have suggested that specific miRNAs can regulate T-cell activation, proliferation, and development by targeting prime transcription factors, signaling molecules, and cytokines (23, 24). For instance, the ablation of mature miRNAs at the early thymocyte developmental stage leads to the developmental arrest and a consequent peripheral mature alpha-beta T and invariant natural killer T (iNKT) cell pool (25–28). Furthermore, the enhanced expressions of miR-146b and miR-155 may induce the recruitment of lymphocytes (B and T lymphocytes) in response to antigens secreted by eggs (29, 30). Besides, the miRNA expression profile of thymic T cells at each developmental stage shows a unique pattern of expression (31). Overall, these studies suggested that miRNAs can regulate T cells differentiation and functions. However, the detailed repertoire of T cell miRNAs has not been explored yet during Schistosoma infection particularly for early stage. Understanding of mechanisms of miRNAs mediated T cell immune response during S. japonicum infection may help to develop effective strategies against schistosomiasis.

Here, we reported the comprehensive repertoire of T cell miRNA profiles from blood and livers of C57BL/6J mice during S. japonicum infection at 14 dpi and 21 dpi using fluorescence-activated cell sorting (FACs) combined with deep sequencing. In comparison to uninfected control, we identified several miRNAs that are differentially and enriched explicitly in T cells of S. japonicum-infected mice. The results indicated the dynamic expression profiles of T cell miRNAs in blood and livers, exhibiting unique regulatory signatures during S. japonicum infection at early hepatic schistosomula stages (14 dpi and 21 dpi).



Materials and methods


Establishment of schistosomiasis mice model

Male C57BL/6J mice (6–8 weeks old) were procured from Shanghai SLAC Laboratory of Animal Co., Ltd, (Shanghai, China). All animals were housed under standard experimental conditions. All animal experiment protocols were approved by the Animal Management Committee and the Animal Care and Use Committee of the Shanghai Science and Technology Commission of the Shanghai Municipal government for Shanghai Veterinary Research Institute, Chinese Academy of Agriculture Sciences, China (Permit No. SHVRI-SZ-20200720-03). The life cycle of S. japonicum (Anhui isolate) was maintained in male mice and the intermediate snail host Oncomelania hupensis (Center of National Institute of Parasitic Disease, Chinese Center for Disease Control and Prevention, Shanghai, China). The mice were challenged with 50 ± 2 S. japonicum cercariae via abdominal skin.



Purification of T cells from peripheral blood and liver

A total of two biological replicates were used for each group (the sample for each biological replicate is pooled from 10 mice, n = 10). At 14- and 21-days post-infection (dpi), blood samples were collected from S. japonicum infected mice in anticoagulant blood collection tubes (BD Biosciences, Mountain View, CA, USA). Similarly, blood samples of uninfected mice were collected as a control. The whole blood was diluted with PBS and overlaid on top of the Ficoll (1.084). Then centrifuge at 400 × g for 30-40 min at room temperature, during the centrifugation, granulocytes, platelets and red blood cell (RBC) pellet to the bottom of the tube and the peripheral blood mononuclear cells (PBMCs) float over the Ficoll-plasma interface layer. After collection, PBMCs were washed with PBS at 300 × g at 4°C twice. Then PBMCs were lysed using RBC lysis buffer (Biolegend, San Diego, USA) and the remaining cells were pelleted and resuspended in 200 μL of wash solution. The fluorochrome-conjugated antibodies against mouse (BV510, Fixable Viability Stain 510, BD Biosciences, Mountain View, USA), CD45, CD45R (B220), CD3e, CD4 and CD8a (eBioscience™, Frankfurt, Germany) with the dilutions as suggested by manufacturer was used to stain immune cells and then cells were sorted using a BD FACsAria II system (BD Biosciences, Mountain View, USA). Firstly, we sorted the live cells by gating BV510 positive cells and then interrogated for surface CD45 expression to sort leukocytes. Later T and B cells were sorted using CD3e and B220 antibodies. Then the CD3e positive population was gated using CD4 and CD8a antibodies to sort T cells. The flow cytometry data were analysed using FlowJo (v10.6.2).

For isolating liver T cells, both infected and uninfected mice were anesthetized, and livers were perfused with RPMI-1640 (Invitrogen, USA) at indicated days of post infection (dpi). The livers were thoroughly washed, minced into small pieces with surgical scissors, and forced through a 70 µm cell strainer (Falcon) using a sterile syringe plunger. The obtained preparation was suspended in 50 mL RPMI-1640 medium and centrifuged for 5 min at 700 × g at 4°C. Then, the pellet was resuspended with 30 mL of 40% Percoll (GE Healthcare, Boston, USA), recentrifuged for 20 min at 900 × g at 4°C with the off-brake setting twice. The resultant sediments were resuspended in RPMI-1640 and filtered through a 40 µm cell strainer (Falcon). The pellet was resuspended again in 2 mL of RBC lysis buffer (Biolegend, San Diego, USA), incubated for 5 min, then centrifuged for 5 min at 500 × g at 4°C. Finally, the pellet obtained was resuspended in 1 mL PBS and the antibodies used in above sections were added with same dilutions and incubated for 30 min at 4°C. After staining, cells were washed with PBS containing 0.04% BSA at 500 × g for 5 min at 4°C. The collected cells were resuspended and sorted by flow cytometry as described for T cell purification. The information of antibodies used are listed and provided in Supplementary Table 1.



RNA preparation, sequencing and data analysis

Total RNAs were extracted from sorted peripheral blood T cells and liver T cells (14 dpi, 21 dpi and uninfected control) using a miRNeasy Mini Kit (QIAGEN, Germany). RNA quality was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies). Small RNAs in the 18-30 nt fraction were extracted from denaturing 15% polyacrylamide gels and used for library preparation using the TruSeq® Small RNA Library Preparation Kit (Illumina, CA, USA). Twelve resulting small-RNA libraries were subjected to Illumina 50 bp single-end sequencing by Illumina HiSeq™ 2500 sequencing at BGI (The Beijing Genomics Institute). Following sequencing, raw reads were cleaned by removing adapter sequences, reads containing poly-N, low-quality reads, and oligonucleotides with length >32 or <18 nt. The remaining sequences were mapped to the reference genome and another small RNA database, including miRbase, siRNA, piRNA, and snoRNA with Bowtie (32). The covariance models (cm) search was mainly performed for Rfam mapping (33). The software miRDeep2 (34) was used to predict novel miRNA by exploring the secondary structure. The small RNA expression level is calculated by counting absolute numbers of molecules using unique molecular identifiers (35). Differential expression analysis was performed using the DEGseq (36), Q value ≤ 0.05, and the absolute value of Log2Ratio ≥ 1 as the default threshold to judge the significance of expression difference. RNAhybrid (37), miRanda (38) and TargetScan (39) were used to predict the target genes of miRNAs. To annotate gene functions, the target genes were aligned against the Kyoto Encyclopedia of Genes (KEGG) and Gene Ontology (GO) database (40, 41). GO enrichment analysis and KEGG enrichment analysis of target genes were performed using phyper, a function of R. The P-value was corrected using the Bonferroni method (42), and a corrected P-value ≤ 0.05 was taken as a threshold. GO terms or KEGG terms fulfilling this condition were significantly enriched terms.



Preparation of S. japonicum soluble antigen and stimulation of isolated T cells and EL-4 cells

Freshly perfused S. japonicum were thoroughly washed in PBS (pH 7.4). PBS solution containing protease and phosphatase inhibitor (Thermo Fisher Scientific Corp., MA, USA) was added and the mixture was homogenized for 30 min on ice and the homogenate was sonicated for 30 min. Then centrifuged at 16,000 x g for 30 min and the supernatant was used for S. japonicum soluble worm antigen (SWA). Protein concentration was measured by standard Bradford protein assay (Beyotime Biotechnology, China) using bovine serum albumin as standard. T cells were isolated from blood and liver of C57BL/6J mice using CD90.2+ MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) following manufacturers protocol. Isolated cells were cultured RPMI 1640 medium containing 10% fetal bovine serum and 1% penicillin-streptomycin solution, Then, the cells were treated with S. japonicum soluble antigen (15 µg/mL) or PBS (control) for 36 h and total RNA was isolated and RT-qPCR was performed to assess the miRNA expression. Similarly, EL-4 cells were treated with S. japonicum soluble antigen or PBS (control) and RT-qPCR was carried out to assess selected miRNA expression.



MiRNA and its target gene expression validation by RT-qPCR

A real-time quantitative reverse transcription-polymerase chain reaction (RT-qPCR) was performed to confirm miRNA expressions and the target gene expressions in isolated T cells. Briefly, total RNA was extracted using Trizol (Thermo Fisher Scientific) and reversed transcribed using the miScript II RT Kit (QIAGEN, Hilden, Germany). The miRNA expression was determined using the reverse primer given in the miScript SYBR Green PCR Kit (QIAGEN). For the expressions of target genes, the real-time PCR was performed using the following thermal cycling program: 95°C for 5 min, 40 cycles at 95°C for 10 s, 57°C for 20 s, and 72°C for 36 s. U6 (a type of small nuclear RNA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as the internal controls. The fold change was calculated using the 2−ΔCT method (43). All the primer sequences are provided in Supplementary Tables 2, 3.



MiRNA target pathway network building

To build a murine miRNA target network, we used the online tool miRTargetLink 2.0 (https://www.ccb.uni-saarland.de/mirtargetlink2) to build the miRNA target network (44). The strongly validated targets with pathways were included to build and visualize the network of several most significantly differentially expressed miRNAs such as miR-486b-5p, miR-375-5p, miR-1969, miR-486b-3p, etc.



Statistical analyses

The RT-qPCR results were expressed as mean ± SEM from representative triplicate experiments. The comparison among uninfected vs 14 dpi and 21 dpi were analyzed using one-way ANOVA and comparative analysis between two groups were analyzed using Student’s T-test. The results at P ≤ 0.05 were considered statistically significant.




Results


Experimental design and data output

T cells were isolated from murine peripheral blood and liver tissues using flow cytometry (the details of workflow and T cell sorting were shown in Figure 1A and Supplementary Figures 1A, B). The average of live T cells isolated from murine blood were 85.2%, 99.4% and 97.4% at 14 dpi, 21 dpi and uninfected mice, respectively. Similarly, there were 94.4%, 99.6% and 93.95% of average live T cells isolated from livers at 14 dpi, 21 dpi and uninfected mice, respectively (Supplementary Figures 1C, D). In addition, we observed the average of live CD4+ T cells (66.15%, 50.3% and 66.15% for blood; 74.1%, 60.9% and 57.95% for liver) and CD8a+ T cells (25.7%, 22.75% and 26.3% for blood; 10.15%, 20.25% and 15.8% for liver) at 14 dpi, 21 dpi and uninfected mice (Supplementary Figures 1E, F). Then, the isolated T cells were subject to RNA isolation for RNA-Seq analyses. Details output data of RNA-seq for each library given in Supplementary Data Sheets 1, 2. The average number of obtained clean reads for T cells isolated from blood were approximately 25.92, 29.51 and 28.12 million and were approximately 33.50, 30.95 and 30.78 million for T cells isolated from liver at 14 dpi, 21 dpi and uninfected mice, respectively (Supplementary Data Sheet 1). The average percentages of the total mapping clean reads were 87.315%, 91.21% and 92.98% for blood T cells at 14 dpi, 21 dpi and uninfected mice and were 86.465%, 85.18% and 89.28% for liver T cells in corresponding groups, respectively (Supplementary Data Sheet 2). The classifications and distributions of small RNAs for each sample given in Supplementary Figures 2A, B. The results showed that most reads are related to intergenic regions followed by unmapped, hairpin, mature, rRNA, tRNA and precursor and others. To determine the cluster of miRNA expression profiles among different samples (blood and liver) for different groups (14 dpi, 21 dpi and uninfected mice), Pearson correlation analysis was performed. The correlation heat map showed that infected and uninfected had distinct clusters based on the miRNA expression profiles (Figures 1B, C). All samples were subjected to principal component analysis (PCA) to assess variations. The results indicated that each T cell sample isolated from different stages (14 dpi, 21 dpi and uninfected control) or organs (blood and liver) is close together, in contrast, a higher dispersion of samples between blood and liver at different stages or organs was observed (Figure 1D).




Figure 1 | T cell isolation and RNA seq analyses. (A) Schematic workflow for T cell isolation at different stages of S. japonicum infected mice and uninfected mice; (B, C) Heatmap of Pearson correlations of T cell miRNA expressions among different samples from blood (B) and liver (C) at different stages of S. japonicum infected mice and uninfected mice. Colors in the heat map indicate the Pearson correlation coefficient among different samples, lighter color indicated higher correlation; (D) PCA analyses of T cell samples isolated from blood and liver of S. japonicum infected mice at 14 dpi and 21 dpi and uninfected mice.





MiRNA profiles of T cells from blood of S. japonicum infected mice

A total of 508 miRNAs was detected in T cells isolated from blood in S. japonicum infected at 14 dpi, 21 dpi and uninfected mice, respectively (Figure 2A). Meanwhile, we observed 264 co-detected miRNAs, out of which 50 miRNAs exhibited increased expressions and 81 miRNAs showed decreased expressions compared to the T cells from uninfected control (Supplementary Figures 2C, D). In detail, 60 miRNAs were specifically detected in T cells from uninfected control and 21 dpi, whereas 35 miRNAs were specifically detected from 14 dpi (Figure 2A). The differentially expressed miRNAs between two groups (uninfected vs 14 dpi: 12 decreased and 12 increased; uninfected vs 21 dpi: 15 decreased and 16 increased) showed the co-detected and specific miRNAs (Figure 2B; Supplementary Datasheet 3), among them, we noted 14 co-detected miRNAs (mark in green) and two novel miRNAs (novel-miR-365-5p and novel-miR-243-3p, mark in blue) at 14 and 21 dpi (Supplementary Figures 3A, B). The heatmap of co-detected miRNAs revealed 14 differentially expressed miRNAs (7 increased and 7 decreased) in blood T cells among 14 and 21 dpi (Figure 2C). Volcano plot analysis indicated that the expressions of miR-486b-5p/3p and miR-669o-3p were decreased in blood T cells of mice infected with S. japonicum (14 dpi and 21 dpi), and in contrast, miR-375-5p, miR-138-5p, and miR-204-5p were upregulated (Figure 2D). We further wanted to know whether there are any specific miRNA expression profiles between 14 dpi and 21 dpi, and the results showed significant downregulation of miR-122-5p, whereas upregulation of miR-669a-5p, miR-449a-5p, miR-301a-5p, miR-149-5p, and miR-466c-3p (Figure 2D). These results indicated that T cell miRNAs altered their expressions at blood of mice during different stages of S. japonicum infection.




Figure 2 | Blood T cell miRNA profiles, expression validation and prediction of molecular functions of their targets. (A) Venn diagram showing total and co-detected blood T cell miRNAs among uninfected, 14 dpi and 21 dpi groups (the number indicates the common or specific miRNAs identified in different groups); (B) Venn diagram showing codetected and specific blood T cell miRNAs between two groups (uninfected vs 14 dpi and uninfected vs 21 dpi); (C) Heatmap showing differentially expressed blood T cell miRNAs co-detected between two groups (uninfected vs. 14 dpi and uninfected vs. 21 dpi); (D) Volcano plot showing differentially expressed blood T cell miRNAs for different comparative analyses (uninfected control vs 14 dpi; uninfected control vs 21 dpi; 14 dpi vs 21 dpi). Green dot indicates downregulated miRNAs, red dot indicates upregulated miRNAs and grey dot indicates no significantly expressed miRNAs; (E) Validation of increased and decreased expressions of miRNAs of blood T cells by RT-qPCR. Data illustrate representative results and show the mean and standard error mean from an experiment carried out in triplicate. Statistical analysis was performed comparing uninfected vs 14 dpi or 21 dpi using one-way ANOVA and * denotes P ≤ 0.05, ** denotes P ≤ 0.01, *** denotes P ≤ 0.001, **** denotes P ≤ 0.0001 and ns denotes non-significant; (F–H) GO enrichment analyses of molecular functions of targets for differently expressed miRNAs (Uninfected vs 14 dpi (F); Uninfected vs 21 dpi (G); 14 dpi vs 21 dpi (H) in blood T cells). The results showing 20 most significantly enrichment functions of targets for differentially expressed miRNAs.



Subsequently, we validated the expressions of several miRNAs using RT-qPCR and found that the majority of selected miRNAs (75%) showed consistent expressions with RNA-seq results. As shown in Figure 2E, we observed that miR-99a-5p expression was significantly increased in T cells of blood from 14 dpi and 21 dpi infected mice compared with uninfected control, whereas miR-142a-3p, miR-486a-5p, miR-486b-5p, miR-378a-5p, miR-16-5p, and miR-30d-5p were decreased. These results were consistent with RNA-Seq data. In addition, analysis of the isolated blood T cells treated with SWA indicated the decreased expressions of miR-181c-5p, miR-29a-3p, miR-16-5p, miR-30d-5p, miR-142a-3p, miR-151-5p, miR-378a-5p and miR-486b-5p as compared with that of control (Supplementary Figure 4A). Similar results were also noted in EL-4 T cell treated with SWA (Supplementary Figure 4C). Overall, these results were further corroborated with the differentially expressed miRNAs in blood T cells of S. japonicum infected mice. GO analysis of putative targets of the differentially expressed miRNAs in T cells isolated from blood showed significant enrichment of molecular functions such as protein binding, metal ion binding, nucleotide binding, ATP binding, and DNA binding (Figures 2F–H; Supplementary Datasheet 5). The GO biological processes showed their associations with positive/negative regulation of transcription by RNA polymerase II, multicellular organism development, cell differentiation, etc. (Supplementary Figures 3E–G; Supplementary Datasheet 5).



MiRNA profiles of T cells from the livers of S. japonicum infected mice

Totally, 504 miRNAs were detected in T cells isolated from the livers in S. japonicum infected and uninfected mice, respectively (Figure 3A). Among them, 59 and 85 miRNAs were specifically detected at 21 dpi and uninfected control, respectively, whereas 18 miRNAs were specifically detected at 14 dpi (Figure 3A). We observed 264 co-detected miRNAs, of which 52 and 133 miRNAs were up- and downregulated compared to the uninfected control, respectively (Supplementary Figures 2E, F). Analysis of the differentially expressed miRNAs between two groups (uninfected vs 14 dpi: 3 decreased and 14 increased; uninfected vs 21 dpi: 26 decreased and 26 increased) showed the co-detected and specific miRNAs (Figure 3B; Supplementary Datasheet 3). In addition, seven novel miRNAs (novel-miR-133-3p, novel-miR-120-3p, novel-miR-62-5p, novel-miR-279-3p, novel-miR-389-3p, novel-miR-226-3p, and novel-miR-44-5p, mark in blue) were also shown to differentially express in T cell of liver between S. japonicum infected mice (14 dpi or 21 dpi and uninfected control (Supplementary Figures 3C, D). The heatmap of miRNAs in liver T cells at 14 dpi and 21 dpi showed four co-detected differentially expressed miRNAs (miR-10a-5p, miR-466b-3p, miR-221-3p and miR-18b-5p) (Figure 3C). Volcano plot analysis of differentially expressed miRNAs between uninfected and 14 dpi mice showed the downregulation of miR-466b-3p, novel-miR-120-3p and novel-miR-133-3p, and the upregulation of miR-223-3/5p, miR-1969, miR-7213-5p, miR-7659-5p, novel-miR-62-5p, miR-18b-5p, miR-362-5p, miR-122-5p and miR-6924-5p as well as other 4 miRNAs (Figure 3D). In comparison with uninfected, miRNAs such as miR-486b-3p, miR-181c-5p, miR-669a-5p were downregulated in T cells isolated from 21 dpi murine livers, while miR-375-3p, miR-204-5p, miR-669p-5p, miR-221-3p and others exhibited notable upregulation (Figure 3D). In addition, a panel of miRNAs was found to be differentially expressed in liver T cells between 14 dpi and 21 dpi (Figure 3D). The RT-qPCR validations of selected miRNAs indicated miR-669c-5p, miR-181c-5p, miR-142a-3p/5p, miR-378a-5p, miR-16-5p, and miR-30d-5p exhibited significantly decreased expressions in murine liver T cells at 14 dpi and 21 dpi compared to uninfected control (Figure 3E). The RT-qPCR results of these altered expressions of T cell miRNAs were consistent (80%) with RNA-seq results. Furthermore, isolated T cells from liver treated with SWA showed increased expressions of miR-182-5p, miR-21a-5p and miR-222-3p while decreased expressions of miR-142a-3p, miR-181c-5p, miR-142a-5p, miR-191-5p and miR-467a-5p were observed (Supplementary Figure 4B). Similar results were also noted in EL-4 T cell treated with SWA (Supplementary Figure 4C). Overall, these results were further corroborated with the differentially expressed miRNAs in liver T cells of S. japonicum infected mice. GO enrichment analysis of molecular functions of targets for differentially expressed miRNAs in three groups (uninfected vs 14 dpi; uninfected vs 21 dpi; 14 dpi vs 21 dpi) showed several significant binding functions, including protein binding, metal ion binding, nucleotide binding, ATP binding, DNA binding, etc. (Figures 3F–H; Supplementary Datasheet 6). GO analysis of biological processes of targets for differentially expressed miRNAs in these groups showed their significant enrichment with positive/negative regulation of transcription by RNA polymerase II, multicellular organism development, cell differentiation, etc. (Supplementary Figures 3H-J; Supplementary Datasheet 6). These results suggest that most targets of these differentially expressed miRNAs were associated with binding potentially involved with posttranscriptional gene regulation.




Figure 3 | Liver T cell miRNAs profiles, validation of expressions, and prediction of molecular functions of their targets. (A) Venn diagram showing total and co-detected liver T cell miRNAs among uninfected, 14 dpi and 21 dpi groups (the number indicates the common or specific miRNAs identified in different groups); (B) Venn diagram showing co-detected and specific liver T cell miRNAs between two groups (uninfected vs 14 dpi and uninfected vs 21 dpi); (C) Heatmap showing the expression of differentially expressed liver T cell miRNAs co-detected between two groups (uninfected vs 14 dpi and uninfected vs 21 dpi); (D) Volcano plot showing differentially expressed liver T cell miRNAs for different comparative analyses (uninfected control vs 14 dpi; uninfected control vs 21 dpi; 14 dpi vs 21 dpi). Green dot indicates down regulated miRNAs, red dot indicates upregulated miRNAs and grey dot indicates no significantly expressed miRNAs; (E) Validation of selected increased and decreased expressions of liver T cell miRNAs by RT-qPCR. Data illustrate representative results and show the mean and standard error mean from an experiment carried out in triplicate. Statistical analysis was performed comparing uninfected vs 14 dpi or 21 dpi using one-way ANOVA and * denotes P ≤ 0.05, ** denotes P ≤ 0.01, *** denotes P ≤ 0.001, **** denotes P ≤ 0.0001; (F–H) GO enrichment analyses of molecular functions of targets for differently expressed miRNAs (Uninfected vs 14 dpi (F); Uninfected vs 21 dpi (G); 14 dpi vs 21 dpi (H) in liver T cells). The results showing 20 most significantly enrichment functions of targets for differentially expressed miRNAs.






Figure 4 | Comparative analyses of T cell miRNA expressions between blood and liver at 14 dpi and 21 dpi. (A) Comparison of differentially expressed miRNAs between blood and liver showing co-detected and specific miRNAs at 14 dpi, 21 dpi and uninfected control; (B) Heatmap showing differentially expressed T cell miRNAs between blood and liver at 14 dpi (miRNAs highlighted in blue color are validated by RT-qPCR); (C) RT-qPCR validation of the expressions of selected miRNAs between blood and liver at 14 dpi. Data illustrate representative results and show the mean and standard error mean from an experiment carried out in triplicate. Statistical analysis was performed comparing blood and liver using Student’s T-test and * denotes P ≤ 0.05, ** denotes P ≤ 0.01. (D) Heatmap showing differentially expressed T cell miRNAs between blood vs liver at 21 dpi (miRNAs highlighted in blue color are validated by RT-qPCR); (E) Validation of the expressions of selected miRNAs from blood vs liver at 21 dpi by RT-qPCR; For RT-qPCR, data illustrate representative results and show the mean and standard error mean from an experiment carried out in triplicate. Statistical analysis was performed between S. japonicum infected mice blood and liver isolated T cells at 14 dpi and 21 dpi using Students T test and ** denotes P ≤ 0.01, *** denotes P ≤ 0.001; (F, G) GO analysis of molecular functions of targets for differentially expressed T cell miRNAs between blood and liver at 14 dpi (F) or at 21 dpi (G); (H, I) GO analysis of biological processes of targets for differentially expressed T cell miRNAs between blood and liver at 14 dpi (H) or at 21 dpi (I).





Comparative analysis of differentially expressed miRNAs between blood and liver T cells

Comparative analysis of T cell miRNAs between blood and liver for 14 dpi, 21 dpi and uninfected control indicated 265, 402 and 351 co-detected miRNAs (Supplementary Figures 3K–M). Whereas differentially expressed miRNAs between liver and blood for 14 dpi, 21 dpi and uninfected control, we found 92 miRNAs and observed one co-detected miRNA (miR-669a-5p) (Figure 4A; Supplementary Datasheet 4). We further compared the expression pattern of these differentially expressed miRNAs of T cells between blood and liver at 14 dpi and visualized by heatmaps (Figure 4B). We selected a few miRNAs to validate their expressions between liver and blood of S. japonicum infected mice at 14 dpi. The results indicated a higher expression of miR-223-5p in T cells isolated from the liver compared to the blood T cell at 14 dpi (Figure 4C). In contrast, a significantly decreased expression was observed in miR-375-3p, miR-138-5p and miR-338-3p in liver T cells at 14 dpi (Figure 4C). In addition, the expression pattern of differentially expressed miRNAs between blood and liver T cells at 21 dpi was shown in Figure 4D. Validation of several selected miRNAs by RT-qPCR showed that the expressions of miR-669c-5p, miR-669d-5p, miR-151-3p, and novel-miR-389-3p were significantly increased in blood isolated T cells compared to the liver at 21 dpi (Figure 4E). GO molecular function analysis of enriched terms for targets of differentially expressed miRNAs between blood and livers at 14 dpi and 21 dpi showed these targets were potentially associated with protein binding, metal ion binding, nucleotide binding, ATP binding, DNA binding, etc. (Figures 4F, G; Supplementary Datasheet 7). GO analysis of biological processes showed their targets associated with positive and negative regulation of transcription by RNA polymerase II multicellular organism development, cell differentiation and others in case of blood vs liver T cells at 14 dpi and 21 dpi (Figures 4H, I; Supplementary Datasheet 7). These results suggest that there may be specific functional cues that lead to distinct expression patterns observed between blood and liver isolated T cells.



RT-qPCR analysis of selected miRNA targets at different stages of S. japonicum infection and bioinformatic analysis of regulatory networks

To assess the regulatory roles of T cell miRNAs, we evaluated the expressions of several selected miRNA targets that are predicted to be associated with the KEGG pathways associated immune system and parasite-caused infectious diseases (Figures 5A–D; Supplementary Datasheet 8). We noted several miRNAs targets potentially associated with parasitic infections and T cell immune response during these stages of infection. RT-qPCR analyses of several selected miRNA targets potentially involved in parasitic infections and T cell immune response (Figure 5E) and their corresponding miRNA expressions (Figure 5F) at blood T cells showed a generally negative correlation, suggesting that the miRNAs could regulate their targets at blood T cells during S. japonicum infection. For example, the expressions of targets such as cytotoxic T-lymphocyte-associated protein 4 (Ctla4, a target of downregulated miR-151-5p) and autophagy-related 5 (Atg5) (a target of downregulated miR-181c-5p) were increased in blood T cells at 14 dpi compared to uninfected control while the expressions of miR-151-5p and miR-181c-5p were decreased (Figures 5E, F). Similar results were also observed at liver T cells between the expressions of target genes (Figure 5G) and their corresponding miRNAs (Figure 5H). Similarly, the liver isolated T cells target genes such as hepatocyte growth factor (Hgf, a target of downregulated miR-29-3p), vinculin (Vcl, a target of downregulated miR-467a-5p) and actin-related protein 2/3 complex, subunit 4 (Arpc4, a target of downregulated miR-191-5p) shown increased expression at liver T cell of 21 dpi, whereas the Fermt3 (a target of upregulated miR-122-5p), protein phosphatase 1, regulatory subunit 12A (Ppp1r12a) and nuclear transcription factor-Y beta (Nfyb) (targets of upregulated miR-222-3p), toll interacting protein (Tollip) and protein phosphatase 3 regulatory subunit B, Beta (Ppp3r1) (targets of upregulated miR-182-5p) shown decreased expression in liver T cells following S. japonicum infection (Figures 5G, H). Additionally, several selected differentially expressed miRNAs at 14 dpi or 21 dpi compared to uninfected control (decreased in blood and liver: miR-486b-5p/3p, miR-6924-5p; increased in blood and liver: miR-375-5p and miR-1969) suggested that these miRNAs are related with diverse functions associated with infection. In particular, miR-486b-5p shown decreased expression in S. japonicum infected mice at 14 dpi and 21 dpi compared to uninfected control (Figure 2E) and is putatively associated with adaptive immune response, peptide binding, T cell-mediated immune response, nuclear outer membrane-endoplasmic reticulum membrane network, antigen binding, protein-containing complex binding, peptide antigen binding, endoplasmic reticulum membrane, and others (Figure 5I). Similarly, differentially expressed miRNAs (downregulated: miR-486b-3p, miR-6924-5p; upregulated: miR-1969, miR-375-5p, miR-669a-5p, and miR-138-5p) were shown to be putatively involved in the regulations of apoptosis, Wnt signaling pathway and pluripotency, eicosanoid metabolism via cyclooxygenase (COX), eicosanoid metabolism via lipo oxygenase (LOX) and mitochondrial LC-fatty acid beta-oxidation (Figure 5J).




Figure 5 | KEGG analyses of targets for differentially expressed miRNAs and RT-qPCR analysis of the expressions of target genes. (A–D) KEGG analysis of up- and downregulated miRNA targets (uninfected vs 14 dpi; uninfected vs 21 dpi) in murine blood (A, B) or liver (C, D) associated with human disease and organismal systems in blood and liver. Rectangle indicates selected miRNAs targets associated the pathways of infectious (parasitic) disease and immune system; (E) RT-qPCR analysis of the expressions of target genes for differently expressed miRNAs in blood T cells. The putative targets associated with parasitic disease and immune system were selected for RT-qPCR analysis. Data illustrate representative results and show the mean and standard error mean from an experiment carried out in triplicate. Statistical analysis was performed comparing uninfected vs 14 dpi or 21 dpi using one-way ANOVA and * denotes P ≤ 0.05, ** denotes P ≤ 0.01, *** denotes P ≤ 0.001, **** denotes P ≤ 0.0001 and ns denotes non-significant; (F) RT-qPCR validation of the expressions of several miRNAs in blood T cells that potentially regulate the corresponding targets as shown in (E). Pik3r1 and Nfkbie are the targets of miR-204-5p; Ctla4 is the target of miR-151-5p; Atg5 is the target of miR-181c-5p. Data illustrate representative results and show the mean and standard error mean from an experiment carried out in triplicate. Statistical analysis was performed comparing uninfected vs 14 dpi or 21 dpi using one-way ANOVA and ** denotes P ≤ 0.01, *** denotes P ≤ 0.001 and ns denotes non-significant. (G) RT-qPCR analysis of the expressions of target genes for differently expressed miRNAs in liver T cells. The putative targets associated with parasitic disease and immune system were selected for RT-qPCR analysis. Data illustrate representative results and show the mean and standard error mean from an experiment carried out in triplicate. Statistical analysis was performed comparing uninfected vs 14 dpi or 21 dpi using one-way ANOVA and * denotes P ≤ 0.05, ** denotes P ≤ 0.01, *** denotes P ≤ 0.001, **** denotes P ≤ 0.0001 and ns denotes non-significant; (H) RT-qPCR validation of the expressions of several miRNAs in liver T cells that potentially regulate the corresponding targets as shown in (G). Ppp3r1 and Tollip are the targets of miR-182-5p; Nfyb and Ppp1r12a are the target of miR-222-3p; Arpc4 is the target of miR-191-5p; Fermt3 is the target of miR-122-5p; Vcl is the target of miR-467a-5p; Hgf is a target of miR-29a-3p. Data illustrate representative results and show the mean and standard error mean from an experiment carried out in triplicate. Statistical analysis was performed comparing uninfected vs 14 dpi or 21 dpi using one-way ANOVA and ** denotes P ≤ 0.01, *** denotes P ≤ 0.001 and ns denotes non-significant. (I) miR-486b-5p decreased in blood T cells as shown in Figure 2E potentially regulates many biological processes by interacting with its corresponding targets; (J) Top differentially expressed T cell miRNAs including miR-486b-5p/3p, miR-375-5p, miR-1969, and miR-6924-5p are putatively involved in the regulations of Wnt signaling pathway and pluripotency, Delta-Notch signaling pathway, mitochondrial LC-fatty acid beta-oxidation, eicosanoid metabolism via cyclo oxygenases (COX) and others by interacting with their targets.






Discussion

T cells are one of most important lymphocytes and the main elements of adaptive immunity. The potential role of miRNAs in regulating T cell proliferation, activation, and differentiation has been well discussed (24, 45). However, the expression profiles of host T cell miRNAs during Schistosoma infection are scanty. The liver stages are critical for schistosomula development and schistosome-caused pathology. Schistosoma are blood dwelling flatworms. Blood acts as a pipeline for immune system, carry different immune cells from one place to another and respond according to the types of infections. Most of the studies on schistosomes have carried out on the adult worm infection stages to observed mostly eggs induced immune response. However, very few studies have focused on early stages especially on schistosomula and pre-egg laying worms, which are important for worm development and maturation for finally residing. In addition, schistosomula are also considered to be a valuable stage for vaccine development to dump worm parasitism. Therefore, we undertook the study to profile the miRNAs repertoire in peripheral blood and livers to understand T cell miRNA alteration that may be involved in T cell-mediated immune response during the parasitic infection.

Schistosoma infection induces different immune responses. In the early phase of infection, cercaria initiates the Th1 immune response, and the produced eggs induce a shift towards Th2 type immune response (11, 12). The Th2 immune response plays an important role in the pathogenesis of schistosomiasis (46). At 14 and 21 dpi, we observed a significant decrease in the expression of miR-486b-5p/3p, miR-122-5p, miR-181c-5p and miR-6924-5p etc. In contrast, a significant increase in the expression of miRNAs such as miR-375-5p, miR-466c-3p, and miR-138-5p in both blood and livers isolated T cells. The functional aspect of some of these miRNAs has been documented previously; however, their specific roles during S. japonicum infection remain unknown. Bioinformatic analysis of top differentially expressed miRNAs and their targets suggested their putative roles in infections and immune responses, especially adaptive immune responses (Figures 5I, G). GO analysis of targets of differentially expressed miRNAs suggested that most of the miRNAs may be involved in signal transduction, signal molecule and interactions, infectious disease and others.

We observed the increased expression of Ctla4 and Atg5 of growth signal transduction protein kinases in blood (Figure 5E). T cells circulate consistently between blood, lymphoid tissue, and lymph nodes to encounter foreign antigens presented by DCs (47). Ctla4 limits the interactions of CD4+ T-cells with DCs by modulating the threshold for T cell activation and induces T cell motility response in secondary lymphoid organs (48). The other target gene, Atg5, has been shown to be responsible for the activation and differentiation of innate and adaptive immune cells and then promotes the interaction between T cells or B cells and antigen-presenting cells (49). The increased expression of these target genes (Ctla4 and Atg5) during schistosome infection at 14 dpi, especially during blood stages, may potentially involve in T cells mediated immune response. Hgf is a pleiotropic cytokine that influences mitogenesis, motility and differentiation of many different cell types (50). It also maintains the differentiation of hepatic sinusoidal endothelial cells, specializing in lymphocyte recruitment to the liver (51). The increased expression of Hgf in liver at 21 dpi may suggested the organ specific immune response during S. japonicum infection. Actin-related protein is highly conserved in eukaryotes that nucleate branched actin filaments and generate actin networks (52). It includes five subunits and Arpc2, and 4 forms the core of this complex, and the deficiency in Arpc led to the decrease in the number of peripheral T cell (53). The increased expression of Arpc4 may suggest to potentially regulate T cells populations during S. japonicum infection.

Considering the important roles of miRNAs in T cell development program and function, several groups have documented miRNA profiles in different types of T cells (54–56). We observed a differentially decreased expression of miR-486b-5p/3p in T cells isolated from blood and liver. miR-486a-5p and miR-486b-5p originate from the different pre-miRNAs transcribed from the opposite strand of the same genomic locus; however, they share the same mature sequences (57). Primarily miR-486-5p was identified as a tumor-suppressive miRNA in lung cancer (58), and shown decreased expression in breast cancer patients (59). Another study suggested that the inhibition of miR-486-5p alleviated LPS-induced cell damage by limiting inflammatory injury, oxidative stress and apoptosis by targeting NRF1 (60). The decreased expression of miR-486 in the present study may lead to minimal inflammatory response at 14 dpi and 21 dpi of S. japonicum infection. miR-223 is one of the differentially expressed miRNAs identified in our study that has been shown to play a vital role in the immune response, regulating multiple processes from myeloid differentiation to neutrophil, macrophage, and DC function (61). The changes of miR-223-3p expression are linked to macrophage apoptosis (62) and play an essential role in maintaining the balance of innate immunity to avoid excess inflammation and tissue damage. Another study indicated that miR-223 level is negatively associated with lymphocyte apoptosis by targeting FOXO1 during sepsis (63). Further investigation of the roles of these differently expressed miRNAs may gain important insight into how miRNAs involve in immune response during S. japonicum infection, then resulting into the development of effective strategies for schistosomiasis control.

Comparative analysis of the identified miRNAs between blood and liver at 14 dpi or 21 dpi, we noted the majority of differently expressed miRNAs was specially associated with S. japonicum infection at 14 dpi or 21 dpi (Figure 4A). However, there were a few of differently expressed miRNAs between blood and livers showing to be co-detected between 14 dpi/21 dpi and uninfected controls (Figure 4A). For example, miRNAs such as miR-10a-5p, miR-149-5p, miR-223-3p, miR-669a-3p and miR-669p-5p showed to be co-detected for different expressions between blood and livers among 14 dpi and uninfected control and miR-122-5p, miR-142a-3p, miR-151-5p, miR-211-5p and miR-15b-5p showed to differently express in both 21 dpi and uninfected control. Interestingly, we observed an increased expression of miR-669a-5p in T cells isolated from murine blood during Schistosoma infection (14 dpi vs 21 dpi) while a decreased expression of this miRNA in T cells isolated from liver was observed. The results suggested that miR-669a-5p may have different roles in different organs during Schistosoma infection. miR-122 levels have been suggested to be a diagnostic marker for liver disease. The decreased expression of miR-122 in T cells isolated from blood and liver of S. japonicum-infected mice may potentially be associated with increased adaptive immune response and decreased innate immunity since the increased level of miR-122 was shown to link with hepatocyte innate immunity (64). Comparative analysis of T cell miRNA profiles between blood and liver shows dynamic expression patterns. Among them, we noted miR-669a-5p was shown to be the common differentially expressed between blood and livers. Unfortunately, the role of miR-669a in immune response remain unknown although a study suggested its role in the prevention of skeletal muscle differentiation and in postnatal cardiac progenitors (65). Consequently, it is worth to investigate whether miR-669a-5p regulates T cell response during the early stage of S. japonicum infection.

In conclusion, our study presents a comprehensive dataset of differentially expressed T cell miRNAs from blood and liver of S. japonicum infected mice at differently early hepatic schistosomula stages. Several panels of differentially expressed miRNAs, such as miR-486a-5p/3p, miR-486b-5p/3p, miR-375-3p, miR-466a-5p/3p, miR-466b-5p/3p, miR-223-3p, miR-181c-5p, etc., were identified to be putatively associated with T cell immune response showing dynamic expressions during S. japonicum infection. Further studies unpinning the potential role of these miRNAs are expected to provide the translational value for understanding and application of miRNAs mediated T cell immune response during Schistosoma infection.
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Supplementary Figure 1 | Flow cytometry sorting of T cells and cell viability analysis. (A, B) Representative flow cytometry sorting of T cells isolated from blood (A) and liver (B) of S. japonicum infected mice and uninfected control; (C, D) Flow cytometry analysis of percentage of live T cells isolated from the blood (C) and liver (D) of S. japonicum infected mice and uninfected control; (E, F) Flow cytometry analysis of percentage of CD4+ and CD8a+ cells isolated from the blood (E) and liver (F) of S. japonicum infected mice and uninfected control. Representative results presented as the average from two biological replicates.

Supplementary Figure 2 | Classifications of distributions of small RNAs identified by RNA seq and heatmap showing differently expressed miRNAs. (A) Classifications of distributions of small RNAs identified from T cells isolated from murine blood for each library; (B) Classifications of distributions of small RNAs identified from T cells isolated from murine livers for each library; (C) Heatmap showing increased expressions of miRNAs in blood T cells; (D) Heatmap showing decreased expressions of miRNAs in blood T cells; (E) Heatmap showing increased expressions of miRNAs in liver T cells; (F) Heatmap showing decreased expressions of miRNAs in liver T cells; (G). Heatmap of miRNAs expression showing increased miRNAs such as miR-10a-5p in uninfected liver vs uninfected blood T cells. Red color showed higher expression and blue color showed lower expression.

Supplementary Figure 3 | Differentially expressed miRNAs from blood/liver T cells between S. japonicum infected mice and uninfected control and predictions of the biological processes of their targets. (A) Heatmap showing differentially expressed miRNAs from blood T cells between uninfected control and S. japonicum infected mice at 14 dpi; (B) Heatmap showing differentially expressed miRNAs from blood T cells between uninfected control and S. japonicum infected mice at 21 dpi; (C) Heatmap showing differentially expressed miRNAs from liver T cells between uninfected control and S. japonicum infected mice at 14 dpi; (D) Heatmap showing differentially expressed miRNAs from liver T cells between uninfected control and S. japonicum infected mice at 21 dpi. (E) GO analyses of biological processes of the targets for differentially expressed miRNAs (uninfected vs 14 dpi) from blood T cells; (F) GO analyses of biological processes of the targets for differentially expressed miRNAs (uninfected vs 21 dpi) from blood T cells; (G) GO analyses of biological processes of the targets for differentially expressed miRNAs (14 dpi vs 21 dpi) from blood T cells; (H) GO analyses of biological processes of the targets for differentially expressed miRNAs (uninfected vs 14 dpi) from liver T cells; (I) GO analyses of biological processes of the targets for differentially expressed miRNAs (uninfected vs 21 dpi) from liver T cells; (J) GO analyses of biological processes of the targets for differentially expressed miRNAs (14 dpi vs 21 dpi) from blood T cells; (K-M) Comparative analysis of differently expressed T cell miRNAs for each biological replicate between blood and liver at 14 dpi (K), 21 dpi (L) and uninfected (M).

Supplementary Figure 4 | RT-qPCR analysis of selected miRNA expressions in isolated T cells and in vitro cultured EL-4 cells treated with S. japonicum worm antigens (SWA). (A) RT-qPCR analysis of the expressions of selected miRNAs in blood T cells isolated from mice treated with or without SWA; (B) RT-qPCR analysis of the expressions of selected miRNAs in liver T cells isolated from T cells treated with or without SWA; (C) RT-qPCR analysis of the expressions of selected miRNAs in EL-4 cells treated with or without SWA. Data illustrate representative results and show the mean and standard error mean from an experiment carried out in triplicate. Statistical analysis was performed on T cells from blood and liver and EL-4 cells between SWA treatment and controls using Student’s T-test and * denotes P ≤ 0.05, ** denotes P ≤ 0.01, *** denotes P ≤ 0.001. **** denotes P ≤ 0.0001.

Supplementary Data Sheet 1 | T cells raw reads filtration.

Supplementary Data Sheet 2 | T cells clean reads mapping.

Supplementary Data Sheet 3 | The list of differentially expressed T cell miRNAs in blood or liver among uninfected control, 14 dpi and 21 dpi.

Supplementary Data Sheet 4 | The list of differently expressed T cell miRNAs between blood and livers in uninfected control, 14 dpi and 21 dpi.

Supplementary Data Sheet 5 | The list of GO enrichment analysis of target mRNAs of differentially expressed miRNAs in blood.

Supplementary Data Sheet 6 | The list of GO enrichment analysis of target mRNAs of differentially expressed miRNAs in liver.

Supplementary Data Sheet 7 | The list of GO enrichment analysis of target mRNAs for differentially expressed miRNAs between blood and liver.

Supplementary Data Sheet 8 | The list of KEGG pathway analysis target genes for increased/decreased miRNAs in blood/liver T cells.

Supplementary Table 1 | Details of antibodies used for isolating T cells from liver and blood of mice.

Supplementary Table 2 | List of RT-qPCR primers used to validate T cell miRNA expressions.

Supplementary Table 3 | List of primers used for analyzing the expressions of miRNA targets by RT-qPCR.
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The freshwater snail Biomphalaria glabrata is an intermediate host of Schistosoma mansoni, the agent of human intestinal schistosomiasis. However, much is to be discovered about its innate immune system that appears as a complex black box, in which the immune cells (called hemocytes) play a major role in both cellular and humoral response towards pathogens. Until now, hemocyte classification has been based exclusively on cell morphology and ultrastructural description and depending on the authors considered from 2 to 5 hemocyte populations have been described. In this study, we proposed to evaluate the hemocyte heterogeneity at the transcriptomic level. To accomplish this objective, we used single cell RNA sequencing (scRNAseq) technology coupled to a droplet-based system to separate hemocytes and analyze their transcriptome at a unique cell level in naive Biomphalaria glabrata snails. We were able to demonstrate the presence of 7 hemocyte transcriptomic populations defined by the expression of specific marker genes. As a result, scRNAseq approach showed a high heterogeneity within hemocytes, but provides a detailed description of the different hemocyte transcriptomic populations in B. glabrata supported by distinct cellular functions and lineage trajectory. As a main result, scRNAseq revealed the 3 main population as a super-group of hemocyte diversity but, on the contrary, a great hemocytes plasticity with a probable capacity of hemocytes to engage to different activation pathways. This work opens a new field of research to understand the role of hemocytes particularly in response to pathogens, and towards S. mansoni parasites.
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Introduction

In invertebrates, innate immune response is mainly carried out by the hemocytes, appearing as a complex family of cells specialized in immunity (1). These cells carry both the so-called cellular response of the innate immune system, through encapsulation and phagocytosis of pathogens. But also, part of the humoral response by secreting in the hemolymph many cytolytic/cytotoxic compounds like antimicrobial factors, oxygen/nitrogen reactive species (ROS/NOS), proteases or toxins (2–4).

Despite the important role played by hemocytes in the invertebrates’ immune response, these cells are still very poorly characterized. Different types of invertebrate hemocytes have been described in the literature (5), mainly according to their differential abilities to respond to pathogens, from phagocytosis, cell to cell adhesion or degranulation of humoral factors (1), but also based on their morphological features (shape, size, intracytoplasmic granules, vacuoles). However, hemocyte morphology studied alone is not sufficient to define a clear functional classification of hemocytes. Indeed, a direct relationship between hemocyte morphology and their specific immunological functions against pathogens is quite impossible to establish. However, the development of new technology of sequencing at the single cell level [single cell transcriptomics (scRNAseq) (6)] is now available to access the invertebrate hemocyte functional diversity.

Single-cell transcriptomics approaches have been firstly, and successfully developed in vertebrate models to describe the high specialization of innate immune cells and study their heterogeneities (7–9). Then, this technology was successfully transferred to various other non-vertebrate models, especially for infectious diseases such as plasmodium sp., the agent responsible for malaria disease Thousands of cells across the different parasite differentiation stages were sequenced to produce the very first parasite developmental cell atlas (10, 11). Such a tool allows the definition of new-targeted therapeutic strategies and the understanding of the mechanisms of transmission to its hosts. The study of metazoan parasite species, such as Schistosoma mansoni, the agent responsible for human intestinal Schistosomiasis has also benefits from this technology. The scRNA seq approaches on stem cell populations from juvenile Schistosoma allowed to precisely define 9 transcriptomic populations of somatic cells, and the characterization of conserved gene sets involved in the regulation of germline cells (12). This technology has proven to be a major asset also in the description of hemocyte populations in invertebrate hosts, improving the definition of the heterogeneity of immune cell populations in insects such as Drosophila, mosquitoes and silkworm (13, 14) or crustacean shrimp (15–19). ScRNA seq has allowed redefining, for the silkworms, the complexity of hemocyte populations in this model and the impact of a baculovirus infection (Bombyx mori nucleopolyhedrovirus) on some hemocyte populations (20). In addition, for mosquitoes, hemocyte complexity following infection by Plasmodium has been characterized, with the definition of 6 transcriptomic clusters in comparison to the 3 populations historically described based on morphological traits (21). These scRNAseq approaches have been shown to be very efficient in all these invertebrate host/parasite models and demonstrate the feasibility of this technique to decipher the complexity of hemocyte cell populations as well as to understand the immunological mechanisms activated in hemocytes in response to pathogens.

In the present study we paid a particular attention to a schistosomiasis vector snail, the gastropod Biomphalaria glabrata. Schistosomiasis remains today the second human parasitic disease after Malaria, in terms of morbidity and mortality in endemic areas (22), mainly South-America and sub-Saharan Africa. Schistosomiasis disease is caused by a flatworm of the genus Schistosoma which uses the gastropod Biomphalaria as an obligatory intermediate host to complete its life cycle. Thus, the comprehension of the immunological interactions between B. glabrata and S. mansoni would help in developing new strategies to fight or control this disease. Many studies to date have focused on these molecular interactions (23), and research has rapidly identified the key role played by hemocytes in recognition and/or killing of the parasite (3). However, despite their potential importance, knowledge on Biomphalaria hemocytes remains very sparse and a clear description of morphological populations or subpopulations, their proportion, and their functions are still a matter of debate (24).

Among those studies on the description of hemocyte populations in Biomphalaria, the morphological description of the cells by optical microscopy coupled with lectin surface labeling highlighted at least four hemocyte populations (25). Currently, some works describe two populations, hyalinocytes and granulocytes (26, 27) using a combination of light and electron transmission microscopy as well as flow cytometry approaches. Other results using optical and electron microscopy (24), describe five morphologically distinct populations of hemocytes: hyalinocytes (that can be split into three subpopulations of hyalinocytes I, II and III), granulocytes and blast-like cells. However, despite these morphological characteristics, it is still complex to define their specific biological functions. It has been demonstrated that some morphologically similar cells display different biological functions or that distinct hemocyte populations display similar functions. For example, Biomphalaria glabrata hyalinocytes and granulocytes are known to be involved directly in the cellular response through non-self-recognition, phagocytosis and encapsulation (25). In this context, a recent study (28) has attempted to describe the function of specific hemocyte populations using a serial dilution method to isolate granulocytes and hyalinocytes and described more accurately the specific functions associated with these cells using a massive transcriptomic sequencing approach. Finally, it has been demonstrated for blast-like cells, often considered as prohemocytes (undifferentiated cells) (24), that differential gene expression patterns could be observed, indeed some subpopulations of blast-like cells produce for example a complement like factor, named BgTEP1 (29, 30), acting as an opsonin molecule involved in the immune response against S. mansoni parasite, demonstrating an unexpected level of cellular complexity yet indistinguishable morphologically.

This is why, herein we used a droplet-based system of single cell RNA sequencing (31) to describe without a priori and for the first time, the level of heterogeneity and diversity of hemocyte populations in the freshwater snail B. glabrata. We discovered a slight diversity of transcriptomic populations defined by sets of marker genes specific to each of the populations combined with cell lineage relationship between different hemocyte subpopulations. These transcriptomic populations are still rather complex to correlate with the published morphological populations from microscopy, flow cytometry and label-free proteomic analyses, mostly because of the shallowness of the Biomphalaria glabrata genome/transcriptome/proteome annotation. In addition to bringing new clues of rather hemocyte plasticity than diversity in Biomphalaria glabrata, we proposed and discussed herein that complementary approaches must be used to eventually define hemocyte populations and start to face hemocyte biology where it matters most.



Materials and methods


Biological sample experiments

We used a Biomphalaria glabrata strain originated from Recife locality in Brazil (BgBRE2), recovered in 1975 and maintained since then under constant laboratory conditions. Snails were maintained at 26°C in glass aquaria and fed with green leaf lettuce ad libitum.



Hemocytes preparation for morphological characterization

10 snails (size: 8-10 mm) were retained to collect hemocytes by puncturing the hemolymph (30µL per snail) according to a widely used protocol previously established using the defence reflex of hemolymph released from the cephalo-pedal sinus when the snail shrinks in its shell (32). Hemolymph was transferred on a polystyrene slide (Caplugs evergreen) and stood in a humid chamber for 30 min for hemocytes to adhere to the slide. Then, hemocytes were stained with a panoptic May-Grünwald Giemsa (MGG) type staining method by MCDh (RAL Diagnostics) following the manufacturer recommendations. Briefly, hemocyte slides were sunk during 6 min in MCDh1 solution, 1min in a first bath of MCDh2, 2 min in a second bath of MCDh2, 1min in MCDh3, then 10 seconds in MCDh4. Slides were dried and mounted with Dako® fluorescent mounting medium (Agilent, S3023) and finally the hemocyte populations and their proportions were counted under light microscopy using a 100X objective (Supplementary Table 1).



Hemocytes preparation for droplet scRNA sequencing

Pooled hemolymph (500µl) from 50 snails was recovered into 2ml tubes and mixed with 1.5ml of modified anticoagulant solution (98mM NaOH, 186mM NaCl, 1.7mM EDTA, 1.7mM citric acid) (13). Sample was passed through a 30µm pre-separation filter (Miltenyi Biotec) to eliminate cell aggregates and obtain a suspension of unique cells. Then hemocytes were counted using a Malassez chamber and cell viability was measured with trypan blue exclusion technique. Samples were then spin-down (2700g, 5min, 4°C) to pellet the hemocytes and re-suspended in 50µl of anticoagulant solution [30% of BGE medium (33)] and 70% anticoagulant modified solution). To obtain a concentration of 1000 cells per microliter. Samples were then processed by MGX platform (IGH Montpellier, France) for scRNA droplet isolation (Chromium, 10X genomics) and RNA sequencing.



Single-cell RNA sequencing and data processing

Single cell processing procedure is defined by the MGX platform (Montpellier GenomiX). Single cell suspension was obtained by a Chromium Single-Cell Controller (10X Genomics). Library preparation was performed with Single Cell 3’ Reagent kits V3.1 (10X Genomics) using 10x Next GEM Technology barcode and validated by DNA quantification with Fragment Analyzer (kit High Sensitivity NGS) and qPCR (ROCHE LightCycler 480). Libraries were sequenced with an illumina NovaSeq 6000 (Illumina) and SBS (Sequence By Synthesis) techniques using NovaSeq Reagent kits (100 cycles). Output results and matrix generation were processed with 10X Genomics Cell ranger v3.1.0 software (http://10xgenomics.com).

All available mitochondrial gene sequences were recovered from the NCBI database (34, 35) and gene names corresponding to these sequences (Supplementary Table 2) were retrieved using blastn (36) on the Biomphalaria glabrata genome annotation version 1.6 available on Vector Base website (https://vectorbase.org/vectorbase/app/record/dataset/TMPTX_bglaBB02, 15/10/2021) (37).



Cell clustering and genes expression

Filtered matrix sorted by Cell Ranger (10X Genomics Cell Ranger 3.1.0) was used and analyzed on R (Version 4.1.0 (2021–05–18)) using Seurat package [Version 4.0.4 (38)]. Hemocytes with more than 50 unique expressed genes were kept and genes expressed in 3 or more cells were retained for the generation of the gene-cell data matrix and downstream analysis. Low quality cells were filtered out excluding cells with less than 750 or more than 3100 unique expressed genes and cells with a proportion of mitochondrial transcript higher than 5% were excluded from the analysis. Log-normalized method given by the Seurat package was used to normalize the data. Thereafter, 2.000 highly variable genes were obtained using FindVariableFeatures function, these genes were scaled and used to perform Principal Component Analysis (PCA). JackStrawPlot and ElbowPlot functions were used to determine the top principal component (15:25) that is most representative of the data set for each reduction. The dataset clustering was conducted by the FindClusters function according to identified PCs. Visualization in two dimensions of the clustering was made through the use of non-linear dimensional reduction, UMAP (Uniform Manifold Approximation and Projection for dimension reduction) and tSNE (t-distributed Stochastic Neighbor Embedding) projection. We used Seurat (FindAllMarkers option using wilcoxon rank sum test for each cluster) to determine differentially expressed genes and gene markers (Supplementary Table 2) for each cluster (Log2FC>0.25 and min.pct > 0.25) and created a heatmap to represent the top n marker genes defining each cluster. Cluster-specific marker genes were determined by selecting shared characteristics as being differentially overexpressed with Log2FC > 1, expressed by a majority of cells (>80%) within the cluster and a minority of cells (<10%) in other clusters. All these marker genes were used to perform a GO enrichment analysis (fisher exact test, P-value > 0.01) using Blast2GO omicsbox (39) on Biomphalaria glabrata reference genome V1.6.



Cell trajectory analysis

The cell lineage analysis was performed with bioinformatic tools Monocle3 (40) and slingshot (41) on the data processed by the Seurat package mentioned above after conversion to SingleCellExperiment object. Some transcriptomic clusters considered as being the most distant and different with respect to the marker genes that define them were removed from the analysis to perform this cell lineage. To identify temporally expressed genes we used a general additive model (GAM) based on bioinformatic workshop (42). R script used for all the bioinformatic analysis done with Seurat and Monocle3 packages were available on Zenodo (accession #: 10.5281/zenodo.6951346).



Flow cytometry, cells sorting and Label-Free proteomic sequencing

Pooled hemolymph of 300 BgBRE snails was used for cytometry cell sorting. Briefly, hemolymph was extracted from the snails as previously described and immediately used for flow cytometry and cell sorting, 25 μL of hemolymph was recovered from each snail for a total of 3.5 ml. Cell sorting was performed, using a FACS Canto from BD Biosciences (RIO Imaging Platform, Montpellier, France), according to the FSC and SSC parameters to discriminate each hemocyte population according to their size and granularity. With the help of FACSDIVA software, four gates were defined based on different SSC and FSC parameters (low SSC/FSC to high SSC/FSC). Hits detected in these gates were sorted, recovered on microscopic slides and observed under a light microscope to confirm the enrichment of different morphological hemocyte populations associated with the different settings of cell sorting gates. Finally, sorted hemocyte samples were recovered for label-free proteomic analysis. Recovered hemocytes were lysed in hypotonic buffer, protein extracts were quantified (2D-Quant kit protein quantification) and 200 µg of proteins were solubilized in laemmli buffer 4x (Biorad, hercules Califonia, USA), boiled at 95-100°C for 5 min, frozen at -80°C and send for label free sequencing to EDyP service facilities (INSERM, CEA, Grenoble, France). Protein preparation and mass spectrometry-based proteomic analyses were conducted as described in (43, 44). Protocol repeated, hereafter, from Pinaud et al., 2019. Briefly, extracted proteins were stacked in the top of an SDS-PAGE gel (NuPAGE 4 to 12%; Invitrogen) before in-gel digestion was performed using trypsin (sequencing grade; Promega). Resulting peptides were analyzed in duplicate by online nanoscale liquid chromatography tandem mass spectrometry (nanoLC-MS/MS) (UltiMate 3000 and LTQ-Orbitrap Velos Pro; Thermo Scientific) using a 120-min gradient. Peptides and proteins were identified using Mascot software (Matrix Science) and confronted against either, Uniprot database and translated genome of Biomphalaria glabrata snail (available at vector base: https://vectorbase.org/vectorbase/app). Qualitative differences between samples were considered as potential markers of sorted hemocyte populations and used to infer scRNAseq clusters to a potential morphological population of hemocytes.




Results


Morphological description of Biomphalaria glabrata hemocytes

There is no real consensus on the morphological characterisation of hemocyte diversity for Biomphalaria glabrata. To clarify this purpose, we decided to establish an “hemocytogram” of circulating B. glabrata hemocytes after plating. Three distinct hemocyte populations were identified: hyalinocytes, blast-like cells and granulocytes (Figures 1A–D). The hyalinocytes are large cells (size around 35 µm) with a large nucleus, characterized by different chromatin states (with a dense purple heterochromatin and a pale purple euchromatin) (Figure 1A). In their cytoplasm can be observed large unstained vacuoles. These cells are characterized by a great capacity of adherence to plastic slides and by their capacity to produce large and long pseudopodia (Figure 1A). They represented the main quantity of circulating hemocytes in Biomphalaria glabrata, 66.7% +/- 9% (Figure 1E). The blast-like cells (Figure 1D), represented 21% +/- 6% of circulating hemocytes (Figure 1E), they were small cells (around 8µm), displaying a high nucleocytoplasmic ratio with very low adhesion capacities. These cells appear with a rounded shape even after plating on plastic slides (Figure 1D). Nuclei appeared very dense upon MCDh staining with a dark purple color (Figure 1D) indicating potentially a low level of gene transcription, these cells being often considered as pro-hemocytes. Finally, the third type of hemocytes were the granulocytes (Figures 1B, C) that represented 12.3% +/- 3% of circulating hemocytes (Figure 1E), and were not able to adhere efficiently to plastic slides. Very few cells were able to form small filopodia and were mainly characterized by a spherical shape (Figure 1C). Granulocytes have a dense dark purple nucleus and always show neutrophilic (deep purple) to basophilic (dark blue) granules in their cytoplasm. However, among the population of granulocytes, we were able to distinguish some morphological differences. Some granulocytes were able to adhere efficiently to the slide and form long pseudopodia that could make them difficult to distinguish from hyalinocytes (Figure 1B), except that these cells possessed intracytoplasmic granulations, which make them belonging to granulocytes. The proportion of these different cell populations in hemolymph remain in agreement with the data available in the literature (24) although the sizing of these cells on plastic slides appeared very hazardous due to their variable adhesion capacities, the plasticity of their morpho-anatomic parameters, and their important size and shape variability. Thus, we were not able to define clearly, (i) the exact number of hemocyte populations and (ii) the delimitation between hemocyte subtypes. Facing such limitations, we proposed to use a scRNA-seq approach to decipher the hemocyte populations and their potential role or function using their transcriptional activity and gene expression patterns rather than their morphological parameters.




Figure 1 | (A–D) Light microscopy observation of MCDh-stained hemocytes. Red bars 10µm. (A) hyalinocyte; (B, C) granulocytes; (D) blast-like cell. (E) Average number of hemocytes (1844 cells total) from 10 naive individuals according to three morphological types. (F) Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) plot of the 7 hemocyte clusters identified in B glabrata by scRNA-seq and their respective count of the cell number present in each transcriptomic cluster. (G) Heatmap representing the differential expression of the top 50 marker genes defined for each of the 7 transcriptomic clusters. (H) Dotplot representing the average expression of the 5 genes defined as markers for each cluster according to the percentage of cells expressing these genes per cluster. (I–K) represent the average expression levels of the genes defined as markers by the flow cytometry approach coupled with label free proteomics. Dotplot and UMAP representation of marker genes average expression of hyalinocyte (I), Granulocyte (J) and blast-like cells (K).





Identification of 7 distinct clusters in B. glabrata hemocytes by scRNA-seq

To examine hemocyte heterogeneity by scRNA-seq, isolated hemocytes from a pool of 50 naive snails were subjected to droplet scRNAseq. Approximately 3000 cells were captured using the 10X Genomics Chromium microfluidic technique and submitted to RNA sequencing. After an initial process by CellRanger (10x Genomics Cell Ranger 3.1.0), the sequencing data were aligned to the B. glabrata reference genome (90.1% reads mapped to the genome). We obtain 2624 estimated cells with a median gene per cell corresponding to 1885 genes among the 19 820 total genes detected and a sequencing saturation at 66%. To retain high quality single cell RNA-seq data, we removed low-quality cells with gene number less than 750 and mitochondrial genes less than 5%. Seurat R package (Version 4.0.4) was used for data processing. Following such quality control, 2193 high-quality cells were used for further analysis. For each cell, an average number of 2470 genes expressed were obtained and 7 transcriptomic clusters were identified (Figure 1F). Regarding read coverage by clusters, cells in clusters 0, 2, 4 and 5 have a higher number of reads compared to cells in clusters 3, 1 and 6 (Supplementary Figure 1). These last 3 clusters may represent cells with low transcriptional activity or small cells like blast-like cells.

Most of the hemocytes gathered within a main cluster (cluster 0) which represented 73.8% of the total cells. The other clusters (cluster 1 to 6) represented from 7.7% (cluster 1) to 1.9% of the cells respectively (Figure 1F). We were able to define transcriptomic profiles and specific marker genes for each cluster (Figures 1G, H). Cluster 0 does not have genes that are completely specific to it and appears to share several defined marker genes with the clusters 4 and 5 (Figure 1H). Some marker genes of the Cluster 2 are also overlapping with cells of cluster 3, but the latter possess a very specific list of marker genes.



Gene expression signatures and candidate markers for each hemocyte cluster

Annotation and understanding of Biomphalaria glabrata genome/transcriptome/proteome are still very sparse. Amongst the 31 985 defined genes for about 44 406 transcripts, less than the half possess at least a protein domain information, making every enrichment or functional analysis conditioned by annotation bias. Also, it exists a redundancy in B. glabrata gene annotation, meaning that same gene annotation or transcripts can have different gene name/position and different transcripts. Knowing such limits but in order to create a transcriptomic identity card for the different clusters, we were interested in the function of the marker genes detected with Seurat (Supplementary Table 2). When possible (sufficient number of genes), we performed a Gene Ontology enrichment analyses with the blast2GO tool (Supplementary Table 3), taking into account only the marker genes present in at least 80% of the hemocytes from the cluster considered.

Analysis of the enriched functions (Supplementary Table 3) showed that hemocytes from Cluster 0 expressed genes mostly related to metabolism, energy production and protein synthesis but also functions involved in actin and cytoskeleton reorganization. These cells probably have an important translational activity but no specific specialization. We have in this cluster active cells, with generalist functions of cell maintenance but also cells able to express marker genes already described in the literature. Indeed, we found however several Pattern Recognition Receptors (PRRs) that can recognize different types of pathogens, and some of which have a very important role in immunity against S. mansoni parasite and especially in the recognition of this parasite, such as FREPs (45), MAM and LDL-receptor class A domain-containing 1-like (46) or genes containing von Willebrand factor EGF and pentraxin domain-containing 1 (47) that have been described in other models and which could have a role in suppressing or modulating the immunity (Supplementary Table 2). We proposed that cluster 0, named latent hemocytes (Figure 1F), is composed of circulating hemocytes that are waiting for activation in the case of a potential encounter and infection with a pathogen or the activation of alarmins. Moreover, some of the marker genes in this cluster are also expressed in clusters 4 and 5, which might suggest a strong cell filiation between these three clusters.

The five marker genes selected to characterize cluster 4 (Supplementary Table 2), were all genes involved in functions related to DNA replication and cell proliferation. Enrichment analyses confirm these functions (Supplementary Table 3). The cells in this cluster represent only 3.7% of the total number of cells (Figure 1E) considered in the analysis and may correspond to proliferating cells. Indeed, proliferation of circulating hemocytes has been yet demonstrated in naive B. glabrata snails with a proportion of 1.8% of hemocytes in proliferation (47), but no references has mentioned a specific hemocyte population capable of proliferating. These cells, considered as proliferating hemocytes (Figure 1F), thus appear to derive from cluster 0 and to be proliferating in response to an unknown stimulation or for maintaining a basal hemocyte turn-over.

Cluster 5 is defined by a few but specific marker genes with strong differential expression (log2FC) for the selected genes compared to all remaining cells (Supplementary Table 2). Most of these genes are not annotated. Some could have functions related to lipid metabolism (ganglioside GM2 activator) or being involved in response to pathogens (antimicrobial peptides, holotricin-3-like, PRRs),. This cluster could correspond to bacterial stress responding hemocytes (Figure 1F).

Concerning cluster 3, the enriched functions (Supplementary Table 3) are mainly related to the cellular component of gene ontology. The enriched functions of this cluster tend to show active cells able to set up vacuolization and degradation processes by the lysosome. Thus, many cathepsins (L1-like, Z, B), G-type lectins, cystatin-B (48) are involved in these functions. At least 7 genes encoding proteases, cathepsins (B, Z and D) and cathepsin like (L1) are represented as marker genes in this cluster and one cathepsin Z (BGLB004464) is specific to this cluster (Supplementary Table 2). Some of these molecules are known in the B. glabrata/S. mansoni model to have a possible role in the interaction with the parasite (49). We also find in this cluster functions involved in sterol and cholesterol metabolism, shown to have a role in modulating some immune pathways (50). This reinforces the idea that this cluster is a cluster of activated cells probably responding to a circulating factor and using sterols to respond, that is why we named this cluster sterol responsive stimulated hemocytes (Figure 1F).

In cluster 2, cells express some genes involved in immunity such as several cathepsins (L1-like, B, D, Z) as we can find in cluster 3 but with lower differential expression (Supplementary Table 2). This cluster is mainly marked by C-type lectin, peptidoglycan-recognition SC2-like or an apolipophorins-like isoform X1 which is initially known for lipid transport but which may also have a role in the immune response and especially in encapsulation (23, 51). Other genes are strongly involved in different signaling pathways (MAPK, ERBB2, etc.) or in the regulation of cell necrosis and vacuole formation (Supplementary Table 3). The cells that make up this cluster could therefore be activated killer hemocytes (Figure 1F), either dying or degrading possible phagocytosed pathogens.

Cluster 1 represents 7.7% of the total cells (Figure 1E) in the analysis and is marked mainly by functions involved in the activation of the immune response and different pathways related to cell phagocytosis capabilities as well as functions involved in vacuolization and cytoskeleton rearrangement processes (Supplementary Table 3). Among the genes selected as potential marker genes for this cluster (Supplementary Table 2), we also find immune genes such as a fibrinogen-related protein J1 precursor and a cathepsin B-like. Thus, this cluster could be composed of activated cells possessing phagocytosis capabilities and as described with a smaller RNA content would be strongly considered as a blast-like cell cluster.

Cluster 6 expressed genes involved in cell differentiation and migration functions (ERBB2 signaling pathway) as well as genes having immune-related annotations like cathepsin and apolipophorins, an immune receptor role like toll-like receptor or macrophage mannose receptor or even functions annotated to be involved in response to virus (Supplementary Table 3). This cluster is also marked by a high ribosomal activity marked by rRNA metabolic process and ribosome biogenesis functions and therefore probably a high translational activity. They are therefore cells with membrane and vesicular activity accompanied by modifications of the cytoskeleton, which could correspond once again to active phagocytic cells, may be in response to virus infection. We named this cluster viral activated hemocytes (Figure 1F).



Label free proteomic from FFC/SSC-sorted hemocyte populations

Preliminary analyses of cell sorting by flow cytometry were coupled with label free proteomic analysis to attempt to associate morphology and final gene products with the objective to find specific markers of hemocyte populations. We can notice that the distribution of hemocytes according to the size and granulometry forms a continuum and does not allow to discriminate with accuracy one or more cell types or populations based on such cytometry characteristics (Supplementary Figure 2). Compared to a cell description on a microscopy slide where the hemocytes have specific adhesion capacities for each population, the hemocytes sorted by cytometry no longer have these characteristics. The cells are in suspension and therefore probably keep a round shape which prevents a simple discrimination by size and granulometry. However, the classical three morphological populations (hyalinocyte, granulocyte and blast-like cells) were attempted to be enriched by sorting in each of the gates (P1 to P4) (Supplementary Figure 2). Each of these gates corresponds to a specific FFC/SSC ratio gradient. The P4 fraction corresponds to cells defined as small to medium size with medium granularity. This fraction may allow an enrichment in hyalinocytes. The P3 fraction corresponds to cells of medium size and medium granulometry, which may allow the enrichment of blast-like cells but also some hyalinocytes. The P2 fraction corresponds to cells of small size and high granulometry, which did not give any enrichment of cells and was mostly composed of cell debris. This fraction was therefore not retained for the proteomic analyses. Finally, the P1 fraction corresponds to large size cells with high granulometry, which corresponds to a sample potentially enriched in granulocytes. The label-free proteomic analyses produce, for each of these sorted cell populations, the protein enrichment (Supplementary Table 4). The average expression of the genes encoding these proteins are used in the scRNA seq analysis to produce an expression mapping among the 7 clusters already described.

Unfortunately, the protein enrichment and the gene analysis from the identified proteins is not sufficient to obtain specific markers that fit with scRNAseq clustering. Indeed, all clusters seem to express all genes determined from the label free analysis. However, slight differences in the expression of these genes in some clusters are highlighted. First, we can see that few genes are specific to the fraction corresponding to an enrichment in blast-like cells. These genes are found to be carried by cells belonging to cluster 1 even though these cells seem to be closer to cluster 0 in the UMAP representation (Figure 1K). Genes representing the hyalinocyte-enriched fraction would be expressed by cells from clusters 0, 3 and 4 (Figure 1I) whereas clusters 1, 3 and 6 would represent cells expressing genes attributed to the granulocyte-enriched fraction (Figure 1J).

Overall results lead us to consider that cluster 0 may contain all the known cell types, since we have in this cluster the expression of all the genes that are supposed to define our enriched fractions in the three different hemocyte morphological populations. Only markers expressed specifically by clusters 1 and 6 seem belonging to the fraction enriched in granulocytes. These two clusters are also very particular because they are very different in this analysis from all other clusters and express their own marker genes. The lineage analyses do not allow us to establish a link between these clusters and the other clusters, which prevents us from studying in more detail the links that may exist between all the other clusters and cluster 0. This is why we decided to subset out cluster 1 and 6 for further analyses.



Cell lineage

The cell lineage analysis on all the 7 transcriptomic clusters was inconclusive. The most differentiated clusters in the analysis (clusters 1 and 6) prevent from defining relationships between cells in the other clusters. For this reason, we removed clusters 1 and 6 and re-run the cell lineage clustering analyses (Figure 2A). We identified 2 particular cell lineages (Figure 2B), both probably originating from cluster 0 chosen by default as the starting point of the pseudo-time trajectory construction. The first lineage path connects clusters 0, 4 and 3 and the second lineage connects clusters 0 and 2 (Figure 2B). Cluster 5 is not linked by the pseudotime analysis to the other clusters because it shares too many similarities in terms of expressed marker genes with cluster 0 (Figure 2C) and the probable lack of a sufficient number of cells for this cluster prevents a correct trajectory analysis. From the calculated pseudotime, we have estimated the top 100 most variable genes along this lineage (Figure 2D). We can immediately notice that most of the genes that define the lineages towards cluster 2 and 3 are genes known to be involved in various immune responses such as an integrin, toll-like receptor, several cathepsins, or an antimicrobial peptide hydramacin. These gene sets reinforce the hypothesis that clusters 4 and 3 may represent two steps of hemocyte activation following a yet unknown signalling with the cluster 4 as an intermediate state and the cluster 3 as a terminal state of activation. Furthermore, for each of these clusters we are able to assign specific genes with a possible link to immune responses. A set of these genes alone can define each of the differentiated clusters in our analysis as cluster 2 (Figure 2G), cluster 3 (Figure 2H) and cluster 5 (Figure 2I).




Figure 2 | (A) UMAP representation of cluster 5 identified after removing clusters 1 and 6 from the previous analysis and performing reclustering. (B) Pseudo time analysis on the UMAP representation. Arrows represent the direction of the possible differentiation process between the different transcriptomic clusters. (C) Dotplot of the cluster cells ordered along the pseudo time. (D) heatmap representing the expression of the 100 most variable genes that characterized the pseudo-time analysis across the 4 clusters. (E) and (F) VlnPlot and UMAP representation of the average expression of marker genes from the literature. (E) represents granulocyte marker genes and (F) represents hyalinocyte marker genes. (G, H) and (I) Average expression of an immune gene set belonging to different “activated” clusters such as cluster 2 (G), cluster 3 (H) and cluster 5 (I). (J) Expression of the MIF gene along the pseudo-time (left graph) and the representation of its expression by the different cells of the analysis on the UMAP representation (right graph).





Use of the literature to define different transcriptomic clusters

The preliminary flow cytometry and microscopy approaches do not allow us to accurately connect morphotypes with scRNAseq transcriptomic clusters. We therefore relied on the literature to find marker genes for our different hemocyte populations. As the latter is currently very limited, we focused on the recent work of Li and collaborators (28) that analyse in Biomphalaria the transcriptomic expression of hyalinocytes and granulocytes. We selected immune genes that authors were able to extract from their analysis and that were more strongly expressed either by hyalinocytes or granulocytes. We retrieved those immune gene orthologs, indistinguishable from the two mollusk strains (BS-90 and M-line strains) studied, from each of the two morphological hemocyte populations. We then averaged the expression of all genes, by cell type, that we are able to detect in our scRNAseq analysis to determine which transcriptomic cluster would be very likely to express these immune gene pools (Figures 2E, F). The immune marker genes defined for hyalinocytes using this approach, do not fit a particular cluster for this cell morphotype. All the immune genes taken in this analysis are expressed in all the clusters (Figure 2F) and especially are not differentially expressed between the clusters (Figure 2F). On the other hand, and as expected from previous analyses, the immune genes expressed by granulocytes in the literature are found to be more expressed in a part of the cells of cluster 2 and in the majority of the cells of cluster 3 (Figure 2E). These genes defined as granulocyte-specific were also found to be slightly over-expressed in cluster 1. Furthermore, if we look at some specific genes, found in a few rare articles defining a gene for a probable hemocyte population in Biomphalaria, such as granulin (BgGRN: BGLB011796), suspected to be expressed by some granulocyte subtypes (28, 52, 53), we notice that this gene seems to evolve along the pseudotime to be expressed by clusters 2 and 3. A gene that might be associated with granulin would be a toll-like receptor (54) that is found in our analyses to be expressed also by cells of cluster 2 (Supplementary Figure 3). All of these evidences could lead us to believe that a specialization of hemocytes takes place from cluster 0 to clusters 4 and 3 or to cluster 2. The latter could then be associated with possible granulocytic activated cells. We also find the expression of a gene belonging to the Macrophage Migration Inhibitory Factor family (MIF: BGLB030407), this protein has been shown to be overexpressed in some granulocyte-like hemocytes (55) and could serve as regulating hemocyte, proliferation activation and encapsulation response. The gene coding for this protein in our analysis is not found in cluster 3 and expressed in all the other clusters and in particular with a gradient of expression between cells in cluster 2 (Figure 2J). We can speculate that this gene expression pattern could then be an activation sign of certain hemocytes and of differentiation towards granulocyte cells.




Discussion

Our current knowledge about Biomphalaria glabrata hemocytes is still very sparse. The different populations of hemocytes have been only described so far by transmission electron microscopy (TEM) and flow cytochemistry approaches, or by optical microscopy and cell morphology description (24, 26, 27). Very few studies also address the question of the cell lineage of these hemocytes and the characterization of the hematopoiesis, by the amoebocyte producing organ (APO) (56, 57). To date, the scientific community agrees on the presence of at least 3 morphological populations defined only by their behaviour toward plating: hyalinocytes, granulocytes and blast-like cells. However, it seems to be a greater complexity and plasticity within these three large populations, and this diversity is very dependent on the tools used to characterize them (microscopy, flow cytometry, scRNA-seq).

Moreover, even the name given for each population was inconsistent in the literature, this increases the complexity of description of these populations [i.e., large adherent cells were called sometimes hyalinocytes or granulocytes depending on the paper considered (24, 26)]. For us, when hemocytes are allowed to adhere to a plastic slide, it is immediately obvious that the non-granulocytes adhere much better to the support by forming long pseudopodia and are considered as hyalinocytes (Figure 1A). However, it can also be seen that there are cells that are morphologically very close to hyalinocytes with intracytoplasmic granulations, that could be considered as adherent granulocytes or granular hyalinocytes (Figure 1B). Thus, the characterization of hemocytes by microscopy is very dependent on the technique employed (TEM, light microscopy, staining regent used,) or the support used for plating (polystyrene, plastic or glass slides). Moreover, distinguishing those hemocyte populations was particularly complicated in flow cytometry when all hemocytes are in suspension, they all display a spherical shape resulting in a continuum of size and granularity. Nevertheless, we have counted these different populations in naive snails and found that the majority of hemocytes were hyalinocyte-like cells, then blast-like cells and finally granulocytes (Figure 1E). These data are fairly consistent with the proportions determined by (24).

The scRNA-seq technology brings de-novo and without a-priori gene enrichment and heterogeneity information from a complex cell suspension. It brings information as well about potential role and function of each hemocyte transcriptional population but can also determine a possible lineage relationship between all these cells. For this purpose, we decided to study circulating hemocytes of naive B. glabrata snail, considered as not having undergone any experimental infection. We identified 2 large groups (Figure 1F) based on their transcriptomic identity, where a large and complex population of probable hyalinocyte (cluster 0, 2, 3, 4 and 5) is well separated from 2 distant populations (clusters 1 and 6) of differentiated hemocytes which could then be associated with probable blast-like cells, because of the few transcripts found in these two clusters (Supplementary Figure 1) or with granulocytes (Figure 1F). Moreover, the population distribution from microscopic observations fit the overall distribution of those 3 clusters (Figure 1E) (Figure 1F). All combined reveal a greater heterogeneity among circulating B. glabrata hemocytes compared to what have been defined by microscopy approaches alone (Figure 1E) but most likely potentially supported by a plasticity of hemocyte population (potentially from hyalinocyte activation pathway) rather than lineage-separated circulating cells. This high plasticity of hemocytes could also be accentuated by the large number of snails used to collect the hemocytes, which could add some inter-individual variation in the data analysis. This diversity in the origin of the hemocytes would then show the activation capacity of certain hemocyte types according to the specific physiological status of each individual, this could also explain the small number of cells observed for certain activated clusters such as cluster 3, which may originate from solely few individuals within the snails pool. The understanding of this plasticity rather than diversity of B. glabrata hemocytes will now deserve further investigation.

For each of these clusters, we provided a cell identity map by identifying their particular gene markers (Supplementary Table 3) to which we selected at least 5 marker genes defined as highly specific to each transcriptomic cluster (Supplementary Table 1). These marker genes helped us to define specific functions expressed by each of these hemocyte transcriptomic populations. However, the lack of deep annotation and literature for specific hemocyte markers prevent us from defining with precision a link between transcriptomic profile and morphological identity. At first glance, we hypothesised that hemocyte heterogeneity may be supported by plasticity in activation from few populations rather than large diversity of functionalized populations.

In an attempt to connect morphological features and scRNAseq clusters, we used FACS approaches of cell sorting based on basic morphological features such as size and granularity (FSC and SSC) of the hemocytes before analysing them with a global label-free proteomic approach. Nonetheless, as previously shown (47), B. glabrata hemocytes formed a continuum of size and granularity that does not allow us to accurately sort any particular hemocyte population. However, by defining specific gates on the FACS it was possible to recover fractions enriched by the three populations commonly accepted in our model (Supplementary Figure 2). From these sorted cell fractions, we performed a protein extraction, which was subjected to label-free LC-MS analyses. But unfortunately, the genes coding for the identified proteins did not allow us to link the hemocyte morphotypes to the different transcriptomic clusters. Indeed, we do not find by any particular differential expression of the marker genes defined for the hyalinocyte and blast-like cell fractions. However, a certain pattern seems to emerge for the genes belonging to the granulocyte-enriched fraction, which seem to be slightly overexpressed in the cells of clusters 1 and 6. These data seem to be corroborated by different genes identified from the literature that were assigned to granulocyte clusters. Indeed, we find genes such as granulin, some toll-like receptors more strongly expressed in these clusters 1 and 6 or cell differentiation factors such as MIF gene (Figure 2J) which is practically no longer expressed in clusters 1 and 6 and these hemocytes follow a particular expression pattern along the pseudotime when we use the cluster 0 as starting point. Clusters 1 to 6 would therefore represent differentiating or differentiated cells. These hemocyte clusters are composed of rather active cells even if in these clusters the RNA count is low (Supplementary Figure 1). The marker gene set detected is however very specific to these clusters and strongly linked to various immune responses.

However, we decided to remove clusters 1 and 6 from the analyses because the genes expressed in these two clusters are very different from the other clusters. It was then impossible to obtain a cell lineage between these two clusters and the rest of the clusters grouped around cluster 0. Either the cells that compose clusters 1 and 6 are from different progenitors or they are from different cell lines that we were not able to capture by this drop-seq approach. To solve this problem one possibility would be to increase the number of hemocytes captured in order to detect the rare hemocytes in our study model that could link all the transcriptomic clusters in the analysis. With this increase in the number of hemocytes captured, it would also be important to increase the depth and sensitivity of sequencing in order to be able to detect more genes in all cells like the use of well-based scRNAseq methods including smartseq2-3 (58, 59). For example in this analysis, we were not able to detect certain genes known to be expressed in hemocytes such as biomphalysin or BgTEP (30, 60). BgTEP were known to be expressed by a subpopulation of blast-like cells (29), thus using BgTEP as a marker gene would be particularly relevant, if we were able to detect it in scRNAseq approach.

Cluster 0 regroups the majority of the cells in our analysis and preferentially expresses a multitude of PRRs and genes involved in energy production. The cells of this cluster may be probably be considered as latent, sentinel cells, harboring a large diversity of receptors waiting to be activated by a contact with a stimulus (pathogen, circulating alarmins, etc). The cells in this cluster also express all the marker genes of the three hemocyte morphotypes defined on the basis of data from proteomics or the literature. It would therefore seem that this cluster is possibly composed of several different hemocyte morphotypes or only hyalinocytes cells due to the large number of genes expressed which would suggest large cells, waiting for a biotic or abiotic signal to engage in a specific differentiation pathway. One possible scenario would be that some of these cells, from cluster 0, would enter into division (which could represent cluster 4) and then produce active cells (represented here by the cells of cluster 3 linked in the pseudo-time to cells of cluster 4). This differentiation from cluster 0 to cluster 4 and cluster 3, may also be supported by the analysis of the MIF gene (Figure 2J) which could be considered as a differentiation factor towards granulocytes because of the decreasing of its expression along the pseudotime (Figure 2J) in the clusters identified in differentiation. This hypothesis of a progressive hemocyte differentiation may also be supported by recent studies conducted on crayfish (61) showing that in crustaceans a greater plasticity of hemocytes is also find and that the majority of hemocytes in this model are derived from a single common lineage. These hemocytes therefore tend to differentiate into functionally different populations where granulocyte-like hemocytes would be the terminal stage of differentiation. Based on our results, can we propose that a similar process of cell activation occurs in B. glabrata snails or more largely in invertebrates? This question will deserve further investigations.

One way to confirm this hypothesis would be to experimentally expose snails, and therefore hemocytes, to various pathogens and see if new populations would be able to emerge from this cluster 0. However, it is interesting to note that we find in cluster 6 and cluster 5, some sets of marker genes involved in responses to pathogens such as bacteria (cluster 5) or virus (cluster 6). These clusters could represent hemocytes that can be involved in the control of microbiota communities. Indeed, it is yet hypothesized that the immune system is necessary for the control and maintenance of the microbial communities associated with the holobionts in B. glabrata snails. This is particularly true for bacteria (62, 63) and potentially for virus control (64) in which clusters 5 and 6 may potentially be involved.

All the results in this study still prevent us from assigning each transcriptomic cluster to a particular hemocyte morphotype with certainty. However, this scRNAseq analysis provides the basis for further descriptions of the function of each hemocyte type. The marker genes defined in this analysis allow us to draw an identity map of each of the transcriptomic clusters, and will be a terrific tool that can be used in a near future for the morphological validation of each of these cell groups. For example, a gene coding for a transmembrane protein (transmembrane 97-like) is highly expressed in cluster 1 and could be of great interest to determine if this cluster corresponds to one or more morphological cell types. But how can we physically separate our hemocytes? How to define more precisely the cells of cluster 0? The next challenges concerning the description of these hemocytes will consist in developing and combining more cutting-edge technology approaches of physical separation of hemocytes. We have summarized in Figure 3 an exhaustive list of all the techniques and analysis that will need to be performed on these hemocytes to reveal their possible functions in the organism and the morphology associated with each of these functions.




Figure 3 | Schematic representation of the three hemocyte populations commonly described surrounded by all the techniques feasible on this type of cell and taking into account either bulk hemocytes (colored dots circled in black) or hemocytes taken individually (colored dots) according to their morphological characteristics. The three colored dots refer to the colors of each hemocyte population in the center of the figure.



These approaches can be split in two strategies, using hemocytes and complex tissues as a bulk or using single isolated cells. More in-drop isolated scRNAseq sequencing would bring new information about response to infection or injury in hemocytes. More sequencing would bring more accurate marker genes that could be used for targeted approaches such as in-situ hybridisation, siRNA or CRISPR-Cas9. Unfortunately, those approaches could still not be relevant to obtain membrane markers that could be used for FACS purposes. Indeed, surface markers often have low levels of RNA abundance and can be under the method sensitivity threshold. For this purpose, we propose to enrich hemocyte membrane proteins for MS-MS analysis to identify proteins harbored on hemocyte surfaces. Those proteins can then be used as targets for antibody-based isolation (FACS, MACS) or immunohistochemistry. As soon as several sub-populations of hemocyte can be isolated in flow cytometry gates, a novel era may start for the Biomphalaria glabrata community working on immunity. Obviously, it would pave the way for basic flow-cytometry immunology where cell populations are monitored following an immune stress, alarmin injection or parasite infection. The improvement of FACS techniques, coupled with approaches of more sensitive scRNAseq technologies such as smart-seq methods would increase the quality of transcriptome obtained for each population and be useful to characterize each of the morphological populations and their behaviour to certain pathogens or parasites. Moreover, those sorted sub-populations could then be used for in-vitro endocytosis or opsonin assays where we may observe the ability of the different hemocytes to interact, induce phagocytosis or actively endocyte differentially treated beads, parasites or pathogens.

Finally, determining the links between the different morphological populations and their functions is an essential step in understanding snail immune mechanisms, particularly in the context of immune response and innate immune memory acquisition towards the parasite S. mansoni responsible for intestinal schistosomiasis in humans. Much evidence leads to hemocyte while suggesting a support for innate immune memory. Here, we bring new evidence proving the plasticity over the diversity of hemocytes population in Biomphalaria glabrata and we bring new guidelines to transform hemocyte immunology research in invertebrates.
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Schistosomiasis is a neglected tropical disease caused by worms of the genus Schistosoma spp. The progression of disease results in intense tissue fibrosis and high mortality rate. After egg deposition by adult worms, the inflammatory response is characterized by the robust activation of type 2 immunity. Monocytes and macrophages play critical roles during schistosomiasis. Inflammatory Ly6Chigh monocytes are recruited from the blood to the inflammatory foci and differentiate into alternatively activated macrophages (AAMs), which promote tissue repair. The common chain of β2-integrins (CD18) regulates monocytopoiesis and mediates resistance to experimental schistosomiasis. There is still limited knowledge about mechanisms controlled by CD18 that impact monocyte development and effector cells such as macrophages during schistosomiasis. Here, we show that CD18low mice chronically infected with S. mansoni display monocyte progenitors with reduced proliferative capacity, resulting in the accumulation of the progenitor cell denominated proliferating-monocyte (pMo). Consequently, inflammatory Ly6Chigh and patrolling Ly6Clow monocytes are reduced in the bone marrow and blood. Mechanistically, low CD18 expression decreases Irf8 gene expression in pMo progenitor cells, whose encoded transcription factor regulates CSFR1 (CD115) expression on the cell surface. Furthermore, low CD18 expression affects the accumulation of inflammatory Ly6Chigh CD11b+ monocytes in the liver while the adoptive transference of these cells to infected-CD18low mice reduced the inflammatory infiltrate and fibrosis in the liver. Importantly, expression of Il4, Chil3l3 and Arg1 was downregulated, CD206+PD-L2+ AAMs were reduced and there were lower levels of IL-10 in the liver of CD18low mice  chronically infected with S. mansoni. Overall, these findings suggest that CD18 controls the IRF8-CD115 axis on pMo progenitor cells, affecting their proliferation and maturation of monocytes. At the same time, CD18 is crucial for the appropriate polarization and function of AAMs and tissue repair during chronic schistosomiasis.
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Introduction

The common chain of β2 integrins (CD18) is constitutively expressed by diverse leukocytes and is involved in host-pathogen interactions, adhesion and trans-endothelial migration of leukocytes, phagocytosis and killing of pathogens, and monocytopoiesis during schistosomiasis (1–3). Mice that express low levels of CD18 (CD18low) exhibit reduced accumulation of inflammatory Ly6Chigh and patrolling Ly6Clow monocytes in the bone marrow (BM) and blood during infection with S. mansoni, which correlates with increased egg counts on feces and higher mortality (3). The accumulation of S. mansoni-eggs into tissue induces high levels of IL-4, IL-13, IL-5, and IL-10 that trigger Th2 granuloma formation, a hallmark of chronic schistosomiasis (4). Granulomas are structures composed by non-immune and immune cells which are recruited to limit the tissue damage caused by eggs (5). In general, the cellular infiltrate in liver from S. mansoni-infected mice is characterized by increased numbers of monocytes, neutrophils, eosinophils and macrophages around the parasites eggs (6). Low CD18 expression does not affect the accumulation of neutrophils or monocyte-derived macrophages (MDM) and monocyte-derived dendritic cells (MDC) in the liver, however, it reduces specific monocyte subsets during infection with S. mansoni (3). Therefore, we hypothesized that CD18 is required by progenitor cells as well as by mature monocytes to resist immunopathology caused by S. mansoni infection.

Leukocyte adhesion deficiency type 1 (LAD1) is caused by mutations on ITGB2 (CD18) gene in humans, which are affected by recurrent bacterial and fungal infections (7). Patients with chronic granulomatous disease (CGD) express reduced levels of CD18, which are associated with impaired innate immune cell recruitment and uncontrolled inflammatory responses (8). Previous studies show that CD18 knockout (CD18-/-) or CD18 hypomorphic (CD18HYP) mice exhibit increased numbers of Sca-1+ c-Kit+ cells (LSK pools) and increased neutrophils in the bone marrow (9, 10), suggesting that CD18 regulates the proliferation of hematopoietic stem and progenitor cells (HSPCs) that form hematopoietic niches (11, 12). During S. mansoni infection, lower CD18 expression does not affect neutrophil hematopoiesis in the bone marrow (3). CD18 controls the proliferation of granulocytes/macrophages progenitors (GMP) (9), suggesting a role for proliferative precursors during monocytopoiesis (13, 14). In adult life, the development of monocytes is initiated from the common bone marrow-derived precursor called the ‘monocyte-macrophages DC progenitor’ (MDP), followed by sequential steps of ‘common monocyte progenitor’ (cMoP) that give rise to the proliferating-monocyte (pMo) progenitor, which matures into monocytes (14).

After S. mansoni infection, most macrophages at inflammatory sites are derived from blood monocytes (6, 15–17). Both tissue resident macrophages and MDMs become alternatively activated macrophages (AAMs) via IL-4Rα signaling by IL-4 and IL-13 (15, 18). In general, the alternative phenotype is characterized by expression of high levels of arginase-1 (Arg1), chitinase-like 3 (Chi3l3), resistin-like alpha (Relma) and mannose receptor C-type 1 (Mrc1) (19). However, only monocyte-derived AAMs upregulates the expression of retinaldehyde dehydrogenase 2 (Raldh2) and programmed cell death ligand 2 (Pdcd1lg2) (20–22). Furthermore, AAMs produce IL-10 and TGF-β (23), cytokines that promote healing and tissue repair during schistosomiasis (24, 25). On the other hand, the integrin formed by pairing of CD11b – CD18 (αM/β2), MAC-1, forms a complex with IL-13Rα1 on the surface of macrophages (26) and dampens the alternative activation during the chronic inflammation (27).

To investigate the molecular role of CD18 on monocyte progenitor cells and alternative activation of macrophages during schistosomiasis, we used a mice model that expresses low levels of CD18 (CD18low), thus resembling humans with moderate ITGB2 deficiency (28). We found that CD18 affects the expression of the proliferation marker, Ki-67 and regulates the proliferation of monocyte progenitors during infection by S. mansoni. Gene expression of Irf8 was reduced in pMo cells of infected-CD18low mice, and consequently affected CD115 expression in the cell surface, resulting in failure of monocyte maturation in the BM and blood. The frequency of inflammatory Ly6Chigh CD11b+ monocytes was reduced in the liver of infected CD18low mice and the adoptive transference of these cells ameliorated the inflammatory infiltrate and tissue fibrosis, independently of the parasite burden. Of importance, CD18 regulates the expression of genes involved in alternative activation, such as Il4, Chil3l3 and Arg1 and impact CD206+ PD-L2+ AAMs, which was associated with lower levels of IL-10 in the liver. These data fill important gaps about the molecular mechanisms driven by CD18 during monocytopoiesis and alternative activation of macrophages in response to infection by S. mansoni.



Materials and methods


Animals

Male 8-week-old (22-26g) C57BL/6 (wild-type, 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). CD18low (B6.129S-Itgb2tm1bay) mice were purchased at The Jackson Laboratory. The CX3CR1gfp/gfp mice on the C57BL/6 background was donate by Dr. João Santana Silva from Faculdade de Medicina de Ribeirão Preto, Universidade de São Paulo (FMRP – USP). To obtain CX3CR1gfp/+ mice, CX3CR1gfp/gfp animals were backcrossed for ten generations with C57BL/6 mice. 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 19.1.46.60.4) 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 (20-25g) from the animal facilities of the Faculdade de Medicina de Ribeirão Preto - Universidade de São Paulo (FMRP – USP). Recovery of cercariae was described previously (3). For infection, mice were subcutaneously inoculated with 80 cercariae/animal with a sterile syringe and 22 G x 1” needle (BD Biosciences, Franklin Lakes, New Jersey, USA). At 7 weeks post infection (wpi) the animals were euthanized for posterior analyses.



Quantification of worm’s burden and fecal eggs

Parasite burdens were recovered by portal perfusion with 20 mL/animal of perfusion buffer [58 mM Na3C6H5O7 and 145 mM NaCl (Sigma Aldrich, St. Louis, Missouri, USA)] at 37°C. The worms were washed and counted using a dissecting microscope. The fecal eggs were recovered in stool sample/animal by Kato-Katz technique, as previously described (29).



Histopathological analysis

Animals from each experimental group were euthanized at 7 wpi. The liver was excised, fixed with 10% formalin for 24h, and embedded in paraffin. The tissue sections (5μm) were stained with H&E and Picrosirius red coloration for evaluate inflammatory infiltrated and fibrosis, respectively. 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 Solution®, Cambridge, UK). The inflammatory infiltrated and fibrosis were quantified with Image J (V1.51) software.



Anti-CD18 treatment in vivo

Naïve C57BL/6 mice were treated with anti-CD18 (clone: GAME-46) via intravenous route (2mg/kg of body weight) over 3 days. Controls were treated with saline buffer. Schematic representation of the treatment with anti-CD18 is shown in Figure 3E.



Flow cytometry of bone marrow, blood, and liver cells

The BM was flushed out from two femurs and tibias using RPMI with help of 26 G x ½” needle. Peripheral blood was drawn from the retro-orbital plexus. The red blood cells in BM flush and blood 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. Liver cells suspension were obtained after tissue digestion at 37°C for 45 min in 4 mL/liver 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)]. The enzymatic digestion was stopped by adding 100 μL of FBS and the tissue fragments passed through a cell strainer 100 μM pore size (Corning Inc. New York, 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 x 106 cells were used in further analysis. For viability, cells were counted in trypan blue or used the Fixable Viability Stain (FVS) (1:100) (BD Horizon™). The following antibodies were used: CD3 (1:100; clone: 17A2); CD19 (1:100; clone: 1D3); Ly6G (1:100; clone: 1A8); NK1.1 (1:100; clone: PK136); Ter-119/Erythroid (1:100; clone: TER-119) CD45R/B220 (1:100; clone: RA3-6B2); CD117/c-Kit (1:100; clone: 2B8); CD135 (1:100; clone: A2F10); CD115 (1:200; clone: CSF-1R); Ly6C (1:100; clone: AL-21 or HK1.4); CD11a (1:100; clone: 2D7); CD11b (1:100; clone: M1/70); CD11c (1:100; clone: HL3); Ki-67 (1:200; clone B56) CD45 (1:100; clone: 30-F11), CX3CR1 (1:200; clone: SA011F11), F4/80 (1:100; clone: BM8), CD206 (1:100; clone: C068C2) and CD273 / PD-L2 (1:100; clone: TY25). All antibodies used in flow cytometry were purchased from Biolegend (San Diego, CA, EUA) or BD Biosciences (Franklin Lakes, New Jersey, USA). Data acquisition was performed using a BD LSRFortessa™ flow cytometer and FACSDiva software (BD Biosciences, Franklin Lakes, New Jersey, USA). 100,000 events were acquired for samples from bone marrow, blood and liver. Data were plotted and analyzed using FlowJo software v. 10.8.0 (Tree Star, Inc, Ashland, OR, USA)



Cell sorting from BM

Bone marrows (two femurs and tibias) from three chronically infected WT or CD18low mice were flushed out using RPMI with 26 G x ½” needle. Pooled cell suspensions were stained with Fixable Viability Stain (FVS) (1:1000) (BD Horizon™); following the antibodies: CD3 (1:100; clone: 17A2), CD19 (1:100; clone: 1D3), NK1.1 (1:100; clone: PK136) Ly6G (1:100; clone A18), CD117 / c-Kit (1:200; clone: 2B8), CD115 (1:200; clone: CSF-1R), Ly6C (1:200; clone: AL-21) and CD11b (1:200; clone M1/70) washed and after isolated using a BD FACSMelody™ Cell Sorter. Two populations were separated, proliferating-monocyte progenitor (pMo) (FVS- Lin- CD117+ CD115+ Ly6C+ CD11b-) and inflammatory Ly6Chigh monocytes (FVS- Lin- CD117+ CD115+ Ly6Chigh CD11b+). Suspensions of 1 x 105 proliferating-monocyte progenitor (pMo) and 1 x 106 inflammatory Ly6Chigh monocytes were used in further analysis.



Cell sorting of inflammatory Ly6ChighCD11b+ and patrolling Ly6ClowCD11b+monocytes from the BM of CX3CR1gpf/+ animals and adoptive transference

Bone marrows (two femurs and tibias) of three non-infected CX3CR1gfp/+ mice were flushed out using RPMI and 26 G x ½” needle. Pooled cell suspensions were stained with antibodies: Ly6G (1:200; clone 1A8), Ly6C (1:200; clone AL-21) and CD11b (1:200; clone M1/70) washed and isolated using a BD FACSMelody™ Cell Sorter. Suspensions of 2 x 105 inflammatory Ly6Chigh (Ly6G- Ly6Chigh CD11b+ CX3CR1low) and 1 x 105 patrolling Ly6Clow (Ly6G- Ly6Clow CD11b+ CX3CR1low) monocytes were transferred by intravenous route to infected-CD18low mice in different days shown in the experimental design shown in Figure 4A.



Quantitative real-time polymerase chain reaction

For BM lysates and isolated pMo and inflammatory Ly6Chigh monocytes, the total RNA was extracted using the RNAlater® (Sigma-Aldrich) and PureLink™ RNA Mini Kit (Invitrogen™) according to the manufacturer instructions. For liver homogenates, the total RNA was extracted using the TRIzol® and the SV Total RNA Isolation System Kit (Promega®) according to the manufacturer instruction. Complementary DNA was synthesized with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). SYBR Green Mix–based real-time quantitative PCR assays were performed using the StepOnePlus Real-Time PCR System (Applied Biosystems). The mean cycle threshold (Ct) values of triplicate measurements were used to calculate the expression of the target genes, which were normalized to the housekeeping gene Gapdh to liver and BM cells, and analyzed with the 2-ΔΔCt method. All primers (Supplementary Table 1) were designed using the Primer Express software package v2.0 (Applied Biosystems), based on the nucleotide reference sequences available at GenBank database.



Statistical analyses

The data were normally distributed. Significant differences between experimental groups were evaluated using one-way ANOVA and Tukey’s multiple comparison test or Student’s t-test. Error bars represent mean ± SD. Analyses were performed using GraphPad Prism software v8.2.1 (GraphPad Software Inc., San Diego, CA, USA). Statistical significance was set at p <0.05.




Results


CD18 affects Ki-67 expression and maturation of monocyte progenitors during schistosomiasis

To assess the biological function of CD18 in regulating the bone marrow-derived precursors of monocytes during chronic schistosomiasis, WT and CD18low mice were infected subcutaneously with 80 cercariae and after 7 wpi, the monocytopoiesis was characterized in the BM with flow cytometry (Figure S1A). Compared to controls, CD18low mice exhibited increased percentage of MPD (Figure 1A), but absolute numbers of cells were similar (Figure 1B). There were no significant differences in cMoP progenitors between experimental groups (Figures 1C, D). The final steps of monocyte maturation can be characterized by different levels of Ly6C and CD11b expression: Ly6C+ CD11b- (pMo), Ly6Chigh CD11b+ (inflammatory monocytes) and Ly6ClowCD11b+ (patrolling monocytes) (Figure 1E). Strikingly, we observed that both percentage and absolute numbers of pMo increased in the BM of infected CD18low mice (Figures 1E, F). In accordance, the percentage and absolute number of inflammatory Ly6Chigh (Figures 1E, G) and patrolling Ly6Clow (Figures 1E, H) monocytes were significantly diminished in the BM of CD18low animals. We also analyzed the frequency of blood monocytes using a flow cytometric gating hierarchy including the CX3CR1 marker (Figure S1B). Corroborating previous findings (3), the percentage and absolute numbers of inflammatory Ly6Chigh and patrolling Ly6Clow monocytes were reduced in CD18low mice (Figure S1B).




Figure 1 | CD18 is required for monocyte progenitors in BM during chronic schistosomiasis. BM of S. mansoni-infected C57BL/6 and CD18low mice were analyzed by flow cytometry. (A) Representative dot plots and graph displaying the percentage of MDP progenitor cells (Lin- CD117- CD115+ CD135+ Ly6C- CD11b-). (B) Scatter plot with bar show the absolute numbers of MPD progenitor cells. (C) Representative dot plots and graph displaying the percentage of cMoP progenitor cells (Lin- CD117+ CD115+ CD135+ Ly6C+ CD11b-). (D) Scatter plot with bar show the absolute number of cMoP progenitor cells. (E) Representative dot plots displaying the pMo progenitor cells (Lin- CD117- CD115+ CD135- Ly6C+ CD11b-), inflammatory Ly6Chigh monocytes (Lin- CD117- CD115+ CD135- Ly6Chigh CD11b+) and patrolling Ly6Clow monocytes (Lin- CD117- CD115+ CD135- Ly6Clow CD11b+). (F) Scatter plot with bar show the percentage and absolute numbers of pMo progenitor cells. (G) Scatter plot with bar show the percentage and absolute numbers of inflammatory Ly6Chigh monocytes. (H) Scatter plot with bar show the percentage and absolute numbers of patrolling Ly6Clow monocytes. Median with interquartile range are shown for one representative experiment (n= 4 WT and CD18low infected mice at 7 weeks) out of three independent experiments. Data were analyzed with Mann-Whitney test (*p < 0.05, ns p > 0.05, compared to WT in each time-point). The symbol (#) indicates the absolute numbers of each progenitor population.



Furthermore, CD18 deficiency has been associated with the proliferation of myeloid cells (9, 12), suggesting that CD18 affects the proliferation of monocyte progenitors and development during chronic schistosomiasis. To test this hypothesis, we quantified the expression of the proliferation marker, Ki-67, in progenitors and mature monocytes. Compared with WT mice, Ki-67 expression was significantly reduced in MPD (Figures 2A, B), cMoP (Figures 2A, C) and pMo (Figures 2A, D) progenitors in the BM of CD18low mice at 7 wpi. There were no significant differences in Ki-67 expression in inflammatory Ly6Chigh (Figures 2A, E) and patrolling Ly6Clow (Figures 2A, F) monocytes. Collectively, these data suggest that low CD18 expression impacts the proliferation of monocyte precursors, a process that is required for the differentiation into mature monocytes (14). Therefore, a potential development arrest may drive the accumulation of these cells, reducing mature monocytes in the BM and blood during chronic S. mansoni infection.




Figure 2 | CD18 controls the expression of Ki-67 in monocyte progenitors in BM during chronic schistosomiasis. BM of S. mansoni-infected C57BL/6 and CD18low mice were analyzed by flow cytometry. (A) Representative histogram graph showed the median florescent intensity (MFI) of Ki-67 in MPD (Lin- CD117- CD115+ CD135+ Ly6C- CD11b-), cMoP (Lin- CD117+ CD115+ CD135+ Ly6C+ CD11b-) and pMo (Lin- CD117- CD115+ CD135- Ly6C+ CD11b-) progenitor cells and in distinct monocytes subsets, Ly6Chigh (Lin- CD117- CD115+ CD135- Ly6Chigh CD11b+) and Ly6Clow (Lin- CD117- CD115+ CD135- Ly6Clow CD11b+). (B) Scatter plot with bar show MFI of Ki-67 in MPD progenitor cells. (C) Scatter plot with bar show Ki-67 MFI in cMoP progenitor cells. (D) Scatter plot with bar show MFI of Ki-67 in pMo progenitor cells. (E) Scatter plot with bar show MFI of Ki-67 in inflammatory Ly6Chigh monocytes. (F) Scatter plot with bar show MFI of Ki-67 in patrolling Ly6Clow monocytes. Median with interquartile range are shown for one representative experiment (n= 4 WT and CD18low infected mice at 7 weeks) out of three independent experiments. Data were analyzed with Mann-Whitney test (* p < 0.05, ** p < 0.01, *** p < 0.001, ns p > 0.05, compared to WT in each time-point).





CD18 regulates IRF8-dependent CD115 expression in pMo progenitors during chronic schistosomiasis

The transcription factors IRF8 (30, 31) and KLF4 (32, 33) control the development of Ly6Chigh monocytes, while NR4A1 (34) is necessary for the maturation of Ly6Clow monocytes. Because we observed the accumulation of pMo progenitors and reduced Ki-67 expression in the cells from CD18low mice, we next investigated if CD18 affects the gene expression of transcription factors controlling the maturation of monocytes. Using FACS-sorting, we isolated the pMo (Ly6C+CD11b-) and inflammatory Ly6Chigh monocytes from the BM of naïve and chronically infected WT and CD18low mice. Compared to WT mice, Irf8 expression was significantly reduced in the pMo cells from CD18low animals (Figure 3A). There were no significant differences in Klf4 and Nr4a1 expression in pMo cells between the mouse strains (Figure 3B). Inflammatory Ly6Chigh monocytes from both experimental groups displayed similar expression of Irf8, Klf4 and Nr4a1. IRF8 signaling enhances the expression of colony stimulating factor 1 receptor (CSF1R; also know as CD115), which is necessary for the development and maintenance of monocytes (35) and tissue macrophages (36). Therefore, CD18 may provide critical signals to maintain a functional CSF1-CSF1R axis in these cells during schistosomiasis. To test this hypothesis, we quantified the cell surface expression of CD115 in pMo and inflammatory Ly6Chigh monocytes. As expected, the expression of CD115 was significantly reduced in the surface of pMo (Figure 3C) and Ly6Chigh monocytes (Figure 3D) from CD18low mice at 7 wpi. To validate these findings and establish the impact of CD18 over CD115 expression, we treated naïve WT mice with anti-CD18 and analyzed CD115 expression in pMo and inflammatory Ly6Chigh monocytes from the BM, according to the experimental design in Figure 3E. Compared to control mice, CD115 expression was reduced in the surface of pMo from anti-CD18 treated mice (Figure 3F), while CD18 blockage did not change the CD115 expression in inflammatory Ly6Chigh monocytes in the BM (Figure 3G). Taken together, these results suggest that CD18 affects the IRF8-CD115 axis, which may modulate the proliferation of monocyte precursors and impact the generation of mature monocytes during chronic S. mansoni infection.




Figure 3 | Low CD18 expression impacts the expression of IRF8 and CD115 in proliferating-monocyte isolated from BM of S. mansoni-infected mice. Proliferating-monocytes (pMo) progenitor cells and inflammatory Ly6Chigh monocytes were isolated by FACS-sorting from the BM of uninfected and S. mansoni-infected C57BL/6 and CD18low mice. (A) Scatter plot with bar show the Irf8, Klf4 and Nr4a1 expression in the proliferating-monocytes progenitor cells at 7 wpi. (B) Scatter plot with bar show the Irf8, Klf4 and Nr4a1 expression in the inflammatory Ly6Chigh monocytes at 7 wpi. Data represent one independent experiment using a pool of three animals (N=9 WT and CD18low infected mice at 7 weeks. Results are expressed as mean ± SD. Statistically significant differences were evaluated with unpaired t test ( ** p < 0.01 compared to WT in each time-point). BM of S. mansoni-infected C57BL/6 and CD18low mice were analyzed by flow cytometry. (C) Representative histogram and scatter plot with bar show the CD115 MFI on pMo (Lin- CD117- CD115+ CD135- Ly6C+ CD11b-) progenitor cells (D) Representative histogram and scatter plot with bar show the CD115 MFI on inflammatory Ly6Chigh (Lin- CD117- CD115+ CD135- Ly6Chigh CD11b+) monocytes. Data represent one representative experiment (n= 4 WT and CD18low infected mice at 7 weeks) out of three independent experiments. Statistically significant differences were evaluated with unpaired t test (*** p < 0.001, ns p > 0.05, compared to WT in each time-point). (E) Schematic representation of the treatment with anti-CD18 (intravenous 2mg/Kg) in naïve WT mice. (F) Scatter plot with bar show the CD115 MFI on pMo progenitor cells. (G) Scatter plot with bar show the CD115 MFI on inflammatory Ly6Chigh monocytes. Data represent one independent experiment (n= 4 non treated WT mice and n=7 WT anti-CD18 treated mice per group). Statistically significant differences were evaluated with unpaired t test (** p < 0.01, ns p > 0.05, compared to nontreated WT mice).





CD18 regulates αM-CD11b subunit expression in hepatic Ly6Chigh monocytes during schistosomiasis

Because CD18 partners with different α-subunits to compose distinct integrins such as αLβ2 (CD11a/CD18 or LFA-1), αMβ2 (CD11b/CD18 or Mac-1 or CR3), αXβ2 (CD11c/CD18 or p150/95 or CR4) and αDβ2 (CD11d/CD18) (1) and monocytes play a critical roles in regulating tissue damage (37), we investigated the gene expression of α-subunits in the liver from S. mansoni-infected WT mice at 7wpi. We found increased Itgam expression compared to Itgal (Figure S2A). Additionally, we performed a flow cytometry analysis to evaluate the cell surface expression of α-subunits on CD45+ cells in the liver. The analysis revealed an increased frequency of CD11b+ cells compared to CD11a+ cells in the liver of S. mansoni-infected mice at 7 wpi (Figures S2B, C). Accordingly, our previous work showed that, lower CD18 expression reduces the percentages of Ly6Cinter and patrolling Ly6Clow monocytes in the liver during chronic schistosomiasis (3). Therefore, we applied the flow cytometric gating hierarchy shown in Figure S2B to evaluate the α-subunits in hepatic inflammatory Ly6Chigh and patrolling Ly6Clow monocytes. Compared to WT mice, CD11b and CD11c expression was reduced in inflammatory Ly6Chigh monocytes in the livers of infected-CD18low mice, while α-subunits were not altered in patrolling Ly6Clow monocytes compared to both animals (Figures S2D, E). Furthermore, we observed that the percentage of Ly6Chigh CD11b+ monocytes was significantly diminished in the liver of CD18low mice (Figure S2F). Of note, there were no significant differences in the percentage of CD11a+ or CD11c+ inflammatory Ly6Chigh monocytes (Figure S2F) or any of patrolling Ly6Clow monocytes (Figure S2G).



Adoptive transference of inflammatory Ly6Chigh monocytes ameliorate the liver damage in infected-CD18low mice during chronic schistosomiasis

To validate that CD18 is required by monocytes to protect from pathology, we isolated inflammatory Ly6ChighCD11b+ or patrolling Ly6ClowCD11b+ monocytes from a naïve CX3CR1-GFP reporter mice by FACS sorting, and transferred to infected CD18low mice, according to the experimental design in Figure 4A. Low CD18 expression results in increased worm burdens and release of eggs compared to WT mice (Figures 4B, C). The adoptive transference of inflammatory Ly6ChighCD11b+ or Ly6ClowCD11b+ monocytes to infected-CD18low mice did not impact these parameters at 7 wpi (Figures 4B, C). Inflammatory Ly6Chigh monocytes reduce Ly6C expression and accumulate in the hepatic granulomas around the S. mansoni eggs (6, 15, 16), but low CD18 expression does not affect granuloma areas in responses to S. mansoni eggs (3). Thus, we performed histological analyses of livers from both groups of mice infected at 7 weeks by staining with hematoxylin & eosin (H&E) and picrosirius red to evaluate the inflammatory infiltrated and fibrosis, respectively. The numbers of granulomas were similar between WT and CD18low mice receiving Ly6ChighCD11b+ or Ly6ClowCD11b+ monocytes and controls (Figure 4D). Compared to WT, CD18low mice displayed increased inflammatory infiltrate in the liver (Figure 4E) and the adoptive transference of WT inflammatory Ly6Chigh CD11b+ monocytes to infected-CD18low reduced the inflammatory infiltrate in the liver, which became comparable to WT mice (Figure 4E). There were no significant differences in mice receiving WT patrolling Ly6ClowCD11b+ monocytes (Figure 4E). Consistently, we observed increased collagen deposition in livers of CD18low compared to WT mice (Figure 4F), while CD18low mice that received WT inflammatory Ly6Chigh monocytes exhibited diminished hepatic fibrosis (Figure 4F). Adoptive transference of WT patrolling Ly6Clow CD11b+ monocytes had no effects to control the fibrosis in liver (Figure 4F). Overall, these data show that CD18 is critical for the generation of inflammatory Ly6Chigh monocytes, which are required to control the inflammation and fibrosis in liver during chronic schistosomiasis.




Figure 4 | Adoptive transference of inflammatory Ly6Chigh monocytes promotes the tissue repair in infected-CD18low mice during chronic schistosomiasis. WT and CD18low mice were subcutaneous infected with 80 cercariae of S. mansoni. (A) Schematic representation of the adoptive transference of inflammatory Ly6Chigh CD11b+ and patrolling Ly6Clow CD11b+ monocytes previously isolated from uninfected CX3CR1gpf/wt reporter mice by FACS-sorting. (B) Scatter plots with bar show the parasite worm burden determined by perfusion of the hepatic portal system from WT and CD18low mice treated or not with inflammatory Ly6ChighCD11b+ and patrolling Ly6Clow CD11b+monocytes at 7 wpi. (C) Scatter plots with bar show the eggs/g of feces from WT and CD18low mice treated or not with inflammatory Ly6Chigh CD11b+ and patrolling Ly6Clow CD11b+at 7 wpi. (D) Bar plots show the numbers of granuloma by field from WT and CD18low mice receiving inflammatory Ly6Chigh CD11b+ or patrolling Ly6Clow CD11b+ and controls at 7 wpi. (E) Photomicrographs of liver lesion stained with H&E coloration and bar plots show the percentage of the inflammatory infiltrated from WT and CD18low mice receiving inflammatory Ly6Chigh CD11b+ or patrolling Ly6Clow CD11b+ and controls at 7 wpi. (F) Photomicrographs of liver lesion stained with picrosirius red staining and bar plots show the percentage of fibrosis (red area) from WT and CD18low mice receiving inflammatory Ly6ChighCD11b+ or patrolling Ly6ClowCD11b+ and controls at 7 wpi. All photomicrography was analyzed using a light microscope, scale bar: 50μM (n= 4 WT or CD18low control mice and n=4 CD18low adoptive transferred mice per group). Data are expressed as mean ± SD. Statistically significant differences were evaluated with ANOVA followed by Bonferroni’s multiple comparisons test (*p < 0.05).





The alternative activation of macrophages requires CD18 during chronic schistosomiasis

Ly6Chigh monocytes give rise to AAM in liver granulomas, which are key players of tissue damage repair and granuloma formation during schistosomiasis (6, 15). To understand whether CD18 is required for the polarization and function of AAM, we evaluated the expression of genes characterizing the alternative activation of macrophages in the liver from WT and CD18low mice at 7 wpi. Compared to WT mice, the expression of Il4 (Figure 5A), Chi3l3 (Figure 5B) and Arg1 (Figure 5C) was reduced in CD18low animals. Next, we evaluated the accumulation of AAM in the liver using the flow cytometric gating hierarchy shown in Figure S3. There were no significant differences in PD-L2 and CD206 expression on AAMs between WT and CD18low mice (Figures 5D–F). However, both percentage and absolute numbers of PD-L2+CD206+ AAMs decreased in the liver of CD18low mice compared to WT animals at 7 weeks (Figures 5D, G, H). IL-4Ra signaling in AAM induces IL-10 production which is necessary for the maintenance of granulomas around the eggs (38). We observed that S. mansoni-infected CD18low mice displayed reduced abundance of IL-10 in the liver (Figure 5I), thus the reduced AAM population may reflect into lower IL-10 levels. Taken together, these data suggest that CD18 affects the phenotype and function of AAM during chronic schistosomiasis.




Figure 5 | Low CD18 expression impacts alternative activation of macrophages in livers of S. mansoni-infected mice. WT and CD18low mice were subcutaneous infected with 80 cercariae of S. mansoni and the livers were collected at 7 wpi. Graphs display the qRT-PCR analysis of Il4 (A) Chil3l3 (B) and Arg1 (C) expression in the liver. Data were analyzed from one representative experiment (A, C) or pool (B) out of two independent experiments. Statistically significant differences were evaluated with Mann-Whitney test (*p< 0.05, **p<0,01 compared to WT in each-time point). (D) Representative dot plots display the flow cytometric data of CD45+CX3CR1+PL-D2+CD206+ alternatively activated macrophages (AAMs). (E, F) Scatter plot with bar show the median fluorescent intensity (MFI) of PD-L2. (F) and CD206 (F) in AAMs. (G, H) Scatter plot with bar show the percentage (G) and absolute numbers (H) of these cells in the liver. Median with interquartile range is shown for one representative experiment (n= 6 WT and n=5 CD18low infected mice at 7 weeks) out of three independent experiments. Data were analyzed with Mann-Whitney test (* p < 0.05, *** p < 0.001, ns p > 0.05, compared to WT mice in each time-point). (I) Scatter plot with bar show the levels of IL-10 by ELISA in the liver. Data are from a pool of three independent experiments and were analyzed with Mann-Whitney test (**p < 0.01 compared to WT mice). The symbol (#) indicates the absolute numbers of AAMs.






Discussion

Our study showed that low levels of CD18 affect pMo progenitor cells, which accumulate in the BM, while reducing mature monocytes, immune cells that play critical roles during schistosomiasis (39). The data also suggest that CD18, and potentially the integrin Mac-1, regulates the gene expression of Irf8, which in turn is required for CD115 expression. Without optimal CD115 signaling, pMo may fail to mature into inflammatory Ly6Chigh monocytes, which are required to protect from immunopathology and death (3). Previous studies suggest that CD18 influences the formation of hematopoietic niches (11, 12) by triggering the proliferation and differentiation of HSPCs, which lead to myeloid (3, 9, 40, 41) and lymphoid cells hematopoiesis (42). It is important to note that proteomic analysis of monocytes and their progenitors showed that ITGB2 is involved in the discrimination between the developmental stages (14). Additionally, naïve CD18-/- mice display accumulation of granulocyte-macrophages progenitor (GMP) cells in the BM, which is associated with a higher GATA2 expression and activation of IgE – FcϵRI axis leading the GMP expansion and granulocyte and monocyte production (9). Curiously, arteriosclerotic progression has been associated with HSPC expansion in the BM and their recruitment to injured arteries via CD18 expression (40). In line with this metabolic disorder, S. mansoni-infected male Apolipoprotein E deficient (ApoE-/-) mice on high-fat diet (HFD) modulates oxygen consumption on bone marrow myeloid progenitors, culminating in Ki-67 expression and expansion of GMP (43). Here, we found that low levels of CD18 reduced Ki-67 expression in monocyte precursors, which suggests lower proliferation and maturation of these cells during S. mansoni infection, but further studies are necessary to confirm the precise biochemical pathways by which CD18 controls monocytopoiesis during schistosomiasis.

Impaired development of monocytes has been correlated with defective mTOR signaling, which results in the activation of STAT5 and downregulation of IRF8-dependent CD115-expression in myeloid progenitor cells in the BM (30). IRF8-deficient mice display reduced frequency and numbers of mature monocytes in BM and blood, while the IRF8-transduced cells increase Itgam, Csfr1 and Cd14 expression (32). Furthermore, IRF8 signaling modulates the effector functions of macrophages and dendritic cells by increasing the cell surface expression of other integrin families such as β8 and β7 (44). We observed a significant reduction of IRF8 gene expression in pMo of S. mansoni-infected CD18low mice, which also displayed reduced CD115 expression in their surface. Of interest, CD115 expression was also reduced in inflammatory Ly6Chigh monocytes. By blocking CD18 in vivo in naïve WT animals, we confirmed that CD18 is required for CD115 expression in pMo, but not inflammatory Ly6Chigh monocytes, emphasizing their importance for monocyte development and maturation even in absence of infection. However, limitations of our study include whether Mac-1 mediates the intracellular cascades regulating IRF8 at the transcriptional level and whether reduced levels of IRF8 indeed cause lower CD115 expression and signaling in pMo during schistosomiais.

Once they infiltrate into inflammatory tissue, monocytes and macrophages mediate effector responses to S. mansoni eggs and contribute to granuloma formation together with other immune and non-immune cells (39). In the tissue, Mac-1 integrin (CD11b/CD18) is required for effective macrophage responses and tissue remodeling (45). The sensibilization with soluble eggs antigen (SEA) of S. mansoni induces high expression of Mac-1 that correlates with reduction of liver fibrosis (46). Overall, our data demonstrate that low CD18 expression affects the maturation of inflammatory Ly6ChighCD11b+ monocytes, while adoptive transference of these cells, but not patrolling monocytes, ameliorated the inflammatory infiltrate and fibrosis in liver from S. mansoni- infected CD18low mice. Ideally, adoptive transfer of pMo progenitors from WT mice would better reveal their contribution in this context, while, adoptive transfer of inflammatory monocytes and/or pMo progenitors from CD18low mice donors shell confirm the requirement of CD18 by inflammatory monocytes for the polarization of AAM. In support of our findings, cellular therapy of monocytes (CD14+ CD11b+) contributes to tissue remodeling, reduces the production of TGF-β and upregulates Fizz1 (M2 marker) expression in the liver during experimental schistosomiasis (37).

During S. mansoni infection, IL-4Rα signaling is dispensable to blood monocyte influx and their conversion to MDM (16). However, IL-4 and IL-13 trigger the extracellular matrix remodeling and promote the alternative activation of macrophages (6, 15, 39, 47), while the alternative activation is inhibited by the direct interaction of Mac-1 integrin with IL-13Rα1 on the cellular surface (26). In contrast our data suggest that Mac-1 is needed for the alternative activation of macrophages during S. mansoni infection. We observed a decreased expression of genes related to AAM, reduced frequency and numbers of PD-L2+CD206+ AAMs, and decreased levels of IL-10 in the liver from S. mansoni-infected CD18low mice. AAM limit liver and intestinal fibrosis caused by deposition of eggs, becoming essential to host protection against pathology caused by S. mansoni infection (48). Interestingly, IL-10-/- mice infected with S. mansoni display higher pathology and less well-defined granulomas (49) while patients with severe schistosomiasis produce lower levels of IL-10 than those without fibrosis (50).

The data suggest a model in which CD18, and possibly Mac-1 integrin, induce the proliferation of monocyte progenitors as well as the IRF8 - CD115 axis. This could be required for the maturation of monocytes in the bone marrow. Furthermore, the data suggest that CD18 is needed for the phenotype and function of AAM, which would impact not only schistosomiasis, but also other helminthic, infectious and inflammatory diseases.
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Schistosomiasis, caused by infection with Schistosoma digenetic trematodes, is one of the deadliest neglected tropical diseases in the world. The Schistosoma lifecycle involves the miracidial infection of an intermediate freshwater snail host, such as Biomphalaria glabrata. Dispersing snail host-derived Schistosoma miracidia attractants has been considered a method of minimising intermediate host infections and, by extension, human schistosomiasis. The attractiveness of B. glabrata to miracidia is known to be reduced following infection; however, the relationship between duration of infection and attractiveness is unclear. Excretory-secretory proteins (ESPs) most abundant in attractive snail conditioned water (SCW) are key candidates to function as miracidia attractants. This study analysed SCW from B. glabrata that were naïve (uninfected) and at different time-points post-miracidia exposure (PME; 16h, 1-week, 2-weeks and 3-weeks PME) to identify candidate ESPs mediating Schistosoma mansoni miracidia behaviour change, including aggregation and chemoklinokinesis behaviour (random motion, including slowdown and increased turning rate and magnitude). Miracidia behaviour change was only observed post-addition of naïve and 3W-PME SCW, with other treatments inducing significantly weaker behaviour changes. Therefore, ESPs were considered attractant candidates if they were shared between naïve and 3W-PME SCW (or exclusive to the former), contained a predicted N-terminal signal peptide and displayed low identity (<50%) to known proteins outside of the Biomphalaria genus. Using these criteria, a total of 6 ESP attractant candidates were identified, including acetylcholine binding protein-like proteins and uncharacterised proteins. Tissue-specific RNA-seq analysis of the genes encoding these 6 ESPs indicated relatively high gene expression within various B. glabrata tissues, including the foot, mantle and kidney. Acetylcholine binding protein-like proteins were highly promising due to their high abundance in naïve and 3W-PME SCW, high specificity to B. glabrata and high expression in the ovotestis, from which attractants have been previously identified. In summary, this study used proteomics, guided by behavioural assays, to identify miracidia attractant candidates that should be further investigated as potential biocontrols to disrupt miracidia infection and minimise schistosomiasis.
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Introduction

Schistosomiasis is one of the most socioeconomically consequential neglected tropical diseases in the developing world and is caused by digenetic trematodes of the genus Schistosoma. The most common causes of human schistosomiasis are infection with Schistosoma mansoni, Schistosoma haematobium and Schistosoma japonicum, which together comprise over 95% of global human schistosomiasis cases (1). Over 200 million people are estimated to be infected with schistosomes, with endemicity ubiquitous in several Middle Eastern, South American and sub-Saharan African nations (2). Most infections are asymptomatic; however, a substantial minority of those infected suffer serious effects, resulting in an estimated over 200,000 deaths per year due to schistosomiasis (3).

Currently, the most common schistosomiasis management method is mass drug administration with praziquantel, a chemotherapeutic drug boasting high efficacy against all Schistosoma spp., few side effects and wide spread use for decades (4, 5). However, praziquantel mass drug administration does not prevent re-infections and the drug is less effective against immature schistosomes (6–8). Therefore, other methods of minimising the spread of schistosomiasis are under investigation. Vaccine development and non-pharmacological methods, such as improving sanitation, education and infrastructure, have been thoroughly investigated (9). However, another promising direction in schistosomiasis control is in preventing schistosomes from infecting their respective hosts through targeted chemosensory biocontrols. Due to the high species-specificity and sensitivity of chemosensory responses, the usage of attractants is an enticing, low-risk, targeted method. Chemosensory interference with aquatic species behaviour has recently been demonstrated on several pests, including cane toad (Rhinella marina) larvae (10) and European carp (Cyprinus carpio) (11), indicating the efficacy of this approach in aquatic settings.

The Schistosoma lifecycle involves the infection of an intermediate molluscan host and a definitive mammalian host. Miracidia (which hatch from eggs released into freshwater from definitive hosts) and cercariae (which escape from infected snails) are non-feeding stages which infect molluscan and mammalian hosts, respectively. Schistosoma cercariae can infect various mammalian species, including ruminants, humans and mice (12, 13). In contrast, miracidia can only infect snail hosts of a specific genus, such as Biomphalaria in the case of S. mansoni miracidia. The most widely studied miracidia-host interaction is that between S. mansoni miracidia and Biomphalaria glabrata, both of which have complete genome databases (14–16). It has been observed that proximity to B. glabrata snail-conditioned water (SCW) induces miracidia behaviour change, including chemoklinokinesis (random movement in proximity to a chemical, including slowdown and turning) and aggregation (increased quantity of miracidia presence around the SCW). Chemoklinokinesis has been observed in miracidia of many digenetic trematodes (17, 18). Miracidia of some S. mansoni strains display high host specificity, such as Egyptian strain S. mansoni for sympatric Biomphalaria alexandrina over allopatric B. glabrata, indicating preference for sympatric hosts (19). This suggests that miracidia receptors have evolved to identify Biomphalaria-specific ligands released into the water. Recent SCW analyses demonstrated that snail-derived peptides and excretory-secretory proteins (ESPs) were the primary stimulants for miracidia behaviour change, while small molecules were less likely to be attractants (20). One such attractant peptide is P12 (—R-DITSGLDPEVADD-KR—), which is highly expressed in the central nervous system, foot, heart and kidney and produced identical changes in miracidia behaviour to naïve (uninfected) B. glabrata SCW (20). However, aside from P12, few attraction chemicals have been identified (21). Comparative analyses of the chemical composition of attractive and non-attractive SCW may enable the identification of S. mansoni miracidia attractants in the former.

In addition to displaying a strong preference for Biomphalaria, S. mansoni miracidia also display a stronger preference for SCW from naïve B. glabrata than SCW from infected B. glabrata. When placed in a T-maze, S. mansoni miracidia show a significant preference for naïve SCW, but not infected SCW, over an empty chamber (22). This may be due to infected B. glabrata releasing fewer attractant ESPs or S. mansoni sporocysts (the asexually reproductive stages which miracidia transform into post-infection) releasing deterrent chemicals. Regardless of the mechanism, S. mansoni miracidia have an evolutionary justification to avoid infected molluscan hosts; excessive infection of a molluscan host leads to poorer cercarial output. For example, it has been observed that Galba truncatula release fewer cercariae when infected with five Fasciola hepatica miracidia than when infected with one miracidium (23). Therefore, because infected snails are known to be less attractive to miracidia, comparing SCW from naïve and infected snails may inform the identification of attractant chemicals in the former.

There are some indications that miracidia attraction to snail hosts varies with the duration of host infection. A recent study observed that SCW from B. glabrata 3 weeks post-miracidia exposure (PME) induced miracidia aggregation (24). This suggested that attractants may still be present post-infection. Testing SCW from B. glabrata at different time-points PME would reveal the relationship between infection duration and attractiveness. If miracidia behaviour change varies substantially between SCW from different time-points PME, a comparative proteomic analysis of ESPs from B. glabrata SCW at different time-points post-infection could facilitate the discovery of novel miracidia attractant candidates.

In this study, we aimed to compare SCW collected from B. glabrata at different time-points post-exposure to S. mansoni miracidia to identify attractant candidates. Firstly, behavioural bioassays were conducted on S. mansoni miracidia following the addition of B. glabrata SCW from 16h-PME, 1-week PME (1W-PME) and 2W-PME, with 3W-PME and naïve SCW derived from an earlier study (24). Secondly, the ESPs were subjected to semi-quantitative proteomic analysis using LC-MS/MS to identify attractant candidates. Finally, the attractant candidates were analysed using the B. glabrata transcriptome to observe their relative expression in different tissue. The findings of this study elucidated the effect of host infection duration on S. mansoni miracidia attractiveness and identified several attractant candidates.



Materials and Methods


Biomphalaria glabrata and Swiss mice maintenance conditions and ethics guidelines

The conduct and procedures involving animal experimentation were approved by the Animal Ethics Committee of the QIMR Berghofer Medical Research Institute, Brisbane (project number P3705). This study was performed in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The Swiss mice used in this study were subject to Biosecurity Quarantine Control and hence held in a quarantine containment area within a Specific Pathogen Free Animal Facility. The S. mansoni were maintained with an Australian Department of Agriculture, Fisheries and Forestry Biosecurity permit. The B. glabrata snails (NMRI strain) were maintained in an aerated tank of calcium carbonate conditioned-water (pH-neutral) at 27°C in a 12h alternating cycle of light and darkness. Their diet consisted of algae tablets and lettuce which was washed thoroughly with reverse osmosis water to prevent the introduction of dirt or other undesirable particles.



Snail-conditioned water collection and semi-purification

Samples of SCW were collected from B. glabrata that were naïve and 16h-PME, 1W-PME, 2W-PME and 3W-PME. These time-points were chosen, and each SCW treatment was extracted from a different batch, because frequent SCW collection increases snail stress and accelerates death. No further SCW treatments were collected after 3W-PME due to the high rate of cercarial release after this time-point causing high stress and low SCW protein quantities. The B. glabrata snails (60 for each treatment) were washed four times with freshly prepared calcium carbonate-conditioned Milli-Q water to remove any contaminants from the tank and separated into three 50 mL beakers, each containing 20 snails. Snails were incubated in 20 mL of pH-neutral spring water at room temperature for 2 h. Snails were removed and returned to the aquarium, 20 mL of methanol was added to the water samples and mixed thoroughly. The mixture was filtered through a 0.45 µm Durapore PVDF filter (Bedford, MA, USA) to remove contaminants. Filtered samples were immediately frozen on dry ice until lyophilisation using a Savant SpeedVac Concentrator (Thermo Scientific, MA, USA).



Schistosoma mansoni miracidia isolation and behavioural bioassay

Swiss mice infected with S. mansoni were euthanised with CO2 gas and their livers were finely sliced and placed in room-temperature phosphate-buffered saline (PBS) to collect the eggs of S. mansoni. Two sliced livers were shaken to a smooth consistency in 50 mL PBS. The mixture was centrifuged at 2,000×g for 10 s at 20˚C, the supernatant was removed and pellet re-suspended in 50 mL of room temperature PBS. This step was repeated three times until the supernatant was transparent. The eggs were divided between three 50 mL tubes in pH-neutral water covered by alfoil under a light for 2h at room temperature to maximise the quantity of miracidia attained. A total of 2h were allowed for hatching because the infected livers were stored at 4°C the night before being sliced and the eggs were not purified with any further steps (such as using collagenase or filters) (25). The top 4 mL of the water was collected every 30 min for 2 h and the number of miracidia were counted under a microscope. The miracidia were concentrated through centrifuging the water at 4,000×g for 15 min at 20°C and the supernatant was removed. The miracidia were resuspended in 10 mL of Milli-Q water, vortexed and 30 miracidia per 100 µL were counted. This method of SCW behavioural bioassay has been described in detail elsewhere (20).

Briefly, miracidia water aliquots in 100 µL volumes were placed on a hydrophilic glass slide (StarFrost® superclean, hydrophilic slides, ground edges 90°, white, ProSciTech Pty Ltd) to ensure the miracidia were consistently clear and monitored using an Olympus-CKX41 microscope (Olympus) equipped with an Olympus DPI Digital Microscope Camera DP22 (15 frames per second at 2.8-megapixel image quality). Miracidia baseline behaviours were recorded for one minute, followed by addition of 2 µL of SCW, after which a further minute of behaviours was recorded. This process was conducted with nine replicates of B. glabrata SCW at 16h-PME, 1W-PME and 2W-PME resuspended in 100 µL of Milli-Q water.

Data for the positive control (naïve SCW), negative control (Milli-Q water) and 3W-PME SCW were obtained in nine replicates from videos recorded in an earlier study (24). There were some minor methodological differences in that study, such as the use of 200 µL aliquots on petri dishes instead of 100 µL aliquots on glass slides, concentrating miracidia at 5,000×g instead of 4,000×g and using 25 snails instead of 20 for behavioural bioassay SCW collection. Behaviour bioassays using Milli-Q and naïve SCW were conducted again using the updated parameters and the new data was compared to the data from the earlier study to observe if the changes in parameters affected miracidia behaviour change. It was calculated that there were no significant differences in any behaviour metrics when comparing different Milli-Q water data and slightly greater decreases in velocity (34% instead of 22%, P = 0.0134) and increases in duration of presence (120% instead of 104%, P = 0.0448) when comparing naïve SCW data (Table S1). Therefore, we concluded that the changes in parameters did not affect behaviour changes enough to alter the conclusions of this paper and hence the naïve SCW, Milli-Q and 3W-PME SCW data were compared to the new PME SCW data.

The videos were analysed using a method described previously (20). Briefly, miracidia were identified when they were within the field of view (FOV). Videos were split into pre-addition and post-addition segments and imported into FIJI software (26). Miracidia contrast was improved using a rolling mean background subtraction method (27). Employing the TrackMate plugin (28), miracidia locations along an x-y axis were tracked in each frame and assembled into complete tracks for each miracidium present in the FOV. Changes were manually performed to prevent miracidia track overlap and eliminate tracks created by remaining liver particles that were unlikely to affect behaviour. The MTrackJ plugin (29) was used to calculate several measures of movement: average velocity (mm/s), angular standard deviation (degrees; measures the standard deviation in the change in angles between consecutive points, therefore reflecting the magnitude and frequency of turns), duration of presence (seconds) and miracidia tracks per min. Behaviour changes of interest included aggregation, signified by an increased quantity of miracidia per min, and chemoklinokinesis, indicated by decreased average velocity and increased duration of presence (both indicating slowdown) and increased angular standard deviation (SD; indicating magnitude and frequency of angle change) between pre-addition and post-addition videos.

For statistical analysis, we used an align-and-rank transform (ART) implemented in the ARTool R package to conduct a nonparametric two-way ANOVA with SCW treatments as a between-subjects factor and pre/post-addition as a within-subjects factor (30). This method avoids the requirement for a normally distributed response variable and accommodates the repeated measures nature of our pre-addition versus post-addition comparisons. This was followed by post-hoc contrasts of the changes between pre and post SCW addition for all SCW treatments against Milli-Q water, in addition to the changes between pre and post SCW addition for all PME SCW treatments against naïve SCW (31). A change of P < 0.05 was considered significant. Statistical analysis and figure preparation were both performed using R version 4.1.3 with R Studio (32), and the following packages: readxl version 1.4.0 (33), tidyverse version 1.3.1 (34), magrittr version 2.0.3 (35), forcats version 0.5.1 (36), lme4 version 1.1-29 (37), AICcmodavg version 2.3-1 (38), car version 3.1-0 (39), multcomp version 1.4-19 (40), ggplot2 version 3.3.6 (41), plotrix version 3.8-2 (42), ARTool version 0.11.1 (30) and UpSetR version 1.4.0 (43). On the generated box-plot, points beyond 1.5x the interquartile range either below the lower quartile or above the upper quartile are indicated as outliers.



In-solution trypsin digestion for SCW and sample preparation for LC-MS/MS

While previous studies have identified attractant proteins, such as P12, without in-solution trypsin digestions prior to analysis, preparation typically produced increased result sensitivity (20). Protein concentrations in all B. glabrata SCW triplicates, naïve and all time-points PME, were quantified using the BCA (Bicinchoninic Acid) method (44). A total of 25 µg of protein in 100 µL of 6M urea was used from each sample. Aliquots of 1.5 µL of 200 mM dithiothreitol were added to each sample, which were then incubated at 37°C for 1 h. Aliquots of 6 µL of 200 mM iodoacetamide were added to each sample and incubated in the dark at room temperature for 1 h. Volumes of 6 µL of 200 mM dithiothreitol were added to each sample and incubated at room temperature for 45 min. The urea was diluted with 775 µL of Milli-Q water, vortexed, and 20 µL of 100 µg/mL trypsin was added to each sample. The samples were digested at 37°C for 16h. A 15 µL aliquot of 10% formic acid was added to decrease the pH below 3. A Sep-Pak Plus C18 cartridge (Waters) was prepared for each SCW replicate to concentrate the samples. The protocol used was that prescribed for the product (Sep-Pak C18 Plus Short Cartridge, 360 mg Sorbent per Cartridge, 55-105 µm). An 8 mL aliquot of 0.5% acetic acid in 70% acetonitrile, 29.5% Milli-Q water was run through the column and the solution was frozen at -80°C before lyophilisation. Each lyophilised sample was resuspended in 50 µL of 0.1% formic acid and frozen at -20°C until LC-MS/MS analysis.



uHPLC tandem QTOF MS/MS analyses

SCW treatments were analysed by LC-MS/MS attached to an ExionLC liquid chromatography system (AB SCIEX, Concord, Canada) and a QTOF X500R mass spectrometer (AB SCIEX, Concord, Canada) equipped with an electrospray ion source. A 15 µL aliquot of each B. glabrata SCW sample was injected into a 100 mm × 1.7 µm Aeris PEPTIDE XB-C18 100 uHPLC column (Phenomenex, Sydney, Australia) equipped with a SecurityGuard column for mass spectrometry analysis. Linear gradients of 5-35% solvent B over a 10-min period at a flow rate of 400 µL/min, followed by a gradient from 35-80% solvent B over 2 min and 80-95% solvent B in 1 min were used for peptide elution. Solvent B remained at 95% for 1 min to wash the column after which it was decreased to 5% for equilibration prior to the injection of the subsequent sample. Solvent A consisted of 0.1% formic acid in Milli-Q water while solvent B contained 0.1% formic acid in 100% acetonitrile. The ion spray voltage was set to 5500 V, the declustering potential was set to 100 V, the curtain gas flow was set at 30, ion source gas 1 was set at 40, the ion source gas 2 was set at 50 and spray temperature was set at 450°C. The mass spectrometer acquired the mass spectral data in an Information Dependant Acquisition mode. Full scan TOFMS data was acquired over the mass range 350-1400 and for product ion ms/ms 50-1800. Ions observed in the TOF-MS scan exceeding a threshold of 100 cps and a charge state of +2 to +5 were set to trigger the acquisition of product ion. The data were acquired and processed using SCIEX OS software (AB SCIEX, Concord, Canada).



Protein identification

LC-MS/MS data were imported to PEAKS studio (Bioinformatics Solutions Inc., Waterloo, ON, Canada, version 7.0) with the assistance of MSConvert module of ProteoWizard (3.0.1) (45). For the current study, the proteomic data were analysed with the BglaB1.6 database to compare ESPs from different B. glabrata SCW treatments (https://vectorbase.org/vectorbase/app/record/dataset/TMPTX_bglaBB02) (15). MS/MS spectra of ESPs were also analysed with reference to the S. mansoni database (https://parasite.wormbase.org/Schistosoma_mansoni_prjea36577/Info/Index). De novo sequencing of peptides, database searches and characterising specific PTMs (post-translational modifications) were used to analyse the raw data; false discovery rate (FDR) was set to ≤ 1%, and [-10×log(P)] was calculated accordingly where P was the probability that an observed match was a random event. The PEAKS used the following parameters: (i) precursor ion mass tolerance, 20 ppm; (ii) fragment ion mass tolerance, 0.1 Da (the error tolerance); (iii) tryptic enzyme specificity with two missed cleavages allowed; (iv) monoisostopic precursor mass and fragment ion mass; (v) a fixed modification of cysteine carbamidomethylation; and (vi) variable modifications including lysine acetylation, deamidation on asparagine and glutamine, oxidation of methionine and conversion of glutamic acid and glutamine to pyroglutamate. ESPs were considered to be present at a specific time-point with confidence only when they were present in at least two of the three replicates. This ensures that ESPs are not removed from consideration due to absence from one replicate. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD031989 (46).



Semi-quantitative protein analysis

Semi-quantitative analysis of ESPs of all B. glabrata SCW triplicates, naïve and PME, was carried out using the label-free quantification module PEAKS Q of PEAKS Studio v7.0, based on the relative intensities of featured peptides detected in replicates. The concentrations of extracted ESPs in different replicate samples were measured using BCA method on a NanoDrop 2000c spectrophotometer (Thermo Scientific, Waltham, USA) for the purpose of normalisation. Biological triplicates of each time-point were used in tandem repeats for LC-MS/MS procedure as described above, and the relative concentrations of ESPs were compared and presented as the final results. The mass shift between different runs was set to 20 ppm, and 0.3 min was used for evaluating the retention time shift tolerance. Featured peptides with FDR threshold 1%, including PTMs mentioned above, were included in the quantitative analysis. The result of peptides was first filtrated based on: (i) ratio versus quality-score and a fold change of 8 was used; (ii) ratio versus average-area (MS signal intensity) set to a fold change of 8; (iii) charge of featured peptides set to between 2 and 5; (iv) fold change of peptide ≥1; and (v) featured peptide detected in more than one sample of the triplicate. Furthermore, protein results were filtered with FDR ≤ 1%, the number of unique peptides ≥1 and fold change ≥1.5. Proteins which did not meet these criteria could not be semi-quantitatively analysed. The abundance of proteins was normalised and compared, and proteins were clustered using one minus Pearson correlation.



Prediction of secreted proteins, gene ontology and KEGG pathway analysis

Identified ESPs were subjected to BLASTp using non-redundant protein sequences of NCBI. Protein N-terminal signal peptide sequences were predicted using SignalP 5.0 (47) with the transmembrane domains predicted by TMHMM (48). For SignalP predictions, positive identifications were made when both neural network and hidden Markov model algorithms gave coincident estimations. Herein, a protein was designated as secreted only when it met the criterium of SignalP for containing an N-terminal signal peptide and did not have a transmembrane domain predicted by TMHMM. BLAST results were combined and imported to BLAST2GO (49) (version 5.1), to perform gene ontology (GO) and KEGG pathway analyses. Fisher’s exact test was carried out to evaluate the enrichment of GO terms in SCW ESPs with reference to entire proteome of B. glabrata (50). The SCW ESPs were also referenced with respect to the S. mansoni proteome. The significant GO terms with P < 0.01 were considered as over-represented, and FDRs were calculated from P-values using the Benjamini-Hochberg procedure (51).



Identification and analysis of Schistosoma miracidia attractant candidates

ESPs shared between SCW samples that induced miracidia behaviour change (naïve and 3W-PME), including aggregation and chemoklinokinesis, were initially identified as miracidia attractant candidates. Therefore, ESPs shared between 3W-PME SCW and naïve SCW analysed following an in-gel digestion, reported previously by Fogarty et al. (24), were also considered. Another essential criterion for consideration as an attractant candidate was high specificity to the Biomphalaria genus (identity percentage cut-off of below 50% in species outside the Biomphalaria genus according to BLASTp using non-redundant protein sequences of NCBI). Further proteomic analyses were performed to assign cellular function, including using Pfam (52), Panther (53) and InterProScan (54). Phylogenetic analyses used protein sequence alignments generated using MEGA X software (version 10.1.8) (34) with parameters set as follows: algorithm, ClustalW; gap opening penalty, 10; gap extension penalty, 0.2. Visualisation of alignments was carried out on TeXworks software (55) and edited in Adobe Illustrator. The evolutionary history was inferred using the Maximum Likelihood method based on the Jones-Taylor-Thornton matrix-based model. The tree with the highest log likelihood was shown (56). Initial tree for the heuristic search was obtained automatically by applying Neighor-Joining and BioNJ algorithms to a matrix of pairwise distances estimated using a Jones-Taylor-Thornton model, and then selecting the topology with superior log likelihood. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. All positions containing gaps and missing data were eliminated.

Predicted structure homology modelling was performed using the SWISS-MODEL workspace (57). In brief, a template search with BLAST and HHblits was performed using the primary amino acid sequence against the SWISS-MODEL template library. An initial HHblits profile was built (58), then models were built based on the target-template alignment using ProMod3 (59). The global and per-residue model quality was assessed using the QMEAN scoring function (60). Furthermore, B. glabrata proteins were considered more likely to be attractant candidates if they contained features of a secreted precursor protein (N-terminal signal peptide, no transmembrane domains). B. glabrata tissue gene expression data was retrieved from a previous study (15). Gene expression levels of these transcriptomes were calculated by mapping raw sequence data against the B. glabrata reference genome (structural version annotation BglaB1.6) derived from Vectorbase (https://vectorbase.org/vectorbase/app/record/dataset/TMPTX_bglaBB02) using CLC Genomic Workbench with default parameters (61). A heatmap was constructed using log base 2 of TPM (transcript per million) of protein precursors following the previously described guideline (62).




Results


Schistosoma mansoni miracidia behaviour bioassays

Schistosoma mansoni miracidia were exposed to SCW derived from B. glabrata at different time-points post-miracidia exposure (16h-PME, 1W-PME and 2W-PME). Data for the control and from the SCW of B. glabrata that were naïve and 3W-PME were derived from an earlier paper (24). For each treatment, we tested for miracidia behaviour change, consisting of aggregation (increased quantity of miracidia tracks) and chemoklinokinesis (random movement, signified by decreased average velocity and increased duration of presence and angular SD), in the FOV between pre- and post-addition (Table S2). Compared to the negative control (Milli-Q water) (Figure 1A; Video S1), naïve SCW induced both chemoklinokinesis and aggregation, with expected changes in all behavioural measures (Figure 1B): a significant 21.96% decrease in mean velocity (P < 0.0001), a significant 154.38% increase in the mean miracidia tracks per min (P < 0.0001), a significant 82.64% increase in mean angular SD (P < 0.0001) and a significant 104.16% increase in mean duration of presence (P < 0.0001) (Table 1). These changes indicate aggregation accompanied by random motion (i.e. evidence of attraction) (Video S2). In contrast, 16h-PME, 1W-PME and 2W-PME SCW only induced minor or insignificant chemoklinokinesis and no significant aggregation (Table 1). 16h-PME SCW exposure significantly increased mean angular SD by 28.55% (P = 0.0275) and significantly decreased mean velocity by 14.30% (P = 0.0358) (Figure 1C; Video S3). 1W-PME SCW induced the weakest behaviour change, causing no significant differences in any behaviour metrics relative to the control (Figure 1D; Video S4). 2W-PME SCW exposure only induced a significant increase in mean angular SD by 27.57% (P = 0.0480) (Figure 1E; Video S5). These behaviour changes were significantly less extreme than those induced by naïve SCW, including the decrease in velocity induced by 16h-PME SCW (P = 0.0045) and increase in angular SD induced by both 16h-PME and 2W-PME SCW (P ≤ 0.0001).




Figure 1 | Changes in S. mansoni miracidia behaviour from 1 min pre-addition and post-addition of pH-neutral Milli-Q water, 16h-PME, 1W-PME, 2W-PME, 3W-PME and naïve SCW. A representation of miracidia tracks, generated in TrackMate and manually corrected, pre-addition and post-addition of 2 μL of (A) Milli-Q water, (B) naïve SCW, (C) 16h-PME SCW, (D) 1W-PME SCW, (E) 2W-PME SCW and (F) 3W-PME SCW (24). See Video S1-S6 for representative videos. Scale bars are in the bottom right-hand corner of every representative image. Boxplot indicates median, 25th and 75th percentiles, minima and maxima. (G) Mean velocity (mm/s); (H) average track per min; (I) angular SD (degrees) and (J) average duration of presence (s). Blue dots indicate the data attained from nine individual replicates of data from each treatment. Points beyond 1.5× the interquartile range either below the lower quartile or above the upper quartile are indicated as outliers. A two-way ANOVA test was used to calculate P-values for the mixed-effects interaction of pre-addition and post-addition SCW treatments against Milli-Q water: *P < 0.05, **P < 0.01, ***P < 0.001. Colour: Grey: Pre-addition; Black: Post-addition.




Table 1 | Two-way ART ANOVA interaction effects, testing changes in each of the behaviour measurements pre vs post-addition of SCW.



The addition of 3W-PME SCW produced the greatest increase in aggregation and chemoklinokinesis among miracidia-exposed B. glabrata SCW treatments (Figure 1F). These behaviour changes included a significant 20.33% decrease in mean velocity (P < 0.0001), a significant 105.45% increase in the mean miracidia tracks per min (P < 0.0001) a significant 69.37% increase in the mean angular SD (P < 0.0001) and a significant 32.01% increase in mean duration of presence (P = 0.0355) (Figures 1G–J; Video S6). There were no significant differences in the changes in velocity and angular SD between the naïve and 3W-PME SCW; however, naïve SCW induced significantly greater increases in aggregation (P = 0.0129) and duration of presence (P = 0.0004) than 3W-PME SCW (Table 1). This suggests that 3W-PME SCW does not induce identical behaviour change to naïve SCW; however, it nonetheless induced considerably stronger behaviour changes than the earlier time-points PME. Thus, it appeared that B. glabrata exposed to S. mansoni miracidia had a time-limited reduction in attractiveness to other miracidia. Therefore, attractants were likely most abundant in naïve and 3W-PME SCW. No SCW treatments induced a significant decrease in the quantity or duration of miracidia presence in the FOV, suggesting that there was no significant deterrent behaviour induced by exposure to any treatment.



Biomphalaria glabrata SCW ESP comparative proteomics

Triplicates of SCW collected from B. glabrata, naïve and at different time-points PME, were analysed by proteomics (Table S3). B. glabrata ESPs were considered present with confidence when present in at least two of three replicates (Table S4). Using this cut-off, a respective total of 50, 51, 36, 57 and 83 confidence B. glabrata ESPs were detected in the naïve, 16h-PME, 1W-PME, 2W-PME and 3W-PME SCW treatments (Figure 2A). The number of confidence B. glabrata ESPs exclusive to naïve, 16h-PME, 1W-PME, 2W-PME and 3W-PME SCW were 9, 19, 11, 15 and 45, respectively (Table 2). The greatest overlap in proteins (9 ESPs) occurred between naïve and 3W-PME SCW, while 4 ESPs (M4 family metallopeptidase, uncharacterized protein LOC106074992, mammalian ependymin-related protein 1-like and A disintegrin and metalloproteinase with thrombospondin motifs 1) were shared between all SCW treatments.




Figure 2 | Identification and quantification of ESPs present with confidence from naïve, 16h-PME, 1W-PME, 2W-PME and 3W-PME B glabrata SCW. (A) An UpSet plot displaying confidence ESP distribution across SCW treatments; (B) Heatmap displaying the relative abundance of ESPs identified from SCW triplicates using a label-free semi-quantitative proteomic method. Attractant candidates are denoted with green font.




Table 2 | Non-redundant ESPs, identified with confidence, exclusive to B. glabrata SCW from snails that were naïve and at 16h-, 1W-, 2W- and 3W-PME to S. mansoni miracidia.



A semi-quantitative analysis was performed to determine the relative abundance of ESPs within different SCW treatments (Table S5). Proteins abundant in at least two replicates of naïve SCW included cathepsin B, haemoglobin type 1 and 2, calmodulin-like protein 5 and acetylcholine-binding protein-like (AChBP-like) protein (Figure 2B). Abundant ESPs in 3W-PME SCW included haemoglobins type 1 and 2, biomphalysin 2, AChBP-like proteins and several uncharacterised proteins. Some ESPs were highly abundant in both 3W-PME and naïve SCW and relatively low in abundance in all other SCW treatments, including haemoglobin and AChBP-like proteins. Gene ontology analysis was conducted on B. glabrata SCW ESPs to investigate differences between SCW treatments (Figure S1). The only function exclusively enriched in both naïve and 3W-PME SCW was obsolete pathogenesis (GO:0009405). This describes the process of one organism inflicting harm on another, and its enrichment was entirely due to the exclusivity of biomphalysin to these SCW treatments.

The SCW ESPs were also referenced against the S. mansoni protein database. A total of 10 ESPs were identified with confidence across all SCW treatments, 7 of which were from 16h-PME SCW (Table S4). However, these ESPs were predominantly ubiquitous, including tubulin alpha-1A chain, polyubiquitin-B, polyubiquitin-C and calmodulin, and thus are unlikely to function as semiochemicals (attractant or deterrent) due to their lack of species specificity.



Identification and analysis of Biomphalaria glabrata miracidia attractant candidates

Snail-conditioned water derived from naïve and 3W-PME B. glabrata both induced significant aggregation and chemoklinokinetic behaviour in S. mansoni miracidia. Therefore, ESPs were considered more likely to be attractant candidates if shared between naïve and 3W-PME B. glabrata SCW, or specific to the latter. To provide a more robust comparative dataset, 3W-PME SCW ESPs shared with naïve SCW from both this study and an in-gel digestion from an earlier study (24) were considered. Of the 161 proteins identified with confidence in this paper, 79 were shared with naïve SCW in the earlier paper. Of these, only 9, 1, 13 and 5 ESPs were shared with ESPs specific to 16h-PME, 1W-PME, 2W-PME and 3W-PME SCW, respectively, supporting that differences in ESPs are primarily a result of infection instead of the method of analysis. A total of 18 non-redundant proteins met this criterion for consideration as attractant candidates, including biomphalysin 2 and 20, two AChBP-like proteins, mucin-5AC-like protein, calmodulin-like protein 5 isoform X1, haemoglobin types 1 and 2, thioester-containing protein 1 and 6 uncharacterised proteins (Table 3; Table S6).


Table 3 | Attractant candidate ESPs identified as shared between B. glabrata 3W-PME and naïve SCW, or unique to the latter.



Due to the specificity in snail host genus preference of S. mansoni miracidia, ESPs were considered more likely to function as attractants if they were lacking similar homologues outside the Biomphalaria genus (Table 3). Additionally, ESPs predicted to lack an N-terminal signal peptide or contain a transmembrane domain were excluded, as they were considered unlikely to be excretory-secretory (File S1). A total of 6 ESPs ultimately met all our criteria and therefore represented promising miracidia attractant candidates, including two AChBP-like proteins and uncharacterised proteins LOC106070463, LOC106080255, LOC106056935 and LOC106067104 isoform X1 (File S2). Of these, only AChBP-like proteins were exclusive to naïve and 3W-PME SCW. Uncharacterised proteins LOC106056935 and LOC106067104 isoform X1 were also shared with 2W-PME SCW and uncharacterised proteins LOC106070463 and LOC106080255 were present in all SCW treatments except for 1W-PME (Table 3). The relative abundance of attractant candidates across the SCW treatment triplicates was also considered. An AChBP-like protein was of highest abundance in at least two replicates of both naïve and 3W-PME SCW, yet absent from all other SCW treatment replicates (see Figure 2B). In contrast, uncharacterised protein LOC106070463 had low abundance in naïve SCW, while uncharacterised protein LOC106080255 had low abundance in both naïve and 3W-PME SCW. Relative abundance could not be calculated for uncharacterised protein LOC106056935 or LOC106067104 isoform X1 because these proteins did not meet the criteria for semi-quantitative comparison.

The AChBP-like proteins and uncharacterised proteins LOC106067104 isoform X1 and LOC106070463 showed some similarity to other known proteins; therefore, they were explored in more depth by comparative sequence analysis. Phylogenetic analysis of the AChBP-like proteins (BGLB020983 and BGLB025228) identified in the B. glabrata SCW revealed some similarity with known AChBP-like proteins, yet only high confidence similarity with two Bulinus truncatus AChBP-like proteins (KAH9489187 and KAH9514736) (Figure 3A). Another B. glabrata AChBP-like protein (XP 013093195), not identified in any SCW treatment, displayed closer identity with other gastropod molluscs than with the B. glabrata AChBP-like proteins identified in the SCW. Comparative protein sequence analysis of the two B. glabrata AChBP-like proteins with the two B. truncatus AChBP-like proteins showed most conservation within multiple cysteine residues, as well as specific proline (P), tryptophan (W) and valine (V) residues (Figure 3B). Additionally, according to both Pfam and Panther analyses, both AChBP-like proteins were predicted to contain a ligand-gated ion channel, suggesting potential for receptor interaction (Table S6).




Figure 3 | Comparative analysis of AChBP-like proteins in molluscs. (A) Phylogenetic analysis with B glabrata proteins identified in SCW denoted with asterisk and the red branch demonstrating the clade of interest. (B) Protein multiple sequence alignment. Bgl, B glabrata; Btr, B truncatus.



Homology was also relatively high between uncharacterised proteins LOC106067104 isoform X1 and LOC106070463 (Figure 4A). Despite sharing only 42% overall amino acid identity, several highly conserved regions were identified between the two uncharacterised proteins, including IALSTF/LLEDPLVQED/DRKVSA/AGLY, in addition to two predicted dibasic cleavage sites. Furthermore, they had predicted structural similarity based on predicted protein structure models (Figure 4B), in which both exhibited most similar sequence identity (23-28% identity) to a Junction 23, DHR14-DHR18 protein (PDB # 6w2v.2). Four additional sequences with similarity were present in B. glabrata, which together show phylogenetic clustering and with only minor identity with two proteins derived from evolutionary distant species (Elysia marginata and Plakobranchus ocellatus). Uncharacterised protein LOC106070463 displayed similar homology with other B. glabrata uncharacterised proteins, including LOC106070462 (49%), LOC106067104 isoform X2 (42%), LOC106067104 isoform X3 (39%) and LOC106067108 (49%). Homology was lower with Plakobranchus ocellatus PoB_002393000 (33%) and Elysia marginata ElyMa_006483900 (27%), indicating highest conservation within B. glabrata.




Figure 4 | Characterisation of S. mansoni attractant candidates uncharacterised proteins LOC106067104 isoform X1 and LOC106070463. (A) Annotation of protein sequences, including signal peptide (yellow highlight), dibasic cleavage sites (large bold), cysteine residue (red font) and amidation (underline). (B) Phylogenetic analysis and protein models.



We also investigated the expression of attractant candidate transcripts across different B. glabrata tissues using a previous study (15) (Table S7). This demonstrated that uncharacterised protein LOC106067104 isoform X1 was most highly upregulated in the salivary gland. Both uncharacterised proteins LOC106080255 and LOC106070463 were relatively highly expressed in the mantle, kidney and heart, with the former also highly expressed in the foot (Figure 5). Uncharacterised protein LOC106056935 was also highly expressed in the kidney and heart, in addition to the genitalia and, to a lesser degree, salivary gland. Of the two AChBP-like proteins, one was most highly expressed in the digestive gland and ovotestis and the other was highly expressed in most tissue.




Figure 5 | A heatmap displaying the log2 gene expression levels of attractant candidates in B glabrata tissues. Colour: Red: High expression; Blue: Low expression; Grey: No expression. Attractant candidates have been denoted with an asterisk.






Discussion

The aim of this study was to comparatively analyse B. glabrata SCW at different time-points post-exposure to S. mansoni miracidia to identify attractant candidates. This was achieved through comparing the effects of SCW from naïve and 16h-PME, 1W-PME, 2W-PME and 3W-PME B. glabrata on miracidia behaviour. Following this, SCW ESPs were analysed using proteomics to identify proteins shared between 3W-PME and naïve SCW, or exclusive to the latter. Attractant candidates were identified based off specificity to Biomphalaria and features consistent with being secreted. This facilitated the identification of 6 attractant candidate ESPs with confidence.


Schistosoma mansoni miracidia behaviour bioassay

Schistosoma mansoni miracidia behaviour change around B. glabrata SCW involves aggregation and chemoklinokinesis (random motion, most commonly increased turning and slowdown) (18, 63, 64). These patterns were observed to varying degrees among the SCW treatments in our study. 3W-PME SCW produced the most similar increases in aggregation and chemoklinokinesis to those induced by naïve SCW. There were no significant differences in changes in miracidia turning or slowdown between 3W-PME and naïve SCW. However, naïve SCW induced significantly greater increases in the quantity and duration of miracidia presence in the FOV. These observations imply that 3W-PME and naïve SCW contain the greatest quantities of attractant ESPs. 16h-PME and 2W-PME SCW both slightly increased turning; however, these increases were significantly smaller than those induced by naïve SCW. This suggests that these SCW treatments likely contained smaller quantities of attractant ESPs. 1W-PME SCW did not produce significant changes in any behavioural metrics, indicating it contained the lowest quantity of SCW attractant(s). The behaviour changes induced by 16h-PME, 1W-PME and 2W-PME SCW can be most accurately characterised as failing to induce behaviour changes associated with attraction, because none of these treatments induced significant aggregation, instead of inducing deterrent behaviour. This is because they induced behaviour changes that were not significantly different to the control, rather than decreasing the quantity or duration of miracidia presence in the FOV. Experiments in search of deterrents should consider exposing miracidia to sporocyst-conditioned water.

It is unknown why SCW from shorter durations PME induced weaker, if any, aggregation and chemoklinokinesis. Because heavily infected B. glabrata have drastically shortened lifespans, and thus are sub-optimal hosts, miracidia attraction to 3W-PME SCW was unexpected. It may be speculated that intramolluscan cercariae, germ balls and daughter sporocyst generations do not inhibit the production of miracidia attractants as effectively as mother sporocysts. From these behavioural bioassay results, it may be suspected that the decrease in attractant chemical abundance post-miracidia exposure is only a temporary phenomenon and that infected B. glabrata may regain their attractiveness to S. mansoni miracidia throughout infection. Future studies should observe SCW from snails after 3W-PME, following the release of potentially hundreds of cercariae, to see if reinfection of snails is more common than was previously believed.



Attractant candidate identification and analysis

Naïve and 3W-PME B. glabrata SCW induced similar behaviour change in S. mansoni miracidia. Therefore, ESPs were considered more likely to be attractant candidates if they were specific to naïve SCW or shared with 3W-PME SCW. For consideration as attractant candidates, ESPs were also required to be specific to Biomphalaria because ubiquitous proteins are less likely to function as attractants given the parasite’s requirement for species-specificity. This was previously demonstrated by the discovery of the B. glabrata attractant peptide, P12, where the protein precursor lacked any known homologues outside of the species (20). Additionally, attractant candidates were required to contain a predicted signal peptide, and lack a transmembrane domain, to confirm that they are excretory-secretory. A total of 6 ESPs met these criteria, including two AChBP-like proteins and uncharacterised proteins LOC106070463, LOC106080255, LOC106056935 and LOC106067104 isoform X1.

Of the attractant candidates identified, AChBP-like proteins appeared of most interest due to their exclusivity and abundance within several replicates of both naïve and 3W-PME SCW. Additionally, they were predicted to contain ligand-gated ion channel domains, suggesting potential to interact with miracidia receptors, including GPCRs and other ligand-gated channels (65). Immunolocalization should be conducted with these proteins to investigate potential miracidia receptor binding capacity. Furthermore, the relatively high expression of one of these proteins in the B. glabrata ovotestis may also be noteworthy because S. mansoni infections cause chemical castration in infected Biomphalaria, a phenomenon which has been well-characterised (66). Ovotestis are among the organs most affected by infection, as evidenced by the significantly decreased concentrations of sex hormones, such as estradiol and testosterone, post-exposure to S. mansoni miracidia (67). However, by 4 weeks PME, the concentrations of these hormones in the ovotestis were not significantly different compared to snails prior to infection. Thus, the decreased attractiveness of infected SCW, followed by increased attraction at 3W-PME, appears to loosely correlate with the concentration of these endogenous sex hormones. However, data regarding the role of sex hormones in miracidia attraction is conflicted. A behaviour analysis of miracidia showed that sexual maturity did not significantly impact miracidia preference of SCW or B. glabrata over a control (22). Nevertheless, proteins associated with reproduction have been implicated in inducing behaviour change in miracidia. An example is the B. glabrata buccalin peptide (21), a miracidia attractant known to play a role in reproduction in snails (and other molluscs) (68, 69). This suggests that sex-related chemicals may be a contributing factor to miracidia attraction; however, the snails likely release several other attractants unrelated to reproduction.

Several additional proteins met our criteria as present in naïve and 3W-PME SCW, but seemed less likely as candidates once further analysis was completed. Uncharacterised proteins LOC106080255 and LOC106070463 were present with confidence in all SCW treatments except for 1W-PME SCW. Furthermore, although present, both proteins were low in abundance in naïve SCW. The encoding genes of both proteins were highly expressed in the foot, kidney and heart, with the encoding gene of LOC106080255 also highly expressed in the mantle. The foot and mantle are common entry points for miracidia and therefore are of interest when identifying attractants. Uncharacterised protein LOC106056935 was only absent from 16h-PME and 1W-PME SCW and its relative abundance could not be calculated. Similar to the aforementioned attractant candidates, its encoding gene was highly expressed in the kidney and heart. Uncharacterised protein LOC106070463 displayed strong homology with uncharacterised protein LOC106067104 isoform X1, which was also present with confidence in naïve, 2W-PME and 3W-PME SCW. However, the abundance of uncharacterised protein LOC106067104 isoform X1 could not be calculated and it was only highly expressed in the salivary gland. Therefore, none of these additional proteins were as promising as attractant candidates as the AChBP-like proteins.

The capacity of 3W-PME and naïve SCW to induce behaviour changes associated with attraction in S. mansoni miracidia may be partially explained by the presence of the P12 peptide (20). P12 has several precursor proteins, one of which (uncharacterized protein LOC106065300) was shared exclusively between these two SCW treatments. However, the precursor protein was more consistently abundant in 3W-PME SCW, with high abundance in two replicates of 3W-PME SCW and in only one of naïve SCW. Furthermore, another P12 precursor protein, the uncharacterized protein LOC106063866, was exclusive to 3W-PME SCW and highly abundant in all of its triplicates. The relatively low abundance or absence of these precursors from naïve SCW, despite producing greater behaviour change, may be explained by the presence of other attractant proteins or peptides. AChBP-like proteins are promising as attractant candidates due to their abundance in at least two replicates of both naïve and 3W-PME SCW. Other peptides from the P12 precursor proteins have all previously been discovered and tested; hence, no new attractant candidates could be identified from these precursor proteins (20). Therefore, the presence of other attractants, such as the AChBP-like proteins, are necessary to explain the greater behaviour change induced by naïve SCW despite its lower abundance of P12 precursors.



Analysis of other SCW ESPs

Outside of the attractant candidates, another protein of interest identified in naïve and 3W-PME SCW was ovipostatin-like protein, an uncharacterised protein highly expressed in the B. glabrata ovotestis. While its relative abundance could not be calculated and it was not sufficiently specific to Biomphalaria to constitute a species-specific attractant candidate, its exclusivity to naïve and 3W-PME SCW and predicted signal peptide made it of interest. Ovipostatins are a family of proteins originally characterised in Lymnaea snails as accessory gland proteins exclusively produced in the prostate (70, 71). It has been identified as highly upregulated during sexual activity, notably 24 hours post-ejaculation (72). Its presence in 3W-PME SCW is consistent with a transcriptomic analysis of Biomphalaria pfeifferi post-exposure to miracidia, where ovipostatin 2 was downregulated within one day post-exposure and several days thereafter; however, ovipostatin 5 was upregulated when the snail began to shed S. mansoni cercariae. This suggests that later generation sporocysts, germ balls and cercariae do not inhibit the production of ovipostatins as effectively as earlier generation sporocysts. B. glabrata ovipostatins, therefore, warrant further investigation to observe their potential effect on miracidia behaviour.



Conclusions and future directions

This study performed proteomic characterisation on SCW from B. glabrata, naïve and at 16h-PME, 1W-PME, 2W-PME and 3W-PME and compared their effect on S. mansoni miracidia behaviour. The results indicate that 3W-PME SCW and naïve SCW induce comparable behaviour change, including aggregation and chemoklinokinesis, in miracidia. 16h-PME and 2W-PME SCW caused minor increases in miracidia slowdown and turning, while 1W-PME SCW did not produce any significant changes in behaviour. A total of 6 excretory-secretory attractant candidates were identified as specific to Biomphalaria and specific to naïve B. glabrata SCW or shared with 3W-PME SCW. This included two AChBP-like proteins and 4 uncharacterised proteins. These attractant candidates should be tested on S. mansoni miracidia to observe if they induce behaviour change, as this may disrupt infections and mitigate schistosomiasis.
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Condlusions

ignificanty high expression of PD-LL
wasseen in the TC score o variant

histologies incuding SCC (16.1%) when
compared 10 pure Urothelal Cacinom.

PD-LI expresion vared according o
grade and histlogical sub-type and was
conelated with beter 05, SCC showed a
higher PD-LI posiiity when compared
10 UC (cases comsdered positive with
TCs over 1)

High PD-L1 cxpresion was asscisted
with basl ke moleculr subtypes
‘which may suggest successfl 1CB.

Mostofthe cases e previosly
disgnosed with urogerital
Schisosomiass (803%). These patients
presented high PD-LI posiivity.

BCs with squamous diffrentiion
presentd higher PD-L1 posiivty 35
well 3 higher TCs and 1Cs scores for all
th criteri used in the stdy.

There were no significant diffrences
betwen the SCC and UCIUCC,

PD-LI expresion and high TILS were
associsted with poor discase outcomes
i patients that underwent rdical
cystectomy ithout previous ecatment.

There arent satistclly significant
difecences between PD-LI expresion
accondingly histological sub-type. Higher
PD-LI expresion was associated with
age. gender, and higher tumor grade.

Squamous cll diffsentiation either in
BUCSD and pSCC cses i asociaed
with vorse 08 and CS5. PI
exprssion varie accondingly histologic
subtype and may predict CSS in SCC
patents. The PD-L1 expresion didnt
varied according 1 any other
demographic or clinical-pathalogical
AR

Limitations

Limited number of samples with
SCC. Was used 3 qulitaive
Score fo the quantifcation of
PD-L1 () immune cells. PD-LL
expression was only reported in
the overall mixed subiype.

Was used TMA as sampling
method for the saning

Were ony included cystectomy
Samples and lower stage tumors
were under-represened. The
scoring method to esimate the %
of positivecells was semi-
quantitative and can be dbserver
dependent. Alo, the number of
caseswith SCC s it
Small sample size. No
comparative anslysis was
performed using other
established saning patorms
and wores,

Weren' reportedthe cases of
BSCC with the presence of S
hacmatobium cggs. We'e not
used established scoing citera,
companion antibodics or
pltforms for PD-LL sainng.
“The study did ot include pUC,
instead compared the PDL1
expression scores of the variant
histologics with previousy
reporied vales,

“The study didntinclude pure
UC sampls for comparison.

Limited sample size. No
esablished companion Abs,
platforms orscores were used.
Was oy considered for PD-L1
positiiy the TC score.

“The short represntativencss of
samples with squamous
diflrentiston comparing to
PUC No cstablshed companion
Abs, platforms or scores were
used.

“The use of TVA for the sining,
may not granta rpresentative
Staining duc o tumor
hetcrogenciy. The ffct of ICB
was not addresed. No.
comparative analysis vas
performed it UC.
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Study Sites Schistosomiasis Positivity (%)

Municipality Barangay 3K-K SEA ELISA us
N %(95% Cl) N %(95% Cl) N %(95% ClI)
Alangalang Bugho n = 159 45 28.3 (22.0-36.2) 85 53.5(46.2 -61.8) 46 28.9 (22.7 - 36.9)
SAFn =139 37 26.6 (20.2-35.1) 69 49.6 (42.0 - 58.7) 23 16.5 (1.4 - 24.0)
Palo Cangumbang n = 138 28 20.3 (14.6-28.2) 42 30.4 (23.6 - 39.2) 38 27.5 (21.0 - 36.1)
Tacurangan n = 73 24 32.9 (23.7-45.6) 42 57.5(47.2 -70.1) 9 12.3 (6.7 -22.7)
Julita Ditan = 189 67 35.5 (29.2-43.0) 79 41.8(35.3 - 49.5) 52 27.5(21.8-34.7)
Calbasag n = 114 29 25.4 (18.6-34.8) 31 27.2(20.1-36.7) 31 27.2 (20.1 -36.7)
Sta Fe San Juan n = 87 24 27.6 (19.6-38.8) 37 42.5(33.3 -54.3) 23 26.4 (18.6 - 37.5)
San Roque n = 81 15 18,5 (11.7-29.2) 23 28.4 (20.0 - 40.1) 10 12.3 (6.9 -22.1)
TOTAL (n = 980) 269 27.4 (24.8-30.4) 408 416 (38.7 - 44.8) 232 23.7 (21.2 - 26.5)

3 K-K, Three stool Kato-Katz; (SEA) ELISA, Soluble Egg Antigen; US, Ultrasound.
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Examination

sSLAMP
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POC-CCA
sPCR
uPCR

3 K-K

2 K-K

1 KK
SEA ELISA
us

Diagnostic Performance

Sensitivity (95% CI)

92.3 (82.2-97.1
83.1 (71.3-90.9
69.2 (56.4-79.8)
87.7 (76.6-94.2
80.0 (67.9-88.5)
69.2 (56.4-80.0)
53.8 (41.1-66.1)
26.2 (16.4-38.8)
84.6 (73.1-92.0)
30.8 (20.2-43.6)

Specificity (95% Cl)

100.0 (97.2-100.0)
100.0 (97.2-100.0)
69.7 (62.0-76.5)
100.0 (97.2-100.0)
100.0 (97.2-100.0)
100.0 (97.2-100.0)
100.0 (97.2-100.0)
100.0 (97.2-100.0)
81.8 (74.9-87.2)
83.6 (76.9-88.8)

PPV (95% CI)

100.0
100.0

47.4
100.0
100.0
100.0
100.0
100.0

64.7

42.6

92.5-100.0)
91.7-100.0)
(37.1-57.8)

92.1-100.0)
91.4-100.0)
90.2-100.0)
87.7-100.0)
77.1-100.0)
(53.5-74.6)

28.6-57.7)

NPV (95% CI)

97.1 (92.9-98.9)
93.8 (88.8-96.7,
85.2 (77.8-90.5
95.4 (90.8-97.8)
92.7 (87.6-95.9
89.2 (83.6-93.1
84.6 (78.6-89.2
775 (71.1-82.8

(

(

93.1(87.3-96.5
75.4 (68.4-81.3)

K

0.95
0.88
0.34
0.91
0.85
0.76
0.63
0.34
0.61
0.16

Sn, Sensitivity; Sp, Specificity; PPV, Positive Predictive Value; NPV, Negative Predictive Value; K, Kappa Coefficient; SLAMP, Serum LAMP; uLAMP, Urine LAMP; POC-CCA, Point-of-care
circulating cathodic antigen urine test; SPCR, Serum PCR; uPCR, Urine PCR; 3 K-K, Three stool Kato-Katz; 2 K-K, Two stool Kato-Katz; 1 K-K, Single stool Kato-Katz; (SEA) ELISA,
Soluble Egg Antigen; US, Ultrasound.
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Periods after treatment N of examined cases Negative conversion, N (%)

3 K-K sLAMP uLAMP POC-CCA SEAELISA
5 months 25 25 (100) 14 (56.0) 10 (40.0) 15 (60.0) 39.7)
7 months 25 25 (100) 17 (68.0) 19 (76.0) 21 (84.0) 5(16.1)

3 K-K, Three stool Kato-Katz; sSLAMP, Serum LAMP; ulLAMP, Urine LAMP; POC-CCA, Point-of-care circulating cathodic antigen urine test; (SEA) ELISA, Soluble Egg Antigen.
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Demographic characteristic

Infected participants (n = 177)

Healthy uninfected controls (n = 22)

Median (IQR) years
Sex (no. M/no. F)
Median (IQR) BMI
Median (IQR) MUAC

11 (10-11)
97/80
15.36 (14-16.59)
18.45 (17.4-19.5)

1(10-12)
8/14
15.89 (14.61-17.40)
18.86 (18.15-19.96)

n, count; m, male; f, female; IQR, interquartile range; BMI,

body mass index; MUAC, mid-upper arm circumference.
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Median level (25th-75th percentile)

Biomarkers Infected individuals
n=177

L6 0.87 (0.2-39)

STREM 119.00 (29.9-208.9)

Eotaxin-1 30.15 (11.0-49.0)

FABP 315.01 (174.7-507.2)

sCD23 2,548.60 (1,899.0-
3,356.0)

LPS 0.26 (0.1-0.5)

Healthy controls
n=22

0.39 (0.0-4.8)
10.65 (0.0-73.4)
15.59 (10.8-23.3)
419,06 (382.3-559.2)
2,035.09 (1,448.0-
2,939.0)
0.18 (0.0-0.5)

0.594
0.046*
0.144
0.201
0.050*

0.773

The analysis was performed with Mann-Whitney U.

IL-6, interleukin-6; STREM, soluble triggering receptor expressed on myeloid; FABP, fatty acid-binding protein; sCD23, soluble CD23; LPS, lipopolysaccharide.

*Significant difference at p < 0.05.
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Accession

Q60963

P16301

QIQWK4

Q00897
P12246
Q60590

P03976
AOA075B5P4

AOA075B664

D3YXF5
P06683
P11680

G3X9T8
Q91X72
Q92111

E9PV24
Q8KOE8
Q8VCM7

Q91WP6
Q61704

QYJHH6

Q9IXLL
AOA2R8VHP3
QIWVE5

Description Coverage
(%)

Lipid Metabolism and Transport Proteins (n=13)

Platelet-activating factor 10
acetylhydrolase
Phosphatidylcholine-sterol 8
acyltransferase
CD5 antigen-like 42

Acute Phase Response/Inflammation Proteins (n=7)

Alpha-1-antitrypsin 1-4 45
Serum amyloid P-component 45
Alpha-1-acid glycoprotein 1 28
Immune Response Proteins (n=54)

Ig kappa chain V-II region 17529.1 27
Ig gamma-1 chain C region secreted 52
form

Immunoglobulin lambda variable 2 14

Complement System Proteins (n=7)

Complement component 7 6
Complement component C9 10
Properdin 14

Metal Binding (n=7)

Ceruloplasmin 49
Hemopexin 60
Serotransferrin 74

Hemostasis (n=5)

Fibrinogen alpha chain 44
Fibrinogen beta chain 77
Fibrinogen gamma chain 73

Proteolysis/Inhibition (n=15)

Serine protease inhibitor A3N 43
Inter-alpha-trypsin inhibitor heavy 24
chain H3

Carboxypeptidase B2 5
Proteins related to other processes (n=54)
Leucine-rich HEV glycoprotein 24
Predicted pseudogene 5478 11
Receptor protein-tyrosine kinase 7

10,

Significance set to > 13 meaning p-value < 0,05 (=-Log'(p-value)*10).

Molecular Mass
(Da)

49258
49747

38863

45998
26247
23895

12390
35752

12165

93338
62002
50327

121080
51318
76724

87429
54753
49391

46718
99358

48871

37431
57920
72907

Log, 5" week/
Control

L11

0,60

2,15
0,82
0,54

3,64
427

-1,19
2,63
-0,42

0,97
1,15
0,20

0,19
0,17
0,35

0,68
0,27

0,69
2,49
1,04

Log, 7" week/
Control

336
2,76
2,14
5,03

2,77
2,08

7,77
4,90

4,11

3,67
2,51
1,92

1,60
1,57
127

2,50
2,06

1,77

3,20
2,50
2,05

Significance

67,75
64,11

30,03

124,24
91,06
37,12

116,64
119,12

14,21

96,63
32,24
86,36

19,67
33,69
28,33

51,35
41,61
23,31

54,96
42,84

63,36
26,63
32,28
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Trial 1
Untreated
Smtal9-dsRNA-
treated

Trial 2
Untreated
Smtal9-dsRNA-
treated

Trial 3
GFP-dsRNA-
treated
Smtal9-dsRNA-
treated

Transcript
reduction (%)

48.0%

86.4%

76.0%

Worm burden
recoveryMean + SD

23+ 16
107

18+ 11
7+5

7+5

252,

%
reduction**

56.5%
(p = 0.0226)

61.1%
(p = 0.0226)

71.4%
(p=0.0178)

Egg/gram of liverMean %

+SD reduction”®
20119 + 9920
8437 + 5774 58.0%
(p=0.0026)
19797 + 8823
5959 + 6017 70.0%
(P = 0.0016)
6247 + 4191
2883 + 1870 53.8%
(p = 0.0281)

Egg/gram of
intestineMean = SD

8956 + 7722
2853 + 2161

5815 + 4790
1118 + 1488

1541 + 1458

562 + 473

%
reduction”®

68.0%
(p=0.0161)

81.0%
(p = 0.0041)

64.0%
(ns)

*Reduction of in the total number of worms compared to control group.

“Reduction of in the total number of eggs in tissue (liver and intestine) compared to control group.
SStatistically significant differences were determined using the Student's t test or the Mann-Whitney U test.
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Immunization - Prime-Boost Worm burden Protectionlevel® Egg/gram Percentage Egg/gram of Percentage
recovery® ofintestine® reduction® liver® reduction®

Trial 1

PcDNA3.1V5/HIS + Saline/CFA/IFA 47 +10 8293 + 3877 13678 + 4941

PCDNA3.1V5/HIS + rSmTAL-9/CFA/ 38 +£7 (p=0.044)" 19.4%* 7324 + 2952 11.7% ns 13060 + 3511 4.5% ns

IFA (p=0.8101) (> 0.999)

PCDNA3.1V5/HIS/SmTALS + Saline/ 42 + 9 (p = 0.665) 10.6% ns 8747 + 4354 0.0% ns 10720 + 3940 21.62% ns

CFA/IFA (p=0.8101) (p =0.2863)

PCDNA3.1V5/HIS/SmTALY + rSmTAL- 35 + 7 (p = 0.0087) 25.5%" 9611 + 3636 0.0% ns 18923 + 3727 0.0% ns

9/CFA/IFA (p=0.8101) (p >0.999)

Trial 2

PcDNA3.1V5/HIS + Saline/CFA/IFA 35+6 9940 + 3586 27777 + 8902

PcDNA3.1V5/HIS + rSmTAL-9/CFA/ 27 + 11 (p =0.022)* 22.9%" 13810 + 3752 0.0% ns 24208 + 6800 12.8% ns

IFA (p=0.0195)" (> 0.999)

PCDNAB.1V5/HIS/SmTAL9 + Saline/ 33 + 6 (p = 0.502) 5.7% ns 11612 + 4068 0.0% ns 24720 + 6470 11.0% ns

CFA/IFA (p=0.3633) (> 0.999)

PCDNA3.1VE/HIS/SmTALY + rSmTAL- 25 +5 (p = 0.011)* 28.6%" 12815 + 8324 0.0% ns 31134 + 9800 0.0% ns

9/CFA/IFA (p=0.2998) (p >0.999)

“Reduction in the total number of worms compared to pcDNA3.1V5/HIS + Saline/CFA/IFA control group.
®Reduction in the total number of eggs in tissue (iver and intestine) compared to pcDNA3.1V5/HIS + Saline/CFA/IFA control group.
*Statistically significant differences in comparison to pcDNA3.1V5/HIS + Saline/CFA/IFA control group.

& Statistically significant differences were determined using Student’s t test or the Mann-Whitney U test.
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Experimental group Prime formulation

PcDNA 3.1V5/HIS + Saline CFA/ 100 ug pcDNA 3.1V5/HIS

pcDNA 3.1V5/HIS + rSmtal-9 CFA/ 100 pg pcDNA 3.1V5/HIS
pcDNA 3.1V5/HIS/Smtal9 + Saline 100 pg pcDNA 3.1V5/

pcDNA 3.1V5/HIS/Smtal9d +
rSmtal9 CFA/IFA

100 g pcDNA 3.1V5/

1% boost formulation

Saline + 100 ul of complete Freund's adjuvant
(CFA)

25 pg of rSmtal-9 + 100ul of complete Freund's
adjuvant (CFA)

Saline + 100u! of complete Freund's adjuvant
(CFA)

25 ug of rSmtal-9 + 100ul of complete Freund's
adjuvant (CFA)

2" boost formulation

Saline + 100 pl of incomplete Freund's adjuvant
(IFA)

25 pg of rSmtal-9 + 100ul of complete Freund's
adjuvant (CFA)

Saline + 100 pl of incomplete Freund's adjuvant
(IFA)

25 pug of r'Smtal-9 + 100! of complete Freund's
adjuvant (CFA)
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Bacteroides+Enterococcus
Blautia+Enterococcus
Bacteroides+Blautia+Enterococcus

Humans

AUC

0.8308
0.8385
0.8701
0.8308

Significance®

0.007684
0.006379
0.001816
0.007684

Mice

AUC

0.965

0.9446
0.8598
0.9538

Significance®
< 0.0001
< 0.0001
0.000623
< 0.0001

“The rate of identified outliers of the combination of bacteria is 10%.

bp <0.05 indicates statistically significant.





OPS/images/fimmu.2022.998528/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.941530/fimmu-13-941530-g002.jpg
P <0.01
6
5
§4
2
£
3
N
2
1
Control
PSTEPRpT——
-
o, S
LR n———"—
imecosibin 6
[
e sk G
o
Samcmons
Pendinpon
Mocspuoun
e
e
whesd B Dendinbcacon
Aopeciat
Rhstsces G35 g0p
[

>

component2 (5.71%)
o

“SJ
. «Control Bacteroides °
by Mucispirillum °
" ® Candidatus_Saccharimonas 4 L]
.0 uncultured_bacterium_f_Muribaculaceae 4
. A2 4
. . Candidatus_Soleaferrea
. Parabacteroides
LR Tyzzerella_3 4 °
L Ruminiclostridium_6 (]
" uncultured_bacterium_o_Rhodospirillales - L]
uncultured_bacterium_o_Bacteroidales 4 °
. Enterorhabdus °
3 0 OPE“MQ NOVA 1; '°‘°°1'5 Rikenellaceae_RC9_gut_group - °
= Peptococcus 4 L]
componentt (9.50%) Ruminococcaceae_UCG-005 o °
[Eubacterium]_xylanophilum_group °
@] Conirol ] 5 Parvibacter [
0% confisacs amowss p Ruminococcaceae_UCG-0134 @
o 00079 Blautia{ @
o 00023 Odoribacter{ ®
gg?g N Desulgovilrlrio 1 :
% egativibacillus 4
noose Alistipes { ®
oocu s uncultured_bacterium_o_Gastranaerophilales -
0.0085 3 Lachnosplraceae NK4A136_group { ®
fito Rikenella | ®
00031 Anaerotruncus
0 uncultured_bacterium_f_Desulfovibrionaceae { ®
e Muribaculum | ®
5 Tyzzerella { ®
° T T T T
G 05 10 15 20

MeanDecreaseGini






OPS/images/fimmu.2022.941530/fimmu-13-941530-g003.jpg
o & 0000
S S
25 & F
N "oQ \\Q W &
& L &K R
N Y PO 3 ©
M & ) XN & 9
O8NS W% SAT KOS o S
7 X N S /Q N Q)
R S S5 NI
&K PO ¢ & &
NN SNG4 & &
A QA =@ O 2 @
< EE & o0 £ EOLF R LS T
o O D NI A SO NCIZ VNN o Y.
&R LR o, SO, SN @ @, SO W (@ RN P
&S é\%@& \%\»t)\\é QQ‘\QQ " c?%éo&) Q &\o;\ 0«\&\&@?\ RSN TS SR CIORANS
O S A A P NS SRR P P VS8 @ L o7 N2 1@ @O, o
R P S S R P P e T S ¥ e P P PP S N P e
Granuloma @ o @oe ® o0
Fibrosis oo o 00 © 5 [ )
Hydroxyproline o o 0000 O { JIC )
ALT o0 (o @0 @ [ (@ ( J
AST oo o oeece [] e o
uncultured_bacterium_f_Muribaculaceae ® o0 @ o 000 @
uncultured_bacterium_f_Lachnospiraceae @0 0¢ o o0 oe 00 00000 e
Bacteroides oo@eoo 0 { ] (]
Lachnospiraceae_NK4A136_group 00°® © ® C 10 o (@ ® O
Alistipes o @ e [ ]
Lactobacillus o0 o oo [ ]
Alloprevotella |« @@ O®® © o0 o
Helicobacter o (o o o @O
Rikenellaceae_RC9_gut_group 900000 |0 o ® e [ ] @
uncultured_bacterium_f_Desulfovibrionaceae . @
Escherichia—Shigella Y O o0 O _
uncultured_bacterium_f_Ruminococcaceae @ © ©|@ @ 0@ 0 ® |© o 00 (O ) 000000
Ruminococcaceae_UCG-014 M) O o0
Prevotellaceae_UCG-001 o0 ®
Proteus ® M) ® O
Intestinimonas o o @ o (] e o O
Candidatus_Saccharimonas '@ ® o ‘.‘. .
Parabacteroides @ oo@oe® o O @ (]
Ruminiclostridium_9 [ ® o O O ® O
Desulfovibrio @ [ ]
Blautia ® o
Clostridiales_vadinBB60_group ) )
Enterococcus | @O0 O® @ o O @ @0 o
Enterobacter o ®0 0 (Y )
Millionella e o © @ @000
Oscillibacter oo @ @ o o o [ ] [ ] o 00
Odoribacter ) O @ (] ‘
Ruminiclostridium e @ [ o @ @ o0 O

Mucispirillum @ €]





OPS/images/fimmu.2022.941530/fimmu-13-941530-g004.jpg
A PLS-DA
o5 ’
ES N 3
8 3
= R
% . .
§0 ] L
e . .
s
a
£
8 . .
< o ® Control
o sl
9 ANOSIM: P =0. 025|
-10 5 0.0 5
B component1 (8.09%)

B Control

. s

LDA SCORE (log 10)

Lachnospiraceae_UCG-004 -
Intestinibacter
Enterococcus -

Bacteroides

Lachnospira -

Eggerthella
Clostridium_sensu_stricto_1 4
Blautia -
Ruminococcaceae_UCG-013
Sutterella §

Bilophila -

Lachnoclostridium -
Turicibacter
uncultured_bacterium_o_Chloroplast 4
Terrisporobacter -
Parasutterella
Intestinimonas -
[Ruminococcus]_torques_group -
Flavonifractor
Subdoligranulum -
Ruthenibacterium -
Tyzzerella

Romboutsia

Eubacterium
Fusicatenibacter -
Anaerotruncus -

Roseburia

Escherichia

Klebsiella

Megasphaera -

0.2

T T
0.3 0.4 0.5

MeanDecreaseGini

0.6





OPS/images/fimmu.2022.954282/table3.jpg
Attractant ~ SCW treat-  Accession no. Description —10lgP Coverage  No. No. BLASTp  Signal Trans-mem-  Identity Pfam

candidate ment (%)*  peptides unique® e-value peptide brane domain (%)
Y Naive, 16h, BGLB017354-PA Uncharacterized protein 95.44 25 5 5 262E-162 Y 0 3269 -
2W, 3W LOC106070463
Y Naive, 3W BGLB020983-PA/ Acetylcholine-binding protein-like 37.27 7 1 1 1.3E-164 Y 0 3571 Ligand-gated
BGLB020983-PB ion channel
Y Naive, 2W, 3W BGLB021783-PA Uncharacterized protein 65.41 6 4 4 0 ¢ 0 - -
LOC106056935
Y Naive, 3W BGLB025228-PA/ Acetylcholine-binding protein-like 98.17 17 4 4 294E-166 Y o 4171 Ligand-gated
BGLB025228-PB ion channel
Y Naive, 16h, BGLB029661-PA Uncharacterized protein 62.86 8 2 2 0 Y 0 3887 H-type lectin
2W, 3W LOC106080255 domain
Y Naive, 2W, 3W BGLB031523-PA Uncharacterized protein 145.85 36 7 7 8.00E-149 Y 0 29.60 -
LOC106067104 isoform X1
N Naive, 3W BGLB000033-PB Biomphalysin 2 13113 17 10 8 0 Y o 51.99 Aerolysin
N Naive BGLB000202-PA Biomphalysin 20 59.12 6 = 2 0 N 0 3165 Aerolysin
N Naive BGLB010468-PB Haemoglobin type 2 55.78 25 4 1 1.48E-82 N 0 6239 Globin
N Naive, 3W BGLB011149-PB Haemoglobin type 2 38.55 7 2 1 0 N 0 56.68 Globin
N Naive, 16h, BGLB013891-PB PREDICTED: mucin-5AC- 17.13 2 1 1 1.29E-119 N 0 - -
2W, 3W partial
N Naive, 3W BGLB018373-PA Haemoglobin type 2 107.9 53 9 6 4.34E-82 N 0 63.30 Globin
N Naive, 16h, BGLB019194-PA Haemoglobin type 1 80.57 4 3 3 4.34E-82 b & ‘TMhelix(7-29), 67.59 Globin
2W, 3W outside (30-783)
N Naive BGLB020170-PA Thioester-containing protein 1 2322 7 1 1 3.05E-100 N 0 7431 TED_
complement
N Naive, 16h, BGLB027972-PA Uncharacterized protein 3543 5 1 1 5.26E-149 N o 2948 -
1W, 2W, 3W LOC106074992
N Naive, 3W BGLB030063-PA Haemoglobin type 1 68.35 12 2 z 181E-138 N 0 69.57 Globin
N Naive, 2W, 3W BGLB033943-PA Calmodulin-like protein 5 isoform 64.1 16 2 2 1.00E-75 b 3 o 56.73 EF-hand_5
X1
N Naive, 3W BGLB035882-PA Uncharacterized protein 41.87 2 1 1 873E-136 Y 0 62.07 -

LOC106054306/Ovipostatin-like

“The whole protein sequence coverage from the peptides identified with LC-MS/MS.
*The number of identified peptides unique to the protei
Details include SCW treatment of presence, accession no,, description, coverage, peptide match number, BLAST confidence (e-value), predicted signal peptide and transmembrane domain presence, highest identity of proteins outside of Biomphalaria and

Pl analvale data. ESPs were designated s attractanit candidates If they wweve pradicted to onritiia 4 sipsal pentids and lack a trsismainbearie donaln and Bave 2 acinan identity of helow 0% oniside of Plomipkularia.
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Time-point
post-
miracidia
exposure

16h

2W

3W

Naive

Accession
No.

BGLB004262-PB
BGLB008634-PB
BGLB009288-PB
BGLB012280-PB
BGLB016060-PA
BGLB017086-PA
BGLB021854-PA
BGLB026410-PA
BGLB030199-PA
BGLB033580-PA
BGLB035660-PA
BGLB036153-PA
BGLB037955-PA
BGLB040188-PA
BGLB008299-PB
BGLB011796-PB
BGLB011796-PC
BGLB021817-PA
BGLB035643-PA
BGLB000141-PA
BGLB016967-PA
BGLB019617-PA
BGLB031523-PB
BGLB034051-PA
BGLB040281-PA
BGLB000016-PA
BGLB000033-PA
BGLB005531-PC
BGLB014188-PB

BGLB026487-PA
BGLB026513-PB
BGLB027975-PA
BGLB028940-PA
BGLB029397-PA
BGLB030954-PA
BGLB031282-PA

BGLB032561-PA
BGLB035882-PA
BGLB036679-PA
BGLB037163-PA
BGLB038355-PA
BGLB000202-PA
BGLB001498-PB
BGLB005344-PB
BGLB020170-PA
BGLB024127-PA
BGLB030391-PA
BGLB034203-PA

BGLB035135-PA

Description

ganglioside GM2 activator-like
AP-3 complex subunit beta-2-like
multiple EGF and TSP domain-containing protein
tissue factor pathway inhibitor isoform X2
bactericidal permeability-increasing protein-like
Hypothetical predicted protein
CD109 antigen
chorion peroxidase-like
L-amino acid oxidase-like
serpin family protein
Bsmp protein
uncharacterized protein LOC106069469, partial
golgin subfamily a member 4
lipopolysaccharide-binding protein
actin-5C
progranulin-like isoform X1
fibrillin-1 isoform X1
polyubiquitin-B isoform X2
uncharacterized protein LOC106055144
microfibril-associated glycoprotein 4-like
calmodulin-like protein 5 isoform X3
uncharacterized protein LOC106050984
uncharacterized protein LOC106067104 isoform X3
uncharacterized protein LOC106054319
Zinc metalloproteinase/disintegrin
biomphalysin 8
biomphalysin 2
kazrin-like isoform X1

serine/threonine-protein phosphatase 6 regulatory
ankyrin repeat subunit B-like

HEAT repeat domain-containing protein
uncharacterized protein LOC106063245 isoform X1
uncharacterized protein LOC106065300
uncharacterized protein LOC106063866
uncharacterized protein LOC106074740
golgin subfamily B member 1

von Willebrand factor d and egf domain-containing
protein

uncharacterized protein LOC106069515
uncharacterized protein LOC106054306 (ovipostatin-like)
uncharacterized protein LOC106077041
uncharacterized protein LOC106079133
uncharacterized protein LOC106069514
biomphalysin 20
calmodulin isoform X2
beta-glucuronidase isoform X1
thioester-containing protein 1
calmodulin, striated muscle
probable serine carboxypeptidase CPVL

zinc finger ZZ-type and EF-hand domain-containing
protein 1-like

endothelin-converting enzyme 2-like isoform X3

“The whole protein sequence coverage from the peptides identified with LC-MS/MS.
“T'he number of identified peptides unique to the protein.
Details of coverage, peptide match number and BLAST confidence (e-value) are shown.

—101gP  Coverage

23.68
18.86
15.95
44.84
117.2
22.59
29.06
42.64
19.3
62.78
38.61
44.72
17.59
120.97
49.62
55.8
55.8
16.08
30.4
37.26
41.59
48.27
69.5
21.21
36.23
24.5
131.13
19.44
17.05

67.97
26.91
105.39
105.39
74.38
17.93
16.74

31.78
41.87
17.24
97.22
74.68
59.12
37.29
32.35
23.22
16.37
34.18
15.79

31.14

(%)°

32
23

N BN nw 2o

ST

No. of
peptides

No.
unique"

- W N U= NN N O W

[

BLASTp
e-value

6.22E-152

3.56E-122
0
0
2.96E-105
0
5.39E-164
0
0
0
1.76E-104
7.28E-80
0
9.67E-82
1.64E-54
4.40E-137
2.59E-116
0

0
0
0
0

0
4.01E-92
1.86E-112
9.07E-129
2.03E-71
0
0

3.39E-85
8.73E-136
1.91E-72
2.59E-80
3.78E-100
0
5.91E-119
0
3.05E-100
9.23E-99
0
0
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Metric Interaction F df P-value Contrasts (pre-post) Milli-Q 16h 1w 2W 3W  Naive

Mean velocity (mm/s) 9.04 548  <0.0001 vs Milli-Q =] 0.0358  0.7458  0.0833  <0.0001 <0.0001
vs Naive <0.0001  0.0045 <0.0001 0.0015  0.5492 -

Tracks per min 27.59 548  <0.0001 vs Milli-Q - 0.9541 0.2731 03074  <0.0001 <0.0001
vs Naive <0.0001  <0.0001 <0.0001 <0.0001 0.0129 -

Angular SD (degrees) 13.39 548  <0.0001 vs Milli-Q - 0.0275  0.3493  0.0480  <0.0001 <0.0001
vs Naive <0.0001  <0.0001 <0.0001 <0.0001 0.3138 -

Average duration of presence (s) 11.35 548  <0.0001 vs Milli-Q - 0.4327 0.6003 0.5412  0.0355  <0.0001
vs Naive <0.0001  <0.0001 <0.0001 <0.0001 0.0004 -

Measurements: mean velocity (mm/s), average number of tracks per min, angular SD (degrees) and average duration of presence (s). If the interaction effect was significant, pairwise
contrasts testing determined whether the difference in behaviour change pre vs post addition was significant between both Milli-Q and each SCW treatment or between naive SCW and each
of the other SCW treatments (SCW collected 16h, 1W, 2W and 3W post-miracidia exposure). Significant data (p-value < 0.05) is in bold.
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