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Editorial on the Research Topic 


Pre-Conference Research Topic: 16th International Symposium on Schistosomiasis


Traditionally, every two years, the International Symposium on Schistosomiasis, organized by Fundação Oswaldo Cruz, takes place in Brazil. The Symposium brings together scientists from all over the world working on different aspects of schistosomiasis. As this disease affects approximately 240 million people worldwide (1), it is crucial to appraise recent advances in schistosome biology, parasite interactions with hosts, and review progress in the development and evaluation of new tools for disease diagnosis, treatment, and control.

The 16th edition of the Symposium (http://www.vppcb.fiocruz.br/16symposium-schisto/_en) was scheduled to take place in August 2020 but was postponed to November 2022, due to the COVID-19 pandemic. The published papers in this Research Topic sustain our global engagement and aim to keep the research momentum on schistosomiasis, a neglected tropical disease, thriving.

Our infographic highlights our international engagement across 23 countries with a total of 177 authors (Figure 1). Of note, whilst intestinal schistosomiasis (Schistosoma mansoni) occurs in South America and still poses a significant public health challenge in parts of Brazil, it also occurs in Africa, alongside urogenital schistosomiasis (Schistosoma haematobium). In Asia, however, intestinal schistosomiasis is caused by a different schistosome species (Schistosoma japonicum), and the appreciation of this is essential to ensure that global research and control efforts are appropriate and complementary.




Figure 1 | Pre-conference research topic of the 16th International Symposium on Schistosomiasis, in numbers. The infographic summarizes the most relevant information regarding the research topic main goal, articles’ acceptance rate, and authors’ profile.




Schistosome Biology

Schistosoma spp. are the etiological agents of all forms of schistosomiasis, and each species has a complex life cycle involving various species of aquatic mollusk(s) as the intermediate host, with various mammal(s) acting as definitive hosts. Thus, understanding schistosome biology and its interaction with its hosts is crucial for developing tools and strategies for disease control and elimination.

In this context, Hambrook and Hannington have gathered literature, highlighting what they call “the foundational work,” which demonstrates the multitude of challenges that the host poses for the schistosome and the ways that they have evolved to mitigate or overcome these challenges. Next, they explore how the different parasite life stages deal with the diverse immune systems they encounter in invertebrate and vertebrate hosts. Finally, they delineate the invertebrate host immune responses and parasite survival strategies in the definitive host, including antigenic mimicry, variability of surface molecules, production of host hormones and products (E/S P) able to inhibit host response, degradation of complement components, incorporation of host antigens, and prevention of blood clots.

Our understanding of senescence in schistosomes is becoming more complex as the cellular biology of the worm is probed. You et al. bring together recent advances in schistosome stem cells research. They review two classes of stem cells, germinal cells involved in asexual reproduction (intramolluscan) and the neoblasts in sexual reproduction, which occur in intramammalian stages. The authors also discuss the use of these resources as a new tractable platform to underpin more general research on schistosomiasis.



Adaptation in Parasitism

There are still knowledge gaps today regarding many aspects of schistosome biology and how worms respond to the humoural environment within each intermediate and/or definitive host. Anisuzzaman et al. propose a new methodology to investigate the development and survival of the intravascular stage of S. mansoni. In their article, the adult worms were cultivated in the presence of serum from mice and other different mammalian species to interrogate in vivo the importance of soluble complement system factors. Despite not revealing a notable role for soluble proteins from the mouse complement system, this article will benefit the scientific community in designing new studies to investigate the immunological mechanisms defining host susceptibility to S. mansoni infection.

Turning attention to the mollusk, bioinformatic analyses by Pinaud et al. reveal 23 biomphalysin-like genes in Biomphalaria glabrata, the snail host for S. mansoni, and the presence of highly similar sequences on the same scaffolds indicate recent duplications. The relative absence of differences in sequence signatures leads the authors to refer to the likely HGT origin of biomphalysins as old domestication. Then the structures of the small lobe (domain I) of different biomphalysins showed similarities to immune-type factors that interact with antigens. Then, pathogen challenge modifies expression patterns, and protein level interactome analyses indicate that categories of pathogens are bound by specific subsets of biomphalysins.



Advances in Immunobiology

In their review article, Houlder et al. provide a clear and in-depth description of our current knowledge of the biology of the parasite, the definitive host immune response, and the pulmonary pathology during the acute and chronic phase of the disease. The authors also highlight important questions that still need to be answered by future studies. The roles of monocytes and macrophages in the response against schistosomes and in disease pathogenesis are reviewed by Souza et al. and emphasis is given to the alternatively activated macrophages’ function in host protection and pathogenesis.

In an attempt to better understand the immune response of humans with schistosomiasis mansoni and its relationship with disease burden, Santana et al. characterize the CD4+ T cell profile of patients with different degrees of liver fibrosis. Patients with periportal fibrosis had an increase of Th2 cytokines IL-4, IL-5, and IL-13, and higher levels of IL-10 but a lower IL-10/IL-13 ratio than patients without fibrosis. Interestingly, IL-17 was also increased in patients with periportal fibrosis, and TGF-β production correlated with fibrosis, thus reiterating that schistosomiasis fibrosis pathogenesis is complex and induced by several pathways, including the IL-13/IL-17/TGF-β axis. Therefore, multi-target therapy should be preferred over monotherapy to impair fibrogenesis and ameliorate schistosomiasis fibrosis and portal hypertension.

Understanding the immune response dynamics and their relationship with disease pathogenesis in the murine model is extremely important to develop effective antifibrotic therapies. Song et al. provide an interesting kinetic analysis of the immunological aspects of liver fibrosis induced by carbon tetrachloride (CCl4) and by S. japonicum infection. This direct comparison of murine schistosomiasis fibrosis with an established fibrotic model largely used to test novel antifibrotic therapies is relevant since several drug candidates manipulate the immune response. In the S. japonicum model, a shift from Th1 immunity to Th2/Th17/Treg immunity immunity was observed, reinforcing the role of IL-13 and IL-17 in the pathogenesis of schistosomiasis fibrosis. In contrast, CCl4 induced fibrosis is characterized by a Th1 immune response. Therefore, for schistosomiasis, dual targeting of IL-13 and IL-17 might be a better strategy to block fibrogenesis and avoid rebound inflammation.

The study of Da’dara et al. demonstrates that the S. mansoni ectoenzyme alkaline phosphatase (SmAP) could cleave the active form of vitamin B6 (PLP) into its intermediate, pyridoxal. Additionally, schistosome enzymes that may be involved in intracellular catabolism of vitamin B6 were identified. Therefore, the authors speculate that the metabolism of the host PLP by SmAP can regulate its concentration in the blood, thus regulating the inflammatory process that utilizes this vitamin.



The Burden of Disease and Disabilities

To this date, only a few studies have evaluated the impact of severe forms of schistosomiasis on the health-related quality of life of affected patients, and none have included schistosomal myeloradiculopathy. This has limited accurate measurements of disease burden in endemic areas and management of patients with severe forms of the disease. Roriz et al. demonstrate that patients with hepatosplenic schistosomiasis have three times higher chances to have lower scores of overall quality of life, while patients with schistosomal myeloradiculopathy have five times more chances to have worse quality of life scores than healthy adults with similar socio-demographic backgrounds. This study reinforces the importance of eradicating this disease and suggests that multidisciplinary clinical management of schistosomiasis patients would be more appropriate to improve patients’ quality of life.

Another complication of chronic schistosomiasis is pulmonary arterial hypertension. In the review published by Sibomana et al., the authors describe our current understanding and knowledge gaps related to pulmonary arterial hypertension caused by schistosomiasis. Their review includes discussions of disease definition and epidemiology, current diagnostic and treatment protocols, prognosis, and insights into disease pathogenesis.



Co-Infections, Microbiota Interaction, Nutrition Status and Carcinogenesis

Schistosomiasis has been described to impact the outcome of co-infections and nutritional status, and vice versa (2, 3). In this regard, Maciel et al. demonstrate that the S. mansoni infection in malnourished mice does not impact parasite survival but impacts parasite fecundity and the size and development of granuloma. On the other hand, the authors show that S. mansoni infection aggravates mice nutrition status. Miranda et al.‘s findings suggest that a history of American Tegumentary Leishmaniasis (ATL) may increase susceptibility to S. mansoni infection, as a higher prevalence of intestinal schistosomiasis was observed in individuals with a previous history of ATL. Individuals with active intestinal schistosomiasis with a previous history of ATL presented a modulated immune response that may increase susceptibility to schistosomiasis but may also be beneficial to reduce disease morbidity.

Continuing the discussion on host-parasite interactions, Cortés et al. describe the putative association of the gut microbiota with S. mansoni infection. They equate the influence of the parasite on the microbiota composition in mice, humanized and indigenous. The work demonstrates that these two models react differently to infection and suggests that taxa abundance and diversity of the microbiota could influence the development of S. mansoni infections.

All forms of schistosomiasis are associated with the development of certain types of cancer, but the mechanisms involved are not fully understood, particularly with regard to S. japonicum infection and colorectal cancer pathogenesis. Wu et al. elegantly demonstrate that SjE16.7 protein from the eggs of S. japonicum binds to RAGE (Receptors for Advanced Glycation End Products) in host cells inducing NF-kB activation, increases in oxidative stress and inflammation with high levels of IL-6 and TNF, and promotes colorectal cancer in mice. This relevant study provides novel information regarding the host-parasite interactions that contribute to the pathogenesis of inflammation and carcinogenesis mediated by helminths.



Genital Schistosomiasis

In urogenital schistosomiasis, it is hypothesized that the cervicovaginal inflammation caused by S. haematobium eggs may contribute to HIV-1 infection, leaving women from those endemic areas more susceptible. However, the mechanisms behind the possible association between Female Genital Schistosomiasis (FGS) and HIV-1 infection are largely unknown. Sturt et al. demonstrate that women with higher FGS burden also have an increase in Th2 cytokines and the pro-inflammatory cytokine IL-15 compared to the control group without FGS, thus confirming that FGS alters the immune environment of the cervicovaginal mucosa and may contribute to HIV-1 infection. Thus, this pioneering study sheds some new light on the mechanisms involved in the association of FGS and HIV-1 infection observed in sub-Saharan women.

Across genders, Male Genital Schistosomiasis (MGS) is an understudied manifestation of S. haematobium infection and, similar to FGS, is associated with HIV infection. However, few epidemiological studies are available, even in highly endemic areas in sub-Saharan Africa. Kayuni et al. conduct a large longitudinal cohort study to investigate the prevalence of MGS among fishermen from Lake Malawi. This work provides valuable information for public health programs for schistosomiasis control and calls attention to the need to investigate this condition in S. haematobium endemic areas and facilitate access to treatment in combination with education and awareness programs targeted to men in order to provide early detection of MGS and avoid progression of this condition.



A Focus on New Diagnostics

Many efforts have recently been devoted to developing, validating, and evaluating schistosomiasis diagnosis methods, mainly because it has become essential for disease surveillance and monitoring the effectiveness of elimination actions. In this context, Siqueira et al. evaluate the efficacy of a Real-time PCR assay to detect S. mansoni infection in individuals with low parasite burdens from two different endemic areas and investigate if this assay could also be used as a post-treatment cure control method. Compared with the reference test (24 slides Kato-Katz + Saline Gradient analysis), the real-time PCR assay had satisfactory performance and could be a powerful tool to improve diagnosis and cure assessment in low burden endemic infection areas.

Cavalcanti et al. also applied different diagnostic tests in seven cases of acute schistosomiasis in children living in a non-endemic area. The clinical manifestation and laboratory analysis reports before and after Praziquantel treatment bring insights to the accuracy of different tests in acute schistosomiasis diagnosis and assessments of cure after treatment. The results also demonstrate a treatment regimen that resulted in a parasite-free status in these children.



Novel Treatments and Preventions Against Schistosomiasis

Schistosomiasis treatment and the discovery of new schistosomicide drugs are still areas of great interest in the field. Although Praziquantel is a safe and effective anti-schistosomal drug, it is ineffective against juvenile worms, and there is growing evidence of Praziquantel resistance in some endemic areas. Therefore, novel efficient therapies are needed. Moreira-Filho et al.‘s state-of-the-art review on the current tools and novel strategies that have evolved in the past few years will be an important resource for the field of drug discovery for schistosomiasis. In addition, the detection of low burden individuals and accurate cure assessment is still a challenge in schistosomiasis, particularly in areas where Mass Drug Administration (MDA) control programs are in place.

In the mini-review published by Tallima et al., the authors have gathered evidence that points to Arachidonic Acid (ARA) as a schistosomicide that can be used to treat S. mansoni and S. haematobium infection. Additionally, the authors describe the critical role of ARA in the protective mechanisms induced by vaccines using cysteine-peptidase in their formulation, since ARA activates the parasite tegument-associated neutral sphingomyelinase, which promotes the cleavage of tegument sphingomyelin, thus allowing antigen exposure and antibody-dependent cell-mediated cytotoxicity.

Mu et al. provide an up-to-date review on the use of schistosome-derived products as potent immunomodulators that could be used therapeutically to treat or ameliorate the sequelae of chronic inflammatory diseases such as allergic asthma, arthritis, colitis, diabetes, sepsis, cystitis, and cancer. This pertinent, concise paper highlights the flourishing research field of immunomodulation and presents the most compelling evidence for the promising beneficial aspects of using parasite-derived molecules in treating chronic inflammation.

In an attempt to accelerate bench-to-bedside delivery of a vaccine against schistosomes, Sanches et al. demonstrate that an in silico approach could be an effective and potent strategy to design a multi-epitope chimeric vaccine against S. mansoni infection. Using a robust immunoinformatics approach and prediction models, the authors provide a novel vaccine candidate that could provide a robust humoral and cellular response and therefore provide an important tool to eliminate schistosomiasis. In vivo studies would be required to test novel candidates and confirm if this novel strategy would accelerate the translation to the clinic.

Concerning pre-clinical studies of vaccines, Perera et al.’s work demonstrates that S. mansoni Cathepsin, a parasite gut peptidase, when formulated with two new adjuvants (sulfated lactosyl archaeol (SLA) archaosomes or AddaVaxTM), was able to induce a protective response that significantly reduced parasite burden, granuloma size, and the amount of miracidium hatching from the eggs that were eliminated within the feces of immunized mice. The data obtained in this pre-clinical trial suggest that these vaccine formulations might be helpful in controlling schistosomiasis morbidity and transmission. However, clinical trials are necessary to evaluate its safety and efficacy in humans.



Schistosomiasis Control and Public Health

Schistosomiasis control and elimination is still a challenge, despite intense research and investment. Our collection received several articles that cover this topic. Wang et al. retrospectively analyze clinical and epidemiological data of imported schistosomiasis in China from 1979 to 2019. They found that 78 and 262 cases of schistosomiasis caused by S. mansoni and S. haematobium infection, respectively, were reported in Chinese and African citizens coming from Africa. Additionally, 15 cases of schistosomiasis caused by an unknown species are also reported. The authors describe in their study the most common clinical manifestations of the disease and the diagnosis methods employed in infection identification. The study raises two concerns, the delay in the correct diagnosis of infections by Chinese clinicians that are not alert to the occurrence of disease cases and the presence of the intermediate host for S. mansoni in some Chinese provinces that can lead to autochthonous infection cases and the spread of the disease in these regions.

Onasanya et al. discuss the current strategies for schistosomiasis control in sub-Saharan African regions and the main constraints based on these strategies to achieve the expected goals of the WHO 2030 Roadmap, which aims at yearly reductions in morbidity, prevalence, transmission, towards schistosomiasis elimination by 2030. Most importantly, the authors draw attention to the need to design new integrative approaches, considering the disease’s multifactorial spectrum and context particularities in endemic settings. In addition, these strategies should focus on locally appropriate and acceptable ways to increase awareness, and reduce transmission and infection, and equitable ways of treating the disease.

The case for schistosomiasis japonica elimination seems to be even more complex due to its zoonotic characteristics with 46 different animal reservoirs. Li et al., in their concise review, present a historical perspective of the control program in the Dongting Lake Region of China. The authors highlight the strategies used, the impact of the Three Gorges Dam, new insights into the transmission and complexity of the animal reservoirs in the epidemiology of the disease, novel strategies for control, challenges, and areas that need further development in order to achieve elimination. This paper provides essential lessons that could be used in other public health programs in endemic areas to improve schistosomiasis control and eventually eliminate this disease.

Mawa et al. provide a much-needed and timely discussion of schistosomiasis morbidity and the puzzling data on biological hotspots, areas that remain with high transmission and morbidity rates despite control efforts. This critical review discusses the host-parasite-environmental factors that may explain the biological hotspots that prevent successful control of disease burden and is a great challenge for elimination. Only with a proper understanding of the dynamics of host-parasite interactions and particularities of each endemic area will we be able to create and tailor the best strategies that culminate with the elimination of schistosomiasis in such hotspots.

The geographical distribution of S. mansoni is tightly tied to the presence of susceptible species of Biomphalaria freshwater snails that support the parasite’s transformation into infective stages. Furthermore, Biomphalaria spp. has shown strong local and global dispersal capacities that may increase due to the global warming phenomenon and increased land development. In this regard, Habib et al. has provided a comprehensive review on Biomphalaria spp., their diversity, geographical distribution, ecological and environmental determinants, dispersal and invasion potential, the risk for schistosomiasis transmission, and implications for surveillance. Also, the authors call for effective control initiatives for schistosomiasis, including periodic malacological surveys for the detection of Biomphalaria in new potential habitats and identification of species and infection status of collected snails.

Novel approaches in malacological surveying and taxonomy are also present in our collection. Valladares et al. evaluate the power of near-infra-red spectroscopy (NIRS) to assess the chemical phenotype of B. glabrata, B. tenagophila, and B. straminea that are intermediate hosts for schistosomes in Brazil. This study is a proof-of-concept of an innovative, cost-effective, fast, and non-destructive method to discriminate quite similar snails in the field.

Tallam et al. investigate the use of machine learning algorithms – convolutional neural networks (CNN) – in public health using schistosomiasis as a model and showed the usefulness of CNN for classifying parasites and their intermediate host snails. Snails were classified on four neurons and parasite classification via eleven neurons. The model was trained with 80% of the data set, and the validation on the remaining unseen 20%. An impressive 99.6% accuracy was obtained for the four snail genera and 91.21% accuracy for the 11 parasite morphospecies. Thus, the CNN achieved superior performance to a trained parasitologist, although the authors suggest that this might be an unfair comparison.

In line with spatial epidemiological themes, the mapping of geospatial risk for the presence of intermediate hosts, Coelho et al. describe an integrated approach to map the environmental conditions. They suggest the use of coliform bacteria as a proxy for fecal contamination. This methodological approach could identify high-risk areas, particularly in lower prevalence settings, which may be important for future control efforts, although some additional considerations are needed for S. haematobium, which is passed in the urine.



Future Expectations

This pre-conference Research Topic of 34 articles published by Frontiers in Immunology, Medicine, Microbiology, and Public Health is a valuable initiative to communicate information to the schistosomiasis research community. This is even more important during these atypical pandemic times to propel the needed advances towards sensitive diagnoses, control, and prevention of this significant disease in neglected populations worldwide. On behalf of the organizing committee, we invite all the schistosomiasis researchers to attend the 16th edition of the International Symposium on Schistosomiasis (November 21-23, 2022) to engage in further discussions.
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Infection by Schistosoma parasites culminates in a chronic granulomatous disease characterized by intense tissue fibrosis. Along the course of schistosomiasis, diverse leukocytes are recruited for inflammatory foci. Innate immune cell accumulation in Th2-driven granulomas around Schistosoma eggs is associated with increased collagen deposition, while monocytes and macrophages exert critical roles during this process. Monocytes are recruited to damaged tissues from blood, produce TGF-β and differentiate into monocyte-derived macrophages (MDMs), which become alternatively activated by IL-4/IL-13 signaling via IL-4Rα (AAMs). AAMs are key players of tissue repair and wound healing in response to Schistosoma infection. Alternative activation of macrophages is characterized by the activation of STAT6 that coordinates the transcription of Arg1, Chi3l3, Relma, and Mrc1. In addition to these markers, monocyte-derived AAMs also express Raldh2 and Pdl2. AAMs produce high levels of IL-10 and TGF-β that minimizes tissue damage caused by Schistosoma egg accumulation in tissues. In this review, we provide support to previous findings about the host response to Schistosoma infection reusing public transcriptome data. Importantly, we discuss the role of monocytes and macrophages with emphasis on the mechanisms of alternative macrophage activation during schistosomiasis.
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INTRODUCTION

Schistosomiasis is a chronic helminthic disease caused by worms of the genus Schistosoma spp. (McManus et al., 2018). Poor and rural communities localized in tropical and sub-tropical regions are the most affected, where schistosomiasis causes ∼207,000 fatal outcomes every year (Schistosomiasis, 2020; World Health Organization [WHO], 2020 | Epidemiological situation). The three major species infect humans: S. mansoni (Africa and South America) and S. japonicum (East Asia), which mainly induce inflammation and fibrosis in intestine and liver; and S. haematobium (Africa and Middle East), which triggers urogenital manifestations (Gray et al., 2011).

The life cycle of Schistosoma involves an intermediate snail host and definitive mammalian hosts. Briefly, eggs released in the feces of a contaminated host reach an aquatic environment where the hatching miracidia from different species are attracted to snails of different genus such as Biomphalaria, Oncomelania, or Bulinus. After several morphological and molecular changes, mature cercariae exit the snail and swim at the surface until they actively penetrate into the host’s skin (Paveley et al., 2009; Collins et al., 2011). Within hours of penetration, the cercariae differentiate into the schistosomula, which reside in the skin for at least 2 days before migrating through blood vessels. Around 3–7 days, the schistosomula reach the lung, from where they are delivered to the hepatic portal circulation (Wilson, 2009; Schwartz et al., 2018). They mature into adult worms, mate, and later migrate to mesenteric venules (S. mansoni and S. japonicum) or bladder venules (S. haematobium) where they lay eggs. Hosts excrete eggs in the feces or urine around 6–7 weeks of infection (Schwartz and Fallon, 2018; Nation et al., 2020).

Host response to Schistosoma infection initiates with the activation of immune cells, which produce tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-12, and IFN-γ that promote an early Th1 response (Pearce et al., 1991; de Jesus et al., 2002; Mountford and Trottein, 2004). This profile changes dramatically with egg deposition (Pearce et al., 1991), whose accumulation into tissues induces Th2-driven granuloma, a hallmark of chronic disease (Pearce and MacDonald, 2002). Granulomas are structures composed of neutrophils, eosinophils, basophils, monocytes, macrophages (and their derivatives epithelioid and giants cells), T cells, B cells, and fibroblasts, which are recruited to limit tissue damage caused by eggs (Schwartz and Fallon, 2018).

Monocytes and macrophages exert important roles during schistosomiasis, while high levels of Th2 cytokines (IL-4 and IL-13) have profound phenotypical and functional impact on these cells (Pearce and MacDonald, 2002; McManus et al., 2018). In this review, we provide: (i) an overview of immune response dynamics; (ii) a discussion about monocytes and macrophages; and (iii) insights into the alternative activation of macrophages during schistosomiasis. To support the discussion, we reused public transcriptomes of liver from mice infected with S. japonicum (Burke et al., 2010).



BRIEF OVERVIEW OF THE IMMUNE RESPONSE TO SCHISTOSOMA INFECTION

Penetration of cercariae into host’s skin induces the influx of neutrophils (Paveley et al., 2009), as well as the activation of resident macrophages, Langerhans cells (Kumkate et al., 2007) and dendritic cells (DCs) (Winkel et al., 2018). Upon activation by S. mansoni cercariae, resident macrophages release IL-10, while DCs produce IL-6, IL-12p40, TNF-α to activate the adaptive immune response in skin-draining lymph nodes (sdLN) (Mountford and Trottein, 2004; Paveley et al., 2009). For that, DCs increase the expression of HLA-DR, CD80, CD86, PDL-1, and PD-L2, interact with T cells and coordinate Th2 polarization (Winkel et al., 2018). Moreover, cercariae antigens are internalized by macrophages and influence CD4+IL-4+ T cells responses in sdLN (Paveley et al., 2011). Interestingly, multiple exposures (4x) to S. mansoni increases alternatively activated macrophage-like cells in the skin of mice and renders T cells hypo-responsive in an IL-4Rα-dependent manner (Cook et al., 2011). In addition, radiation-attenuated (RA) larvae of S. mansoni induces IL-12 production by CD11c+, F4/80+ skin-cells that drives a protective response (Hogg et al., 2003).

The cercariae that transform into schistosomula migrate through skin and enter the circulation (Schwartz et al., 2018). Anti-helminthic effectors are activated to kill migrating schistosomula, while the lung microenvironment constitutes an effective site to larvae elimination (von Lichtenberg et al., 1977; Wilson, 2009; Schwartz et al., 2018). Macrophages and eosinophils expressing FcεRI recognize IgE and induce antibody dependent cell mediated cytotoxicity (ADCC) toward larvae (Dombrowicz et al., 2000). Immunization with Sm-p80 antigen (S. mansoni) induces effective ADCC in lung during larvae migration (Torben et al., 2012), while SjCL3 (S. japonicum) suppresses the ADCC to evade the host response (Huang et al., 2020). Interestingly, TNF-α plays a significant role for innate lung immunity after RA-larvae vaccination, as TNFRI deficiency abrogates protective immunity, including IgG responses (Street et al., 1999).

As the surviving schistosomula end up as adults in the intestine or bladder, the host adapts to the challenges imposed by adult worm burden and egg deposition. S. mansoni-derived lysophosphatidylcholine (LPC) activates eosinophils via TLR2 (Magalhães et al., 2010). Metalloproteinases (MMP), histamines and collagenases released by eosinophils contribute to tissue remodeling (Ariyaratne and Finney, 2019), while macrophage migration inhibitory factor (MIF) boosts IL-5 production and eosinophilia during schistosomiasis (Magalhães et al., 2009). Interestingly, S. japonicum induces more neutrophil influx into hepatic granulomas when compared to S. mansoni infection, which induces more eosinophils (Schwartz and Fallon, 2018). Upregulated neutrophil degranulation pathway in transcriptomics data support these findings (Figure 1A). In addition, S. japonicum eggs induce neutrophil extracellular traps, MMP9, IL-1β, IL-1α, CCL3, and CXCL2, which precedes granuloma formation (Chuah et al., 2014).
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FIGURE 1. Transcriptomics data reuse of mice infected with S. japonicum. Normalized gene expression data from livers of mice infected with S. japonicum for 7 weeks and naïve mice were acquired at the Gene Expression Omnibus (GEO) repository (GSE14367). Differential gene expression was evaluated with the package limma for R. (A) Pathway enrichment analysis of upregulated genes in liver of S. japonicum-infected mice. Pathways were evaluated with the ToppGene suite platform (Chen et al., 2009) and the bar plot depicts the significance of enrichment in each pathway as shown by -log10 p-values adjusted by Benjamini-Hochberg false discovery rate (FDR) method. (B) Heat map showing the expression of genes included in the interleukin-4 and 13 signaling pathway in S. japonicum-infected and naïve mice. Hierarchical clustering was performed with the package amap for R using Euclidian distance metric and Ward linkage. The heat map was generated with the package gplots for R. (C) Gene network composed of genes included in the innate immune system pathway. The network was generated with the platform STRING v11.0 (Szklarczyk et al., 2015) and visualized with Cytoscape v3.7.2 (Shannon et al., 2003). The color scale is proportional to the log2 fold changes of each gene from S. japonicum-infected mice over naïve mice. Genes colored in gray were imputed by STRING but were not present in the evaluated dataset.


Schistosoma infection induces the release of the alarmins IL-33 (Peng et al., 2016; Li et al., 2019), TSLP and IL-25 (Cook et al., 2011; Vannella et al., 2016). IL-33 promotes the development of CD4+ IL-5+; IL-10+, and IL-13+ Th2 cells (Yu et al., 2015). During S. japonicum infection, IL-33 expression was associated with levels of tissue transglutaminase (tTG) protein (Li et al., 2019), while the numbers of macrophages expressing the IL-33 receptor (ST2L) were also increased when compared to CD3+ST2L+ T cells (Peng et al., 2016). Hepatic fibrosis induced by S. mansoni is not affected by the lack of TSLP, IL-25, and IL-33 signaling individually, but disruption of signaling by all three mediators reduced hepatic fibrosis, eosinophils, and innate lymphoid cell (ILC)-2 in the liver of mice (Vannella et al., 2016). Compared to CD4+ T cells, ILC2s produce high levels of IL-13, but not IL-4, while IL-25 triggers IL-13+ ILC2-mediated fibrosis in the lung after injection of Schistosoma eggs (Hams et al., 2014).

Signaling by IL-13 and IL-4 has been associate with the severity of schistosomiasis and fibrosis. Indeed, high levels of IL-13 in chronic schistosomiasis patients with hepatic fibrosis correlates with progression of the disease (Mutengo et al., 2018). Polymorphisms in IL-4 and STAT6 promoter gene were associated higher susceptibility to S. haematobium infection in children (Adedokun et al., 2018). Also, IL-4Rα signaling was associated with granuloma formation and bladder pathogenesis after injection of S. haematobium eggs (Mbanefo et al., 2020). Interestingly, 5-lipoxygenase metabolites induce IL-4 and IL-13 that control granuloma size in lung of mice injected with S. mansoni eggs (Toffoli da Silva et al., 2016). Indeed, S. japonicum infection upregulates the IL-4 and IL-13 signaling pathway in the murine liver (Figure 1A), which includes genes related to extracellular matrix remodeling such as Mmp2 and Mmp9 (Figure 1B). Strikingly, IL-4Rα deficient mice vaccinated with RA-attenuated larvae exhibit impaired production of protective IgG1 and IgE antibodies and cytokines such as IL-10 and IL-13 (Mountford et al., 2001). Indeed, the absence of IL-4Rα in B cells affects both cellular and humoral Th2 responses, increasing the susceptibility to S. mansoni infection (Hurdayal et al., 2017).

Hepatic inflammation during S. japonicum infection initiates with the recruitment of CD4+ T; CD8+ T cells and CD19+ B cells, whereas eosinophil, neutrophils and F4/80+CD11b+ cells increase at 7 wpi (Burke et al., 2010). Curiously, the S. haematobium bladder-granuloma are dominated by CD68+cells (syncytial macrophages) (Fu et al., 2012). The peak of collagen deposition correlates with MIP-1α and CXCL1 production in S. haematobium infection (Fu et al., 2012), and innate immune cell influx to the hepatic granuloma in S. japonicum infection (Burke et al., 2010). Innate immune cell activation is reflected by a robust upregulation of genes composing an innate immunity network (Figure 1C). Monocytes and macrophages play critical roles for the granuloma formation and immune regulation. Many molecules and mechanisms shape their phenotypes and functions along Schistosoma infection and will be discussed in the next sections.



ORIGIN AND FUNCTION OF MONOCYTES DURING SCHISTOSOMIASIS

Monocytes play important roles in homeostasis, host defense, resolution of inflammation and tissue repair (Hume et al., 2019). They first originate during embryogenesis, seed diverse organs and develop into resident macrophage populations, such as alveolar macrophages in the lung and Kupffer cells in the liver (Zhao et al., 2018). After birth, progenitor cells in the bone marrow and spleen ultimately differentiate into the stage “common Monocytes Progenitor – cMoP” [lineage-negative (Lin–) CD117+ CD115+ CD125– Ly6C+ CD11b–], which further transform into distinct subsets (Hettinger et al., 2013). Based on the differential expression of surface markers, monocytes are classified as: inflammatory monocytes (classical) (mouse: Ly6ChighCCR2+CX3CR1low; human: CD14highCD16–), which are robustly recruited to sites of inflammation (Geissmann et al., 2003), but return to the bone marrow after 3 days under steady state (Varol et al., 2007); and patrolling monocytes (non-classical) (mouse: Ly6ClowCCR2lowCX3CR1high; human: CD14low/–CD16high), which patrol blood vessels and remain in the circulation for as long as 7 days (Auffray et al., 2007; Figure 2). Recently, we showed that low expression of CD18 (common subunit of β2 integrins) was associated with a reduction of monocyte subsets in bone marrow and blood of mice infected with S. mansoni (Souza et al., 2018). This correlated with increased parasite burden, egg deposition and mortality of mice.
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FIGURE 2. Monocyte and macrophage dynamics during experimental S. mansoni infection. Along the course of experimental S. mansoni infection in mice, bone marrow increases the monopoiesis and originates two subsets: inflammatory monocytes (Ly6ChighCCR2highCX3CR1low) and patrolling monocytes (Ly6ClowCCR2lowCX3CR1high), which are recruited from blood to tissues affected by egg accumulation. Upon activation by circulating eggs, inflammatory monocytes express higher levels of chitinase-like 3 (Chi3l3) compared to patrolling monocytes. CCL2 mediates inflammatory monocyte recruitment to the liver during schistosomiasis. Inside the tissue, inflammatory monocytes produce TGF-β, induce collagen deposition and differentiate into macrophages. The diversity of cells present in the granuloma is responsible for a type 2 microenvironment, whereby T cells produce IL-4 and IL-13 that induces the alternative activation of macrophages via IL-4Rα. The IL-4/IL-13/IL-4Rα axis leads to the transcription of retinaldehyde dehydrogenase 2 (Raldh2) and activation of signal transducer and activator of transcription 6 (STAT-6). This transcription factor upregulates the expression of Chi3l3, programmed cell death ligand 2 (Pdl2), arginase -1 (Arg1) and resistin-like alpha (Relma), which trigger TGF-β production and collagen deposition. RALDH2 by AAM induces Treg cell differentiation. Vitamin A mediates conversion of monocyte-derived macrophages (F4/80intCD206+PD-L2+MHC-II+) into F4/80highCD206– PD-L2– MHC-II– UCP1+ phenotype, whose function still needs to be elucidated.


Monocytes promote resistance to schistosomiasis (Nascimento et al., 2014; Souza et al., 2018; de Souza et al., 2019). Indeed, inflammatory monocyte depletion causes a severe weight loss and disrupts a protective Th2 response during S. mansoni infection (Nascimento et al., 2014). Intermediate human monocytes (CD14brightCD16+) from schistosomiasis patients bind cercariae E/S ligands more efficiently than those from healthy individuals, indicating a role for monocytes in parasite recognition (Turner et al., 2014). In addition, adoptive transference of CD11b+CD14+ bone marrow cells to mice infected with S. mansoni reduced the expression of TGF-β1 and collagen deposition in the liver (de Souza et al., 2019).

Despite of their protective functions, monocytes also induce fibrosis (Fernandes et al., 2014). For example, B1 cells secrete IL-10 after S. japonicum infection and inhibit CCL2 chemokine (ligand CCR2) production, leading to reduced Ly6Chigh monocytes and fibrosis in the liver (Yong et al., 2019). Moreover, CD14highCD16– and CD14low/–CD16high monocytes from schistosomiasis patients with liver fibrosis increase the expression of TGF-β (Fernandes et al., 2014). In addition, stimulation of monocytes with soluble egg antigen (SEA) upregulates the expression of TGF-β (Wolde et al., 2020; Figure 2). Curiously, lack of CX3CR1 and thus, patrolling monocytes, reduced liver weights and granuloma formation in mice infected with S. japonicum, suggesting a differential role for monocyte subsets in this model (Ran et al., 2015).



THE IMPACT OF ALTERNATIVE MACROPHAGE ACTIVATION ON SCHISTOSOMA INFECTION

Resident macrophages localize in different tissues to maintain the homeostasis (Zhao et al., 2018) and exhibit particular phenotypes and molecular programs (Coakley and Harris, 2020). During schistosomiasis, most macrophages in inflammatory sites are derived from blood monocytes (Rückerl and Cook, 2019). Depending on environmental cues, monocytes differentiate into macrophages that assume a spectrum of molecular profiles (Das et al., 2015). Two of these molecular programs have been extensively studied: the classically activated macrophages (M1), which are induced by IFN-γ + LPS and the alternatively activated macrophages (AAMs/M2), which are induced by IL-4 + IL-13 (Martinez and Gordon, 2014). Many studies show that IL-4/IL-13 signaling via IL-4Rα activates the transcription factor signal transducer and activator of transcription 6 (STAT-6), which upregulates the expression of arginase -1 (Arg1), chitinase-like 3 (Chi3l3), resistin-like alpha (Relma), and mannose receptor C-type 1 (Mrc1) (Gordon, 2003; Gordon and Martinez, 2010; Rolot and Dewals, 2018). Although IL-4Rα signaling induces alternative phenotype in both tissue resident macrophages (Jenkins et al., 2011) and MDMs during helminth infections (Gundra et al., 2014; Rolot et al., 2019), they have distinct transcriptional signatures, phenotypes and functions. Both resident and monocyte-derived AAMs express high levels of Arg1, Chi3l3, and Relma, but only monocyte-derived AAMs upregulate the expression of retinaldehyde dehydrogenase 2 (Raldh2) and programmed cell death ligand 2 (Pdl2) (Gundra et al., 2014).

The influx of blood monocytes and their conversion to macrophages occurs independently of IL-4Rα during S. mansoni infection (Rolot et al., 2019). The Th2 environment developed in response to Schistosoma eggs provides signals for AAM polarization (Figure 2). For example, basophils sense the egg glycoprotein IPSE/alpha-1, produce IL-4 and IL-13 and trigger the alternative activation of human monocytes, demonstrated by the increased expression of CD206+ and CD209+ (Knuhr et al., 2018). In addition, chronic S. mansoni infection induces Ly6Chigh monocyte migration into the liver, which differentiate into CD206+PD-L2+ AAMs in a CD4+ T cell dependent manner (Girgis et al., 2014). Macrophages stimulated with Sm16 antigen induce high levels of IL-10 that block the M1 activation in response to IFN-γ and LPS (Sanin and Mountford, 2015). Interestingly, SEA induces the expression of M2 markers (Arg1, CD206, IL-10, and TGF-β) and higher STAT-6 phosphorylation in J774A.1 macrophage cell line (Tang et al., 2017). Moreover, S. mansoni’s LPC induces higher expression of arginase-1 and CD206, while increasing the production of IL-10, TGF-β, and prostaglandin E2 by peritoneal macrophages (PMs) in vitro (Assunção et al., 2017).

Macrophages are protagonists of tissue repair during schistosomiasis (Herbert et al., 2004; Borthwick et al., 2016). IL-4Rα signaling in AAMs induces the production of IL-10 and TGF-β, promoting healing that minimizes collateral tissue damage during the granuloma formation (Barron and Wynn, 2011). Upon S. mansoni infection, LysMcreIL-4Rα–/flox mice fail to mount an effective Th2 immune response, resulting in liver damage and increased mortality due high levels of IFN-γ production (Herbert et al., 2004). Importantly, depletion of F4/80+CD11b+ macrophages after the injection of S. mansoni eggs reduced the size of granulomas, downregulated the expression of IL-13ra2 (IL-13Rα2), Retnla and Chi3l3 and affected CD4+ Th2 cell responses in the lung (Borthwick et al., 2016). Interestingly, IL-4Rα-dependent AAM polarization mediates sdLN CD4+T cell hypo-responsiveness to repeated exposure to cercariae via IL-10 production (Prendergast et al., 2016). Macrophages are crucial for eosinophil, T cell and B cell recruitment into granuloma and orchestrate the response to preserve the bladder integrity after S. haematobium infection (Fu et al., 2015). The protective role of macrophages during S. haematobium infection was correlated with increased expression of Il4, Arg1, MMP, and collagenase genes in the bladder (Ray et al., 2012).

Molecules that characterize AAMs exhibit diverse functions and have been associated with protection or immunopathology during schistosomiasis. For example, injection of S. mansoni eggs in Retnla–/– mice induces increased pulmonary inflammation and disorganized collagen-fiber deposition around granulomas (Nair et al., 2009). Upon infection with S. mansoni, Arg1–/– mice produce less IL-10 and TGF-β, lose more weigh, show increased intestinal egg burden and present higher mortality rates (Herbert et al., 2010). Importantly, LsyMcreArg–/flox mice are highly susceptible to S. mansoni infection and exhibit exacerbated granulomatous inflammation, liver fibrosis, and portal hypertension. This is tightly connected to macrophage function, because AAM from LsyMcreArg–/flox mice inhibit T cell proliferation, independently of IL-10 and TGF-β (Pesce et al., 2009). PMs from S. japonicum-infected mice increase the expression of CD206, CCL2, IL-10, and Arg1 and reduce the expression of CD16/CD32 (M1), while stimulation with SEA also induced higher expression of CD206, IL-10 and Arg1 in PMs (Zhu et al., 2014). Interestingly, upregulated the expression of Chi3l3 and Arg-1 in AAMs from S. japonicum-infected mice was associated with increased fibrosis and immunopathology in the liver (Ye et al., 2020). Of interest, IL-10 plays a key role in maintaining AAMs and control of liver damage in the absence of IL-4Rα signaling during S. mansoni infection (Dewals et al., 2010). IL-10 regulates anti-fibrotic processes (Kamdem et al., 2018), while low levels of IL-10 was associated with severe hepatic fibrosis during schistosomiasis patients (Mutengo et al., 2018). The cooperation of IL-10 production by macrophages and CD4+ T cells was associated with reduce morbidity to experimental schistosomiasis (Hesse et al., 2004). IL-10–/– mice exhibit increased granuloma areas after S. mansoni infection (Sadler et al., 2003), but this cytokine is not able to compensate the damaging effects of the absence of IL-4Rα-dependent AAM activation (Herbert et al., 2004). In addition, vitamin A is also an important signal for AAM differentiation and polarization during schistosomiasis. Mice infected with S. mansoni increase the expression of Raldh2 and Raldh3 in the liver, whereas AAMs induce the differentiation of CD4+Foxp3+ regulatory T cells via retinoic acid metabolism. Of note, mice that lack vitamin A exhibit increased hepatic damage, failure to form granulomas (Broadhurst et al., 2012) and increased mortality in response to S. mansoni infection (Gundra et al., 2017). Indeed, vitamin A is required for the conversion of monocyte-derived F4/80intCD206+PD-L2+MHC-II+ macrophages into cells that assume a F4/80highCD206–PD-L2–MHC-II–UCP1+ phenotype (Gundra et al., 2017), whose function during infection and/or resolution still needs to be elucidated (Figure 2).



CONCLUSION AND FUTURE DIRECTIONS

In the last few years, there were several advances in the understanding about the relationship between monocytes/macrophages and the Th2 response during schistosomiasis. Along the progression of schistosomiasis, diverse cells are recruited for inflammatory foci in response to worms, eggs and antigens. Granuloma formation around eggs accumulating in tissues requires monocyte recruitment from blood, which differentiate into macrophages and polarize into an alternatively activated phenotype via IL-4Rα signaling. AAMs are key players of efficient tissue repair and wound healing in response to Schistosoma infection. However, deregulated responses may also result in pathogenic fibrosis, a clinical condition that have been associated with mortality due schistosomiasis (Andrade, 2009). Several factors contribute to monocyte differentiation into macrophages and the alternative activation of these phagocytes, including their metabolism. These processes have been extensively explored in diverse studies and coordinate cellular functions and phenotype. Therefore, pharmacological manipulation of monocyte/macrophage metabolism may offer interesting opportunities to design novel therapies for severe schistosomiasis.



AUTHOR CONTRIBUTIONS

CS reviewed the literature, conceptualized the figures, and wrote the manuscript. LG performed the data analysis and critically revised the manuscript. VR discussed and critically revised the manuscript. LF critically revised the manuscript and acquired funding. All authors read and approved the final version of the manuscript.



FUNDING

This work was financially supported by the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq 302514/2015-5), Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP Grant – 2014/07125-6 to LF; and scholarship 2018/22667-0 to CS), and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) – Final Code 001.



ACKNOWLEDGMENTS

Figure 2 was created using image from Servier Medical Art by Servier was licensed under a Creative Commons Attribution 3.0.



REFERENCES

Adedokun, S. A., Seamans, B. N., Cox, N. T., Liou, G., Akindele, A. A., Li, Y., et al. (2018). Interleukin-4 and STAT6 promoter polymorphisms but not interleukin-10 or 13 are essential for schistosomiasis and associated disease burden among Nigerian children. Infect. Genet. Evol. 65, 28–34. doi: 10.1016/j.meegid.2018.07.012

Andrade, Z. A. (2009). Schistosomiasis and liver fibrosis. Parasite Immunol. 31, 656–663. doi: 10.1111/j.1365-3024.2009.01157.x

Ariyaratne, A., and Finney, C. A. M. (2019). Eosinophils and macrophages within the Th2-induced granuloma: balancing killing and healing in a tight space. Infect. Immun. 87:e127-19. doi: 10.1128/IAI.00127-119

Assunção, L. S., Magalhães, K. G., Carneiro, A. B., Molinaro, R., Almeida, P. E., Atella, G. C., et al. (2017). Schistosomal-derived lysophosphatidylcholine triggers M2 polarization of macrophages through PPARγ dependent mechanisms. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1862, 246–254. doi: 10.1016/j.bbalip.2016.11.006

Auffray, C., Fogg, D., Garfa, M., Elain, G., Join-Lambert, O., Kayal, S., et al. (2007). Monitoring of blood vessels and tissues by a population of monocytes with patrolling behavior. Science 317, 666–670. doi: 10.1126/science.1142883

Barron, L., and Wynn, T. A. (2011). Macrophage activation governs schistosomiasis-induced inflammation and fibrosis. Eur. J. Immunol. 41, 2509–2514. doi: 10.1002/eji.201141869

Borthwick, L. A., Barron, L., Hart, K. M., Vannella, K. M., Thompson, R. W., Oland, S., et al. (2016). Macrophages are critical to the maintenance of IL-13-dependent lung inflammation and fibrosis. Mucosal Immunol. 9, 38–55. doi: 10.1038/mi.2015.34

Broadhurst, M. J., Leung, J. M., Lim, K. C., Girgis, N. M., Gundra, U. M., Fallon, P. G., et al. (2012). Upregulation of retinal dehydrogenase 2 in alternatively activated macrophages during retinoid-dependent Type-2 immunity to helminth infection in mice. PLoS Pathog. 8:2883. doi: 10.1371/journal.ppat.1002883

Burke, M. L., McManus, D. P., Ramm, G. A., Duke, M., Li, Y., Jones, M. K., et al. (2010). Temporal expression of chemokines dictates the hepatic inflammatory infiltrate in a murine model of schistosomiasis. PLoS Negl. Trop. Dis. 4:e598. doi: 10.1371/journal.pntd.0000598

Chen, J., Bardes, E. E., Aronow, B. J., and Jegga, A. G. (2009). ToppGene suite for gene list enrichment analysis and candidate gene prioritization. Nucleic Acids Res. 37, W305–W311. doi: 10.1093/nar/gkp427

Chuah, C., Jones, M. K., Burke, M. L., McManus, D. P., Owen, H. C., and Gobert, G. N. (2014). Defining a pro-inflammatory neutrophil phenotype in response to schistosome eggs. Cell. Microbiol. 16, 1666–1677. doi: 10.1111/cmi.12316

Coakley, G., and Harris, N. L. (2020). Interactions between macrophages and helminths. Parasite Immunol. 2020:e12717. doi: 10.1111/pim.12717

Collins, J. J., King, R. S., Cogswell, A., Williams, D. L., and Newmark, P. A. (2011). An atlas for schistosoma mansoni organs and life-cycle stages using cell type-specific markers and confocal microscopy. PLoS Negl. Trop. Dis. 5:1009. doi: 10.1371/journal.pntd.0001009

Cook, P. C., Aynsley, S. A., Turner, J. D., Jenkins, G. R., Rooijen, N. V., Leeto, M., et al. (2011). Multiple helminth infection of the skin causes lymphocyte hypo-responsiveness mediated by Th2 conditioning of dermal myeloid cells. PLoS Pathog. 7:e1001323. doi: 10.1371/journal.ppat.1001323

Das, A., Sinha, M., Datta, S., Abas, M., Chaffee, S., Sen, C. K., et al. (2015). Monocyte and macrophage plasticity in tissue repair and regeneration. Am. J. Pathol. 185, 2596–2606. doi: 10.1016/j.ajpath.2015.06.001

de Jesus, A. R., Silva, A., Santana, L. B., Magalhães, A., de Jesus, A. A., de Almeida, R. P., et al. (2002). Clinical and immunologic evaluation of 31 patients with acute Schistosomiasis mansoni. J. Infect. Dis. 185, 98–105. doi: 10.1086/324668

de Souza, V. C. A., Moura, D. M. N., de Castro, M. C. A. B., Bozza, P. T., de Almeida Paiva, L., Fernandes, C. J. B., et al. (2019). Adoptive transfer of bone marrow-derived monocytes ameliorates schistosoma mansoni -induced liver fibrosis in mice. Sci. Rep. 9:6434. doi: 10.1038/s41598-019-42703-y

Dewals, B. G., Marillier, R. G., Hoving, J. C., Leeto, M., Schwegmann, A., and Brombacher, F. (2010). IL-4Rα-independent expression of mannose receptor and Ym1 by macrophages depends on their IL-10 responsiveness. PLoS Negl. Trop. Dis. 4:e689. doi: 10.1371/journal.pntd.0000689

Dombrowicz, D., Quatannens, B., Papin, J. P., Capron, A., and Capron, M. (2000). Expression of a functional Fc epsilon RI on rat eosinophils and macrophages. J. Immunol. 165, 1266–1271. doi: 10.4049/jimmunol.165.3.1266

Fernandes, J. S., Araujo, M. I., Lopes, D. M., de Souza, R., da, P., Carvalho, E. M., et al. (2014). Monocyte subsets in schistosomiasis patients with periportal fibrosis. Med. Inflamm. 2014:703653. doi: 10.1155/2014/703653

Fu, C.-L., Odegaard, J. I., Herbert, D. R., and Hsieh, M. H. (2012). A novel mouse model of Schistosoma haematobium egg-induced immunopathology. PLoS Pathog. 8:e1002605. doi: 10.1371/journal.ppat.1002605

Fu, C.-L., Odegaard, J. I., and Hsieh, M. H. (2015). Macrophages are required for host survival in experimental Urogenital schistosomiasis. FASEB J. 29, 193–207. doi: 10.1096/fj.14-259572

Geissmann, F., Jung, S., and Littman, D. R. (2003). Blood monocytes consist of two principal subsets with distinct migratory properties. Immunity 19, 71–82. doi: 10.1016/s1074-7613(03)00174-2

Girgis, N. M., Gundra, U. M., Ward, L. N., Cabrera, M., Frevert, U., and Loke, P. (2014). Ly6C(high) monocytes become alternatively activated macrophages in schistosome granulomas with help from CD4+ cells. PLoS Pathog. 10:e1004080. doi: 10.1371/journal.ppat.1004080

Gordon, S. (2003). Alternative activation of macrophages. Nat. Rev. Immunol. 3, 23–35. doi: 10.1038/nri978

Gordon, S., and Martinez, F. O. (2010). Alternative activation of macrophages: mechanism and functions. Immunity 32, 593–604. doi: 10.1016/j.immuni.2010.05.007

Gray, D. J., Ross, A. G., Li, Y.-S., and McManus, D. P. (2011). Diagnosis and management of schistosomiasis. BMJ 342:d2651. doi: 10.1136/bmj.d2651

Gundra, U. M., Girgis, N. M., Gonzalez, M. A., San Tang, M., Van Der Zande, H. J. P., Lin, J.-D., et al. (2017). Vitamin A mediates conversion of monocyte-derived macrophages into tissue-resident macrophages during alternative activation. Nat. Immunol. 18, 642–653. doi: 10.1038/ni.3734

Gundra, U. M., Girgis, N. M., Ruckerl, D., Jenkins, S., Ward, L. N., Kurtz, Z. D., et al. (2014). Alternatively activated macrophages derived from monocytes and tissue macrophages are phenotypically and functionally distinct. Blood 123, e110–e122. doi: 10.1182/blood-2013-08-520619

Hams, E., Armstrong, M. E., Barlow, J. L., Saunders, S. P., Schwartz, C., Cooke, G., et al. (2014). IL-25 and type 2 innate lymphoid cells induce pulmonary fibrosis. Proc. Natl. Acad. Sci. U.S.A. 111, 367–372. doi: 10.1073/pnas.1315854111

Herbert, D. R., Hölscher, C., Mohrs, M., Arendse, B., Schwegmann, A., Radwanska, M., et al. (2004). Alternative macrophage activation is essential for survival during schistosomiasis and downmodulates T helper 1 responses and immunopathology. Immunity 20, 623–635. doi: 10.1016/s1074-7613(04)00107-104

Herbert, D. R., Orekov, T., Roloson, A., Ilies, M., Perkins, C., O’Brien, W., et al. (2010). Arginase I suppresses IL-12/IL-23p40-driven intestinal inflammation during acute schistosomiasis. J. Immunol. 184, 6438–6446. doi: 10.4049/jimmunol.0902009

Hesse, M., Piccirillo, C. A., Belkaid, Y., Prufer, J., Mentink-Kane, M., Leusink, M., et al. (2004). The pathogenesis of schistosomiasis is controlled by cooperating IL-10-producing innate effector and regulatory T cells. J. Immunol. 172, 3157–3166. doi: 10.4049/jimmunol.172.5.3157

Hettinger, J., Richards, D. M., Hansson, J., Barra, M. M., Joschko, A.-C., Krijgsveld, J., et al. (2013). Origin of monocytes and macrophages in a committed progenitor. Nat. Immunol. 14, 821–830. doi: 10.1038/ni.2638

Hogg, K. G., Kumkate, S., Anderson, S., and Mountford, A. P. (2003). Interleukin-12 p40 Secretion by Cutaneous CD11c+ and F4/80+ cells is a major feature of the innate immune response in mice that develop Th1-mediated protective immunity to Schistosoma mansoni. Infect. Immun. 71, 3563–3571. doi: 10.1128/IAI.71.6.3563-3571.2003

Huang, W., Gu, M., Cheng, W., Zhao, Q. P., Ming, Z., and Dong, H. (2020). Characteristics and function of cathepsin L3 from Schistosoma japonicum. Parasitol. Res. 119, 1619–1628. doi: 10.1007/s00436-020-06647-x

Hume, D. A., Irvine, K. M., and Pridans, C. (2019). The mononuclear phagocyte system: the relationship between monocytes and macrophages. Trends Immunol. 40, 98–112. doi: 10.1016/j.it.2018.11.007

Hurdayal, R., Ndlovu, H. H., Revaz-Breton, M., Parihar, S. P., Nono, J. K., Govender, M., et al. (2017). IL-4-producing B cells regulate T helper cell dichotomy in type 1- and type 2-controlled diseases. Proc. Natl. Acad. Sci. U.S.A. 114, E8430–E8439. doi: 10.1073/pnas.1708125114

Jenkins, S. J., Ruckerl, D., Cook, P. C., Jones, L. H., Finkelman, F. D., van Rooijen, N., et al. (2011). Local macrophage proliferation, rather than recruitment from the blood, is a signature of Th2 inflammation. Science 332, 1284–1288. doi: 10.1126/science.1204351

Kamdem, S. D., Moyou-Somo, R., Brombacher, F., and Nono, J. K. (2018). Host regulators of liver fibrosis during human Schistosomiasis. Front. Immunol. 9:2781. doi: 10.3389/fimmu.2018.02781

Knuhr, K., Langhans, K., Nyenhuis, S., Viertmann, K., Kildemoes, A. M. O., Doenhoff, M. J., et al. (2018). Schistosoma mansoni Egg-released IPSE/alpha-1 dampens inflammatory cytokine responses via basophil interleukin (IL)-4 and IL-13. Front. Immunol. 9:2293. doi: 10.3389/fimmu.2018.02293

Kumkate, S., Jenkins, G. R., Paveley, R. A., Hogg, K. G., and Mountford, A. P. (2007). CD207+ Langerhans cells constitute a minor population of skin-derived antigen-presenting cells in the draining lymph node following exposure to Schistosoma mansoni. Int. J. Parasitol. 37, 209–220. doi: 10.1016/j.ijpara.2006.10.007

Li, Z.-Y., Xiao, L., Lin, G., Tang, J., Chen, Y., Chen, L., et al. (2019). Contribution of tissue transglutaminase to the severity of hepatic fibrosis resulting from Schistosoma japonicum infection through the regulation of IL-33/ST2 expression. Parasit. Vect. 12:302. doi: 10.1186/s13071-019-3542-3544

Magalhães, E. S., Paiva, C. N., Souza, H. S. P., Pyrrho, A. S., Mourão-Sá, D., Figueiredo, R. T., et al. (2009). Macrophage migration inhibitory factor is critical to interleukin-5-driven eosinophilopoiesis and tissue eosinophilia triggered by Schistosoma mansoni infection. FASEB J. 23, 1262–1271. doi: 10.1096/fj.08-124248

Magalhães, K. G., Almeida, P. E., Atella, G. C., Maya-Monteiro, C. M., Castro-Faria-Neto, H. C., Pelajo-Machado, M., et al. (2010). Schistosomal-derived lysophosphatidylcholine are involved in eosinophil activation and recruitment through toll-like receptor-2-dependent mechanisms. J. Infect. Dis. 202, 1369–1379. doi: 10.1086/656477

Martinez, F. O., and Gordon, S. (2014). The M1 and M2 paradigm of macrophage activation: time for reassessment. F1000Prime Rep. 6:13. doi: 10.12703/P6-13

Mbanefo, E. C., Fu, C.-L., Ho, C. P., Le, L., Ishida, K., Hammam, O., et al. (2020). Interleukin-4 signaling plays a major role in Urogenital schistosomiasis-associated bladder pathogenesis. Infect. Immun. 88:e00669-19. doi: 10.1128/IAI.00669-619

McManus, D. P., Dunne, D. W., Sacko, M., Utzinger, J., Vennervald, B. J., and Zhou, X.-N. (2018). Schistosomiasis. Nat. Rev. Dis. Primers 4:13. doi: 10.1038/s41572-018-0013-18

Mountford, A. P., Hogg, K. G., Coulson, P. S., and Brombacher, F. (2001). Signaling via interleukin-4 receptor alpha chain is required for successful vaccination against Schistosomiasis in BALB/c mice. Infect. Immun. 69, 228–236. doi: 10.1128/IAI.69.1.228-236.2001

Mountford, A. P., and Trottein, F. (2004). Schistosomes in the skin: a balance between immune priming and regulation. Trends Parasitol. 20, 221–226. doi: 10.1016/j.pt.2004.03.003

Mutengo, M. M., Mduluza, T., Kelly, P., Mwansa, J. C. L., Kwenda, G., Musonda, P., et al. (2018). Low IL-6, IL-10, and TNF-α and High IL-13 cytokine levels are associated with severe hepatic fibrosis in Schistosoma mansoni chronically exposed individuals. J. Parasitol. Res. 2018:9754060. doi: 10.1155/2018/9754060

Nair, M. G., Du, Y., Perrigoue, J. G., Zaph, C., Taylor, J. J., Goldschmidt, M., et al. (2009). Alternatively activated macrophage-derived RELM-{alpha} is a negative regulator of type 2 inflammation in the lung. J. Exp. Med. 206, 937–952. doi: 10.1084/jem.20082048

Nascimento, M., Huang, S. C., Smith, A., Everts, B., Lam, W., Bassity, E., et al. (2014). Ly6Chi monocyte recruitment is responsible for Th2 associated host-protective macrophage accumulation in liver inflammation due to Schistosomiasis. PLoS Pathog. 10:e1004282. doi: 10.1371/journal.ppat.1004282

Nation, C. S., Da’dara, A. A., Marchant, J. K., and Skelly, P. J. (2020). Schistosome migration in the definitive host. PLoS Negl. Trop. Dis. 14:7951. doi: 10.1371/journal.pntd.0007951

Paveley, R. A., Aynsley, S. A., Cook, P. C., Turner, J. D., and Mountford, A. P. (2009). Fluorescent imaging of antigen released by a skin-invading helminth reveals differential uptake and activation profiles by antigen presenting cells. PLoS Negl. Trop. Dis. 3:e528. doi: 10.1371/journal.pntd.0000528

Paveley, R. A., Aynsley, S. A., Turner, J. D., Bourke, C. D., Jenkins, S. J., Cook, P. C., et al. (2011). The Mannose receptor (CD206) is an important pattern recognition receptor (PRR) in the detection of the infective stage of the helminth Schistosoma mansoni and modulates IFNγ production. Int. J. Parasitol. 41, 1335–1345. doi: 10.1016/j.ijpara.2011.08.005

Pearce, E. J., Caspar, P., Grzych, J. M., Lewis, F. A., and Sher, A. (1991). Downregulation of Th1 cytokine production accompanies induction of Th2 responses by a parasitic helminth, Schistosoma mansoni. J. Exp. Med. 173, 159–166. doi: 10.1084/jem.173.1.159

Pearce, E. J., and MacDonald, A. S. (2002). The immunobiology of Schistosomiasis. Nat. Rev. Immunol. 2, 499–511. doi: 10.1038/nri843

Peng, H., Zhang, Q., Li, X., Liu, Z., Shen, J., Sun, R., et al. (2016). IL-33 contributes to Schistosoma japonicum-induced hepatic pathology through induction of M2 macrophages. Sci. Rep. 6:29844. doi: 10.1038/srep29844

Pesce, J. T., Ramalingam, T. R., Mentink-Kane, M. M., Wilson, M. S., El Kasmi, K. C., Smith, A. M., et al. (2009). Arginase-1-expressing macrophages suppress Th2 cytokine-driven inflammation and fibrosis. PLoS Pathog. 5:e1000371. doi: 10.1371/journal.ppat.1000371

Prendergast, C. T., Sanin, D. E., and Mountford, A. P. (2016). Alternatively activated mononuclear phagocytes from the skin site of infection and the impact of IL-4Rα signalling on CD4+T cell survival in draining lymph nodes after repeated exposure to Schistosoma mansoni cercariae. PLoS Negl. Trop. Dis. 10:4911. doi: 10.1371/journal.pntd.0004911

Ran, L., Yu, Q., Zhang, S., Xiong, F., Cheng, J., Yang, P., et al. (2015). Cx3cr1 deficiency in mice attenuates hepatic granuloma formation during acute Schistosomiasis by enhancing the M2-type polarization of macrophages. Dis. Model. Mech. 8, 691–700. doi: 10.1242/dmm.018242

Ray, D., Nelson, T. A., Fu, C.-L., Patel, S., Gong, D. N., Odegaard, J. I., et al. (2012). Transcriptional profiling of the bladder in urogenital schistosomiasis reveals pathways of inflammatory fibrosis and urothelial compromise. PLoS Negl. Trop. Dis. 6:e1912. doi: 10.1371/journal.pntd.0001912

Rolot, M., and Dewals, B. G. (2018). Macrophage activation and functions during helminth infection: recent advances from the laboratory mouse. J. Immunol. Res. 2018:2790627. doi: 10.1155/2018/2790627

Rolot, M., Dougall, M. A., Javaux, J., Lallemand, F., Machiels, B., Martinive, P., et al. (2019). Recruitment of hepatic macrophages from monocytes is independent of IL-4Rα but is associated with ablation of resident macrophages in Schistosomiasis. Eur. J. Immunol. 49, 1067–1081. doi: 10.1002/eji.201847796

Rückerl, D., and Cook, P. C. (2019). Macrophages assemble! But do they need IL-4R during Schistosomiasis? Eur. J. Immunol. 49, 996–1000. doi: 10.1002/eji.201948158

Sadler, C. H., Rutitzky, L. I., Stadecker, M. J., and Wilson, R. A. (2003). IL-10 is crucial for the transition from acute to chronic disease state during infection of mice with Schistosoma mansoni. Eur. J. Immunol. 33, 880–888. doi: 10.1002/eji.200323501

Sanin, D. E., and Mountford, A. P. (2015). Sm16, a major component of Schistosoma mansoni cercarial excretory/secretory products, prevents macrophage classical activation and delays antigen processing. Parasit. Vect. 8:1. doi: 10.1186/s13071-014-0608-601

Schistosomiasis (2020). Schistosomiasis. Available online at: https://www.who.int/news-room/fact-sheets/detail/schistosomiasis (accessed March 27, 2020).

Schwartz, C., and Fallon, P. G. (2018). Schistosoma “Eggs-Iting” the host: granuloma formation and egg excretion. Front. Immunol. 9:2492. doi: 10.3389/fimmu.2018.02492

Schwartz, C., Hams, E., and Fallon, P. G. (2018). Helminth modulation of lung inflammation. Trends Parasitol. 34, 388–403. doi: 10.1016/j.pt.2017.12.007

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303

Souza, C. O. S., Espíndola, M. S., Fontanari, C., Prado, M. K. B., Frantz, F. G., Rodrigues, V., et al. (2018). CD18 regulates monocyte hematopoiesis and promotes resistance to experimental Schistosomiasis. Front. Immunol. 9:1970. doi: 10.3389/fimmu.2018.01970

Street, M., Coulson, P. S., Sadler, C., Warnock, L. J., McLaughlin, D., Bluethmann, H., et al. (1999). TNF is essential for the cell-mediated protective immunity induced by the radiation-attenuated schistosome vaccine. J. Immunol. 163, 4489–4494.

Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas, J., et al. (2015). STRING v10: protein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 43, D447–D452. doi: 10.1093/nar/gku1003

Tang, H., Liang, Y.-B., Chen, Z.-B., Du, L.-L., Zeng, L.-J., Wu, J.-G., et al. (2017). Soluble egg antigen activates M2 macrophages via the STAT6 and PI3K Pathways, and Schistosoma japonicum alternatively activates macrophage polarization to improve the survival rate of septic mice. J. Cell. Biochem. 118, 4230–4239. doi: 10.1002/jcb.26073

Toffoli da Silva, G., Espíndola, M. S., Fontanari, C., Rosada, R. S., Faccioli, L. H., Ramos, S. G., et al. (2016). 5-lipoxygenase pathway is essential for the control of granuloma extension induced by Schistosoma mansoni eggs in lung. Exp. Parasitol. 167, 124–129. doi: 10.1016/j.exppara.2016.06.001

Torben, W., Ahmad, G., Zhang, W., Nash, S., Le, L., Karmakar, S., et al. (2012). Role of antibody dependent cell mediated cytotoxicity (ADCC) in Sm-p80-mediated protection against Schistosoma mansoni. Vaccine 30, 6753–6758. doi: 10.1016/j.vaccine.2012.09.026

Turner, J. D., Bourke, C. D., Meurs, L., Mbow, M., Dièye, T. N., Mboup, S., et al. (2014). Circulating CD14brightCD16+ “intermediate” monocytes exhibit enhanced parasite pattern recognition in human helminth infection. PLoS Negl. Trop. Dis. 8:e2817. doi: 10.1371/journal.pntd.0002817

Vannella, K. M., Ramalingam, T. R., Borthwick, L. A., Barron, L., Hart, K. M., Thompson, R. W., et al. (2016). Combinatorial targeting of TSLP, IL-25, and IL-33 in type 2 cytokine-driven inflammation and fibrosis. Sci. Transl. Med. 8:337ra65. doi: 10.1126/scitranslmed.aaf1938

Varol, C., Landsman, L., Fogg, D. K., Greenshtein, L., Gildor, B., Margalit, R., et al. (2007). Monocytes give rise to mucosal, but not splenic, conventional dendritic cells. J. Exp. Med. 204, 171–180. doi: 10.1084/jem.20061011

von Lichtenberg, F., Sher, A., and McIntyre, S. (1977). A lung model of schistosome immunity in mice. Am. J. Pathol. 87, 105–123.

Wilson, R. A. (2009). The saga of schistosome migration and attrition. Parasitology 136, 1581–1592. doi: 10.1017/S0031182009005708

Winkel, B. M. F., Dalenberg, M. R., de Korne, C. M., Feijt, C., Langenberg, M. C. C., Pelgrom, L., et al. (2018). Early Induction of human regulatory dermal antigen presenting cells by skin-penetrating Schistosoma mansoni Cercariae. Front. Immunol. 9:2510. doi: 10.3389/fimmu.2018.02510

Wolde, M., Laan, L. C., Medhin, G., Gadissa, E., Berhe, N., and Tsegaye, A. (2020). Human monocytes/macrophage inflammatory cytokine changes following in vivo and in vitro Schistomam manoni infection. J. Inflamm. Res. 13, 35–43. doi: 10.2147/JIR.S233381

World Health Organization [WHO] (2020). Epidemiological Situation. Geneva: WHO.

Ye, Z., Huang, S., Zhang, Y., Mei, X., Zheng, H., Li, M., et al. (2020). Galectins, eosinophiles, and macrophages may contribute to Schistosoma japonicum Egg-induced immunopathology in a mouse model. Front. Immunol. 11:146. doi: 10.3389/fimmu.2020.00146

Yong, L., Tang, Y., Ren, C., Liu, M., Shen, J., and Hou, X. (2019). B1 cells protect against Schistosoma japonicum-induced liver inflammation and fibrosis by controlling monocyte infiltration. PLoS Negl. Trop. Dis. 13:e0007474. doi: 10.1371/journal.pntd.0007474

Yu, Y., Deng, W., and Lei, J. (2015). Interleukin-33 promotes Th2 immune responses in infected mice with Schistosoma japonicum. Parasitol. Res. 114, 2911–2918. doi: 10.1007/s00436-015-4492-4491

Zhao, Y., Zou, W., Du, J., and Zhao, Y. (2018). The origins and homeostasis of monocytes and tissue-resident macrophages in physiological situation. J. Cell. Physiol. 233, 6425–6439. doi: 10.1002/jcp.26461

Zhu, J., Xu, Z., Chen, X., Zhou, S., Zhang, W., Chi, Y., et al. (2014). Parasitic antigens alter macrophage polarization during Schistosoma japonicum infection in mice. Parasit. Vect. 7:122. doi: 10.1186/1756-3305-7-122


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Souza, Gardinassi, Rodrigues and Faccioli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	
	ORIGINAL RESEARCH
published: 21 August 2020
doi: 10.3389/fimmu.2020.01767






[image: image2]

Schistosoma japonicum SjE16.7 Protein Promotes Tumor Development via the Receptor for Advanced Glycation End Products (RAGE)

Chenyun Wu1,2†, Xinyue Du1†, Lili Tang3†, Jianhua Wu1, Wei Zhao1, Xiaokui Guo1,2, Dengyu Liu3, Wei Hu4, Helena Helmby5, Guangjie Chen1* and Zhaojun Wang1,2*


1Department of Immunology and Microbiology, Shanghai Jiao Tong University School of Medicine, Shanghai, China

2School of Global Health, Chinese Center for Tropical Diseases Research, Shanghai Jiao Tong University School of Medicine, Shanghai, China

3Department of Basic Medicine, Guangxi Medical University, Nanning, China

4School of Life Sciences, Fudan University, Shanghai, China

5Department for Infection Biology, London School of Hygiene and Tropical Medicine, London, United Kingdom

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

Reviewed by:
Pengfei Cai, The University of Queensland, Australia
 Fausto Edmundo Lima Pereira, Vila Velha University, Brazil

*Correspondence: Guangjie Chen, guangjie_chen@163.com
 Zhaojun Wang, zjwang@sjtu.edu.cn

†These authors have contributed equally to this work

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

Received: 27 May 2020
 Accepted: 01 July 2020
 Published: 21 August 2020

Citation: Wu C, Du X, Tang L, Wu J, Zhao W, Guo X, Liu D, Hu W, Helmby H, Chen G and Wang Z (2020) Schistosoma japonicum SjE16.7 Protein Promotes Tumor Development via the Receptor for Advanced Glycation End Products (RAGE). Front. Immunol. 11:1767. doi: 10.3389/fimmu.2020.01767



Schistosome infection contributes to cancer development, but the mechanisms are still not well-understood. SjE16.7 is an EF-hand calcium-binding protein secreted from Schistosoma japonicum eggs. It is a neutrophil attractant and macrophage activator and, as such, plays an important role in the inflammatory granuloma response in schistosomiasis. Here, we show that SjE16.7 binds to host cells by interacting with receptors for advanced glycation end products (RAGE). This ligation leads to activation of the NF-κB signaling pathway, an increase in the generation of reactive oxygen species, and production of the pro-inflammatory cytokines IL-6 and TNF-α. Using a mouse model of colorectal cancer, we demonstrate that intraperitoneal injection of SjE16.7 promotes colorectal cancer progression along with systemic myeloid cell accumulation. Thus, our results identify a new helminth antigen contributing to tumor development in the mammalian host.

Keywords: schistosome, calcium binding protein, colorectal cancer, RAGE, inflammation


INTRODUCTION

More than 15% of cancers in the world are caused by infectious agents (1, 2). Aside from viruses, bacteria, and fungi, parasites are also important biological carcinogens. Schistosomiasis, caused by infection with blood fluke trematodes of the genus Schistosoma, is one of the most important human parasitic diseases across the world. More than 200 million cases of schistosomiasis are currently estimated worldwide (3). Schistosomiasis is associated with development of urinary bladder cancer, colorectal cancer, rectal cancer, and hepatocellular carcinoma (4). Schistosoma haematobium has been classified as a definite carcinogen to human (group I carcinogen), and S. japonicum is considered a possible carcinogen for human (group 2B carcinogen) (5). It is generally accepted that chronic inflammatory processes and oxidative stress are responsible for the role of schistosome infection in carcinogenesis (4). However, the identity of the carcinogenic parasite-derived molecules as well as the underlying mechanisms responsible for tumor development are still not well-understood.

SjE16.7 is an EF-hand calcium-binding protein derived from the eggs produced by S. japonicum. We have previously demonstrated that SjE16.7 is recognized by the host immune system, attracting neutrophils and initiating the inflammatory response seen in schistosomiasis (6). SjE16.7 also promotes chronic inflammation by inducing macrophage chemotaxis and cytokine production, and it is involved in the development of the schistosome egg granuloma (7). In mammalian cells, EF-hand proteins, such as S100 proteins, are highly associated with inflammation and tumorigenesis (8–10). They bind to receptors for advanced glycation end products (RAGE), a multiligand receptor of the immunoglobin family, and are involved in the regulation of leukocyte trafficking and inflammation (11). RAGE ligation results in the activation of a diverse range of signal transduction cascades and downstream pathways, including NF-κB, and the generation of ROS and acts as a key player in bridging inflammatory processes and cancer development (11–13). In this study, we show that the binding of SjE16.7 to RAGE plays a critical role in inducing activation of myeloid inflammatory cells. Furthermore, SjE16.7 promotes chronic myeloid cell accumulation and colitis-associated colorectal cancer development in an in vivo mouse model. Thus, our results identify a new helminth antigen contributing to tumor development in the mammalian host.



MATERIALS AND METHODS


Ethics Statement

The conducts and procedures involving animal experiments were approved by the Animal Ethics Committee of Shanghai Jiao Tong University School of Medicine (project number A-2016-028) according to Regulations for the Administration of Affairs Concerning Experimental Animals (approved by the State Council of the People's Republic of China) and Guide for the Care and Use of Laboratory Animals (Department of Laboratory Science, Shanghai Jiao Tong University School of Medicine, laboratory animal usage license number SYXK 2013-0050, certified by Shanghai Committee of Science and Technology).



Mice

C57BL/6 mice (male, 6–8 weeks old) were purchased from Shanghai Laboratory Animal Center, Chinese Academy of Sciences. Mice were housed in the Shanghai Jiao Tong University School of Medicine Animal Care Facilities under specific pathogen-free conditions.



Materials

Chemicals were purchased from Sigma-Aldrich Co. unless otherwise noted. Ca2+, phosphate-buffered saline (PBS; pH 7.2), Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin, L-glutamine, and EDTA were obtained from Life Technologies. Glutathione sepharose 4B was ordered from GE healthcare, Stockholm, Sweden. Antibodies used in Western blot analysis included goat anti-mouse RAGE antibody (R&D systems, Apolis, MN, USA), mouse anti-GAPDH antibody (Sigma, Saint Louis, MO, USA), rabbit anti-β-actin antibody (Cell Signaling Technology, Boston, MA, USA), rabbit anti-GST antibody (Millipore, Bedford, MA, USA), rabbit anti-RAGE1, anti-phosphor-IκB, Phospho-p65, total IκB and p65 antibody (Cell Signaling Technology, Boston, MA, USA), and HPR-conjugated anti-mouse or anti-rabbit IgG (Cell Signaling Technology, Boston, MA, USA). FITC-conjugated anti-mouse B220, APC-conjugated anti-mouse CD3, FITC or PerCP-conjugated anti-mouse CD4, PE-conjugated anti-mouse CD8, cFITC-conjugated anti-mouse CD11b, PerCP-conjugated anti-mouse Gr-1 (Ly6C and Ly6G), PE-conjugated anti-mouse Foxp3, FITC-conjugated anti-mouse IFN-γ, PE-conjugated anti-mouse IL-4, PerCP-conjugated anti-mouse IL-17 and control isotype antibodies used for flow cytometry were ordered from eBioscience (San Diego, CA, USA).

Recombinant antigens (His-SjE16.7 from yeast expression system, GST, GST-SjE16.7 from E. coli), GST, and GST-SjE16.7-conjugated glutathione sepharose 4B beads were prepared by our own lab as described previously.



Cell Culture

The murine RAW 264.7, human Caco-2, and SW480 (ATCC) cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated FBS, 2 mM L-glutamine, and 100 U/ml penicillin/streptomycin (D10).

To generate bone marrow–derived macrophages (BMDMs), bone marrow cells were harvested from mice and cultured in D10 with 50 ng/ml M-CSF for 7 days. The resting macrophages were collected using 5 mM EDTA in cold PBS. After centrifugation, the cells were resuspended in D10, seeded on a plate, and rested for 24 h before functional assays. BMDMs were > 95% CD11b+ and F4/80+ as determined by flow cytometry.



Conjugation of Proteins to FITC and Staining of Cells

Purified proteins were conjugated to FITC using the FluoroTag FITC conjugation kit (Sigma) as per the manufacturer's protocol. Incubation of FITC-tagged proteins and cells were done in the presence of 1% non-fat dry milk in PBS for 20 min at 4°C, followed by repeated washings before analysis by flow cytometry.



Flow Cytometry

For surface staining, cell suspensions (1 × 106 cells) were washed once in FACS buffer (0.5% BSA-PBS), incubated with antibodies for 30 min at 4°C, followed by two washes with FACS buffer and fixation using 0.5% paraformaldehyde/FACS buffer. For intracellular staining, after the standard steps, cell suspensions were washed twice in PBS containing 0.5% saponin (Sigma), then incubated with antibodies in 0.3% saponin for 30 min at 4°C, followed by two washes with FACS buffer and fixation using 0.5% paraformaldehyde/FACS buffer. Foxp3 staining was performed using Foxp3/Transcription Factor Staining Buffer Set according to the manufacturer's instructions (eBioscience, San Diego, CA, USA). All antibodies were used at 1 μg/ml. Flow cytometric data was acquired on a BD FACS Calibur Flow Cytometer and analyzed using FlowJo software.



GST-Pulldown

RAW 264.7, Caco-2, and SW480 cell lysates were prepared using lysis buffer (50 mM HEPEs, 150 mM NaCl, 1 mM EDTA, pH 7.0, 0.1% IGEPAL) supplemented with 1× complete protease inhibitors mixture (Roche). Protein concentration was determined by BCA assay (Pierce). GST pulldown was performed using GST and GST-SjE16.7 sepharose beads. The cell lysates were incubated with 30 μl GST or GST-SjE16.7 beads for 1 h at 4°C, followed by washing of the beads. Total cell lysates and bead-bound proteins were subjected to Western blot.



Western Blot Analysis

Proteins were separated by 10–12% SDS-PAGE. Western blotting was performed on nitrocellulose filter (Biorad). The membranes were blocked for 1 h in TBST (10 mM Tris pH 8.0, 150 mM NaCl, 0.1% Tween 20) with 5% non-fat dry milk and incubated with primary antibodies overnight, followed by washing and incubation with HRP-conjugated secondary antibodies. Enhanced chemiluminescence (ECL, Pierce) was used as substrate, and the signals were analyzed by Luminescent imager (ImageQuant Las 4000, GE Healthcare).



shRNA Knockdown of RAGE Expression

The constructs in pGMLV-SC5, containing RAGE-specific short hairpin RNA (shRNA) sequences directed to mouse RAGE mRNA (GeneBANK accession no. NM_007425) and non-specific shRNA control vector were purchased from Genomeditech Co. Ltd. (Shanghai, China). RAW 264.7 cells were transfected using Attractene transfection reagent according to the manufacturer's instruction (QIAGEN). Cells were used for the experiments 24–48 h after transfection, and the RAGE expression level following shRNA knockdown was assessed by real-time PCR and Western blot.



Detection of Reactive Oxygen Species (ROS)

ROS production by BMDMs was measured by a luminol-dependent chemiluminescence assay, and 3 × 105 cells were plated in a 96-well luminometer plate (Costar) and prewarmed for 5 min. Prewarmed His-SjE16.7, GST, or GST-SjE16.7 (1 μM) were added with luminol (100 μM) and HRP (20 U/ml) at the same time, and measurements started immediately. Chemiluminescence was measured at 2.5-min intervals for 30–60 min with a luminometer (BioTek Synergy HT microplate reader).

The ROS production of RAW 264.7 cells was detected using 2′,7′-dichlorofluorescein diacetate (DCFDA). Cells were incubated with the fluorogenic probe DCFDA for 30 min at 37°C in 5% CO2. ROS levels were determined using a microplate reader.



Real-Time Quantitative PCR

BMDMs or RAW 264.7 cells were stimulated with 1 μM recombinant His-SjE16.7, GST-SjE16.7, or control recombinant protein GST in D10 for 2 h. Total RNA was isolated using RNeasy Kits (Roche), and first strand cDNA was subsequently synthesized with random hexamer oligonucleotides using Invitrogen reverse transcriptase II. Real-time quantitative PCR was carried out in an Applied Biosystems 7500 system using Power SYBR Green PCR Master Mix (Applied Biosystems). Thermocycler conditions comprised an initial holding at 50°C for 2 min and a subsequent holding at 95°C for 10 min, which was followed by a two-step PCR program at 95°C for 15 s and 60°C for 60 s for 40 cycles. Relative levels of gene expression of IL-1β, IL-6, and TNF-α were determined using GAPDH as the control. Sequences of the PCR primer pairs were as follows:

GAPDH forward 5′-CTGAGCAAGAGAGGCCCTATCC-3′;

GAPDH reverse 5′-CTCCCTAGGCCCCTCCTGTT-3′;

IL-6 forward 5′- TAGTCAATTCCAGAAACCGCTATG -3′;

IL-6 reverse 5′- GTAGGGAAGGCCGTGGTTGT -3′;

TNF-α forward 5′- GACGTGGAACTGGCAGAAGAG -3′;

TNF-α reverse 5′- GCCACAAGCAGGAATGAGAAG -3′.



Induction of Colitis Associated Colon Cancer (CAC) in Mice

The colitis-associated colon cancer model was induced with dextran sodium sulfate (DSS) (36–50 kDa; MP Biomedicals, CA, USA) and azoxymethane (AOM) (Sigma). Mice were injected intraperitoneally (i.p.) with a single dose of 10 mg/kg AOM on day 1. After the AOM injection, mice were given two cycles of 4% DSS (cycle 1: days 1–7; cycle 2: days 15–21) in the drinking water, followed by normal drinking water until the end of the experiment. Recombinant proteins (100 μg His-SjE16.7, GST-SjE16.7, or GST) were injected i.p. twice a week for the duration of the experiment.



Enzyme-Linked Immunosorbent Assay (ELISA)

Supernatants were collected for measurement of TNF-α and IL-6, using ELISA kits (R&D Systems) according to the manufacturer's instructions. A standard curve was generated using known amounts of the respective purified recombinant murine cytokine.



Statistical Analysis

Flow cytometry, chemiluminescence, 2′7′-dichoroluorescein (DCFH or DCF), real-time PCR, and tumor number data were analyzed by unpaired Student's t-test using GraphPad Prism software. Data are typically expressed as the mean ± SEM. Significance parameters were set at p < 0.05.




RESULTS


RAGE Is the Receptor for SjE16.7 on Host Cells

To investigate the mechanism by which SjE16.7 triggers host cell activation, we analyzed whether SjE16.7 can bind to host cells. FITC-labeled recombinant SjE16.7 or control GST proteins were incubated with different host cells, and after removal of unbound protein by extensive washing, the cells were analyzed by flow cytometry. As shown in Figure 1A, SjE16.7 showed robust binding to mouse macrophage cells (RAW 264.7), and the MFI of SjE16.7-labeled cells was significantly higher than that of control GST protein-labeled cells. Similar results were obtained using colorectal adenocarcinoma cells (Caco-2 and SW480), demonstrating that SjE16.7 binds to mammalian host cells more efficiently than control GST protein.
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FIGURE 1. SjE16.7 binds to RAGE. (A) FITC-labeled SjE16.7 or control FITC-GST protein binding to RAW 264.7, Caco-2, and SW-480 cells was measured by flow cytometry. Pooled data from two independent experiments are shown. MFI, Mean Fluorescence Intensity. **p < 0.01 FITC-SjE16.7 group compared with FITC-GST group. (B) RAW 264.7, Caco-2, and SW-480 cell lysates were prepared and pulled down with GST or GST-SjE16.7 sepharose beads. Protein on beads and in total cell lysates was subjected to Western blot to determine the levels of bound RAGE. The experiments were repeated at least three times with similar results.


We then asked whether SjE16.7 can interact with RAGE as other EF-hand proteins, and for this purpose, we used a GST pulldown assay. Recombinant GST or GST-SjE16.7 proteins were incubated with cell lysates from RAW 264.7, Caco-2, or SW480 cells. After washing of the beads, the bound proteins were subjected to Western blot analysis. As shown in Figure 1B, SjE16.7 interacted with RAGE from mammalian cells.



SjE16.7 Promotes ROS Production via RAGE

In order to investigate if the interaction between SjE16.7 and RAGE resulted in ROS production, we measured ROS production in SjE16.7 treated cells. Using a horseradish peroxidase (HRP)-dependent chemiluminescence assay, we found that both eukaryotic recombinant His-SjE16.7 and prokaryotic recombinant GST-SjE16.7 significantly increased ROS production in bone marrow–derived macrophages (BMDMs) compared to medium control or GST control protein (Figures 2A,B). To further confirm the importance of RAGE in SjE16.7-induced ROS production, we utilized a RAGE knockdown. The expression of RAGE in RAW 264.7 cells was blocked by lentivirus-mediated RNA interference (RNAi), and the effects of SjE16.7 on ROS production was determined by DCFH assay. The results shown in Figure 2C demonstrate that treatment of RAW 264.7 cells with SjE16.7 increased ROS production; however, when using RAGE knockdown cells, ROS production was significantly reduced back to background levels. Taken together, our results demonstrate that the interaction of SjE16.7 and RAGE results in increased ROS production by myeloid cells.


[image: Figure 2]
FIGURE 2. SjE16.7 promotes ROS production via RAGE. (A) BMDMs were stimulated with 1 μM eukaryotic recombinant protein His-SjE16.7 or prokaryotic recombinant protein GST-SjE16.7 GST, or GST control. ROS production was measured by chemiluminescence assay as described in section Materials and Methods. Data shown are profiles of the kinetics of ROS production. RLU, relative light unit. (B) Area under curve (AUC) in (A) is shown. (C) The expression of RAGE in RAW 264.7 cells was knocked down by lentivirus-mediated RNA interference (RNAi), and then the effect of SjE16.7 on ROS production was determined by DCFH assay (left panel). RAGE expression levels were measured by Western blot (right panel). Statistical analysis was performed on pooled data from three independent experiments. *p < 0.05, **p < 0.01 compared with indicated control group.




SjE16.7 Induces NF-κB Signaling Activation and Proinflammatory Cytokine Production via RAGE

We next analyzed the effects of SjE16.7 on IκB and NF-κB activation in mouse BMDMs. Phosphorylated and total IκBα were determined by Western blot analysis. As shown in Figure 3, eukaryotic His-SjE16.7 and prokaryotic GST-SjE16.7 induced a rapid phosphorylation of IκB and degradation of total IκB protein. Moreover, both eukaryotic His-SjE16.7 and prokaryotic GST-SjE16.7 induced more phosphorylated p65 subunit of NF-κB than medium control or GST control protein (Figure 3A). The stimulation of BMDMs with SjE16.7 led to a significant increase in proinflammatory cytokine expression (IL-6 and TNF-α) at both mRNA and protein levels (Figures 3B,C). However, when using RAGE knockdown RAW 264.7 cells, there was less NF-κB signaling activation and proinflammatory cytokine production compared to the control cells (Figure 4), suggesting that NF-κB activation and the resulting pro-inflammatory cytokine release induced by SjE16.7 was mediated through its interaction with RAGE.


[image: Figure 3]
FIGURE 3. SjE16.7 induces NF-κB signaling activation and proinflammatory cytokine production. (A) BMDMs were stimulated with 1 μM eukaryotic recombinant protein His-SjE16.7 or prokaryotic recombinant protein GST-SjE16.7, or GST control, for the indicated times, and the levels of phospho-IκBα, total IκBα, phospo-p65, and total p65 were determined by Western blot analysis. Results are representative of three experiments performed. (B) BMDMs were stimulated with 1 μM recombinant His-SjE16.7, GST-SjE16.7, or control GST protein for 2 h, and IL-6 and TNF-α mRNA levels were determined by real-time PCR. (C) BMDMs were stimulated with 1 μM recombinant His-SjE16.7, GST-SjE16.7, or control GST protein for 24 h, and IL-6 and TNF-α protein levels in culture supernatant were determined by ELISA. Statistical analysis was performed on pooled data from two to four independent experiments. **p < 0.01.



[image: Figure 4]
FIGURE 4. RAGE is essential for SjE16.7-induced NF-κB signaling activation and proinflammatory cytokine production. (A) The expression of RAGE in RAW 264.7 cells was knocked down by lentivirus-mediated RNA interference (RNAi). The cells were then stimulated with 1 μM eukaryotic recombinant protein His-SjE16.7 or prokaryotic recombinant protein GST-SjE16.7 for the indicated times. The levels of phospho-IκBα and total IκBα, phospo-p65 and total p65 were determined by Western blot. Results are representative of two experiments. (B) RAGE knockdown RAW 264.7 cells or control cells were stimulated with 1 μM recombinant His-SjE16.7 or GST-SjE16.7 for 2 h. IL-6 and TNF-α mRNA levels were determined by real-time PCR. Statistical analysis was performed on pooled data from three independent experiments. *p < 0.05, **p < 0.01.




SjE16.7 Promotes Increased Incidence of Colitis-Associated Colorectal Cancer and Splenic Myeloid Cell Accumulation

In order to investigate if SjE16.7 contributes to inflammation-induced tumor development, we analyzed the role of SjE16.7 in a mouse model of colitis-associated colorectal cancer (CAC). CAC was induced in mice using a single dose of AOM followed by repeated cycles of DSS. Separate groups of AOM-DSS mice were treated with vehicle control (PBS), control protein (GST), GST-SjE16.7, or His-SjE16.7 (Figure 5A). Animals in all groups exhibited weight loss and diarrhea during the acute phase, which resolved within 2 weeks after AOM/DSS treatment (Figure 5B). Mice treated with eukaryotic His-SjE16.7 and prokaryotic GST-SjE16.7 did not show any significant difference in weight loss or clinical signs of inflammation compared to the controls (Figures 5B,C). However, 14 weeks after initiation, the incidence of colorectal tumors was increased in SjE16.7-treated animals with 100% incidence in the His-SjE16.7 treated group and 90% incidence in the GST-SjE16.7 treated group although the tumor incidences in the PBS group and GST control group were 50 and 70%, respectively. SjE16.7 treatment resulted in significantly more large tumors (>2 mm) than in the control groups (Figure 5D). As expected from their increased tumor numbers and tumor sizes, His-SjE16.7- and GST-SjE16.7-treated mice had a significant increase in the frequency of inflammatory myeloid cells (CD11b+) in their spleens but significantly lower frequency of CD4+ and CD8+ T cells (Figure 6). Further analysis of myeloid and T-cell subsets showed that the frequency and numbers of Gr-1hi myeloid cells was significantly higher in the His-SjE16.7 and GST-SjE16.7 treated mice, and the frequency and numbers of SiglecF+ eosinophils, IFN-γ+, IL-4+, and IL-17+ CD4+ T helper cells were similar between the antigen-treated and control groups (Figures 7, 8). The number of FoxP3+CD4+ T regulatory cells, however, was significantly increased in the His-SjE16.7 and GST-SjE16.7 treated mice, compared to controls (Figure 8).


[image: Figure 5]
FIGURE 5. SjE16.7 promotes colon-rectal cancer development in mice. (A) Illustration of the experimental layout of CAC induction and in vivo treatment with recombinant protein His-SjE16.7, GST-SjE16.7, and GST control. (B) Change in body weight over time is expressed as the percentage of the initial body weight. Pooled data from four independent experiments is shown. n = 15–20 per group. (C) Colon length was measured on day 10, n = 5 per group. (D) Colonic neoplasms were photographed and numbers of macroscopic neoplasms were counted individually at week 14. Results are presented as pooled data from three independent experiments. **p < 0.01, ***p < 0.001 compared with the indicated control group.
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FIGURE 6. SjE16.7 administration increases the frequency of myeloid cells in the spleen of the CAC mouse model. Splenocytes were isolated from His-SjE16.7, GST-SjE16.7, GST-control, or PBS control-treated mice 14 weeks post-CAC induction. Frequencies of splenic B220+, CD3+, CD4+, CD8+, and CD11b+ cells were determined by flow cytometry. The frequency and number of cells in spleen is presented as the mean ± SEM of 12–13 individual mice per group. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the indicated control group.



[image: Figure 7]
FIGURE 7. SjE16.7 administration increases CD11b+Gr-1hi myeloid cells in the spleen of the CAC mouse model. Splenocytes were isolated from His-SjE16.7, GST-SjE16.7, GST-control, or PBS control treated mice 14 weeks post-CAC induction. (A) Representation of the flow cytometry gating strategy for the determination of splenic CD11b+ myeloid cells subpopulations. (B) Frequency and absolute number of Gr-1hi and Siglec F+ cells within the CD11b+ myeloid population was determined by flow cytometry. The frequency and number of CD11b+Gr-1hi and CD11b+Siglec F+ cells in spleen are presented as the mean ± SEM of six to seven individual mice per group. *p < 0.05, **p < 0.01 compared with indicated control group.



[image: Figure 8]
FIGURE 8. SjE16.7 administration increases splenic FoxP3+ CD4+ T cell numbers in CAC mice treated with or without SjE16.7. Splenocytes were isolated from His-SjE16.7, GST-SjE16.7, GST-control, or PBS control treated mice 14 weeks post-CAC induction, and intracellular staining was performed as described in Materials and Methods. The frequencies of IFN-γ+, IL-4+, IL-17+, and Foxp3+ cells within the CD4+ population were determined by flow cytometry. The frequency and absolute number of CD4+ IFN-γ+, CD4+IL-4+, CD4+IL-17+, and CD4+Foxp3+ cells in spleens are presented as the mean ± SEM of six to seven individual mice per group. **p < 0.01, compared with indicated control group.


Taken together, the data demonstrate that SjE16.7 exposure leads to increased colorectal tumor development and is associated with a higher frequency of myeloid inflammatory cells in the spleen.




DISCUSSION

Several parasitic infections are associated with carcinogenesis and human malignancy (4). The helminth diseases opisthorchiasis and clonorchiasis are strongly associated with cholangiocarcinoma, and schistosomiasis is associated with bladder carcinoma and colorectal cancer, depending on the schistosome species. However, some parasites may also act as negative regulators of cancer. This includes the activation of NK cells and CD8+ T cells seen during Toxoplasma gondii infection and the pro-apoptotic effects of Trypanosoma cruzi infection as well as the Kunitz type protease inhibitor from Echinococcus granulosus, which was shown to induce tumor cell apoptosis in a mouse melanoma model (14, 15).

Although infection with S. japonicum is a known risk factor for the development of colorectal cancer, the exact etiopathogenesis of schistosome-associated colorectal cancer remain enigmatic (16–18). Here, we provide evidence that the schistosome SjE16.7 protein may contribute to colorectal cancer progression. This conclusion is based on the following observations: (a) SjE16.7 binds to RAGE, which is known to have a key role in inflammation-associated cancer development. (b) SjE16.7-RAGE ligation leads to an increase in ROS generation, NF-κB signaling activation, and pro-inflammatory cytokine production, which all contribute to establishing a protumorigenic environment. (c) In vivo mouse experiments demonstrate that intraperitoneal injection of SjE16.7 promote colitis-associated colorectal cancer progression along with systemic myeloid cell accumulation.

RAGE is a pattern recognition receptor that can bind multiple ligands (19). Among these ligands, the S100 proteins are small calcium-binding proteins with EF-hand motifs prevalent in a variety of inflammatory diseases and known contributors to cancer cell biology (10). Similar to S100 proteins, SjE16.7 is a small calcium-binding protein with 2 EF-hand motifs. We have previously demonstrated that SjE16.7 is a potent myeloid cell activator used by the schistosome egg to mediate the inflammatory response needed to facilitate the passage of eggs through tissues (6, 7). In this study, we have established that SjE16.7 binds to RAGE, leading to activation of downstream signaling pathways. There is evidence that the S100 proteins form subgroups that bind to different sites on RAGE, resulting in triggering of distinct cellular pathways (11). The binding domain of the receptor or the biding epitope on SjE16.7 is currently unknown, and future studies are necessary to increase our detailed understanding of the interaction between SjE16.7 and mammalian cells.

RAGE is expressed on many different cell types (13, 20–23). Considering that SjE16.7 is a potent innate immune cell activator and that chronic inflammatory processes are essential in schistosomiasis-associated cancer (17, 24), we focused on SjE16.7-induced RAGE signaling in innate immune cells. We found that SjE16.7-RAGE ligation on the macrophage surface triggers the generation of ROS and the release of pro-inflammatory cytokines (IL-6 and TNF-α) and that the NF-κB pathway is involved in the RAGE-dependent macrophage activation. Thus, our results are consistent with previous reports suggesting that RAGE is a central mediator of innate immune responses (20). Our study also implies that SjE16.7 may be involved in schistosomiasis-associated cancer progression via RAGE ligation. RAGE signaling is known to drive the strength and maintenance of an inflammatory response and, as such, serve as a key player in bridging chronic inflammation and cancer (25), and using the murine CAC model, we found that in vivo treatment with SjE16.7 does indeed promote colorectal tumor progression. The development of colon cancer is a multistep process that is regulated by various intrinsic and extrinsic cellular signals (26, 27), and activation of RAGE signaling in innate immune cells by SjE16.7 may result in the establishment of a protumorigenic microenvironment through the secretion of pro-inflammatory cytokines such as IL-6, and TNF-α. It should be noted, however, that there is also evidence that IL-6 and TNF-a may be antitumorigenic at higher concentrations, suggesting that the local concentration of these cytokines in the tumor microenvironment is a key factor in tumor progression (28–32).

Our CAC model experiments demonstrated that SjE16.7-treated mice had increased numbers of tumors and increased size of tumors along with an increased frequency of CD11b+ myeloid cells in the spleen. The increase in myeloid cell frequencies was accompanied by a decrease in T cell frequencies for both CD4+ and CD8+ T cells. Accumulation of myeloid-derived suppressor cells (MDSCs) is one of the major immunological abnormalities in cancer resulting in T cell tolerance and suppression of antitumor immune response. MDSCs are CD11b+Gr1+ cells (CD11b+Ly6G+ or CD11b+Ly6C+) with the ability to prevent T cell activation, and they have been identified in the spleen, blood, and tumor tissues of tumor-bearing mice (21, 33, 34). Importantly, it has been reported that RAGE signaling contributes to the development of MDSCs, and that RAGE stimulation of MDSCs promote their migration and accumulation through NF-κB signaling pathways (35, 36). In our study, SjE16.7 treated mice had higher frequencies and cell numbers of CD11b+Gr-1hi myeloid cells compared to the control groups. This phenotype suggests that SjE16.7 may promote MDSC development and/or accumulation via RAGE ligation. The frequencies and absolute numbers of splenic Th1, Th2, and Th17 cells were no different between groups treated with or without SjE16.7 in our CAC model. The absolute number of splenic Treg cells, however, was significantly increased in the SjE16.7-treated groups. It has previously been reported that MDSC promotes the induction of Tregs and that the two cell types may collaborate in suppressing antitumor immunity (37). Further experiments combining in vitro and cell function assays are necessary to establish whether this is the case. Moreover, it is important to establish whether this is a specific mechanism for colorectal cancer or it could also be similar in other types of cancer, such as schistosomiasis-associated liver cancer. In addition to immune response, multiple other factors, such as oncogene activation, inhibition of tumor suppressors, modifications of normal microRNA expression patterns, alterations to the epigenetic landscape as well as the intestinal microbiota are also involved in colorectal cancer development (38). RAGE is present on epithelial and mesenchymal cells and is known to play a role in the development of sporadic intestinal tumors (26). Our in vitro data demonstrate that SjE16.7 binds to RAGE on epithelial cells, however, whether SjE16.7 also activates RAGE signaling pathways in epithelial cells, similar to that seen in myeloid cells, and if so, whether this contribute to its protumorigenic function in vivo still needs to be determined.

A number of mouse models are available for the study of colon carcinogenesis (39), including transgenic and chemically induced models. The latter group include in vivo treatments with chemical agents, such as methylnitrosourea (MNU), 2-amino-1-methyl-6-phenylimidazol [4,5-b]pyridine (PhIP), or 1,2-dimethylhydrazine (DMH) (40). However, among the chemically induced mouse tumor models, the combination of a single dose of AOM followed by 1 week exposure to the inflammatory agent DSS has proven to dramatically shorten the time for tumor development. Because of this, together with its high reproducibility and potency as well as the simple and affordable mode of application, the AOM/DSS has become a superior model for studying colon carcinogenesis (39). The AOM/DSS model is particularly useful when the focus is on tumor progression driven by colitis as an inflammatory disease (41). In this study, we used the AOM/DSS model to demonstrate that SjE16.7 contributes to this form of inflammation-induced cancer. Future studies will be aimed at establishing if SjE16.7 also acts as an oncogenic driver in other types of cancer models.

In addition to the association of schistosomiasis infection and colorectal cancer, infections with the urogenitary species, S. haematobium, has been correlated with the occurrence of bladder carcinoma (42). According to the genome information of schistosomes, there are homologs of SjE16.7 in both S. haematobium (70% identity) and S. mansoni (SmE16, 70% identity) (43, 44). It has been reported that SmE16 is one of the more abundant S. mansoni egg secreted proteins; however, there is currently limited information available regarding the specific roles of the S. mansoni and S. haematobium homologs of SjE16.7, and more research in this field is needed.

In conclusion, our study demonstrates a key role for the schistosome egg protein SjE16.7 in driving pro-inflammatory innate responses by acting as a ligand for RAGE. In addition, our data provide additional insight into the role played by SjE16.7 in promoting tumor progression.
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AUTHOR'S NOTE

Infections may promote cancer development because infectious agents induce procarcinogenic inflammatory processes within their host. Schistosomiasis, caused by infection with blood fluke trematodes of the genus Schistosoma, is one of the most important human parasitic diseases across the world. Schistosomiasis is associated with urinary bladder cancer, colorectal cancer, rectal cancer, and hepatocellular carcinoma, but the underlying mechanisms are still not well-understood. SjE16.7 is a calcium binding protein secreted from Schistosoma japonicum eggs. We have previously demonstrated that SjE16.7 is a neutrophil attractant and macrophage activator and initiates the inflammatory granuloma responses in schistosomiasis. In this study, we report that SjE16.7 binds to host cells by interacting with receptors for advanced glycation end products (RAGE). This ligation leads to an increase in the generation of reactive oxygen species and production of pro-inflammatory cytokines. In vivo experiments demonstrate that SjE16.7 treatment promotes colitis-associated colorectal cancer progression along with systemic myeloid cell accumulation. Our data suggest that SjE16.7 is associated with colorectal cancer due to the activation of procarcinogenic inflammatory processes. Thus, our results identify a new helminth antigen contributing to tumor development in the mammalian host.
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Liver fibrosis can result from various causes and could progress to cirrhosis and cancer; however, there are no effective treatments due to that its molecular mechanism is unclear. liver fibrosis model made by Schistosoma japonicum (S. japonicum) infection or Carbon tetrachloride (CCl4) intraperitoneal injection is a conventional model used in liver fibrosis-related studies for mechanism or pharmaceutical research purposes. But the differences in the pathological progression, immune responses and the underlying mechanism between the two liver fibrosis model have not been carefully compared and characterized, which hinders us from correctly understanding and making better use of the two models. In the present study, the pathological changes to the liver, and the cytokines, inflammatory factors, macrophages, and lymphocytes subsets involved were analyzed in the liver fibrosis model of S. japonicum infection or CCl4 intraperitoneal injection. Additionally, the pathological progression, immune responses and the underlying injury mechanism in these two models were compared and characterized. The results showed that the changing trend of interleukin-13 (IL-13), transforming growth factor beta (TGF-β), inflammatory factors, and M1, M2 macrophages, were consistent with the development trend of fibrosis regardless of whether liver fibrosis was caused by S. japonicum or CCl4. For lymphocyte subsets, the proportions of CD3+ T cells and CD4+ T cells decreased gradually, while proportion of CD8+ T cells peaked at 6 weeks in mice infected with S. japonicum and at 12 weeks in mice injected with CCl4. With prolonged S. japonicum infection time, Th1 (CD4+IFN-γ+) immunity converted to Th2 (CD4+IL-4+)/Th17 (CD4+IL-17+) with weaker regulatory T cell (Treg) (CD4+CD25+FOXP3+) immunity. However, in liver fibrosis caused by CCl4, Th1 cells occupied the dominant position, while proportions of Th2, Th17, and Treg cells decreased gradually. In conclusion, liver fibrosis was a complex pathological process that was regulated by a series of cytokines and immune cells. The pathological progressions and immune responses to S. japonicum or CCl4 induced liver fibrosis were different, possibly because of their different injury mechanisms. The appropriate animal model should be selected according to the needs of different experiments and the pathogenic factors of liver fibrosis in the study.
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Introduction

Liver fibrosis caused by, for example, metabolic diseases, virus infection, and drug toxicity, result in liver injury and inflammation. These factors stimulate the quiescent hepatic stellate cells (HSCs), which are activated and differentiate into myofibroblasts, secreting a large amount of extracellular matrix (ECM) components, such as collagen, glycoprotein, and proteoglycan. Meanwhile, myofibroblast tissue metalloproteinase inhibitors (TIMPs) secreted by cells inhibit the activity of matrix metalloproteinases (MMPs) in degrading the ECM, resulting in abnormal deposition of fibrous connective tissue in the liver and the formation of liver fibrosis (1, 2). The exact molecular mechanism of liver fibrosis is still unclear (3). Additionally, liver fibrosis could progress to cirrhosis and cancer, which are detrimental to health and may cause death (3). Previous experimental models have been confirmed that liver fibrosis could be reversed by increasing collagenolytic activity (4) or by removing activated HSCs via apoptosis (5). However, there are no effective drug treatments in the clinic. Therefore, it is very important to study the pathological characteristics and possible regulatory mechanisms of liver fibrosis to search for novel treatments.

In vivo models are indispensable tools to study molecular mechanisms. Currently, there are five categories of in vivo models for liver fibrosis: Chemical, dietary, surgical, genetically modified, and infection (6). Ethanol and carbon tetrachloride (CCl4) (7) in the chemical category, a high-fat diet (8) in the dietary category, and HBV infection (9) have been used widely to induce liver fibrosis in animal experiments. Infection with schistosoma parasites (10) is also a popular model of liver fibrosis.

liver fibrosis model made by S. japonicum infection or CCl4 intraperitoneal injection is a conventional models used in liver fibrosis-related studies for mechanism or pharmaceutical research purposes, for example, in the recent five years since June, 2015, there are over 95 papers using liver fibrosis model by S. japonicum infection and about 775 papers using liver fibrosis model by CCl4 injection. In several studies, both S. japonicum infection and CCl4 intraperitoneal injection models were used. Similar results were obtained in the two models (11–13). The difference between the two models was also reported, such as the expression of protein Septin4 (14). But the similarities and differences between the two liver fibrosis models have not been carefully compared and characterized. The comparisons between the two liver fibrosis models are helpful to understand the possible molecular mechanism and make better use of the two models.

Dynamic progressions of pathological changes, the cytokines and lymphocytes subsets in mice infected by S. japonicum have been reported in several reports with various results (15–18), while those in CCl4 induced liver fibrosis were rarely reported or detected at different time point (19, 20). It was difficulty to make comparisons between the two models from the previous literatures. In the present study, the dynamic progressions of pathological changes, the cytokines, inflammatory factors, macrophages, lymphocytes subsets and underlying injury mechanism involved were compared and characterized between the liver fibrosis model of S. japonicum infection and CCl4 intraperitoneal injection at the same time point using the same evaluation indexes and methods.



Materials and Methods


Ethics and Biosecurity Statement

All animals were placed in the facility, provided food and water according to the Convention. The intraperitoneal injection, infection and euthanasia (carbon dioxide asphyxia) were carried out according to the Guidelines for feeding and using experimental animals of the Ministry of science and technology of the people’s Republic of China ((2006) No. 398). According to the guidelines, suffering was minimized.

All experimental operations were performed in accordance with the Laboratories - General requirements for biosafety of the people’s Republic of China (GB19489-2008).



Animals and Parasites

S. japonicum cercariae (strain isolated in Jiangsu, China), hatched from infected Oncomelania hupensis, were provided by the Department of Snail Biology, Jiangsu Institute of Parasitic Diseases. Mice (C57BL/6), weighing 22–24 g, were purchased from the Shanghai Sub-Center of Experimental Animals, Chinese Academy of Sciences, and raised in the Department of Experimental Animals, Jiangsu Institute of Parasitic Diseases.



Establishment of the Hepatic Fibrosis Model Using S. japonicum

The infected Oncomelania hupensis were placed in dechlorinated water and the cercariae spontaneously escaped from them under 25°C incubation. Normal female C57BL/6J mice, aged 6–8 weeks, 10 mice in each group of 6, 8, and 12 weeks, were challenged with the cercariae (12 ± 1) for 20 min (21). Blood was collected from the mouse’s eyeballs. Then the mice were euthanized at 6, 8, and 12 weeks after infection, and uninfected mice were used as a control group. The worms were perfused from portal veins and the number of worms was counted. The mouse livers were digested overnight with 5% potassium hydroxyl solution at 37°C and the number of eggs in the liver tissue was counted under an inverted phase contrast microscope. The number of eggs per gram of liver = the total number of eggs in the liver tissue/the liver weight. The mice were weighed weekly (Figure 1A).




Figure 1 | The schematic diagram, weight gain and serum ALT of mice infected with S. japonicum or injected with CCl4 intraperitoneally. (A) The schematic diagram of mice infected with S. japonicum. (B) The schematic diagram of mice injected with CCl4 intraperitoneally. (C) The weight gain of mice infected with S. japonicum (% of week 0). (D) Bodyweight gain of mice injected with CCl4 intraperitoneally (% of week 0). (E) Image of the morphology of liver in mice infected with S. japonicum and injected with CCl4 intraperitoneally. (F) The number of adult worm in mice infected with S. japonicum challenged with the cercariae (12 ± 1). (G) The number of eggs per gram of liver in mice infected with S. japonicum challenged with the cercariae (12 ± 1). (H) The serum ALT levels in mice infected with S. japonicum or injected with CCl4 intraperitoneally. ALT, alanine aminotransferase; SJ, S. japonicum. Vehicle, olive oil. Data represent the mean ± SE from three independent experiments. **P < 0.01, ***P < 0.001.





Establishment of the Hepatic Fibrosis Model Using CCl4

Normal female C57BL/6J mice, 6–8 weeks old, 6 mice in each group of 6, 8, and 12 weeks, were used. CCl4 (Shanghai Oulu Bio-Technology Co., Ltd (Shanghai, China)) was diluted with olive oil to obtain a 25% solution. Mice were injected intraperitoneally with 1 mL of 25% CCl4 per kg body weight twice a week for 6, 8, and 12 weeks, consecutively (22). Blood was collected from the mouse’s eyeballs at 6, 8, and 12 weeks. Then the mice were euthanized and the livers were taken for assay. Mice receiving the control solvent olive oil were used as the vehicle group. The mice were weighed weekly (Figure 1B).



Serum Collection From Mice and the Detection of Alanine Aminotransferase (ALT)

Blood was collected from the mouse’s eyeballs, stored overnight at 4°C, and then centrifuged at 1,000 g for 5 min. The upper layer (serum) was removed and stored at −80°C. The ALT level in the serum was detected using Alanine aminotransferase Assay Kit from the Nanjing Jiancheng Biotechnology Co., Ltd (Nanjing, China).



The Colorimetric Hydroxyproline Assay in the Liver Tissue of Mice

The hydroxyproline levels in the mouse liver (30–100 mg) were detected using Hydroxyproline Assay Kit from Nanjing Jiancheng Biotechnology Co., Ltd.



Masson Staining of Mouse Liver Tissue

The right anterior lobe of the mouse liver was excised and immersed in 4% polyformaldehyde for fixation. The tissue was dehydrated in 70%, 80%, 95%, and 100% ethanol in turn. The dehydrated liver tissue was transparent in ethanol/xylene. After tissue immersion and embedding, wax blocks were continuously sectioned using a microtome at a thickness of 4 μm, and then attached to a slide. A Masson staining kit from Nanjing Jiancheng Biotechnology Co., Ltd. was used to stain the sections. Each section was randomly acquired from 6–8 visual fields under a microscope. Images were taken and Masson staining positive areas were analyzed using Image-Pro software (Media Cybernetics, Rockville, MD, USA).



Fluorescence Quantitative PCR Reactions

Total RNA was extracted from the mouse liver using Trizol. Total RNA (500 ng) was subjected to reverse transcription to produce cDNA using Transcriptor First Strand cDNA Synthesis kit (Roche, Basel, Switzerland), which was used as the template for fluorescence quantitative real-time PCR (qPCR) reactions to detect of cytokine mRNA levels using SYBR Green I Master (Roche, Basel, Switzerland) and LightCycler 480 instrument (Roche, Basel, Switzerland). The reaction procedure was as following: 95°C for 30 s; 40 cycles of 95°C for 5 s, 56°C for 10 s, 72°C for 15 s; 95°C for 15s, 60°C for 10s. 18S was used as an internal control, and the fold changes were quantified by the 2-△△Ct method. The sequences of the primers are shown in Supplementary Table 1 and all primer sequences were blasted in NCBI for ensuring their specificities.



Flow Cytometry

Hepatic nonparenchymal cells were prepared as described previously with some modifications (23). The livers of 6–10 mouse were cut into small pieces and digested by 0.5 mg/ml collagenase and 4 U/ml DNase I in PBS at 37 °C for 30 min. The digested was filtered using 200-mesh and 400-mesh sieves, centrifuged for 5 min at 300 × g and terminated by adding phosphate-buffered saline (PBS). Hepatic parenchymal cells were removed after centrifugation at 30 × g for 5 min. The supernatant cells were centrifuged for 5 min at 300 × g in a new tube. The cells were then suspended in the D-Hanks solution. The suspension was slowly added into a centrifuge tube containing OptiPrep (40% v/v) to a final concentration of 20% (v/v) and overlaid with D-Hanks solution, centrifuged at 1500 × g 20 min. After centrifugation, the interface of cells was extracted, which comprised lymphocytes, macrophages, monocytes, HSCs cells and other cells, called nonparenchymal cells. The nonparenchymal cells (2 × 106) were added with the following labeled antibodies: F4/80-phycoerythrin (PE) (Becton, Dickinson and Company, New Jersey, USA) CD16/32-FITC (Becton, Dickinson and Company, New Jersey, USA), CD206-allophycocyanin (APC) (Becton, Dickinson and Company, New Jersey, USA) (for M1, M2 macrophages); CD3-PE(Becton, Dickinson and Company, New Jersey, USA), CD4-FITC (Becton, Dickinson and Company, New Jersey, USA), CD8-APC (Becton, Dickinson and Company, New Jersey, USA) (for T cells). The proportions of macrophages and T cells in the samples were detected using flow cytometry. The nonparenchymal cells (2 x 106) were cultured in 24-well plates. A cell stimulation cocktail was added into each well and the plates were placed at 37°C for 5 h in 5% CO2 incubator. The supernatant was discarded. Then, fixation/permeabilization solution was added and incubated for 20 min at 4°C. The cells were washed twice with 1 x perm/wash, and CD4-FITC, CD25-APC, forkhead box P3 (FOXP3)-PE, IL-4-PE, interferon gamma (IFN-γ)-APC, IL-17A-PE antibodies were added. The cells in the samples were then detected using flow cytometry.



Statistical Analysis

The percentage of weight gain, the ALT levels in blood, the hydroxyproline levels in liver tissue, the mRNA levels of inflammatory factors, and the proportion of cells in liver tissue detected by flow cytometry between the two groups were tested using a t-test. SPSS 13.0 (IBM Corp., Armonk. NY, USA) was used for the statistical analyses. Differences between mean values were considered significant at P < 0.05.




Results


The Weight and Serum ALT in Mice Infected with S. japonicum or Injected Intraperitoneally With CCl4

The mortality of mice infected with S. japonicum was 30.0% at 9W post infection and 28.6% at 10W post infection. By contrast, the mortality of mice injected with CCl4 within 12 weeks was 0.0%. The weight gain (% of week 0) of mice infected with S. japonicum was significantly reduced (P=0.000) at 7 weeks compared with that of the control group (Figure 1C). The weight gain (% of week 0) of the mice in the CCl4 liver fibrosis model increased slowly with time but decreased at 9 weeks (Figure 1D). The liver surface of mice infected with S. japonicum had obvious egg nodules, and diffuse granular nodules on the liver surface of mice injected with CCl4 were seen (Figure 1E). The number of adult worms in mice infected by S. japonicum at 6, 8, 12 weeks was 6.5 ± 1.9, 5.9 ± 1.2, 6.3 ± 1.4, respectively (Figure 1F). The number of eggs per gram of liver in mice infected by S. japonicum at 6, 8, 12 weeks was 41068.1 ± 23,344.0, 51,838.46 ± 31,883.6, 46759.15 ± 15,105.8, respectively (Figure 1G). The level of ALT in the sera of mice infected with S. japonicum was 33.2 ± 10.6 U/L at 6 weeks, 54.2 ± 19.5 U/L at 8 weeks, and 28.4 ± 16.3 U/L at 12 weeks, which were all significantly higher than the 8.9 ± 3.4 U/L in the control group (P=0.000, 0.000, 0.002). At 6, 8, and 12 weeks, the levels of ALT in sera of mice intraperitoneally injected with CCl4 were 10.6 ± 4.9 U/L, 34.8 ± 15.0 U/L, and 36.7 ± 5.2 U/L, respectively. Compared with that in the control group, the levels at 8 and 12 weeks had statistical significance (P=0.003, 0.000) (Figure 1H). The level of ALT in mice infected with S. japonicum at 6 weeks was higher than that of mice injected with CCl4. The difference had statistical significance (P=0.000).



The Intensity of Liver Fibrosis in Mice Infected With S. japonicum or Injected With CCl4 Intraperitoneally

Mice infected with S. japonicum developed fibrosis in relation to the granulomas formed around the parasite’s eggs. At the end of the experiment (12 weeks), there was fibrosis around the granulomas and sometimes granulomas fused by the fibrosis (Figure 2A). At 6, 8, and 12 weeks, the fibrotic area of a single egg caused by S. japonicum was 6,517.3 ± 2,624.5 μm2, 8,941.4 ± 3,414.3 μm2, and 7,935.4 ± 2,001.8 μm2, respectively. The differences were statistically significant compared with that of the control group (P=0.000, 0.000, 0.000) (Figure 2B). The levels of hydroxyproline in the liver were 220.5 ± 42.2 mg/g, 403.4 ± 114.6 mg/g, and 313.7 ± 91.1 mg/g at 6, 8, and 12 weeks, respectively. The differences were statistically significant compared with that of the control group (108.7 ± 7.0 mg/g) (P=0.000, 0.000, 0.000) (Figure 2C). The fibrotic area of a single egg and the level of hydroxyproline in the liver caused by S. japonicum peaked at 8 weeks, as did the levels of mRNA encoding collagen I and III, and α-smooth muscle actin (α-SMA) in the liver (Figures 2D–F). The level of mRNA encoding MMP9 peaked at 8 weeks, but decreased at 12 weeks, while the mRNA levels of TIMP1 increased with time (Figures 2G, H). The mRNA expression levels of interleukin 13 (IL-13) and TGF-β (related to fibrosis) were the highest at 8 weeks and decreased at 12 weeks (Figures 2I, J).




Figure 2 | The intensity of liver fibrosis and cytokine levels in the liver of mice infected with S. japonicum or injected with CCl4 intraperitoneally. (A) Masson staining of the liver in mice. Original magnification 100×. (B)The fibrosis areas of the liver of mice infected with S. japonicum or injected with CCl4 intraperitoneally. (C) The hydroxyproline level in the mice liver. (D–J) The relative mRNA expression levels of collagen I, collagen III, α-SMA, MMP-9, TIMP-1, IL-13, and TGF-β in the liver of mice infected with S. japonicum. (K–Q) The relative mRNA expression levels of collagen I, collagen III, α-SMA, MMP-9, TIMP-1, IL-13, and TGF-β in the liver of mice injected with CCl4 intraperitoneally. SJ, S. japonicum Vehicle, olive oil. Data represent the mean ± SE from three independent experiments. ***P < 0.001.



In CCl4-treated mice, fibrosis developed from areas of necrosis mainly located in zone three of hepatic acini. At the end of the experiment, there was septal fibrosis with the formation of septa connecting the central veins to the portal spaces and connecting the portal spaces to each other. Pseudo lobules surrounded by collagen fibers were observed (Figure 2A). The areas of fibrosis caused by CCl4 were 1236.5 ± 842.6 μm2, 3203.5 ± 867.6 μm2, and 6352.5 ± 1008.2 μm2 at 6, 8, and 12 weeks, respectively, which were significantly different compared with that of the control group (P=0.000, 0.000, 0.000) (Figure 2B). The levels of hydroxyproline in liver were 184.9 ± 34.7 mg/g, 268.3 ± 44.4 mg/g, and 333.4 ± 80.0 mg/g at 6, 8, and 12 weeks, respectively (Figure 2C). The area of CCl4-induced fibrosis and the hydroxyproline in the liver reached the highest value at 12 weeks. The levels of mRNA encoding Collagen I and III, and α-SMA in the liver reached their highest values at 12 weeks (Figures 2K–M). MMP9 and TIMP1, the enzymes related to the degradation of fibrosis, showed their highest mRNA levels at 12 weeks (Figures 2N, O). The highest mRNA levels of IL-13 and TGF-β were found at 12 weeks (Figures 2P, Q).

The area of fibrosis in mice infected with S. japonicum at 6, 8, and 12 weeks was higher than that of mice injected with CCl4, respectively. The differences had statistical significances (P=0.000, 0.000, 0.000). The level of hydroxyproline in liver of mice infected with S. japonicum at 8 weeks was significantly higher than that of mice injected with CCl4 (P=0.008).



The mRNA Levels of Inflammatory Factors in the Liver of Mice Infected With S. japonicum or Injected With CCl4 Intraperitoneally

The levels of mRNA encoding inflammatory factors epidermal growth factor-like module-containing mucin-like hormone receptor-like 1 (ERM1, also known as F4/80), interleukin 6 (IL-6), interleukin 1beta (IL-1β), and tumor necrosis factor alpha (TNF-α) in liver fibrosis caused by S. japonicum at 6, 8, and 12 weeks were significantly higher than those of the control (F4/80 compared with the control group at 6, 8, and 12 weeks, P=0.003, 0.000, 0.004; TNF-α compared with the control group at 6, 8, and 12 weeks, P=0.001, 0.001, 0.000; IL-1β compared with the control group at 6, 8, and 12 weeks, P=0.000, 0.004, 0.000; IL-6 compared with the control group at 6, 8, and 12 weeks, P=0.024, 0.001, 0.002), reaching their highest level at 8 weeks, and decreasing at 12 weeks. In the liver fibrosis caused by CCl4, the levels of mRNA encoding inflammatory factors F4/80, IL-6, IL-1β, and TNF-α reached a high value at 12 weeks. At 6, 8, and 12 weeks, the mRNA levels of F4/80 and TNF-α were statistically significantly higher than those in the control group (F4/80 compared with the vehicle group at 6, 8, and 12 weeks, P=0.003, 0.000, 0.003; TNF-α compared with the vehicle group at 6, 8, and 12 weeks, P=0.000, 0.002, 0.000), while IL-1β and IL-6 mRNA levels at 8 and 12 weeks were statistically significantly higher compared with those in the control group (IL-1β compared with the vehicle group at 8 and 12 weeks, P=0.008, 0.002; IL-6 compared with the vehicle group at 8 and 12 weeks, P=0.001, 0.000) (Figure 3).




Figure 3 | The mRNA levels of inflammatory factors in the liver of mice infected with S. japonicum or injected with CCl4 intraperitoneally. (A–D) The relative mRNA expression levels of F4/80, TNF-α, IL-1β and IL-6 in the liver of mice infected with S. japonicum. (E–H) The relative mRNA expression levels of F4/80, TNF-α, IL-1β, and IL-6 in the liver of mice injected with CCl4 intraperitoneally. SJ, S. japonicum. Vehicle, olive oil. Data represent the mean ± SE from three independent experiments. **P < 0.01, ***P < 0.001.





Flow Cytometry Analysis of Macrophages in the Liver of Mice Infected With S. japonicum or Injected Intraperitoneally With CCl4

The proportions of M1 macrophages in the liver of mice infected with S. japonicum were 27.13 ± 0.76%, 35.5 ± 2.90%, and 20.47 ± 1.50% at 6, 8, and 12 weeks, respectively, which were statistically significantly higher compared with that in the control group (7.60 ± 0.91%) (P=0.000, 0.000, 0.002) (Figures 4A, B). The proportions of M2 macrophages were 5.06 ± 0.89%, 6.61 ± 1.02%, and 3.23 ± 0.37% at 6, 8, and 12 weeks, respectively. The differences were statistically significant compared with that in the control group (1.91 ± 0.06%) (P=0.003, 0.001, 0.004) (Figures 4C, D).




Figure 4 | Flow cytometric analysis of macrophages in the liver of mice infected with S. japonicum or injected with CCl4 intraperitoneally. Scatter diagram of (A) M1 macrophages or (C) M2 macrophages in the mice liver. Statistical data analysis of (B) M1 macrophages or (D) M2 macrophages in the mice liver. SJ, S. japonicum. Vehicle, olive oil. Data represent the mean ± SE from three independent experiments. **P < 0.01, ***P < 0.001.



The proportions of M1 macrophages in the liver of mice injected with CCl4 at 6, 8, and 12 weeks were 6.90 ± 1.98%, 16.7 ± 0.75%, and 33.03 ± 3.17% respectively. The differences between the proportions at 8 and 12 weeks and that of the control group (8.27 ± 0.16%) were statistically significant (P=0.000, 0.001) (Figures 4A, B). The proportions of M2 macrophages were 1.58 ± 0.23%, 2.26 ± 0.54% and 12.40 ± 1.14% at 6, 8, and 12 weeks, respectively. The proportion of M2 macrophage at 12 week was statistically significant compared with that in the control group (P=0.000) (1.69 ± 0.06%) (Figures 4C, D).



Flow Cytometric Analysis of CD3/CD4/CD8+ Lymphocytes in the Liver of Mice Infected With S. japonicum or Injected Intraperitoneally With CCl4

For the S. japonicum model, the results showed that the percentages of CD3+ T cells in liver nonparenchymal cells were 35.80 ± 0.70%, 21.50 ± 2.00%, and 11.00 ± 0.26% at 6, 8, and 12 weeks, respectively, which were statistically significantly lower compared with that in the control group (42.85 ± 1.48%) (P=0.002, 0.001, 0.000) (Figures 5A, B). The proportions of CD4+ T cells in liver nonparenchymal cells were 15.30 ± 0.70%, 11.23 ± 0.68%, and 4.03 ± 0.61% at 6, 8, and 12 weeks, respectively, which were statistically significantly lower compared with that in the control group (19.55 ± 1.91%) (P=0.022, 0.002, 0.000) (Figures 5C, D). The proportions of CD8+ T cells in liver nonparenchymal cells were 11.45% ± 0.92%, 9.65 ± 0.70%, 5.43% ± 0.31% at 6, 8, and 12 weeks, respectively. The proportion of CD8+ T cells in the 12 weeks group was statistically significantly lower than that in the control group (11.47 ± 1.17%) (P=0.000) (Figures 5E, F).




Figure 5 | Flow cytometric analysis of CD3/CD4/CD8+ lymphocytes in the liver of mice infected with S. japonicum or intraperitoneally injected with CCl4. Scatter diagram of (A) CD3+ lymphocytes, (C) CD4+ lymphocytes or (E) CD8+ lymphocytes in the mice liver. Statistical data analysis of (B) CD3+ lymphocytes, (D) CD4+ lymphocytes or (F) CD8+ lymphocytes in the mice liver. SJ, S. japonicum. Vehicle, olive oil. Data represent the mean ± SE from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.



The percentages of CD3+ T cells in the liver nonparenchymal cells of CCl4 liver fibrosis model were 27.67 ± 1.07%, 25.27 ± 1.94%, and 30.90 ± 0.20% at 6, 8, and 12 weeks, and the differences between the values at 6, 8 and 12 weeks and that of the control group (36.03 ± 1.20%) were statistically significant (P=0.000, 0.000, 0.001) (Figures 5A, B). The percentages of CD4+ T cells in the liver parenchyma cells were 9.12 ± 0.52%, 9.41 ± 2.05%, and 14.20% ± 0.36% at 6, 8, and 12 weeks, respectively, and the differences in the percentages at 6, 8, or 12 weeks compared with that in the control group (16.80 ± 0.45%) were statistically significant (P=0.000, 0.004, 0.001) (Figures 5C, D). The proportions of CD8+ T cells in liver nonparenchymal cells at 6, 8, and 12 weeks, respectively, were 12.36 ± 0.51%, 13.05 ± 0.78%, 15.20 ± 0.72%, and the proportion at 6, 8, 12 weeks had no statistical significance with that in the control group (11.00 ± 1.32%) (Figures 5E, F).



Flow Cytometry for the Detection of Th1/Th2/Th17/Treg Cell in Mice Infected With S. japonicum or Injected Intraperitoneally With CCl4

In the S. japonicum model, flow cytometry showed that the proportions of Th1 (CD4+ IFN-γ+) cells in liver nonparenchymal cells were 25.30 ± 3.65%, 30.70 ± 5.47%, and 25.67 ± 3.33% at 6, 8, and 12 weeks, respectively, which were statistically significantly different compared with that in the control group (10.13 ± 0.58%) (P=0.002, 0.003, 0.001) (Figures 6A, B). The proportions of Th2 (CD4+IL-4+) cells in liver nonparenchymal cells were 9.27 ± 0.56%, 12.60 ± 3.39%, and 15.60 ± 0.40% at 6, 8, and 12 weeks, respectively, which were statistically significantly higher compared with that in the control group (2.87 ± 0.20%) (P=0.000, 0.007, 0.000) (Figures 6C, D). The proportions of Th17 (CD4+IL-17+) cells in liver nonparenchyma cells were 2.79 ± 0.47%, 3.78 ± 0.15%, and 4.41 ± 0.81% at 6, 8 and 12 weeks, respectively. The proportions of Th17 cells at 8 or 12 weeks were statistically significantly higher than that in the control group (1.57 ± 0.62%) (P=0.004, 0.008) (Figures 6E, F). The proportions of Treg (CD4+CD25+Foxp3+) cells in liver nonparenchyma cells were 4.34 ± 0.11, 4.88% ± 0.34%, and 1.74 ± 0.19% at 6, 8, and 12 weeks, respectively, which were statistically significantly higher compared with that in the control group (1.47 ± 0.14%) (P=0.000, 0.000) (Figures 6G, H).




Figure 6 | Flow cytometric for the detection of Th1/Th2/Th17/Treg cells in mice infected with S. japonicum or intraperitoneally injected with CCl4. Scatter diagram of (A) Th1 cells (CD4+IFN-γ+), (C) Th2 cells (CD4+IL-4+), (E) Th17 cells (CD4+IL-17+) or (G) Treg cells (CD4+CD25+Foxp3+) in total CD4+ T cells from mice liver. Statistical data analysis of (B) Th1 cells (CD4+IFN-γ+), (D) Th2 cells (CD4+IL-4+), (F) Th17 cells (CD4+IL-17+), or (H) Treg cells (CD4+CD25+Foxp3+) in total CD4+ T cells from mice liver. SJ, S. japonicum; Vehicle, olive oil; Treg, regulatory T cell. Data represent the mean ± SE from three independent experiments. Cells were gated on the CD4+ population. **P < 0.01, ***P < 0.001.



In the CCl4 liver fibrosis model, the proportions of Th1 (CD4+IFN-γ+) cells in liver nonparenchymal cells were 5.60 ± 0.37%, 13.63 ± 1.09%, and 27.40 ± 0.43% at 6, 8, and 12 weeks, respectively, which were statistically significantly different compared with that of the control group (10.06 ± 0.62%) (P=0.000, 0.008, 0.000) (Figures 6A, B). The proportions of Th2 (CD4+IL-4+) cells in liver non parenchymal cells were 2.32 ± 0.22%, 5.67 ± 0.49%, and 2.16 ± 0.84% at 6, 8, and 12 weeks, respectively, and the proportion at 8 weeks group was statistically significantly higher compared with that in the control group (2.70 ± 0.31%) (P=0.000) (Figures 6C, D). The proportions of Th17 (CD4+IL-17+) cells were 5.77 ± 0.80%, 3.05 ± 0.62%, and 3.78% ± 0.89% at 6, 8, and 12 weeks, respectively, which were statistically significantly higher compared with that of the control group (1.31 ± 0.17%) (P=0.007, 0.009, 0.010) (Figures 6E, F). The proportions of Treg (CD4+CD25+Foxp3+) cells were present at 11.45 ± 1.90%, 8.64 ± 0.75%, and 2.20 ± 0.16% at 6, 8, and 12 weeks, respectively. Compared with that of the control group (1.22 ± 0.45%), the differences were statistically significant (P=0.000, 0.000, 0.001) (Figures 6G, H).




Discussion

The weight gain of mice slowed dramatically at 6 weeks post-schistosome infection, while decreased at 9 weeks in the CCl4 liver fibrosis model, which was not reported in the previous literatures. The weight loss indicated that the health status of the body had declined. The liver morphological differences of the two models were that egg nodules on the liver surface of mice infected with S. japonicum, while diffuse granular nodules on that of mice injected with CCl4. The discrepancy may be related to the pathogenesis. The cercariae of S. japonicum develop into adults at 5 weeks post-infection. Female and male worms pair and eggs are laid, deposited into the liver (2). Mature eggs of S. japonicum in the liver causing an inflammatory granuloma, characterized by egg nodule. CCl4 produces free radical in the hepatocytes, which attack membrane unsaturated lipids and damage hepatocytes (24). The necrotic hepatocytes releasing damage associated molecular patterns (DAMPs), induced chronic inflammation followed by fibrosis. The proliferative collagenous fiber retracted the capsule, highlighting the regenerated parenchyma, characterized by diffuse granular nodules (25).

As the data greatly depend on the infection number of S. japonicum or the dosage, the time and frequency of the injection of CCl4, the dynamic progressions of pathological changes, the cytokines, inflammatory factors, macrophages and lymphocytes subsets were compared in the two models of liver fibrosis.

ALT exists in the cytoplasm of hepatocytes and is released into the blood when they are damaged; therefore, ALT was assayed to reflect the damage to hepatocytes (26). Hydroxyproline levels correlate significantly with liver fibrosis (27) and its level could reflect the intensity of fibrosis. The results showed that ALT, hydroxyproline, collagen I and III, and α-SMA mRNA levels all increased at 6 weeks, peaked at 8 weeks, and decreased at 12 weeks in response to S. japonicum infection. The pathological results showed that a small amount of blue collagen appeared around the egg granuloma at 6 weeks, which peaked at 8 weeks, and then decreased at 12 weeks. The lesions observed at different times were similar to those described in the literature (18). MMP-9, the metalloenzyme involved in collagen degradation, also reached a peak at 8 weeks, and then decreased. However, TIMP-1, the inhibitor of metalloenzymes, increased with the time of infection. The results indicated that collagen synthesis was more active than degradation. The balance between MMP/TIMP has been shown to be critical for the turnover of ECM (28). The progressions of collagen I and III, α-SMA, hydroxyproline, fibrosis intensity were generally consistent with previous reports (15, 16). The levels of ALT in serum were lower than those reported maybe relevant with different assay kits and methods (29).

Unlike the S. japonicum infection, the ALT, hydroxyproline, collagen I and III, and α-SMA mRNA levels in the livers treated with CCl4 increased with time, reaching their highest values at 12 weeks, which were not reported previously. MMP-9 and TIMP-1 mRNA levels increased with time; however, the increase in TIMP-1 was greater than that of MMP-9, which indicated that collagen synthesis was more active than degradation, resulting in fibrosis. Masson staining showed blue collagen concentrated in the portal area at the beginning of the CCl4 administration, and the degree of fibrosis increased with extended treatment time. The lesions at different times of observation were similar with previous reports (27).

The levels of cytokines IL-13 and TGF-β were consistent with the development trend of liver fibrosis caused by S. japonicum or CCl4, suggesting that TGF-β and IL-13 were important factors that promoted the progress of liver fibrosis. The results were similar to those reported previously. TGF-β-Smads signaling pathway was confirmed that could boost the activation and release of collagen from stationary HSCs (30). Furthermore, anti-TGF-β approaches have been established and utilized for the treatment of experimental liver fibrosis (31). IL-13 was reported that could promote liver fibrosis by activating HSCs through the protein kinase C pathway (32). Until recently it was believed that IL-13 could directly upregulate genes involved in the fibrotic response, including collagen I, collagen III, MMP and TIMP-1 (33, 34).

The changes in the levels of mRNA encoding TNF-α, F4/80, IL-1β, and IL-6 also correlated with the trend of fibrosis in the S. japonicum model. They all increased at 6 weeks, peaked at 8 weeks, and decreased at 12 weeks. Similar results were obtained for these mRNAs in the CCl4 fibrosis model. The changes in the levels of mRNA encoding TNF-α, F4/80, IL-1β, and IL-6 were in parallel to the trend of fibrosis in the CCl4 model. These results suggested that inflammation played an important role in liver fibrosis, and that the development of inflammation accelerated the progress of liver fibrosis, which agreed with the results of previous studies. Pradere and colleagues (35) confirmed that TNF-α and IL-1β accelerated liver fibrosis by promoting the survival of activated HSCs in vitro and in vivo. Miura and colleagues (36) demonstrated that in mouse non-alcoholic steatohepatitis (NASH), the production of IL-1β by macrophages could activate HSCs. Inflammatory mediators including TNF-α, IL-1β, and IL-10 may influence the progression of liver disease (37, 38). TNF-α stimulated ROS production in hepatocytes sensitized to undergo apoptosis, which induced HSCs activated (39).

At the cellular level, macrophages and lymphoid T cells are involved in liver fibrosis (40). In response to ongoing injury, M1 macrophages propagate inflammation and the development of fibrosis ultimately. Depending on cytokines in the microenvironment, M2 macrophages are recruited or activated as a result of an M1-to-M2 phenotype switch. M2 macrophages promote cell proliferation and reduce apoptosis (41–43). Our results showed that regardless of whether fibrosis was caused by S. japonicum or CCl4, the changing trend of macrophages, including M1 and M2 macrophages, were consistent with the development trend of fibrosis. M1 and M2 macrophages in liver nonparenchymal cells both peaked at 8 week, but decreased quickly in 12 week post S. japonicum infection. However, Zhu and colleagues reported that the percentage of M1 macrophages in peritoneum significantly increased 3 weeks but decreased by 8 weeks post-infection. While the percentage of M2 macrophages started to increase at 8 weeks after infection (44). The macrophages were detected in different tissues may lead to the discrepancy with the Zhu’s study. More M1 and M2-phenotypic markers including nitric oxide synthase (iNOS) and arginase-1 (Arg-1) would be tested in the future study. In CCl4-induced fibrosis, M2 macrophages may have more key roles in the later stage, which was not reported previously. The results of the two models suggested that both M1 and M2 macrophages were involved at each stage of liver fibrosis. The polarization of M1 or M2 macrophages depends on the cytokines in the microenvironment (45).

In T cells, our results showed that the proportions of CD3+, CD4+ T cells decreased with time, which might be relevant to the immune escape of S. japonicum via T cell apoptosis, especially CD4+ T cells (46). However, CD8+ T cell proportion reached their highest value at 6 weeks in mice infected with S. japonicum, suggesting that CD8+ T cells were mainly involved in the granuloma formation. It was reported (47) that the proportion of CD8+ T cells increased after infection at the early stage in the mice infected S. mansoni, with the function of inhibiting immunopathology. CD8+ T cells might be essential in the reduction of granuloma in vivo and in vitro (48, 49). In liver fibrosis caused by CCl4, the change trend of CD3+, CD4+ T cells was similar to that in mice infected by S. japonicum. The proportions of CD3+ T cells and CD4+ T cells decreased gradually, while CD8+ T cell proportion reached their highest value at 12 weeks, which was not reported previously. Previous experimental models implied that CD4 T-helper lymphocytes, especially Th1/Th2 balance may activate HSCs via cytokine production (50). Th1/Th2/Th17/Treg subtypes in CD4 T-helper lymphocytes were detected in our study.

With prolonged S. japonicum infection time, proportion of Th1 cells in liver nonparenchymal cells producing IFN-γ peaked at 8 weeks, and then decreased. Th2 cells secreting IL-4 predominated and reached their highest value at 12 weeks. The balance was consistent with previous reports (51). Th17 cell proportion gradually increased to a high value at 12 weeks, while Treg cells reached their highest levels at 8 weeks, and then declined. Our results were agreed with previous reported that weaker Treg responses were observed in the liver (52). In fact, a decreased expression of liver homing markers was detected on Tregs accumulated in the blood of patients with severe fibrosis during schistosomiasis (53). Our results showed that the immune response of host liver changed from Th1 to Th2/Th17 with weaker Treg, indicating that the antigen of eggs preferentially induced the generation of Th17 and Th2 cells (17). However, in liver fibrosis caused by CCl4, Th1 cells occupied the dominant position, while Th2, Th17, and Treg cells proportions decreased gradually. The host’s immune response was mainly Th1 type, a state of hyperactivity in liver microenvironment, which was not reported previously.

The reasons for differences in pathological progression and immune response may be related to the injury mechanism of the two modeling methods. Mature eggs of S. japonicum in the liver could release SEA into surrounding tissues, treated by APCs and presented to helper T cells. T cells can produce a variety of lymphokines, causing an inflammatory granulomatous reaction characterized by aggregation of macrophages, lymphocytes, neutrophils, and eosinophils. At this stage, the immunoreaction of the host was mainly Th1 activity secreting IFN-γ, which promoted inflammation. To avoid the damage caused by excessive inflammation to the body, the immunoreaction transformed into a Th2 immunosuppression response secreting IL-4, IL-10, and IL-13, induced by egg antigens (2). In S. japonicum infection, it has been reported that Th17 may play an important role in the formation and growth of granulomas around the eggs produced by the adult worm (17). The Treg cells with anti-inflammatory and anti-fibrotic role accumulate in the blood but failed to be recruited to the liver during schistosomiasis (53). Th2 response creates granulomas around schistosome eggs surrounded by a collagen ECM deposited by activated HSCs that protects the surrounding hepatocytes and other parenchymal cells from toxic egg-produced antigens (54). A dominant role of Th2 rather than Th1 response mediators during the schistosomiasis liver fibrotic process has been reported (55, 56).

CCl4 produces free CCl3· and Cl· after activation of a cytochrome P450-dependent oxidase in the hepatocyte endoplasmic reticulum. The free radicals bind covalently with macromolecules in hepatocytes, which could attack membrane unsaturated lipids, trigger the production of reactive oxygen species and lipid peroxidation, and damage hepatocytes, leading to necrosis, chronic inflammation and HSC activation, the release of collagen, and advanced liver fibrosis (20, 24). With the prolongation of treatment, the damage caused by CCl4 to hepatocytes accumulated gradually, increasing inflammation and fibrosis. The host immune system mainly promoted a Th1 type immune response to inflammation. Mahrouf-Yorgov and colleagues (57) reported that 8-week-old mice administrated with CCl4 for 6 weeks expressed less Th2 cytokines, while 15-month-old mice oriented toward a Th2 response. The type immune response may be connected with ages. Innate immune responses with a few participation of cell-mediated immunity may contribute to the progression of CCl4-induced fibrosis (20).

Altogether, in the present study IL-13, TGF-β, inflammatory factors, macrophages, and T lymphocyte contributed to the progress of liver fibrosis induced by S. japonicum and CCl4, but the time course or subtype of their participation were different, especially distinct T lymphocytes subtypes involved in the two models. The dynamic changes of pathological intensity reflected the above differences. The peak of pathological intensity appeared simultaneously with that of IL-13, TGF-β, inflammatory factors and macrophages in the two models, respectively.



Data Availability Statement 

All datasets presented in this study are included in the article/Supplementary Material.



Ethics Statement

The animal study was reviewed and approved by the ethics committee of Jiangsu Institute of Parasitic Diseases.



Author Contributions

L-JS designed and performed the study; managed, analyzed, and interpreted the data; and prepared the manuscript. X-RY, S-SM, and HG assisted in the design and study implementation and revised the manuscript. J-HL and YZ designed the study and facilitated and assisted the study implementation. P-PD and C-JM assisted in the design of the study and data analysis. Z-CH designed the study, supervised the study implementation, analyzed the data, and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the National Natural Science Foundation of China (grant number 81802035, 81630092); the Project of Invigorating Health Care through Science, Technology and Education; the Scientific Research Projects from Jiangsu Provincial Commission of Health and Family Planning (grant number H201635); and the Public Health Research Center at Jiangnan University (grant number JUPH201812).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.570524/full#supplementary-material

Supplementary Table 1 | Primers used for mRNA analysis.



References

1. Bataller, R, and Brenner, DA. Liver fibrosis. J Clin Invest (2005) 115:209–18. doi: 10.1172/JCI24282

2. Hirata, M, and Fukuma, T. Cytokine regulation in experimentally-induced Schistosoma japonicum egg granuloma formation. Parasitol Int (2003) 52:341–9. doi: 10.1016/s1383-5769(03)00050-3

3. Zhang, CY, Yuan, WG, He, P, Lei, JH, and Wang, CX. Liver fibrosis and hepatic stellate cells: Etiology, pathological hallmarks and therapeutic targets. World J Gastroenterol (2016) 22:10512–22. doi: 10.3748/wjg.v22.i48.10512

4. Arthur, MJ. Reversibility of liver fibrosis and cirrhosis following treatment for hepatitis C. Gastroenterology (2002) 122:1525–8. doi: 10.1053/gast.2002.33367

5. Issa, R, Zhou, X, Constandinou, CM, Fallowfield, J, Millward-Sadler, H, Gaca, MD, et al. Spontaneous recovery from micronodular cirrhosis: evidence for incomplete resolution associated with matrix cross-linking. Gastroenterology (2004) 126:1795–808. doi: 10.1053/j.gastro.2004.03.009

6. Yanguas, SC, Cogliati, B, Willebrords, J, Maes, M, Colle, I, van den Bossche, B, et al. Experimental models of liver fibrosis. Arch Toxicol (2016) 90:1025–48. doi: 10.1007/s00204-015-1543-4

7. Khan, RA, Khan, MR, Sahreen, S, Ahmed, M, and Shah, NA. Carbon tetrachloride-induced lipid peroxidation and hyperglycemia in rat: a novel study. Toxicol Ind Health (2015) 31:546–53. doi: 10.1177/0748233713475503

8. Ito, M, Suzuki, J, Tsujioka, S, Sasaki, M, Gomori, A, Shirakura, T, et al. Longitudinal analysis of murine steatohepatitis model induced by chronic exposure to high-fat diet. Hepatol Res (2007) 37:50–7. doi: 10.1111/j.1872-034X.2007.00008.x

9. Sitia, G, Aiolfi, R, Di Lucia, P, Mainetti, M, Fiocchi, A, Mingozzi, F, et al. Antiplatelet therapy prevents hepatocellular carcinoma and improves survival in a mouse model of chronic hepatitis B. Proc Natl Acad Sci U S A (2012) 109:E2165–72. doi: 10.1073/pnas.1209182109

10. Zhang, Y, Huang, D, Gao, W, Yan, J, Zhou, W, Hou, X, et al. Lack of IL-17 signaling decreases liver fibrosis in murine schistosomiasis japonica. Int Immunol (2015) 27:317–25. doi: 10.1093/intimm/dxv017

11. Kamel, MM, Baz, HGE, Demerdash, Z, Hassan, S, Salah, F, Mansour, WA, et al. Cord blood-derived mesenchymal stem cells with hepatogenic differentiation potential ameliorate chronic liver affection in experimental models. Adv Clin Exp Med (2018) 27:1329–39. doi: 10.17219/acem/70430

12. Liang, YJ, Luo, J, Yuan, Q, Zheng, D, Liu, YP, Shi, L, et al. New insight into the antifibrotic effects of praziquantel on mice in infection with Schistosoma japonicum. PLoS One (2011) 6:e20247. doi: 10.1371/journal.pone.0020247

13. Liu, J, Kong, D, Qiu, J, Xie, Y, Lu, Z, Zhou, C, et al. Praziquantel ameliorates CCl4 -induced liver fibrosis in mice by inhibiting TGF-β/Smad signalling via up-regulating Smad7 in hepatic stellate cells. Br J Pharmacol (2019) 176:4666–80. doi: 10.1111/bph.14831

14. Zhu, D, Song, K, Chen, J, Wang, J, Sun, X, Qian, H, et al. Expression of Septin4 in Schistosoma japonicum-infected mouse livers after praziquantel treatment. Parasit Vectors (2015) 8:19. doi: 10.1186/s13071-015-0640-9

15. Du, WD, Zhang, YE, Zhai, WR, and Zhou, XM. Dynamic changes of type I,III and IV collagen synthesis and distribution of collagen-producing cells in carbon tetrachloride-induced rat liver fibrosis. World J Gastroenterol (1999) 5:397–403. doi: 10.3748/wjg.v5.i5.397

16. Bartley, PB, Ramm, GA, Jones, MK, Ruddell, RG, Li, Y, McManus, DP, et al. A contributory role for activated hepatic stellate cells in the dynamics of Schistosoma japonicum egg-induced fibrosis. Int J Parasitol (2006) 36:993–1001. doi: 10.1016/j.ijpara.2006.04.015

17. Wen, X, He, L, Chi, Y, Zhou, S, Hoellwarth, J, Zhang, C, et al. Dynamics of Th17 cells and their role in Schistosoma japonicum infection in C57BL/6 mice. PLoS Negl Trop Dis (2011) 5:e1399. doi: 10.1371/journal.pntd.0001399

18. Zhang, B, Wu, X, Liu, J, Song, L, Song, Q, Wang, L, et al. β-Actin: Not a Suitable Internal Control of Hepatic Fibrosis Caused by Schistosoma japonicum. Front Microbiol (2019) 10:66. doi: 10.3389/fmicb.2019.00066

19. Yang, T, Chen, SL, Lu, XJ, Shen, CY, Liu, Y, and Chen, YP. Bone morphogenetic protein 7 suppresses the progression of hepatic fibrosis and regulates the expression of gremlin and transforming growth factor β1. Mol Med Rep (2012) 6:246–52. doi: 10.3892/mmr.2012.892

20. Barnes, MA, McMullen, MR, Roychowdhury, S, Madhun, NZ, Niese, K, Olman, MA, et al. Macrophage migration inhibitory factor is required for recruitment of scar-associated macrophages during liver fibrosis. J Leukoc Biol (2015) 97:161–9. doi: 10.1189/jlb.3A0614-280R

21. Smithers, SR, Simpson, AJ, Yi, X, Omer-Ali, P, Kelly, C, and McLaren, DJ. The mouse model of schistosome immunity. Acta Trop Suppl (1987) 12:21–30.

22. Dong, S, Chen, QL, Song, YN, Sun, Y, Wei, B, Li, XY, et al. Mechanisms of CCl4-induced Liver Fibrosis With Combined Transcriptomic and Proteomic Analysis. J Toxicol Sci (2016) 41:561–72. doi: 10.2131/jts.41.561

23. Mohar, I, Brempelis, KJ, Murray, SA, Ebrahimkhani, MR, and Crispe, IN. Isolation of Non-parenchymal Cells from the Mouse Liver. Methods Mol Biol (2015) 1325:3–17. doi: 10.1007/978-1-4939-2815-6_1

24. Comporti, M. Three models of free radical-induced cell injury. Chem Biol Interact (1989) 72:1–56. doi: 10.1016/0009-2797(89)90016-1

25. Takebe, H, Sato, I, Tajima, S, Ikeda, Y, Ito, K, and Nose, T. Effects of cianidanol (KB-53) on liver cirrhosis induced by CCl4 in rats: a pathological investigation. Nihon Yakurigaku Zasshi (1983) 81:585–91. doi: 10.1254/fpj.81.585

26. Tu, H, Chen, D, Cai, C, Du, Q, Lin, H, Pan, T, et al. microRNA-143-3p attenuated development of hepatic fibrosis in autoimmune hepatitis through regulation of TAK1 phosphorylation. J Cell Mol Med (2020) 24:1256–67. doi: 10.1111/jcmm.14750

27. Kim, YO, Popov, Y, and Schuppan, D. Optimized Mouse Models for Liver Fibrosis. Methods Mol Biol (2017) 1559:279–96. doi: 10.1007/978-1-4939-6786-5_19

28. Elpek, GÖ. Cellular and molecular mechanisms in the pathogenesis of liver fibrosis: An update. World J Gastroenterol (2014) 20:7260–76. doi: 10.3748/wjg.v20.i23.7260

29. Cai, P, Gobert, GN, You, H, Duke, M, and McManus, DP. Circulating miRNAs: Potential Novel Biomarkers for Hepatopathology Progression and Diagnosis of Schistosomiasis Japonica in Two Murine Models. PLoS Negl Trop Dis (2015) 9:e0003965. doi: 10.1371/journal.pntd.0003965

30. Breitkopf, K, Godoy, P, Ciuclan, L, Singer, MV, and Dooley, S. TGF-beta/Smad signaling in the injured liver. Z Gastroenterol (2006) 44:57–66. doi: 10.1055/s-2005-858989

31. Xu, R, Zhang, Z, and Wang, FS. Liver fibrosis: mechanisms of immune-mediated liver injury. Cell Mol Immunol (2012) 9:296–301. doi: 10.1038/cmi.2011.53

32. Sui, G, Cheng, G, Yuan, J, Hou, X, Kong, X, and Niu, H. Interleukin (IL)-13, Prostaglandin E2 (PGE2), and Prostacyclin 2 (PGI2) Activate Hepatic Stellate Cells via Protein kinase C (PKC) Pathway in Hepatic Fibrosis. Med Sci Monit (2018) 24:2134–41. doi: 10.12659/msm.906442

33. Kaviratne, M, Hesse, M, Leusink, M, Cheever, AW, Davies, SJ, McKerrow, JH, et al. IL-13 activates a mechanism of tissue fibrosis that is completely TGF-beta independent. J Immunol (2004) 173:4020–29. doi: 10.4049/jimmunol.173.6.4020

34. Lee, CG, Homer, RJ, Zhu, Z, Lanone, S, Wang, X, Koteliansky, V, et al. Interleukin-13 induces tissue fibrosis by selectively stimulating and activating transforming growth factor beta(1). J Exp Med (2001) 194:809–21. doi: 10.1084/jem.194.6.809

35. Pradere, JP, Kluwe, J, De Minicis, S, Jiao, JJ, Gwak, GY, Dapito, DH, et al. Hepatic macrophages but not dendritic cells contribute to liver fibrosis by promoting the survival of activated hepatic stellate cells in mice. Hepatology (2013) 58:1461–73. doi: 10.1002/hep.26429

36. Miura, K, Kodama, Y, Inokuchi, S, Schnabl, B, Aoyama, T, Ohnishi, H, et al. Toll-like receptor 9 promotes steatohepatitis by induction of interleukin-1beta in mice. Gastroenterology (2010) 139:323–34. doi: 10.1053/j.gastro.2010.03.052

37. Degoul, F, Sutton, A, Mansouri, A, Cepanec, C, Degott, C, Fromenty, B, et al. Homozygosity for alanine in the mitochondrial targeting sequence of superoxide dismutase and risk for severe alcoholic liver disease. Gastroenterology (2001) 120:1468–74. doi: 10.1053/gast.2001.24051

38. Järveläinen, HA, Orpana, A, Perola, M, Savolainen, VT, Karhunen, PJ, and Lindros, KO. Promoter polymorphism of the CD14 endotoxin receptor gene as a risk factor for alcoholic liver disease. Hepatology (2001) 33:1148–53. doi: 10.1053/jhep.2001.24236

39. Maher, JJ, Zia, S, and Tzagarakis, C. Acetaldehyde-induced stimulation of collagen synthesis and gene expression is dependent on conditions of cell culture: studies with rat lipocytes and fibroblasts. Alcohol Clin Exp Res (1994) 18:403–9. doi: 10.1111/j.1530-0277.1994.tb00033.x

40. Koyama, Y, and Brenner, DA. Liver inflammation and fibrosis. J Clin Invest (2017) 127:55–64. doi: 10.1172/JCI88881

41. Wan, J, Benkdane, M, Teixeira-Clerc, F, Bonnafous, S, Louvet, A, Lafdil, F, et al. M2 Kupffer cells promote M1 Kupffer cell apoptosis: a protective mechanism against alcoholic and nonalcoholic fatty liver disease. Hepatology (2014) 59:130–42. doi: 10.1002/hep.26607

42. Mosser, DM, and Edwards, JP. Exploring the full spectrum of macrophage activation. Nat Rev Immunol (2008) 8:958–69. doi: 10.1038/nri2448

43. Zhang, F, Wang, H, Wang, X, Jiang, G, Liu, H, Zhang, G, et al. TGF-beta induces M2-like macrophage polarization via SNAIL-mediated suppression of a pro-inflammatory phenotype. Oncotarget (2016) 7:52294–306. doi: 10.18632/oncotarget

44. Zhu, J, Xu, Z, Chen, X, Zhou, S, Zhang, W, Chi, Y, et al. Parasitic antigens alter macrophage polarization during Schistosoma japonicum infection in mice. Parasit Vectors (2014) 7:122. doi: 10.1186/1756-3305-7-122

45. Ricardo, SD, van Goor, H, and Eddy, AA. Macrophage diversity in renal injury and repair. J Clin Invest (2008) 118:3522–30. doi: 10.1172/JCI36150

46. Chen, L, Rao, KV, He, YX, and Ramaswamy, K. Skin-stage schistosomula of Schistosoma mansoni produce an apoptosis-inducing factor that can cause apoptosis of T cells. J Biol Chem (2002) 277:34329–35. doi: 10.1074/jbc.M201344200

47. Ragheb, S, and Boros, DL. Characterization of granuloma T lymphocyte function from Schistosoma mansoni-infected mice. J Immunol (1989) 142:3239–46.

48. Chensue, SW, Warmington, KS, Hershey, SD, Terebuh, PD, and Othman, M. Evolving T cell responses in murine schistosomiasis. Th2 cells mediate secondary granulomatous hypersensitivity and are regulated by CD8+ T cells in vivo. J Immunol (1993) 151:1391–400.

49. Perrin, PJ, and Phillips, SM. The molecular basis of granuloma formation in schistosomiasis. I. A T cell-derived suppressor effector factor. J Immunol (1988) 14:1714–19.

50. Li, JT, Liao, ZX, Ping, J, Xu, D, and Wang, H. Molecular mechanism of hepatic stellate cell activation and antifibrotic therapeutic strategies. J Gastroenterol (2008) 43:419–28. doi: 10.1007/s00535-008-2180-y

51. Pearce, EJ, and MacDonald, AS. The immunobiology of schistosomiasis. Nat Rev Immunol (2002) 2:499–511. doi: 10.1038/nri843

52. Romano, A, Hou, X, Sertorio, M, Dessein, H, Cabantous, S, Oliveira, P, et al. FOXP3+ Regulatory T Cells in Hepatic Fibrosis and Splenomegaly Caused by Schistosoma japonicum: The Spleen May Be a Major Source of Tregs in Subjects with Splenomegaly. PLoS Negl Trop Dis (2016) 10:e0004306. doi: 10.1371/journal.pntd.0004306

53. Watanabe, K, Mwinzi, PN, Black, CL, Muok, EM, Karanja, DM, Secor, WE, et al. T regulatory cell levels decrease in people infected with Schistosoma mansoni on effective treatment. Am J Trop Med Hyg (2007) 77:676–82. doi: 10.4269/ajtmh.2007.77.676

54. Barron, L, and Wynn, TA. Macrophage activation governs schistosomiasis-induced inflammation and fibrosis. Eur J Immunol (2011) 41:2509–14. doi: 10.1002/eji.201141869

55. Kamdem, SD, Moyou-Somo, R, Brombacher, F, and Nono, JK. Host Regulators of Liver Fibrosis During Human Schistosomiasis. Front Immunol (2018) 9:2781. doi: 10.3389/fimmu.2018.02781

56. Fallon, PG, and Mangan, NE. Suppression of TH2-type allergic reactions by helminth infection. Nat Rev Immunol (2007) 7:220–30. doi: 10.1038/nri2039

57. Mahrouf-Yorgov, M, Collin de l’Hortet, A, Cosson, C, Slama, A, Abdoun, E, Guidotti, JE, et al. Increased susceptibility to liver fibrosis with age is correlated with an altered inflammatory response. Rejuvenation Res (2011) 14:353–63. doi: 10.1089/rej.2010.1146



Conflict of Interest: J-HL and Z-CH were employed by Jiangsu TargetPharma Laboratories Inc.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Song, Yin, Mu, Li, Gao, Zhang, Dong, Mei and Hua. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 09 October 2020

doi: 10.3389/fimmu.2020.574136

[image: image2]


Current Status of Schistosomiasis Control and Prospects for Elimination in the Dongting Lake Region of the People’s Republic of China


Fei-Yue Li 1,2, Xun-Ya Hou 2, Hong-Zhuan Tan 1*, Gail M. Williams 4, Darren J. Gray 5, Catherine A. Gordon 3, Johanna Kurscheid 5, Archie C. A. Clements 6,7, Yue-Sheng Li 2,3 and Donald P. McManus 3


1 Department of Epidemiology and Health Statistics, Xiangya School of Public Health, Central South University, Changsha, China, 2 Department of Immunology and Diagnosis, Hunan Institute of Parasitic Diseases, Yueyang, China, 3 Infectious Diseases Division, QIMR Berghofer Medical Research Institute, Brisbane, QLD, Australia, 4 School of Public Health, University of Queensland, Brisbane, QLD, Australia, 5 Department of Global Health, Research School of Population Health, Australian National University, Canberra, ACT, Australia, 6 Faculty of Health Science, Curtin University, Bentley, WA, Australia, 7 Telethon Kids Institute, Nedlands, WA, Australia




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

Reviewed by: 
Edward Oliveira, Oswaldo Cruz Foundation (Fiocruz), Brazil

William Evan Secor, Centers for Disease Control and Prevention (CDC), United States

*Correspondence: 
Hong-Zhuan Tan
 tanhz99@qq.com

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


Received: 19 June 2020

Accepted: 14 September 2020

Published: 09 October 2020

Citation:
Li F-Y, Hou X-Y, Tan H-Z, Williams GM, Gray DJ, Gordon CA, Kurscheid J, Clements ACA, Li Y-S and McManus DP (2020) Current Status of Schistosomiasis Control and Prospects for Elimination in the Dongting Lake Region of the People’s Republic of China. Front. Immunol. 11:574136. doi: 10.3389/fimmu.2020.574136



Schistosomiasis japonica is an ancient parasitic disease that has severely impacted human health causing a substantial disease burden not only to the Chinese people but also residents of other countries such as the Philippines, Indonesia and, before the 1970s, Japan. Since the founding of the new People’s Republic of China (P. R. China), effective control strategies have been implemented with the result that the prevalence of schistosomiasis japonica has decreased markedly in the past 70 years. Historically, the Dongting Lake region in Hunan province is recognised as one of the most highly endemic for schistosomiasis in the P.R. China. The area is characterized by vast marshlands outside the lake embankments and, until recently, the presence of large numbers of domestic animals such as bovines, goats and sheep that can act as reservoir hosts for Schistosoma japonicum. Considerable social, economic and environmental changes have expanded the Oncomelania hupensis hupensis intermediate snail host areas in the Dongting lake region increasing the potential for both the emergence of new hot spots for schistosomiasis transmission, and for its re-emergence in areas where infection is currently under control. In this paper, we review the history, the current endemic status of schistosomiasis and the control strategies in operation in the Dongting Lake region. We also explore epidemiological factors contributing to S. japonicum transmission and highlight key research findings from studies undertaken on schistosomiasis mainly in Hunan but also other endemic Chinese provinces over the past 10 years. We also consider the implications of these research findings on current and future approaches that can lead to the sustainable integrated control and final elimination of schistosomiasis from the P. R. China and other countries in the region where this unyielding disease persists.
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Introduction

Schistosomiasis japonica is a parasitic disease that seriously endangers human health in Southeast and East Asia. In the People’s Republic of China (P.R. China) it is prevalent in the Yangtze River Basin and in 12 provinces (autonomous regions and municipalities) south of the Yangtze River area. A national census in 1959 indicated that the number of schistosomiasis patients and infected animals in the P.R. China was 11 million and 1.5 million, respectively; the number of people at risk of contracting schistosomiasis reached 100 million; and the top three provinces in terms of patient numbers were Jiangsu, Hubei, and Zhejiang (1). An area of 10, 000Km2 was recorded infested with Oncomelania hupensis hupensis in the endemic areas in the P.R. China, with Hubei, Hunan, Jiangxi, Jiangsu and Anhui provinces accounting for about 90% of these intermediate host snails (2). There has been remarkable success in control efforts over the past 70 years in endemic areas; the human infection prevalence was reduced considerably from over 60% in the 1950s to almost no human or animal infections in 2018 (3–8). Between 2008 and 2015, the schistosomiasis prevalence in humans and animals in administrative villages had decreased to below 5% and 1%, respectively (6, 7). By the end of 2017, of the 450 schistosomiasis-prevalent counties in P.R. China, 229 had reached the level of elimination, 139 were at the level of transmission interruption, with 82 having reached the level of transmission control; the number of patients with schistosomiasis had decreased to 38,000; and the number of advanced schistosomiasis cases had been reduced to 29,000 (8). Infection prevalence in most of the previously heavily infected areas dropped from 10% at the beginning of this century to less than 1%, and this low prevalence has been maintained with no active schistosomiasis transmission, and no infected snails observed by 2018 (5, 8). Nevertheless, environmental and other factors that can affect the prevalence and spread of schistosomiasis persist and the risk of infection remains in many areas (9–12). As shown by the red area in Figure 1A, Hunan Province is one of the regions in the P.R. China that historically has been most highly affected by schistosomiasis; endemic areas are distributed mainly in 41 counties in the Dongting Lake and surrounding areas. There were more than 600,000 patients with schistosomiasis in Hunan in the early years of Chinese liberation, including more than 10,000 patients with advanced disease (13). The marshland habitats for the oncomelanid snail hosts of S.japonicum in Hunan were vast, estimated at 1,766.29 km2 in 2004. Worryingly, these areas are increasing at a rate of 40 km2 annually with 80% of these being due to high silt deposition from the Yangtze River into the Dongting Lake (13). The transmission zone for S. japonicum along the embankment line in the Dongting Lake reaches 1,470.7 km long and has an area of 637.66 km2, accounting for 36.8% of the snail area outside the protective embankments in the province (13). It was projected that the giant Three Gorges Dam (TGD) across the Yangtze River would further extend the range of snail habitats, thereby increasing the potential for increased rates of transmission (14–16). Figure 1D shows the locations in 2017 of 41 national surveillance sites in Hunan Province. The number of individuals serologically positive by the indirect hemagglutination assay (IHA) was 3.55% (35,321/993,698) at these 41 national surveillance sites in 2017 but, paradoxically, no egg-positive faecal samples were found, no cases of acute schistosomiasis were reported, no infected animals were identified, and no schistosome-infected snails were recorded (5). In contrast, 14 subjects were identified with egg-positive fecal samples in Zejiang, Anhui and Jiangxi provinces (6). There are many floating fisher communities in Hunan Province, and they move frequently from other schistosome-endemic areas to the Dongting Lake region. Therefore, the potential for recurrent transmission of schistosomiasis in this region cannot be underestimated. The success or failure of schistosomiasis control in Hunan will impact directly on the P.R. China’s national control programme aimed at blocking transmission and eliminating schistosomiasis. In this paper, a thorough search of literature on schistosomiasis and Schistosoma was conducted using the Web of Science database, the Chinese online libraries of CNKI, WANFANG DATA, and VIP INFORMATION, the National Science and Technology Library, and personal archives on schistosomiasis and schistosomiasis control in the Dongting Lake region. Particular emphasis was placed on research undertaken over the past 10 years. As a result, the history and the current status of schistosomiasis control in the Dongting Lake region were systematically reviewed. We also explored the epidemiological factors contributing to S. japonicum transmission in order to provide insight into future approaches for control that might finally lead to the elimination of schistosomiasis from this region, other endemic areas in the P.R. China and beyond.




Figure 1 | Schistosomiasis japonica endemicity over time (A–C) and the locations of 41 national surveillance sites (D: shown as red dots) in the Dongting Lake area of Hunan province, China. Brown: Infection control; Gold: Transmission control; Green: Transmission interruption; White: Elimination.





Schistosomiasis in the Dongting Lake Region and the History of Its Control

S. japonicum eggs were found in the remains of a female corpse from the Western Han Dynasty unearthed from the Han Tomb No. 1 of Mawangdui in Changsha in 1972, indicating that schistosomiasis has been prevalent in the Dongting Lake area for at least 2,100 years (17, 18). In 1905, an American doctor (OT Logan) discovered S. japonicum eggs in the faeces of a young fisherman in Zhoujiadian, Changde, Hunan Province; this was the first report of a schistosomiasis case in the P.R. China (19). In 1950, the Hunan government started to investigate the distribution of schistosomiasis in the province and, as a result, adopted a comprehensive prevention strategy based on targeted snail control in transmission zones and the expansion of drug treatment to humans and animals. These measures reduced snail densities and the number of infected snails and, as a result, the schistosomiasis prevalence fell markedly (13, 20). However, due to a substantial reduction in financial support, particularly the termination of the China World Bank Loan Project (WBLP) for schistosomiasis control, control efforts declined (21). Heavy flooding in the Yangtze River Basin, the impact of global warming, and the increased mobility of villagers and the floating fisher population, also contributed to a rebound of schistosomiasis in Hunan and other endemic Chinese provinces in the early 21st century. During this time, the total number of human cases in P.R. China increased from 756,762 in 1999 to 843,007 in 2003, including 1114 acute human infections (234 cases from Hunan province), compared with 513 acute cases (198 cases from Hunan province) in China in 1999. In P.R. China, 24,461 bovines were found to be egg stool-positive compared with 21,457 in 1999. An area of 2.77 Km2 in Hunan province was shown, for the first time, to be infested with oncomelanid snails (22, 23).

Since 2004, Hunan Province has implemented the Chinese national schistosomiasis control strategy for controlling the transmission of S. japonicum mainly through targeting domestic animals and fishermen as sources of infection. As a result, both human and animal S. japonicum infection prevalence was reduced to 1.46% and 2.34% in 2008 from 3.35% and 4.923% in 2003, respectively (5, 24). In 2008, as Figure 1B indicates, the entire province reached the level of schistosomiasis infection control and the control policy shifted from reducing the prevalence of infection to transmission control (25, 26). Since 2010, under the support of the joint action plan of Hunan Province and the Chinese Ministry of Health, an integrated schistosomiasis control strategy has been promoted and implemented. The measures applied by the health and other relevant sectors include fence closure, shoal closure, animal grazing prohibition in snail zones (Figures 2A, B), management of schistosomiasis reservoirs such as buffalo, cattle and sheep, education of the floating fisher population, and rigorous monitoring of transmission areas. In 2015, Hunan Province reached the level of schistosomiasis transmission control with human and animal prevalence levels decreased to 0.23% and 0.28%, respectively at the administrative village level (27–30). By the end of 2018, the number of patients with advanced schistosomiasis in Hunan Province had been reduced to 5,034 and 13 of its 41 counties had reached the level of transmission interruption with 10 reaching the level of elimination (8). Figures 1B, C show a comparison of the extent of schistosomiasis control around the Dongting Lake area in 2008 and 2018, respectively. Based on schistosomiasis status and the technologies available at different periods of time, three distinct control strategies were in operation in Hunan province, summarized in Table 1.




Figure 2 | Management of snail-infested areas in the Dongting Lake area, Hunan province, P.R. China. (A) Fences by a lake side area. (B) Buffalo feeding on pasture fenced off from a lake area. (C) Dongting Lake area after removal of domestic animals. (D) Raising poultry instead of domestic livestock animals.




Table 1 | Prevalence of schistosomiasis and the control strategies operating over different time periods in Hunan province [Refs (1, 5, 6, 8, 24)].



Located in the northern part of Hunan province and on the south bank of the middle reaches of the Yangtze River, Dongting Lake is a flood basin receiving waters from the Xiang, Zi, Yuan, and Li rivers. The water system around Dongting Lake comprises a reticulated distribution network. There are a large number of shoals present harbouring considerable numbers of oncomelanid snails. The schistosomiasis-endemic area in Hunan Province is centred on the Dongting Lake Plain and is distributed radially to the west, the south, and in hilly areas in the east; it is divided into two types: marshland-type and hill-type, with the marshland-type dominating. Ninety-seven percent of the total recorded numbers of patients in Hunan province were residents of the marshland areas of Dongting Lake. Natural, ecological, social, and economic factors influence the prevalence and spread of S. japonicum (31–35). Changes in water level, temperature, and sand sedimentation, in combination with floods and other environmental disasters in the Yangtze River Basin present unique epidemiological characteristics that accelerate the spread of snails and intensify schistosomiasis transmission in the Dongting Lake area (36). The association between snails and several environmental factors has been reported as an inverted U-shape in the marshlands of the Dongting Lake Region (37); optimal soil moisture content, pH, temperature and land elevation in this Lake area, for snail to survival and reproduction are 58.70% to 68.93%, 6.6 to 7.0, 22.73°C to 24.23°C, and 23.5 m to 26.0 m, respectively. Snails survived less well when the levels of any of these environmental factors were either lower or higher (37). The Dongting Lake area has complex terrain with frequent human and animal interactions, high densities of infected snails and resultantly high water-infectivity to humans and animals, increasing continuing S. japonicum transmission. The most highly exposed group of people is fishermen (38), who live on boats and whose excrement is discharged directly into lake water resulting in long-term and extensive contamination (39). There are more than 60,000 active fishermen in the Dongting Lake area; they come from more than 10 provinces across the country and undertake numerous water-based activities in the lake throughout the year. The flooding of shoals with snails from May to September is the most frequent season for exposure of fishermen to schistosome-contaminated water (13). The annual water level in the Dongting Lake changes by about 15 meters, rising in summer and falling in winter, and the pattern of transmission is similar to that in the Poyang Lake in Jiangxi Province; unlike other provincial areas, there is continual transmission in the Dongting Lake from spring to autumn but with two distinct peaks. Coinciding with the commencement of the annual rainy season, transmission commences in April when conditions become favourable for snails as the water levels rise and the temperature increases due to the onset of spring; the first peak for S. japonicum transmission is from May to early July. When the water level rises to its maximum, remaining high from mid-July to September, and the risk of transmission becomes lower. The second peak commences in October, when the water level drops, and it normally ends in November (17, 40).



Impact of the Three Gorges Dam (TGD) on S. japonicum Transmission in the Dongting Lake

The Three Gorges hydroelectric dam that became operational in 2003 is a considerable feat of modern engineering, providing power to a vast area, lowering the flood risk along the Yangtze, and increasing the river’s shipping capacity. Now there is growing evidence to show that the dam may have contributed to increased schistosomiasis transmission in some of the surrounding areas, but a reduction in others. With the completion of the dam, changes in the water level in the main stream of the Yangtze River and in the lower reaches of the TGD reservoir in Tongjiang Lake altered the ecological environment in the middle and lower reaches of the River. These factors may have led to changes in the distribution of snails in the Dongting Lake area (41). The potential impact of the TGD on the transmission of S. japonicum in the Yangtze River basin has raised concerns from researchers worldwide (42–44). Numerous studies have been carried out to forecast or assess the impact of the dam on the distribution of O.h. hupensis snails and the transmission of S. japonicum (15, 16, 45–48). A study by Han et al. (47) showed the ecological restoration process in the Dongting Lake region was fairly slow and inefficient by surveying the community structure and diversity of soil animals, including gastropod snails, obtained from three typical habitat types, i.e., wetland restored from farmland, original farmland, and original wetland; 26 species were obtained from wetland restored from farmland. In another study, a team of Chinese scientists set out to determine whether the TGD would impact negatively on the progress of elimination of schistosomiasis (15). Several natural lakes down river from the dam are endemic for S. japonicum and its O. h. hupensis intermediate host, and the Chinese team analysed 55 published research articles relating to the dam’s impact on schistosomiasis; 2/3 articles predicted an impact while 1/3 publications reported an existing impact and found, overall, that the dam has impacted (or will impact) positively towards schistosomiasis elimination (15, 49). This is due to the fact the dam has been changing the hydrology of the area by controlling natural flooding and has led to the reduced dispersal of snails. Another study on hydrological and schistosomiasis-endemic status changes, before and after the TGD was established, was conducted in 12 surveillance sites of the Hunan section of the Yangtze River (16). The results showed a number of ecological environmental factors had changed in the Dongting Lake area after the completion and operation of the TGD; the volume of annual runoff discharged into the Dongting Lake declined by 20.8%, and the annual sediment volume discharged into the lake and the mean lake sedimentation rate decreased by 73.9% and 32.2%, respectively. From 2003 to 2015, the areas with living snails and the mean density of living snails (using 0.11m2 frames as the units for snail sampling surveys in the field) decreased overall by 82.43% and 94.35%, respectively, with annual decreases being 13.49% and 21.29%. Moreover, the human schistosome infection prevalence had decreased from 3.35% in 2003 to 0.44% in 2015, with the overall reduction being 86.98%. Correlation analyses showed that the mean density of living snails was significantly associated with water level, as well as the mean elevation range of the marshland and the S. japonicum infection rate (16). Ecological environmental changes caused by the TGD were shown to correlate with the distribution of oncomelanid snails, and potentially further impacting the transmission and prevalence of schistosomiasis (48, 49). The risk of schistosomiasis transmission still exists in the Dongting Lake area and long-term monitoring is, therefore, essential. The number of days an area is inundated with water may be a key factor determining the geographical distribution of Oncomelania snails in Hunan Province; the favourable period of inundation for the survival of snails ranges from about 2 to 7 months with the snail density shown to be highest when flooding lasts for 4 to 5 months (48, 49).



Transmission of S. japonicum to Humans From Animals

Unlike the other main human forms of schistosomiasis caused by S. mansoni, S. haematobium, and S. intercalatum, schistosomiasis japonica is a zoonosis with 46 species of wild and domestic animals able to harbour the infection (50, 51). This wide host range complicates control efforts as these animal reservoirs contribute considerable environmental contamination with S. japonicum eggs. Until recently, water buffaloes and cattle openly grazed in the snail zones in the lake-type areas in China; bovines harbour long-term infection and high infection rates, resulting in these animals being the main transmission source, contributing up to 90% of the transmission of S. japonicum (52–54). The daily fecal output from a water buffalo is estimated to be at least 100 times greater than that produced by a human individual (44). As result, bovines have been targeted specifically in the China national schistosomiasis control programme, recognized as one of the most successful worldwide (55). By 2018, most bovines had been removed from the majority of the schistosome-endemic areas around the Dongting Lake (Figure 2C) and replaced by motorised tractors for farming, although small numbers of animals remained on the marshland. A recent study determined the infection prevalence of S. japonicum in rodents (0–9·21%), dogs (0–18·37%) and goats (6·9–46·4%) from the area, using a combination of traditional coproparasitological techniques (miracidial hatching technique and Kato-Katz thick smear technique) and molecular methods [quantitative real-time PCR (qPCR) and droplet digital PCR (ddPCR)] (56). The study indicated a much higher prevalence in goats than previously recorded in this setting. Cattle and water buffalo, examined using the same procedures, were all found infected, demonstrating that active transmission was still occurring. Goats graze on the marshland areas of the Dongting Lake and, like bovines, they also frequently contact with water. The high level of S. japonicum prevalence in goats indicates that they are likely important reservoirs in schistosomiasis transmission, necessitating their inclusion as targets of control, if the goal of elimination is to be achieved in the P.R. China (56).



Current Strategies and Progress on Schistosomiasis Control

With the decline in the number of schistosomiasis patients, the Chinese government has modified its approach for schistosomiasis control. Based on the differences in transmission modes and the endemic conditions prevailing, a joint effort with other relevant sectors has been proposed for affected areas with the scope, the focus and what to survey determined accordingly. Additionally, establishment of a sensitive and effective monitoring and early warning system is necessary to provide the solid foundation required for the elimination of schistosomiasis (57–61). In 2017, the National Health and Family Planning Commission and six other departments issued the 13thFive-Year Plan for the Prevention and Control of Schistosomiasis in China, which opened up a new pathway for halting the spread of schistosomiasis in P.R. China and targeting its elimination (62). According to the requirements of this plan, and the Plan for the Elimination of Schistosomiasis in Hunan Province (2016–2025), the local authorities are, in addition to undertaking active promotion of the procedures necessary to eliminate schistosomiasis from the province, implementing four major aspects of control comprising: population infection source control, livestock infection source control, snail control, and schistosomiasis control institutional capacity building; as well as undertaking active promotion of the procedures necessary to eliminate schistosomiasis from the province. Major successful outcomes of these control efforts have been a well organised national operating system, community participation, effective administrative involvement, and relevant technical support. The current national control strategy for the Dongting Lake area and the P.R. China as a whole employs a multi-component integrated approach with mass administration of praziquantel to humans and bovines as its cornerstone - combined with snail control through chemical mollusciciding and environmental modification; improved sanitation through the supply of safe drinking water and latrines; health education aimed at effectively increasing people’s knowledge of schistosomiasis; and removal of cattle, water buffaloes and sheep from all endemic areas (4, 7, 25, 63, 64). One area that highlights the effectiveness of this approach is Junshan District, in the Dongting Lake region; Li et al. (63) showed that the multi-component control tactic resulted in a decrease in the prevalence of schistosome infection in residents from 3.44% in 2006 to zero in 2016 after removal of all animals in 2013. As a result of the exclusion of bovines and sheep from the beaches in the endemic areas, the income of the local farmers declined; consequently, the government provided support to these farmers to raise poultry to replace the livestock animals (Figure 2D).

In the P.R. China, a dramatic demographic transition has coincided over the last 40 years with equally intense economic reforms and rapid economic growth. The Chinese rural economy has undergone considerable structural changes with young people from rural areas migrating to cities for employment, to be closer to friends or to reside with other family members. Consequently, the population in the schistosomiasis-endemic areas has decreased considerably and the age-structure of the general population has changed. In many rural villages, schoolchildren and older aged villagers predominate. As a result, the decreased schistosomiasis prevalence can be partly attributable to fewer at risk individuals, such as farmers contacting with infested water, and improvements in the prevailing economic and sanitation conditions (6).



Future Perspectives and Challenges

Although the path towards schistosomiasis control and prevention in Hunan Province has resulted in considerable achievements over the past several decades, a number of problems and challenges remain. Critical factors that maintain the transmission of schistosomiasis are still current, and these will likely impact upon the eventual goal of elimination. Firstly, the schistosomiasis-endemic area around the Dongting Lake is vast, it has a wide snail distribution range, it is a complex environment, and the spread of snails into both existing and new locations remains a constant concern. In 2017, 646 administrative villages in Hunan Province harboured oncomelanid snails in an area covering 1,731.29 km2, accounting for nearly half of the total snail area for the whole of the P.R. China (8). Secondly, the source of schistosome infection still exists (56), although infection prevalence has been reduced. Currently, there is some disagreement over the use of shoal farmland in the endemic areas to develop aquaculture, and the schistosomiasis control measures involving the removal of domestic livestock and the banning of grazing on the shoals. Furthermore, the livelihood of the itinerant fishermen is highly dependent on the Dongting Lake. The introduced management measures prohibiting the grazing of animals and the prevention and control measures involving fishermen remain difficult to implement long-term. Currently, some livestock and fishermen still frequent the snail zones, and the risk of schistosomiasis infection remains a constant threat (65, 66). Thirdly, increased migration of people to and from cities has led to an increase in the mobility of potential schistosomiasis infection sources and in the number of individuals entering some of the endemic areas (67). As the schistosomiasis control strategy in the P.R. China moves from disease control to elimination, improved surveillance and monitoring assessment activities will play a key role in detecting new infections and in identifying new areas of transmission (68–70). Additional prevention and control measures and increased government support will be required to maintain the decline in schistosomiasis cases and to reduce any potential factors that could lead to the re-emergence of the infection and to ensure its elimination (62, 70–72). In accordance with the overall deployment of the Special Project of Three-year Tactical Action Plan for Local Endemic Disease Prevention and Control (2018–2020) (73), Hunan Province will further integrate departmental resources, strengthen monitoring systems and continue to implement integrated prevention strategies based on local conditions and published control classification guidelines in order to achieve schistosomiasis elimination by 2030. If the transmission blocking and elimination targets are not achieved, the control of infectious sources including the comprehensive management of existing snail environments will need to be strengthened, S. japonicum transmission risk assessment should be strictly adhered to, and monitoring and early warning systems should be improved. In addition, livestock containment, rigorous surveillance methods and the availability of more sensitive diagnostics will be paramount to achieve success (69, 74). Vaccination of bovines and other reservoirs represents an important intervention to the schistosomiasis armory and may represent the best hope for achieving eventual elimination but, despite some encouraging recent progress (75, 76), no such vaccine has been developed to an acceptable level for wide-scale use.
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Significantly increased imported schistosomiasis cases have been reported in China as the economy grows. The aim of this study is to review and summarize the current status, clinical features, and transmission risk of imported infections of Schistosoma mansoni and Schistosoma haematobium in China. A retrospective study was performed to review all information regarding the imported cases of schistosomiasis collected from published literature and the database of the National Notifiable Disease Report System from 1979 to 2019. The characterization of epidemiological and clinical features was analyzed. A total of 355 cases of imported schistosomiasis have been reported in 15 provinces (autonomous regions, municipalities) in China since 1979, including 78 cases of infection with S. mansoni (21.97%), 262 cases with S. haematobium (73.80%), and 15 cases with unidentified Schistosoma species. Eosinophilia was the most common sign of the infection with S. mansoni (91.03%). The parasitological findings were confirmed in 89.74% (70/78) of cases infected with S. mansoni and 32.06% (84/262) of cases infected with S. haematobium. There was no imported case of infection of Schistosoma japonicum, Schistosoma intercalatum, or Schistosoma mekongi reported in China during this period. Praziquantel is the best therapeutic drug for curing imported schistosomiasis. In addition, Biomphalaria straminea, the intermediate host of S. mansoni, has already been found in Guangdong province in south China. There is a rising risk that the existence of the intermediate host B. straminea and the imported cases of S. mansoni infection could cause the spread of the infections and make these endemic. Thus, better understanding of the clinical features and the transmission pattern of these Schistosoma infections would assist Chinese physicians in the diagnosis and treatment of these imported schistosomiasis cases.
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INTRODUCTION

Schistosomiasis is prevalent in 76 tropical and subtropical countries across the world. Currently, over 700 million people live in endemic areas globally, and more than 240 million people are estimated to be infected, over 90% of them living in Africa (1). There are two main forms of human schistosomiasis: intestinal schistosomiasis and urogenital schistosomiasis; the former is caused by the infections of Schistosoma japonicum, Schistosoma mansoni, Schistosoma mekongi and Schistosoma intercalatum and the latter is caused by the infections of Schistosoma haematobium (2) (Table 1).


Table 1. Global geographic distribution of schistosomiasis.

[image: Table 1]

S. japonicum is the only species that infects people in China, causing serious schistosomiasis japonicum characterized by liver fibrosis, cirrhosis, and portal hypertension (3). There are no other Schistosoma species found in China (4, 5). With the economic boom and increased trade with other countries around the world, China has deepened its economic activities with foreign countries in the fields of infrastructure construction, energy, travel, and trade. There is a tremendously increased number of people from around the world who travel to China for business, academic studies, and tourism. Meanwhile, more and more Chinese people go abroad for economic activities, study, or travel as well (5). The increased international travel and trade tie inevitably imports some diseases that only happen abroad back to China, including schistosomiasis. Based on the database of the National Notifiable Disease Report System (NNDRS), there had been 355 cases of imported schistosomiasis cases reported in 15 provinces (autonomous region, municipalities) in China from 1979 to 2019, including 78 cases infected with S. mansoni, 262 cases with S. haematobia, and 15 cases with unidentified Schistosoma species (5). Due to the existence of the snail Biomphalaria straminea, an intermediate host of S. mansoni, being already found in Guangdong province in south China, the imported S. mansoni increases the risk of its transmission in China (6). To better understand imported schistosomiasis for better diagnosis and treatment and to get prepared for their possible transmission in China, we reviewed and analyzed the clinical features and the characterization of imported schistosomiasis since 1979, including 78 cases of imported schistosomiasis mansoni and 262 cases of schistosomiasis haematobia.



MATERIALS AND METHODS


Database and Literature

All data for those diagnosed with imported schistosomiasis, including parasite species, infection source, and demographic, epidemiological, and clinical information, were collected from published literature and the database of the NNDRS from 1979 to 2019.



Diagnosis

A definitive diagnosis of schistosomiasis mansoni or haematobia was based on the combination of specific clinical manifestations, travel history in endemic areas or exposure to contaminated water, imaging features of CT or MRI scan, colonoscopy/cystoscopy, egg identified under a microscope in fecal or urine specimens or in biopsy tissues or miracidia hatched from stool samples, and eosinophilia and serological antibody detection with ELISA.



Ethics

Data were collected from peer-reviewed published literature and public database with approved ethics statement or patients' consent, without exposing the patients' identity information.




RESULTS


Characterization of Imported Schistosomiasis Mansoni in China

A total of 78 cases of imported schistosomiasis mansoni were reported in China during the period from 1979 to 2019. These cases were identified in Beijing, Zhejiang, Jiangxi, and Hunan provinces. All cases were Chinese laborers who had working and living experience in African countries, including Ethiopia, Nigeria, Uganda, Zimbabwe, and the Democratic Republic of the Congo, and had a history contacting with contaminated water during daily life activities (Table 2).


Table 2. General information of imported schistosomiasis mansoni in China from 1979 to 2019.
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The duration from exposure to cercaria-contaminated water to definitive diagnosis was 1.5–24 months; 14.1% (11/78) of the cases had a definitive diagnosis within 3 months from exposure and 87.18% (68/78) for more than 3 months. The main clinical manifestations included weakness (66.67%, 52/78), fever (58.97%, 46/78), diarrhea (55.13%, 43/78), abdominal pain (38.46%, 30/78), mucous and bloody stool (24.36%, 19/78), and sweating (19.2%, 15/78). Three of them had no any symptom (3.85%, 3/78). Physical examinations showed hepatomegaly (57.69%, 45/78), splenomegaly with moderate stiffness (12.82%, 10/78), overreaction of the nervous system (2.56%, 2/78), and rash (1.28%, 1/78). A complete blood count showed that 91.03% (71/78) of the cases had eosinophilia. A total of 2.56% were positive for fecal occult blood test. One case displayed diffused miliary nodule shadows in both lungs, hepatic cirrhosis, splenomegaly by imaging examination (1.28%, 1/78), and thickening of the sigmoid colon and rectum wall as revealed by colonoscopy (1.28%, 1/78) (Figure 1A). Microscopic examination identified S. mansoni eggs in their stool samples or miracidia hatched from their stool samples in 69 out of 78 cases (88.46%). Rectal mucosal biopsy revealed S. mansoni eggs in 14.10% (11/78) of the cases (Figure 1B; Table 3).


[image: Figure 1]
FIGURE 1. Radiological features and parasitological identification of patients with infections of Schistosoma mansoni. (A) Wall thickening of the rectum and the sigmoid colon is shown by pelvic MRI scan (pointed arrow). (B) S. mansoni egg was identified under a microscope (×400) in colon tissue through a biopsy from an infected patient.



Table 3. Clinical features of 78 imported cases of schistosomiasis mansoni in China from 1979 to 2019.
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The central nervous system had the most serious ectopic presentation of S. mansoni infection. Apparently, both brain and spinal cord can be involved, although it was very rare in clinical practice. Currently, in China, there was one case of imported schistosomiasis mansoni that presented lower extremity numbness and weakness complicated by dysphoria, enlargement of the spinal cord at vertebrae T8 to L2 complicated by abnormal reactions, and intensified foci on plain and contrast-enhanced scans of the spinal cord at the thoracolumbar segment. Antibody testing against S. japonicum antigen was cross-positive with titer 1:16, and S. mansoni DNA was detected in the cerebrospinal fluid of the patient. Definitively, the case was diagnosed with the identification of typical S. mansoni eggs in the feces. The patient received chemotherapy with praziquantel and steroids, which swiftly ameliorated the symptoms and cured the S. mansoni infection (13).



Clinical Analysis of Imported Schistosomiasis Haematobia in China

A total of 262 cases with infection of S. haematobia were reported in China from 1979 to 2019 (12, 14–33). All of these cases were imported from abroad and reported in Beijing, Shaanxi, Hubei, Jilin, Fujian, Jiangsu, Hunan, Henan, Guangxi, Shandong, Zhejiang, and Jiangxi provinces (municipality, autonomous region). Among them, 84.73% (222/262) were Chinese who had working experience in 19 African countries including Angola, Mozambique, South Africa, and Nigeria before they returned to China. The most common job involved abroad was construction worker in building railways, airports, and roads (90.99%, 202/222). The other 40 patients were Africans diagnosed with an infection of S. haematobia, including 35 male and five females, with a mean age of 20.95 ± 5.49 years. These patients originated from Tanzania (10 cases), Zambia (five cases), Yemen (two cases), Mali (22 cases), and Mozambique (one case) (Table 4).


Table 4. General information on 262 imported cases of schistosomiasis haematobia in China from 1979 to 2019.
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The main clinical manifestations of imported S. haematobia infection included fever (9.16%, 24/262), painless hematuria (53.81%, 141/262), painful hematuria (11.83%, 31/262), lower abdominal pain (6.48%, 17/262), irritated and frequent urination (11.45%, 30/262), urodynia (7.63%, 20/262), dysuria (2.29%, 6/262), weakness (20.99%, 55/262), and skin rash (8.01%, 21/262). About 27.48% (72/262) of the infected people had no any symptom. A few patients showed tenderness/pain in the bladder region of the lower abdomen (6.48%, 17/262), nodular enlargements, and tenderness/pain in the bilateral spermatic cord and epididymis (0.38%, 1/262), and hepatosplenomegaly (0.38%, 1/262) during physical examination. Laboratory tests showed eosinophilia (13.74%, 36/262), proteinuria, and increased red and white blood cell counts in urine (46.18%, 121/262). Serological antibody test using indirect hemagglutination assay (IHA) and ELISA showed that 72.13% (189/262) of the patients were positive when S. japonicum extract antigen was used. Parasitological examination identified the eggs in the urine of 71 out of 262 patients (27.09%) or in the tissues as detected by both cystoscopy (4.20%, 11/262) and rectal biopsy (0.76%, 2/262) (Figure 2; Table 5) (12, 14–33).
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FIGURE 2. Radiological features and parasitological identification of patients with infections of Schistosoma haematobium. (A) CT urography showing the thickened and stiff wall of the bladder (pointed arrow) of a patient with chronic infection of S. haematobium. (B) Vesical biopsy tissue section showing schistosomal eosinophilic granuloma, with S. haematobium eggs observed (×400).



Table 5. Clinical features of 262 imported cases of S. haematobium infection in China from 1979 to 2019.
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It is very common that S. haematobium infection was primarily misdiagnosed as urinary tract infection, prostatitis, urinary stone, acute or chronic appendicitis, urinary tuberculosis, enterospasm, and gastrointestinal dysfunction if the patients' travel experience to endemic countries has not been considered and their urine samples have not been carefully examined. Unfortunately, some of the cases were even misdiagnosed as bladder tumor and received unnecessary surgical procedures.



Imported Schistosomiasis With Unidentified Schistosoma Species

There are 15 other cases of imported schistosomiasis reported, with infection of unidentified Schistosoma species due to non-specific clinical manifestation, non-specific infection source, and/or no egg of specific species of Schistosoma also detected.



Geographical Distribution of Imported S. mansoni and S. haematobium Infections in China

Imported schistosomiasis in this study had been reported in 12 provinces/regions in China, with most cases found in Hunan (one case with S. mansoni infection and 184 cases with S. haematobia infection), Beijing (75 cases with S. mansoni infection and 39 cases with S. haematobia infection), and Fujian (23 cases with S. haematobia infection) provinces or municipalities (Figure 3). It has been noticed that those provinces and regions with a large number of migrant workers abroad usually have poor medical or public health infrastructure; therefore, with more cases misdiagnosed as other diseases or with the delayed diagnosis of S. mansoni or S. haematobium infections after returning to China, for example, one case in Hunan province got diagnosed as S. haematobium infection 84 months after he returned from Africa (23).


[image: Figure 3]
FIGURE 3. The numbers of imported cases of schistosomiasis mansoni and schistosomiasis haematobia in reported provinces of China.





DISCUSSION

The importation of tropical diseases, including schistosomiasis, into China from endemic regions around the world is inevitable, unavoidable, and expected to be increased in the future due to the dramatically increased Chinese economic development and the boomed globalization. The fast-booming Chinese economy enormously increased trade with other countries and activities involved with international business. These activities include increased labor export from China, immigration, and tourism, all increasing the chance of importation of communicated diseases, from infection abroad, into China or the exportation of diseases infected in China to other countries. It was estimated that there were more than one million Chinese workers or tourists who visited or worked in Africa in 2013, and this number of travelers was ascended to three millions in 2019 (25, 34). In this study, we analyzed 355 cases of schistosomiasis imported from Africa from 1979 to 2019, 78 cases with schistosomiasis mansoni (21.97%), 262 cases with schistosomiasis haematobia (73.80%), and 15 cases with infection of unknown Schistosoma species (4.22%). Understanding the clinical manifestations and characteristics of imported schistosomiasis would greatly help Chinese physicians in making accurate diagnosis and appropriate treatment of these infections in China. A similar situation in Europe had 1,465 cases of imported schistosomiasis reported between 1997 and 2010, which was diagnosed by direct pathogen detection and serological antibody detection. Among them, 39% (570) of cases were determined as S. mansoni infection and 22% (318) of cases were infected with S. haematobium (35).

Schistosomiasis is known as the second most devastating parasitic disease, next to malaria, globally in terms of mortality, and more than 70 million disability-adjusted life years worldwide was lost (36). People get infected by skin contact with cercaria-contaminated freshwater where intermediate host snails exist. S. japonicum, S. mansoni, and S. haematobium are three major species that infect humans; however, only S. japonicum infection is endemic in some lake or marshland areas in China, while infections of S. mansoni and S. haematobium are widely endemic in southeastern Asia, Africa, and some areas in South America. Eventually, Schistosoma infections have serious adverse consequences on pregnancy and children's development and exacerbate social burden on the economies of households and governments, especially in poor countries such as in the sub-Saharan regions.

Human schistosomiasis has an acute infection stage and an advanced phase that show different clinical manifestations and disease development. Acute schistosomiasis was most common in travelers or migrants who had just visit schistosomiasis-endemic areas and have been exposed to water contaminated with schistosome cercariae or, for the first time, to people (usually children) living in endemic areas exposed to the parasite. Acute schistosomiasis occurs several weeks after the penetration of the schistosome cercariae through the skin, and the symptoms are related to the migration of the larvae within the human body. The typical clinical manifestations of acute schistosomiasis include a sudden onset of fever, fatigue, muscle pain, headache, abdominal pain, and eosinophilia that lasts for 2–10 weeks (37–40). If patients with acute schistosomiasis have not received proper anthelmintic chemotherapy timely, the disease may develop into a chronic form or progress rapidly where fibrosis, cirrhosis, and neoplasms might occur. Notably, some advanced pathological features could be developed, such as extended Glisson's sheath in the liver and portal hypertension, the latter of which could even happen during acute schistosomiasis mansoni (11).

In this study, some patients with schistosomiasis mansoni exhibited some acute-phase clinical manifestations such as fever (58.97%), diarrhea (55.12%), abdominal pain (54.41%), and increased eosinophil count (91.03%), which are different from those of an acute infection of local S. japonicum that is mainly referred to as Katayama fever, the prominent feature of the infection. Meanwhile, patients with schistosomiasis haematobia also had some acute-phase clinical manifestations, including fever (9.16%) and painless hematuria (53.82%). Noticeably, only about 50% of the patients were diagnosed as schistosomiasis at the acute phase. The misdiagnosis of schistosomiasis at an acute stage as other diseases may lead to the chance to be cured with anthelmintic therapy to be missed and could result in irreversible damage to tissue and health. Without timely treatment, people with S. mansoni infection may develop hepatic fibrosis and cirrhosis, and even esophageal varices complicated by ascites and hematemesis, which may rapidly result in death (41). S. haematobium infection causes urogenital schistosomiasis with a distinct symptom of hematuria with blood in the urine, often associated with frequent urination, painful micturition, and discomfort in the groin (42). The chronic infection may cause irreversible urinary tract damage and blockage, leading to obstructive uropathy, chronic bladder ulcers, and bladder carcinoma develop (43, 44). Furthermore, the chronic infection of S. haematobium in women causes infertility, preterm labor, anemia, menstrual disorders, and dyspareunia, a serious social stigma of poverty and disability in women in endemic areas (45, 46). To date, all imported cases of schistosomiasis haematobia in China were found in male patients because most of the migrant workers are men. The complications of schistosomiasis haematobia in women need to be further investigated in China.

Ectopic deposition of schistosome eggs may induce unexpected disorders. The central nervous system is the most common site for egg deposition, presenting as spinal cord compression or cerebropathy (46, 47). Cerebral schistosomiasis most often occurs during the acute period of Schistosoma infection, and the main clinical manifestations include meningoencephalitis symptoms such as fever, headache, vomiting, blurring of vision, sensory organ alteration, or Jacksonian seizure (46, 47). Spinal cord injury (more common in acute schistosomiasis) may manifest as acute transverse myelitis or sub-acute myeloradiculopathy and may cause paralysis or waist and leg pain complicated by muscle weakness, sensory loss, and urinary incontinence (46). However, these complications with Schistosoma egg deposition in the central nervous system have not been observed in these imported cases of Schistosoma infections in this study.

Due to the lack of knowledge for S. mansoni and S. haematobium infections in China, it was common to misdiagnose these infections as other diseases at the beginning. In this study, some imported schistosomiasis mansoni cases were misdiagnosed as eosinophilic gastroenteritis, ulcerative colitis, and malaria for up to 21–26 months without proper treatment, which deteriorated the patients' health as the disease developed (11). In addition, some cases of imported schistosomiasis with atypical clinical manifestations were even misdiagnosed as nephrotic syndrome with chronic Salmonella infection (7), nephrotic syndrome with secondary kidney amyloidosis (7), delayed paralysis (8), hyperreflexia (8), positive Babinski's sign (8), cauda-equina syndrome (9, 11), and myelopathy or placenta with schistosomal inflammatory granuloma in the perimedullary vein (11). Due to the diversity of egg deposition in different organs, schistosomiasis haematobia may appear as diverse clinical manifestations at the chronic stage, including urinary, reproductive, digestive, respiratory, circulatory, and nervous organ system disorders. Some only reveal dermatological manifestations. Most cases of imported schistosomiasis haematobia were initially misdiagnosed as prostatitis (16, 17, 24, 29), urinary tract infection (16, 20, 22, 26, 31), renal tuberculosis (16, 19, 32), or bladder tumors (12, 30, 32) prior to the definitive diagnosis. However, some other common misdiagnoses of schistosomiasis haematobia such as urinary tract stone, acute appendicitis, chronic appendicitis, enterospasm, and gastrointestinal dysfunction were not reported in these imported schistosomiasis haematobia cases in this study.

The definitive diagnosis of Schistosoma spp. infection relies on the identification of egg(s) in urine, stool, or biopsy specimens. In this analysis, the identification of S. mansoni eggs in stool samples or miracidia hatched from stool samples had occurred in 88.46% (69/78) of cases. Interestingly, it has been demonstrated that the characteristic mucosal granuloma and damage caused by Schistosoma infection can be identified by colonoscopy or cystoscopy. The biopsy of rectal and bladder tissues under endoscopy is of great significance and assistance in the diagnosis of intestinal and urogenital schistosomiasis in the absence of Schistosoma eggs found in fecal and urine samples. In this analysis, the S. mansoni eggs were identified in 14.10% (80/262) of cases in rectal mucosal biopsy by colonoscopy, and S. haematobium eggs were identified in 4.20% (11/262) of cases with cystoscopy plus biopsy. There were two cases of S. haematobium infection with the egg identified by rectal biopsy (0.76%, 2/262). Since the current standard procedure is not able to detect eggs in all infected patients, the final diagnosis of schistosomiasis depends on the full consideration of multiple criteria such as clinical manifestation, explosion in the endemic area, egg detection in urine and/or fecal sample, pathological examination by endoscopy, and serological measurement of specific antibodies or antigens (12, 40).

Even though the detection of schistosome-specific antigens has been proven to be beneficial for the diagnosis of current Schistosoma infections, there is only the anti-S. japonicum antibody assay kit commercially available in China. In this analysis, 189 out of 262 cases of imported schistosomiasis haematobia showed serologically positive results to S. japanicum extract antigens by IHA or ELISA assay. The results indicate that the S. japanicum antibody detection kit can be used as an alternative tool to screen for infections of S. mansoni or S. haematobium imported from other countries. However, the antibody cross-positive rate was only 72.13% in cases infected with S. haematobium. It is necessary to develop species-specific immunodiagnostic or molecular tools to detect infections of S. mansoni and S. haematobium with high priority (48), especially for differentiating between active infections and previous exposure (49). Schistosoma real-time PCR was used to detect infections in samples of urine and stool, and it was found to have significantly increased sensitivity and specificity compared to conventional microscopic examination (38, 39, 49).

As an effective anti-schistosomal medicine, praziquantel was used to treat all diagnosed cases of imported schistosomiasis at a single dose of 40 mg/kg (39). This dose was well tolerated by all patients without an apparent adverse effect. The main adverse reactions that we observed included abdominal pain, diarrhea, decreased appetite, transient drowsiness, and fever within 24 h of drug administration as described (50). It has been reported that the combinations of artesunate–praziquantel or artesunate–mefloquine achieve satisfactory cure rates and egg burden reduction rates for the treatment of S. japonicum infection (50, 51). However, artemisinin seems to fail to achieve a satisfactory efficacy for the treatment of S. haematobium infection (52, 53). Although praziquantel has been extensively used across the world, fortunately, there is no direct evidence of resistance to praziquantel in Schistosoma spp. No drug-resistant isolate has been identified, even though praziquantel-resistant S. mansoni was observed in the laboratory (54). Nevertheless, there is still a risk of emergence of drug resistance due to extensive monotherapy (54).

The risk for the transmission of imported schistosomiasis in local population is present if there is an appropriate snail vector existing in the area. In 2013, more than 120 locals or tourists were identified to be infected with S. haematobium on Corsica Island of France, a non-endemic region for schistosomiasis (55, 56). DNA sequencing analysis of the parasite confirmed that the origin of the identified S. haematobium was Senegal in West Africa (57). It is apparent that the transmission of S. haematobium had occurred on the island possibly due to the importation of Schistosoma parasite from Senegal in Africa and the existence of an appropriate snail host on the island. The snail Biomphalaria straminea, the intermediate host of S. mansoni, has been identified in Hongkong since 1974 and in Shenzhen since 1981 (58, 59). The existence of B. straminea was even observed in Dongguan and Huizhou regions in Guangdong Province (6, 60). The existence of intermediate host B. straminea and the imported cases of S. mansoni infection could cause the spread of infection and make such endemic in the area. The potential transmission of S. mansoni infection in the regions raises a big concern, and local public health authority has paid serious attention to prevent the potential spread of the infection (6). More investigations should be carried out to determine detailed information on snail distribution and ecology, vulnerability to S. mansoni miracidial infection, and the potential to transmit the infection of S. mansoni to people. So far, the S. haematobium intermediate host Bulinus snail has not been found in China; however, there is still a possibility for such to be imported from abroad via air or maritime transportation as international trade and travel is increased. Thus, management and surveillance of international travel and tourists from endemic areas should be strengthened. Due to the increased imported cases of schistosomiasis and the existence of the potential intermediate host snail, it is urgently needed to evaluate the transmission risk of schistosomiasis mansoni/haematobium in China as well as to develop serological screening methods and diagnostic techniques (39, 61).
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Schistosomiasis threatens 800 million people worldwide. Chronic pathology manifests as hepatosplenomegaly, and intestinal schistosomiasis caused by Schistosoma mansoni can lead to liver fibrosis, cirrhosis, and blood in the stool. To assist the only FDA-approved drug, praziquantel, in parasite elimination, the development of a vaccine would be of high value. S. mansoni Cathepsin B (SmCB) is a well-documented vaccine target for intestinal schistosomiasis. Herein, we test the increased efficacy and immunogenicity of SmCB when combined with sulfated lactosyl archaeol (SLA) archaeosomes or AddaVax™ (a squalene based oil-in-water emulsion). Both vaccine formulations resulted in robust humoral and cell mediated immune responses. Impressively, both formulations were able to reduce parasite burden greater than 40% (WHO standard), with AddaVax™ reaching 86.8%. Additionally, SmCB with both adjuvants were able to reduce granuloma size and the amount of larval parasite hatched from feces, which would reduce transmission. Our data support SmCB as a target for S. mansoni vaccination; especially when used in an adjuvanted formulation.




Keywords: Schistosoma mansoni, schistosomiasis, vaccine, adjuvant, archaeosomes, AddaVax



Introduction

Schistosomiasis (Bilharzia) is an underestimated parasitic disease for which over 800 million people are at risk (1). This blood fluke spreads through fresh water in tropical and sub-tropical regions. Adult worms cause little to no pathology (2), however, female worms lay hundreds to thousands of eggs per day depending on the species of Schistosoma, some of which exit with the feces or urine, and others become trapped in host tissues causing chronic pathology.

Praziquantel (PZQ) used for the treatment of schistosomiasis has a reported efficacy of 86–93% (3, 4). However, it does not protect individuals from reinfection or remove pre-existing egg deposition. To aid the interruption of schistosomiasis a vaccine is pertinent (5). In the 1990s, independent testing of six candidate S. mansoni antigens underwent protective studies organized by a UNDP/World Bank/WHO Special Programme for Research and Training in Tropical Diseases (TDR/WHO) committee. Although these trials resulted in protection, the WHO goal of 40% or greater protection was not met, headlining the need for possible adjuvanted formulations (6).

S. mansoni Cathepsin B (SmCB) is the most abundant cysteine protease found in schistosomula and adult worm gut and somatic extracts. This protein is used for host blood molecule degradation and nutrient acquisition (7, 8). RNA interference studies demonstrate that when cathepsin B transcript levels are suppressed resulting worms show significant growth retardation compared to control parasites (9). By targeting cathepsin B, reduced egg fitness has been demonstrated by our group (10), and parasite anti-fecundity has also been seen in other flukes (11).

Our lab has exploited the immunogenic gut peptidase SmCB as a vaccine target, which reduces worm parasite burden by 59 and 60% when adjuvanted with CpG dinucleotides, and Montanide ISA 720 VG, respectively (12, 13).We believe that by combining this antigen with novel adjuvants, we will be able to increase parasite burden reduction and develop a more promising anti-schistosomiasis vaccine. Herein, we evaluate the immunogenicity and protective capability of our recombinant SmCB (rSmCB) adjuvanted by two additional adjuvants namely sulfated lactosyl archaeol (SLA) archaeosomes, and AddaVax™ (AddaVax).



Methods


SmCB Recombinant Protein Preparation

S. mansoni Cathepsin B was prepared and purified as we previously described (12). Briefly, the PichiaPink™ system (Thermo Fisher Scientific, Waltham, MA, USA) was used, and recombinant yeast cells were cultured in a glycerol medium. After 3 days of growth, yeast cells were resuspended in a methanol induction medium to allow expression of recombinant protein. Recombinant protein purification was performed by Ni-NTA chromatography (Ni-NTA Superflow by QIAGEN, Venlo, Limburg, Netherlands). The eluted protein was analyzed by Western Blot using antibodies directed at the His-tag.



Immunization Protocol

Six to eight-week old female C57BL/6 mice were bred from mice obtained from Charles River Laboratories (Senneville, QC). Four groups of mice (n = 10–13) were immunized for humoral and cytokine assessment. Four groups of mice, (n = 10) were immunized and subsequently infected for parasite burden assessment. Group 1 (control): Mice were injected with phosphate-buffered saline (PBS) (Wisent Bioproducts, St. Bruno, QC). Group 2 (positive control): Mice were immunized with 20 μg of recombinant SmCB (rSmCB) and 35μl of Montanide ISA 720 VG (SEPPIC Inc., Fairfield, NJ). Group 3: Mice were immunized with 20 μg of rSmCB admixed with 1 mg of pre-formed empty SLA archaeosomes (NRC, Ottawa, Canada). Group 4: Mice were immunized with 20 μg of rSmCB and 25 μl of AddaVax™ (InvivoGen, San Diego, CA). Each mouse was immunized at weeks 0, 3, and 6 intramuscularly in the thigh with 50 μl of vaccine.



Schistosoma mansoni Challenge

Biomphalaria glabrata snails infected with the Puerto Rican strain of S. mansoni were provided by NIAID Schistosomiasis Resource Center of the Biomedical Research Institute (Rockville, MD). Three weeks after the final immunization mice were challenged with 150 cercaria via tail exposure for 1 h and sacrificed 7 weeks later for parasitological measures. Images of mouse livers were taken during dissection using a Galaxy S8 cell phone camera (Samsung Group, Seoul, South Korea). Adult worms were perfused from the hepatic portal system and counted manually (13). Liver sections were suspended in 10% buffered formalin phosphate (Fisher Scientific) and processed for histology as previously described (10). Remaining liver and intestines were weighed and digested overnight in 4% potassium hydroxide. The following day, the eggs present in these tissues were counted by microscopy and adjusted per gram of tissue. Burden reductions were calculated as previously described (12–14):

	



Serum Total SmCB-Specific IgG

SmCB-specific serum IgG was assessed by ELISA as described elsewhere (10). Briefly, high binding 96-well plates (Greiner Bio-One, Frickenhausen Germany) were coated with rSmCB (0.5 μg/ml) in 100 mM bicarbonate/carbonate buffer (pH 9.6) overnight at 4°C. After blocking plates with 2% bovine serum albumin (BSA; Sigma Aldrich) in PBS-Tween 20 (PBS-T: 0.05%; Fisher Scientific, Ottawa, ON, Canada) (blocking buffer), serum samples were added to the plates in duplicate. Plates were incubated for 1 h at 37°C then washed with PBS (pH 7.4) and horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Sigma Aldrich) was diluted 1:20,000 in blocking buffer and applied. Again, plates were washed with PBS, and 3,3’,5,5’-tetramethyl benzidine (TMB) substrate (Millipore, Billerica, MA) was used for detection followed by the addition of H2SO4 (0.5M; Fisher Scientific). Optical density (OD) was measured at 450 nm with an EL800 microplate reader (BioTek Instruments Inc., Winooski, VT), and concentration of SmCB specific IgG was calculated by extrapolation from the IgG standard curve.



Serum SmCB-specific IgG1 and IgG2c

SmCB-specific serum IgG1, and IgG2c were assessed by ELISA as described elsewhere (10). Briefly, Immulon 2HB flat-bottom 96-well plates (Thermo Fisher) were coated with recombinant SmCB (0.5 μg/ml) in 100 mM bicarbonate/carbonate buffer (pH 9.6). The plates were washed with PBS-T, and blocking buffer was applied for 90 min. A serial dilution of serum was applied to plates in duplicate and incubated for 2 h at 37°C. Plates were washed again with PBS-T, and goat anti-mouse IgG1-HRP (Southern Biotechnologies Associates, Birmingham, AL) or goat anti-mouse IgG2c-HRP (Southern Biotechnologies Associates) was applied to plates for 1 h at 37°C. After a final wash, TMB was added followed by H2SO4. Again, OD was measured as above. IgG1 and IgG2c endpoint titers were calculated as the reciprocal of the highest dilution, which gave a reading above the cut-off. The endpoint titer cut-off was statistically established as described elsewhere (15) using the sera of PBS immunized, unchallenged mice.



Serum Total IgE

Total IgE was assessed by ELISA using the BD OptEIA™ Set Mouse IgE Kit (BD, San Diego, CA) following manufacturer’s guidelines. Briefly, high binding 96-well plates (Grenier Bio-One) were coated with anti-mouse IgE capture antibody diluted in 100 mM bicarbonate/carbonate buffer (pH 9.6) 250-fold. Plates were again washed. Plates were washed and then blocked using PBS with 10% fetal bovine serum (Wisent Bio Products) for 1 h at room temperature. Plates were again washed. Samples were diluted in assay diluent then added to plates with standards and incubated for 2 h at room temperature. Plates were washed again, and biotinylated anti-mouse IgE antibody and streptavidin-horseradish peroxidase were added together for 1 h at room temperature. Plates were then washed a final time before TMB was added for 30 min protected from light. Lastly, 50 μl of H2SO4 was added to wells, and absorbance was read at 450 nm within 30 min.



Cell-Mediated Immune Responses

Three weeks after the last immunization, mice were sacrificed, spleens collected, and splenocytes isolated as previously described (16) with the following exceptions: splenocytes were resuspended in RPMI-1640 supplemented with 10% fetal bovine serum, 1 mM penicillin/streptomycin, 10 mM HEPES, 1X MEM non-essential amino acids, 1 mM sodium pyruvate, 1 mM L-glutamine (Wisent Bioproducts), and 0.05 mM 2-mercaptoethanol (Sigma Aldrich) (fancy RPMI, fRPMI). These cells were then used in the following assays:



Proliferation Assay by BrdU

Cell proliferation was measured by using the Roche chemiluminescent kit, following manufacturer’s guidelines. Splenocytes were seeded in black 96-well flat bottom plates at 200 000 cells per well. Each sample was seeded unstimulated, stimulated with rSmCB (2.5 μg/ml), and stimulated with concavalin A (2.5 μg/ml) as a positive control. Briefly, cells were incubated for 48 h at 37°C and 5% CO2. At this time, 20 μl of BrdU labeling reagent was added to each well after being diluted 1:100 in fRPMI, and cells were incubated again for another 24 h. Cells were resuspended in 200 μl of PBS as a wash step, and then dried for 1 h in a 60°C hybridization oven (Thermo Fisher). Carefully 200 μl of FixDenat was added to each well for 30 min at room temperature, before 100 μl of Anti-BrdU-POD working solution (1:100 in antibody dilution solution) was added for an additional 90 min. Plates were washed three times with washing solution, and 100 μl/well of substrate solution was added. The plate was protected from light and shaken for three min before light emission was measured using a Tecan Infinite® 200 PRO (Tecan, Switzerland) within 10 min.



Cytokine Production by Multiplex ELISA

Splenocytes were incubated at 300 000 cells in 200 μl with rSmCB in fRPMI (2.5 μg/ml recombinant protein). After 72 h at 37°C + 5% CO2, plates were centrifuged and supernatant collected and stored at -80°C until analysis. Cell supernatants were assessed for the presence of 16 cytokines and chemokines [IL1-a, IL1-b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-17, IFNy, TNFa, CCL2 (MCP-1), CCL3 (MIP-1a), CSF2 (GM-CSF), and CCL5 (RANTES)] using Q-plex Mouse Cytokine–Screen (16-plex) multiplex ELISA following the manufacturer’s guidelines (Quansys Biosciences, Logan, UT, USA). Samples were run in singlet.



T-Cell-Mediated Cytokine Secretion by Flow Cytometry

Splenocytes were seeded into 96-well U-bottom plates (BD Falcon) at 106 cells in 200 µl/well. Duplicate cultures were stimulated with or without rSmCB in fRPMI (2.5 μg/ml) for 24 h at 37°C + 5% CO2. For the last 6 h of incubation, protein transport inhibitor was prepared according to the manufacturer’s guidelines (BD Science, San Jose, CA) and added to all samples. Cells stimulated with phorbol 12-myristate 13-acetate and ionomycin were processed as positive controls. Plates were then processed for flow cytometry as described elsewhere (17). Briefly, splenocytes were washed twice with 200 μl of cold PBS, and fixable viability dye eFluor 780 (Affymetrix ebioscience, Waltham, MA) was applied at 50 μl/well diluted at 1:300 and incubated for 20 min at 4°C protected from light. Cells were washed as above with PBS 1% BSA (PBS-BSA), and Fc block (BD Science) diluted 1:50 was added for 15 min. All surface stains were diluted 1:50 in PBS-BSA and 50 μl/well of extracellular cocktail was applied for 30 min at 4°C protected from light. The following antibodies made up the extracellular cocktail: CD3-FITC (Clone 145-2C11, Affymetrix ebioscience), CD4-V500 (RM4-5, BD Bioscience), and CD8-PerCP-Cy5 (Clone:53-6.7, BD Science). Cells were then washed as above with 1X fixation buffer (BD Science) and left overnight at 4°C in the dark. Plates were washed as before with 1X permeabilization buffer (BD Science) and stained with an intracellular cocktail of antibodies diluted 1:50 in PBS-BSA applied as 50 μl/well for 30 min at 4°C protected from light. The intracellular cocktail was made up of: IL-2-Pe-Cy5 (Clone: JES6;5H4, Biolegend, San Diego, CA), IFNγ-PE (Clone: XMG1.2, BD Science), and TNFα-efluor450 (Clone: MP6-XT22, Affymetrix ebioscience). After staining, cells were resuspended in PBS and analyzed on BD LSRFortessa X-20 (BD Science) using Flowjo software (version 10.0.8r1). Our gating strategy is shown in Supplemental Figure 1.



Histology and Egg Granuloma Quantitation

Liver sections in 10% buffered formalin phosphate were stained using hematoxylin and eosin to assess granuloma size and egg morphology. Granuloma area was measured using Zen Blue software (version 2.5.75.0; Zeiss) as previously reported (10, 18–21). Briefly, while working at 400x magnification, the pointer was used to trace the perimeter of 37–41 granulomas per experimental group with a clearly visible egg which the software converted into an area. Hepatic eggs were classified as abnormal if their internal structure was lost or the perimeter of the egg was crenelated. Fifteen different fields of vision were assessed per experimental group over two independent experiments. Abnormal eggs were counted and reported as a percent of the total eggs counted per field of vision.



Miracidia Hatching Experiments

Miracidia hatching was optimized and adapted from a protocol as described elsewhere (22).

Briefly, one gram of feces from each experimental group was collected twice, one day before and at sacrifice 7 weeks post infection. Feces from each time point were assessed individually. Feces were resuspended in distilled water and transferred into an Erlenmeyer flask/conical tube. The flask/tube was then wrapped in tin foil to protect from light and was topped up with distilled water so that only 3 mm under the lid was exposed to light. Tin foil wrapped flasks were placed inside of a cardboard box, with a hole the same diameter as a lamp, through which light was shone on them for 3 h. After this time, water samples were collected from the exposed fraction of water and miracidia were counted. An image of the set up, and further detailed methodology can be seen in Supplemental Figure 2.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6 software (La Jolla, CA). Data were analyzed by Kruskal Wallis one-way ANOVA with Dunn’s multiple comparisons tests. Flow cytometry data were analyzed by a two-way ANOVA and Dunnett’s multiple comparisons tests. If present, outliers were calculated using GraphPad QuickCalcs and removed. P values < 0.05 were considered significant.




Results


Humoral Response to Vaccination

No mice had detectable SmCB-specific IgG antibodies at baseline, and the PBS control remained negative throughout the study (Figure 1A). Mice receiving adjuvanted rSmCB developed SmCB-specific IgG after a single immunization. At week 3, groups adjuvanted with Montanide and AddaVax had significantly higher titers than with SLA, however this difference was no longer significant post first boost. Antigen specific IgG titers in vaccinated mice rose until week 6 before plateauing.




Figure 1 | Humoral response. Production of SmCB specific total IgG n = 20 from four independent experiments (A), Antigen specific IgG1 and IgG2c n = 10 from two independent experiments (B) in immunized mice. Production of total IgE n = 10 from two independent experiments (C) in immunized and challenged mice. Graphs A and C show antibody titers for PBS control mice, rSmCB and Montanide, SLA, and AddaVax. Graph B shows the endpoint titer of SmCB specific IgG1 and IgG2c at week 9, in black and gray, respectively. Serum from individual mice was analyzed by ELISA. Means and SEM are shown. NS, not significant, *P < 0.05, **P < 0.01 ***P < 0.001, ****P < 0.0001.



Endpoint titers were calculated for antigen specific IgG1 and IgG2c at the time of infection (Figure 1B). Each experimental group elicited a robust mixed IgG1/IgG2c response, although mice vaccinated with antigen and SLA or AddaVax had much higher IgG1 (3.84e6 ± 1.13e6 and 2.69e6 ± 9.24e5, respectively, than IgG2c titers (6.60e4 ± 3.21e4 and 7.88e4 ± 2.38e4, respectively). Mice immunized with rSmCB/Montanide had a balanced IgG1/IgG2c response with titers of 8.00e5 ± 1.09e5 and 2.03e5 ± 9.75e4, respectively. At this time, and at the second study endpoint (post-challenge) mouse serum was also analyzed for total IgE (Figure 1C). At baseline, mice had little to no detectable IgE. In comparison to PBS controls, there was a greater increase in total IgE levels post immunization in groups receiving rSmCB adjuvanted with SLA (~3 fold) or AddaVax (~3.5 fold) than in the group immunized with rSmCB adjuvated with Montanide which saw no increase. Upon parasite challenge, the total IgE titers increased in all groups including the PBS controls with no significant differences between groups.



Lymphoproliferation, Splenocyte Cytokine, and Chemokine Production in Response to Vaccination

Enhanced SmCB-specific lymphoproliferation was seen in in ex vivo stimulated splenocytes from immunized compared to control mice. However, no statistical differences in the magnitude of lympho-proliferation was observed between immunized groups (Figure 2A). Differences in functionality of antigen-specific lymphocytes were further assessed by measuring cytokine and chemokine concentrations in culture supernatants.




Figure 2 | Lymphoproliferation, cytokines, and chemokines. Splenocyte proliferation shown as stimulation index in response to rSmCB restimulation ex vivo (A). Means are shown with SEM. Significance is calculated against the PBS control. Mean levels of cytokine and chemokine expression were also reported as the fold change above the PBS control group and depicted in the radar plot in (B) with the axis in the natural log. Cytokines and chemokines have been grouped according to general functionality and labelled accordingly. Labels are colored reflecting the experimental group expressing the most amount of their cytokines/chemokines. n = 10 from two independent experiments. *P < 0.05, ***P < 0.001.



For many of the cytokines and chemokines tested, adjuvanted formulations generated elevated levels above the PBS control (Supplemental Figure 3). However, differences can be seen in the cytokine milieus between experimental groups. The fold change expression of each cytokine/chemokine from the PBS control is depicted in a radar plot (Figure 2B) indicating each vaccine formulation favors a slightly different immune phenotype. Montanide has an increased Th17 immune profile, SLA an inflammatory, Th1, T-cell associated, and myeloid proliferating profile, and AddaVax a Th2 and anti-inflammatory profile.



T-Cell Th1 Response to Vaccination

Flow cytometry was used to enumerate splenic CD4+ and CD8+ T cell expression of IFNγ, IL-2, and TNFα in response to SmCB. Overall, an increase in cytokine expression was observed in CD4+ (Figure 3A) and CD8+ (Figure 3B) T cells in groups immunized with adjuvanted rSmCB over PBS controls. Mice immunized with rSmCB adjuvanted with SLA showed a significant increase in CD4+ IL-2 expression, whereas mice immunized with rSmCB adjuvanted with AddaVax showed a significant increase in CD4+ IL-2 and IFNγ expression compared to PBS control mice. All groups receiving adjuvanted rSmCB showed a significant increase in CD8+ IFNγ expression.




Figure 3 | CD4+ and CD8+ T cell response. Splenocytes were restimulated with rSmCB ex vivo and CD4+ (A) and CD8+ T cells (B) were assessed for their expression of IFNγ, IL-2, and TNF-α. Means and SEM of subtractive data are shown (stimulated cells – unstimulated cells). The PBS control group is shown in gray, Montanide, SLA, and AddaVax groups are shown in blue, light green, and dark green, respectively. Significance is calculated against the PBS control. n = 13 from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.





Protection From Infection Upon Immunization With Adjuvanted rSmCB

To determine the protective potential of the vaccines, a three-dose immunization regiment was tested. The average amount of worms collected from PBS control mice was 31 ± 7 worms over two independent experiments. Parasite burden reductions were calculated in reference to the PBS control mice within the same experiment to keep consistency within batches of infections. Parasite burden reductions were then combined and compared. All vaccine formulations significantly reduced parasite burden over PBS control with percent reduction in worm burden of 70.9 ± 3.9%, 60.5 ± 6.3%, and 86.8 ± 4.0% in groups adjuvanted with Montanide, SLA and AddaVax, respectively (Figure 4A). There were no statistical differences in burdens between the three formulations.




Figure 4 | Parasitological outcomes. Seven weeks after challenge, mice were euthanized, and worms and eggs were counted for parasite burden. Parasite burden reductions are shown as mean and SEM for adult worms (A), hepatic eggs (B), and intestinal eggs (C), eggs adjusted per gram adjusted per gram of tissue. Significance is calculated against the PBS control. n = 10 from two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



Pathology in schistosomiasis is caused by parasite eggs which become trapped in host tissues. Egg burdens in the liver (Figure 4B) and intestines (Figure 4C) were also calculated. Hepatic eggs in the PBS control group varied between 1250 and 14525 eggs/gram liver tissue. Similarly, intestinal eggs ranged between 1660 and 16973 eggs/gram intestine. rSmCB/Montanide reduced parasite burden by 70.3 ± 7.4% and 71.3 ± 8.4% in hepatic and intestinal eggs, respectively. The formulation of rSmCB/SLA reduced parasite burden by 49.8 ± 9.9% and 59.4 ± 8.8%, while rSmCB/AddaVax reduced parasite burden the most significantly, 78.0 ± 7.2% and 83.4 ± 6.6%, in hepatic and intestinal eggs, respectively.



Liver Pathology

During mouse dissection, images were taken of gross liver sections as pathology was clearly visible (Figure 5A). Livers from PBS control mice had many granulomas (visualized as white circular formations) that covered the surface of the liver due to heavy egg deposition, while vaccinated mice in all groups had less granuloma formation compared to PBS controls. By visual examination, mice immunized with rSmCB adjuvanted with Montanide or AddaVax had the least granuloma formation. Microscopic examination of liver tissue stained with hematoxylin and eosin stain (Figure 5B) revealed the presence of S. mansoni eggs within granulomatous formations. Granulomas were large, and well formed in PBS control mice, and eggs in granulomas were intact with normal appearances. Upon vaccination with adjuvanted rSmCB, granuloma sizes dropped from approximately 30,000 μm2 to below 20,000 μm2 (Figure 6A). Mean granuloma sizes in rSmCB formulated with Montanide and SLA were 17541 ± 1991 μm2 and 16185 ± 2070 μm2, respectively. Although granulomas were smallest in the group adjuvanted with AddaVax (13637 ± 1398 μm2) there were no statistical differences between vaccinated groups. Eggs in vaccinated animals were also abnormal in appearance (i.e., internal structure was lost or compromised, edges were crenellated and incomplete) (Figure 6B). A percentage of 47.7 ± 9.5% eggs were found to be abnormal in mice immunized with rSmCB/Montanide. When rSmCB was adjuvanted with SLA and AddaVax, 39.9 ± 7.0% and 42.9 ± 5.3% of eggs were found to be abnormal, again differences between vaccinated groups were not significant.




Figure 5 | Liver pathology. Images of gross livers were taken (A), and liver sections were stained by H&E (B). In A, representative liver images from two independent experiments are shown for the PBS control on the left, and the experimental groups from left to right: Montanide, SLA, and AddaVax. Below, in B, H&E staining of hepatic tissue shows an S. mansoni egg (pointed to with a yellow arrow) within a granulomatous formation (within a black circle). H&E stained slides were viewed at 400X.






Figure 6 | Egg granuloma size and egg abnormality. Using Zen Blue software, 37–41 granulomas were measured per group of vaccinated animals from two independent experiments and the mean and SEM of their size is shown in (A). Of these granulomas, when they were visualized in groups (15 groups of eggs were assessed per experimental group over two independent experiments) a percentage of abnormal eggs was calculated, and the mean and SEM of abnormality is shown in (B). Significance was calculated against the PBS control. **P < 0.01, ***P < 0.001, ****P < 0.0001.





Egg Hatching

To assess whether our vaccine formulations could interrupt the transmission of schistosomiasis we tested whether eggs retrieved from feces were able to give rise to larvae. Feces from PBS control mice gave rise to 76.3 ± 10.0 miracidia (Figure 7). Feces from experimental groups saw significant reductions in miracidia: 15.4 ± 0.4, 36.2 ± 3.7, and 13.6 ± 1.7 miracidia hatched from Montanide, SLA, and AddaVax groups, respectively, with no statistical significance between them.




Figure 7 | Egg hatching. Seven weeks after challenge, feces from mice were collected and hatched in water. The number of resulting miracidia was counted and adjusted to one gram of feces, and the mean and SEM are shown. Feces were collected from two independent mouse experiments, at two separate time points each. Significance is calculated against the PBS control. *P < 0.05.






Discussion

Our group has previously shown the protective capabilities of SmCB, when adjuvanted with CpG dinucleotides (12) and Montanide ISA 720 VG (13). In this work we evaluated the protective capabilities of two new adjuvants: sulfated lactosyl archaeol (SLA) archaeosomes and AddaVax, a squalene-based oil-in-water emulsion similar to MF59. When used as an adjuvant, SLA has been shown to activate strong humoral and cell-mediated responses against multiple antigens by increasing local cytokine production, immune cell trafficking, and antigen uptake at the injection site, leading to increased protection in murine models of infectious disease and cancer (23–25). In this study, we used a novel admixed formulation which provides a simple ready to mix adjuvant formulation with no loss of antigen during the formulation process (26). AddaVax alternatively, is a squalene-oil based emulsion structurally similar to MF59, which acts by stimulating local cytokine and chemokine production, attracting immune cells to the injection site and increasing antigen trafficking and presentation (27).

SmCB, is a gut cysteine peptidase necessary for parasite growth and maturity. Although immunogenic and capable of protecting from S. mansoni infection when used alone (28), our laboratory has shown that adjuvants enhance its immunogenicity and protective efficacy (12, 13, 29), the highest protection seen with Montanide (13).

In a series of preliminary studies, we tested a variety of other adjuvant formulations (including: AddaVax, aluminum hydroxide (alum), alum/CpG dinucleotides, alum/monophosphoryl lipid A, and SLA, alongside Montanide and PBS as controls) in combination with rSmCB for immunogenicity and protection from parasite challenge, to determine the most efficacious (Supplemental Figure 4). Of the adjuvant formulations tested, the most significant impact on reducing the parasite burden was seen when rSmCB was adjuvanted with SLA or AddaVax. Therefore, the present study was conducted to further elucidate the immune mechanisms behind this protection. The two adjuvanted formulations in this study were able to surpass the WHO schistosomiasis vaccine threshold of 40% protection (6), similar to our previous efforts. SLA reduced adult worms, liver eggs, and intestinal eggs by 60.5, 49.8, and 59.4%, respectively, while AddaVax reached 86.8, 78.0, and 83.4% in the same readouts (Figure 4).

Eggs trapped in host tissues release soluble egg antigens triggering granuloma formation, leading to liver cirrhosis and other fatal morbidities (30). Both emulsion-based vaccines (Montanide and AddaVax) were able to visibly reduce granuloma size, and parasite pathology to the liver (Figure 5). Granuloma formation is initiated by Th2 immune responses; however, when mice mount extreme Th1 polarization responses, liver pathology is severe (31). This was shown in mice immunized with schistosome egg antigens (SEA) and complete Freunds adjuvant (32), and again in mice that lack both IL-10 and IL-4, which reached 100% mortality upon infection with schistosomiasis (33). Although SmCB is not expressed by eggs trapped in host tissue, it is a secreted protein of S. mansoni adult flukes which reside in venules in and around the liver and intestines. It is possible that SmCB specific lymphocyte reactivation is causing the expression of Th1 and inflammatory cytokines that are indirectly contributing to the deleterious liver pathology seen in SLA vaccinated animals. Despite a greater number of eggs found in SLA liver tissues than Montanide and AddaVax, granulomas around these eggs were equally reduced in size.

Eggs released in feces into freshwater, will hatch miracidia, the first larval stage of the parasite. To our knowledge, we are the first group to test S. mansoni vaccine efficacy in reducing hatched parasite from fecal samples, although others have demonstrated hatching from liver deposited eggs (34, 35). We found that one gram of feces led to a reduced number of hatched miracidia in animals vaccinated with rSmCB and Montanide or AddaVax. As shown in previous work (9, 36), targeting a digestive enzyme may lead to a suppression of metabolic activities necessary for proper reproduction, leading to the lowered fertility and egg fitness demonstrated by our vaccines. Despite the fact that our results do not account for the variability in fecal egg shedding from day-to-day (37, 38), we believe the reduction in hatched parasite observed in vaccinated animals would mean reduced schistosomiasis transmission.

Immunogenicity studies suggest that the protection mediated by our vaccine formulations could be explained by a robust humoral and cellular mediated immunity (CMI), and it is likely that both these responses contribute to protection from schistosomiasis.

Several groups have shown a positive correlation between IgG antibody titer and protection from schistosomiasis suggesting a necessity for the humoral response. This response was seen to mediate antibody mediated cellular cytotoxicity (ADCC) and activate complement as an attack against schistosomula (29, 39, 40) in vitro. By this mechanism or due to another, high IgG titers have been found in vaccinated animals with reduced adult worm burdens. Interestingly, a study in rhesus macaques not only showed a reduction in worm burden correlated to IgG, but collected worms were morphologically stunted with degenerated reproductive systems (41). As our vaccine formulations produced robust IgG titers, they all showed promise for a protective vaccine. Learning from the failed hookworm vaccine (42), we wanted to ensure our vaccine formulations did not cause IgE hypersensitivity, as IgE is a trademark of helminth infections like S. mansoni (43). We saw slight increases in total IgE levels after immunization using SLA and AddaVax which were not present in Montanide adjuvanted groups or the PBS control. However, post challenge, total IgE levels were similar in all groups including unvaccinated controls (Figure 1C). Thus, detrimental effects associated with vaccine induced IgE responses are unlikely.

Ex vivo re-stimulation of splenocytes with rSmCB showed significant lymphoproliferation in all vaccinated groups, so we were curious to see what cell mediated immunity was being elicited by our different vaccines. Although all vaccine groups increased cytokine expression, there were subtle differences in their cytokine milieus between different adjuvant formulations (Figure 2B). When combined with SLA, SmCB was broadly stimulating increasing inflammatory cytokines, Th1 and T-cell associated cytokines, as well as the myeloid proliferation cytokine IL-3, whereas with Montanide and AddaVax, SmCB led to increased Th17, and Th2/Anti-inflammatory cytokines, respectively.

From the creation of the S. mansoni radiation-attenuated cercaria vaccine, it has been the consensus that IFNγ and TNFα play pivotal roles in protection (44–46). It is a promising feature that when CD4+ and CD8+ T cells from vaccinated animals were stimulated ex vivo with rSmCB we observed increases of IFNγ, with trends of increased TNFα. Although the percentage increases observed are small, the number of cells that they represent specific to our antigen is significant. Interestingly, our multiplex ELISA data show significant production of IFNγ by all vaccinated groups, which is not fully reflected in our T cell expression as seen by flow cytometry. Future studies could prove useful to identify which other cell types are contributing to IFNγ expression, especially for mice vaccinated with Montanide and SLA.

As previously mentioned, both SLA and AddaVax have been shown to activate the immune system (23–25, 27) and it is due to this quality that they have been exploited as vaccine adjuvants. This study sought to assess the increased efficacy of SmCB when combined with these compounds, however further studies should be conducted to elucidate the possible protective effects of the adjuvants themselves in schistosomiasis infection.

Adjuvanting schistosomiasis vaccines is not a new concept. Previous work has shown 70% reduction in worm burden with a Sm-p80 tegument vaccine administered by DNA prime and boosted with protein and oligodeoxydinucleotides (47), and 57% reduction in worm burden with a Sm-Tsp-2 tetraspanin vaccine adjuvanted with Freund’s incomplete adjuvant (48), among others. However, to our knowledge, we are the only group to test SLA archaeosomes and AddaVax in the presence of SmCB and are reducing adult worm burden the most significantly of all the recombinant protein vaccines in pre-clinical trials. Our data support the hypothesis that Schistosoma mansoni Cathepsin B is a strong candidate for an anti-schistosome vaccine and can be readily formulated with multiple different types of adjuvants including oil-in-water and water-in-oil emulsions, archaeosomes and TLR9 agonists. Future directions include conducting dose response experiments on tested adjuvants, as a single dose level of SLA was tested, and AddaVax was formulated as per the manufacturer’s guidelines. Additionally, it would be useful to conduct more in-depth immunological and mechanistic studies to further elucidate the correlates of protection being elicited by our vaccines.
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Blood flukes of the genus Schistosoma are covered by a protective heptalaminated, double lipid bilayer surface membrane. Large amounts of sphingomyelin (SM) in the outer leaflet form with surrounding water molecules a tight hydrogen bond barrier, which allows entry of nutrients and prevents access of host immune effectors. Excessive hydrolysis of SM to phosphoryl choline and ceramide via activation of the parasite tegument-associated neutral sphingomyelinase (nSMase) with the polyunsaturated fatty acid, arachidonic acid (ARA) leads to parasite death, via allowing exposure of apical membrane antigens to antibody-dependent cell-mediated cytotoxicity (ADCC), and accumulation of the pro-apoptotic ceramide. Surface membrane nSMase represents, thus, a worm Achilles heel, and ARA a valid schistosomicide. Several experiments conducted in vitro using larval, juvenile, and adult Schistosoma mansoni and Schistosoma haematobium documented ARA schistosomicidal potential. Arachidonic acid schistosomicidal action was shown to be safe and efficacious in mice and hamsters infected with S. mansoni and S. haematobium, respectively, and in children with light S. mansoni infection. A combination of praziquantel and ARA led to outstanding cure rates in children with heavy S. mansoni infection. Additionally, ample evidence was obtained for the powerful ARA ovocidal potential in vivo and in vitro against S. mansoni and S. haematobium liver and intestine eggs. Studies documented ARA as an endogenous schistosomicide in the final mammalian and intermediate snail hosts, and in mice and hamsters, immunized with the cysteine peptidase-based vaccine. These findings together support our advocating the nutrient ARA as the safe and efficacious schistosomicide of the future.
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Introduction

The intrammalian stage of schistosomes that infect humans, notably Schistosoma mansoni and Schistosoma haematobium displays an unusual heptalaminated, double lipid layer surface membrane, an evident adaptation to intravascular life (1, 2). Membranes were isolated from the tegument of adult S. mansoni by spontaneous release into phosphate-buffered saline, with or without vortexing, and by removal from the parasite’s surface using poly-lysine beads. The phospholipids showed a typical plasma membrane-like profile, except for high (approximately 20%) sphingomyelin (SM) content (3). Fluorescent microscopy and fluorescent recovery after photobleaching techniques indicated that SM localizes to the outer monolayer, and sphingosine and ceramide within or below the outer membrane (4), and demonstrated presence of a SM cycle in S. mansoni adult males (5). Assays carried out for sphingomyelinase activity were unable to detect SM breakdown at acidic pH, but did detect activity at pH 7.4. This activity was stimulated by arachidonic acid (ARA) and MgCl2 (5).

Lung stage, and adult S. mansoni more than S. haematobium surface membrane outer leaflet is also rich in cholesterol, which can be totally extracted following incubation for 2 h in the presence of 40 mM methyl-β-cyclodextrin (MBCD) (6–8). Apical lipid bilayer total cholesterol extraction, as judged by filipin staining assay, led to exposure of surface membrane antigens to antibody binding in 70 and 50% of adult S. mansoni and S. haematobium, respectively (8), and ex vivo lung-stage larvae of S. mansoni but not S. haematobium (9, 10). These findings suggested that cholesterol is an essential, yet not the sole, factor in sequestration of schistosomes surface membrane antigens (6–10). Incubation of S. mansoni and S. haematobium lung-stage larvae in the presence of mono (olive oil) or poly (PUFAs) unsaturated fatty acids was shown to elicit SM hydrolysis, and exposure of the worm otherwise concealed antigens to antibody binding in the indirect membrane immunofluorescence (IF) test, independently of cholesterol extraction (9, 10). In 2006, we predicted and provided evidence for the existence of a schistosome tegument-associated, Mg++-dependent, neutral sphingomyelinase (nSMase) (10), which was later sequenced and identified by Berriman et al. in 2009, with subsequent improvements by Protasio et al. (11, 12). In 2011, the partial cloning and sequencing, enzymatic activity, and immunolocalization of S. haematobium nSMase were reported (13, 14). Blasting of our results with S. mansoni nSMase sequence revealed 97% identity (14). The genome sequence of full-length S. haematobium nSMase was published (15, 16), fully confirming our results. Incubation of S. mansoni and S. haematobium ex vivo lung-stage larvae in the presence of nSMase inhibitors and stimulators indicated that nSMase activity leads to hydrolysis of some SM molecules allowing entry of nutrients but not host antibodies or immune effectors (9, 10, 17). The PUFA, ARA, is a prominent nSMase activator (18–20). Lung-stage and adult S. mansoni and S. haematobium excessive nSMase stimulation by ARA led to worm surface membrane exposure to antibody binding in IF assays, and eventual death (9, 10, 21). Parasite tegument-associated nSMase represents, thus, a worm genuine Achilles heel, and ARA a promising schistosomicide. The present article documents ARA schistosomicidal safety and efficacy (Table 1), and endogenous antischistosomal potential against the different parasite stages in the final and intermediate hosts (Figure 1).


Table 1 | In vivo arachidonic acid therapeutic action.






Figure 1 | Eggs, miracidia, sporocysts, migrating schistosomula, and adult worms are all sensitive to ARA exposure in vitro and in vivo. Image credit: Genome Research Limited.





Arachidonic Acid Schistosomicidal Activity In Vitro and in Experimental Hosts

Incubation of ex vivo S. mansoni and S. haematobium juvenile and adult stages in the presence of pure ARA was investigated in terms of ARA concentration, fetal calf serum (FCS) percentage in the culture medium, and exposure time (21). Hundred percent of 21- day-old S. mansoni and S. haematobium were killed after 2, and adults after 5 h exposure to 2.5 mM ARA/20% FCS, indicating the higher susceptibility of juvenile stages. Irreversible death of adult worms cultured in 100% FCS required 5 h incubation in the presence of 10 mM ARA, likely because of ARA binding to serum albumin, allowing only few millimolar concentrations to be stabilized in an aqueous environment (25). Propensity of ARA to bind to serum albumin explains why adult worms strive in human blood, where unesterified free ARA is in the normal range of less than 1 mM 300 microg/mL (25–27), and the difficulty of increasing serum ARA concentrations to the coveted schistosomicidal levels (21). No worm death was observed when assays were performed in the presence of nSMase specific inhibitors, suggesting SM hydrolysis is a major ARA-mediated schistosomicidal mechanism, resulting into tegument disintegration and destruction as judged by scanning and transmission electron microscopy (21). The ARA-mediated effects were more pronounced in juvenile than adult worms and S. haematobium than S. mansoni (21). Lung stage larvae were killed after exposure to 10-20 µM ARA (9, 10, 21). The data indicate that parasites at the onset of host infection are susceptible to ARA direct schistosomicidal action provided a relatively high level of surrounding free ARA (Figure 1). Unesterified ARA concentration reaches 3 to 6 µM in healthy and >50 µM in inflamed skin, and up to 500 µM in serum under certain pathophysiological conditions (25, 28). Arachidonic acid physiological concentrations at sites of inflammation, such as granulomatous liver, may reach 100 µM (25, 29), overlapping with the concentration required to in vitro kill the great majority of S. mansoni eggs obtained from 7 week-infected hamster liver and small intestine (30). Accordingly, differential susceptibility and resistance to initial cercarial infection, and variations in number of excreted schistosome eggs in children and adults might well be attributed to available free ARA levels in skin, serum, liver, and intestine.

In accord with the difficulty of raising serum ARA content to schistosomicidal levels, a single ARA oral dose calculated to elevate the plasma level of schistosome infected BALB/c and C57BL/6 mice to approximately 12 mM (500 mg/kg, targeting the lung stage), or 30 mM (1,000 mg/kg, targeting the adult stage) led to significant (P < 0.05 to < 0.01), yet modest reduction of 39.3 and 37.9% in S. mansoni and 57% in S. haematobium total, and male and female worm burden. However, mouse ingestion of 300 mg/kg ARA in milk for 15 days led to highly significant (P < 0.001) reduction of approximately 60.0% in S. mansoni and 81.4% in S. haematobium total worm burden (21). In hamsters as well, oral ARA administration after patency of S. mansoni and S. haematobium led to dose-dependent (300, 1200, or 2500 mg/kg, over one or two days) highly significant (P < 0.02 to <0.001) reduction in worm burden accompanied by a significant (P  < 0.05) decrease in worm egg load (Table 1). ARA-mediated protection against hamster schistosomiasis was associated with high titers of serum antibodies to tegumental antigens, suggesting a different ARA schistosomicidal mechanism besides, or independently, of direct parasiticidal activity. Serum ARA levels higher than 1 mM readily activates parasite tegument-associated nSMase, leading to considerable SM hydrolysis, and exposure of surface membrane antigens. Binding of host antibodies followed by antibody-dependent cell-mediated cytotoxicity (ADCC) may compete with, and perhaps overcome the worm repair mechanisms. In support, serum antibodies from patently infected and ARA-treated hamsters readily bound to the surface membrane of ARA-exposed adult worms, as judged by indirect membrane immunofluorescence. More importantly, incubation of healthy adult worms in the presence of anti-parasite tegument antibodies and peripheral blood mononuclear cells significantly enhanced ARA-mediated adult parasite demise in vitro (22). The data together showed that ARA schistosomicidal effect in laboratory animals is mediated and/or enhanced by immune effectors, and is entirely safe (22). Indeed, in every experimental setting, no adverse effects were associated with long term ARA-administered mice (21) or rats (31) regarding appetite, posture, activity, survival, or gross pathology.



Arachidonic Acid Schistosomicidal Activity in Children Infected With S. mansoni

The efficacy and safety of ARA in treatment of school-age children infected with S. mansoni were examined in S. mansoni low (23) and high (24) endemicity regions. Children were given a single oral dose of praziquantel (PZQ) (40 mg/kg) on the first day of treatment and placebo (Corn-Soy, and 1 g VegCap) provided by DSM (Heerlen, Netherlands) for the next 3 weeks (5 doses/week); ARA (10 mg/kg per day) using ARASCO oral capsules containing 1 g VegCap and 396 mg ARA (DSM), for 15 days over 3 weeks (5 days/week); or PZQ (40 mg/kg) on the first day of treatment and 15 doses of ARA (10 mg/kg per day for 5 doses/week). No single child reported any adverse reactions during or after treatment with ARA, contrary to a substantial majority of children treated with PZQ reported transient headache, dizziness, abdominal pain, nausea, and diarrhea. Symptoms disappeared the next day, and children received placebo or ARA capsule without any additional malaise. The studies showed that long term ARA administration in humans is entirely safe, as was previously recorded in experimental hosts (21, 31), and despite failure in eliciting significant changes in circulating PUFAs parameters, its therapeutic efficacy in S. mansoni-infected children was highly comparable to PZQ (23, 24). Indeed, ARA was therapeutically comparable to PZQ regarding treatment efficacy of light and heavy infection (Table 1).

Curiously, therapeutic efficacy of ARA as well as PZQ considerably varied among children in S. mansoni low and high endemicity regions, Menoufiya and Kafr El Sheikh, respectively (Table 1) (23, 24, 32). The results concurred with numerous research articles reporting association between PZQ efficacy with baseline infection intensity and levels of schistosomiasis prevalence and endemicity (33, 34).

Low schistosomiasis cure rates in heavy infection in areas of high endemicity are not due to resistance to PZQ per se, since they were recorded following monotherapy with PZQ and ARA. Instead we have proposed that continuous PZQ use during intensive and repeated mass treatment campaigns leads to selection of worms with tighter outer lipid bilayer armor, due to SM accumulation attributed to high SM synthesis, or decreased degradation consequent to reduced parasite tegument-associated nSMase content or activity. Circumstantial ample evidence was recorded whereby combination of the nSMase activator ARA and PZQ led to 100% cure rates of light and moderate infections in low S. mansoni endemicity regions, and highly significant (P < 0.0001) increase in cure rates of low, moderate, and heavy infections in children resident in Kafr El Sheikh (Table 1) (23, 24, 32). The findings have prompted DSM to sponsor a patent advocating combination of ARA and PZQ for the prevention and treatment of schistosomiasis mansoni (35). Trials are needed to demonstrate the expected higher ARA therapeutic activity in treatment of schistosomiasis haematobium in children and adults. ARA intake for schistosomiasis therapy is entirely safe. In humans, cell membrane ARA may undergo oxidation by different enzymes leading to a plethora of pro-inflammatory and anti-inflammatory resolving mediators (25, 36). ARA obtained from food or nutraceutical capsules does not undergo oxidation. It is incorporated in phospholipids in the cells’ cytosol, or remains in the serum bound to albumin or in an unesterified free form (25, 36). Moreover, a systematic review reported that increased ARA intake in adults up to 1,000–1,500 mg/day had no adverse effects, failed to increase the concentrations of many inflammatory markers, and was linked to reduced inflammation (37, 38).



Arachidonic Acid Is an Endoschistosomicide in the Final Mammalian Hosts

The pioneer study of Amaral et al. (39) reported that the water rat, Nectomys squamipes, a wild reservoir of S. mansoni in Brazil is continuously subjected to natural infection, yet displays low worm and worm egg burdens and limited liver histopathological changes, associated with accumulation of PUFAs, namely ARA, in numerous lipid droplets in the liver. This association may lead to speculate that high ARA levels impair the development of a substantial percentage of invading parasites and, most importantly, the viability of liver-trapped eggs. The direct ARA in vitro schistosomicidal action on lung-stage larvae, juvenile and adult schistosomes was amply documented, provided the worms are exposed to a high ARA concentration (9, 10, 21), which was apparently available in the water-rat (39). We have recently showed that exposure of viable eggs obtained from the liver and small intestine of S. mansoni infected mice to 15–500 µM ARA concentrations induced a significant (P < 0.005) percentage of eggs to hatch before exposure to water and strong light and release miracidia, which all were found dead. Of note, exposure to ARA concentrations as low as 15 µM elicited significant (P < 0.05) increase in the percentage of eggs that failed to hatch after exposure to water and light (30) (Figure 1). These findings indicate that ARA is ovocidal and larvacidal, and give support to the direct correlation between low parasite egg burden and limited liver histopathological changes with liver ARA depots in the water rat, N. squamipes (39, 40).

Differently from the water-rat and laboratory mice, ARA organ and serum concentrations are high in uninfected laboratory rats, Rattus norvegicus. Infection with up to 200 cercariae of S. mansoni was met with continuous exposure to up to 1 µM serum free, unesterified ARA, lethal enough to 2–5 day old migrating larvae, associated with complete inhibition of parasite development, maturation, and egg deposition (41). Infection of hamsters and CD-1mice with 200 cercariae of S. haematobium was met with continuous exposure to up to 1.0 µM serum free, unesterified ARA in hamsters and lower concentrations in mice. Yet, ARA serum levels significantly (P < 0.05) declined and increased in hamsters and mice, respectively during week 1 and 2 post infection, perhaps explaining the susceptibility of hamsters and semi-permissiveness of mice to S. haematobium (41). Serum concentrations in the range of 1.0 µM might not be sufficient to directly kill the developing worm, but readily leads to tegument-associated nSMase activation and apical SM hydrolysis, with subsequent parasite disintegration due to exposure of otherwise concealed surface membrane antigens to antibodies and antibody-mediated cell cytotoxicity, and/or release of intra worm apoptotic signals (22, 29, 41). Like the water- and laboratory rat, severe combined immunodeficient (SCID) mice are enriched in serum ARA. Schistosoma japonicum larvae invading SCID mice are met with serum ARA concentration three folds higher than in immunocompetent BALB/c mice, perhaps explaining the poor parasite recovery, maturation and egg production consistently recorded in immunodeficient mice (42).

Curiously, the anti-schistosomal activities of compound 12, a lipophilic derivative of Sclareol, a plant-derived diterpenoid widely used as a fragrance and flavoring substance, were reported to be specifically associated with higher abundance of ARA within the metabolite pool of treated worms when compared to controls (43), additionally implicating ARA as a parasite endogenous schistosomicide. On another aspect, exosome-like vesicles derived from adult S. mansoni were found to be internalized by vascular endothelial cells and monocytes and to powerfully up regulate ARA metabolism (44), a remarkable host defense mechanism as ARA and other unsaturated fatty acids and some of their metabolites function as endogenous antimicrobial molecules (45).



Arachidonic Acid Is Endoschistosomicidal in the Intermediate Snail Hosts

Laboratory bred Biomphalaria alexandrina and Bulinus truncatus snails were exposed to miracidia of laboratory-maintained S. mansoni and S. haematobium respectively. Snails were examined for presence or lack of infection association with soft tissue and hemolymph content of palmitic, oleic, linoleic, and arachidonic acid, assayed by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). Soft tissue palmitic, oleic, linoleic and arachidonic acid content reached a mean of, respectively 400, 1,000, 40, and 1,000 ng/mg protein of B. alexandrina and 150, 100, 40, and 400 ng/mg protein of B. truncatus naïve snails. Hemolymph palmitic acid content was 2,000 and 1,500 ng/mg protein of B. alexandrina and B. truncatus, respectively. Hemolymph oleic, linoleic and arachidonic acid content reached a mean of around 300 ng/mg protein of B. alexandrina and 150 ng/mg protein of B. truncatus naïve snails. Schistosome infection led to no change or some increase in palmitic acid content in snail soft tissues and hemolymph. Conversely, infection failed to proceed in any snail, algae or lettuce-fed, except when associated with highly significant (up to P < 0.0001) decrease of 50 to 60% in soft tissue and hemolymph content of assayed mono and polyunsaturated fatty acids (46). Of note, invading schistosomes were indifferent to the levels of palmitic acid in snail soft tissue and hemolymph. It is because PUFAs, and not saturated fatty acids, that function as endogenous antimicrobial molecules (45). The results together suggest S. haematobium, known for their higher sensitivity to PUFAs (9, 10, 21, 41), would have never approached B. truncatus if it carried the PUFAs levels of B. alexandrina. Second, manipulating the schistosome intermediate snail hosts diet towards excessive accumulation of PUFAs in soft tissue and hemolymph would interfere with intra snail schistosome development and transmission of infection. Finally, PUFAs, especially ARA, affect the development of schistosomes in both the intermediate snail and final mammalian hosts (Figure 1).



Arachidonic Acid Is a Critical Mediator of Protection in the Cysteine Peptidase-Based Schistosomiasis Vaccine Model

Immunization of outbred mice or hamsters with schistosome molecules that are both excretory-secretory products (ESP) and type 2 immune responses-inducing, namely cysteine peptidases, consistently and reproducibly elicited highly significant (P<0.0001) reduction of 50–60% challenge schistosome worm burden and worm egg load in liver and intestine when compared to unimmunized hosts (30, 47–54). Reduction in worm burden was not observed at the lung-stage, and likely occurs at the liver stage concomitantly with increase in anti-cysteine peptidase antibody titer, and levels of ARA in serum and liver (30). Serum ARA levels were significantly (P < 0.05) higher than infection controls in the cysteine peptidase-immunized mouse groups on day 17 post infection. Levels of ARA in lung and liver of cysteine peptidase -immunized mice were considerably higher as compared to naïve and unimmunized infected control mice in lung at 10 and liver at 17 and 24 days post infection (30). We proposed that immune cells-activating antibodies to the cysteine peptidase immunogens and ARA, together, mediate demise of juvenile worms. The importance of antibodies in mediating the cysteine peptidase vaccine resistance to infection was demonstrated in the S. mansoni (30) and the Ancylostoma ceylanicum (55) models. It has been reported that free ARA is readily incorporated by S. mansoni (56), and likely activates the parasite voltage-gated channels, and enzymes, namely tegument-associated nSMase with subsequent apical SM hydrolysis, and exposure of the otherwise hidden surface membrane antigens to antibody- mediated effector functions, and parasite demise. Sphingomyelin degradation leads to accumulation of intra worm apoptotic signals (57). Arachidonic acid, a powerful host phagocyte NADPH oxidase activator, contributes to inflammation via eliciting massive production of reactive oxygen (ROS) and nitrogen (RNS) species (58), which are harmful to the schistosomes and perhaps responsible for egg attrition, immediately upon trapping. Furthermore, ARA peroxidation following exposure to ROS or RNS generates isoprostanes, responsible of oxidative stress and injury (36, 45). Arachidonic acid mediated oxidative stress is however efficiently counteracted by host and schistosome anti-oxidants (59, 60), thus explaining the protection ceiling of the cysteine peptidase-based schistosomiasis vaccine (30, 47–54.



Conclusions

The reported findings suggest that ARA should be considered for safe and efficacious therapy of human schistosomiasis, besides being a critical nutrient. Accordingly, every effort should be made to encourage ARA production at the commercial level in developing countries as the demands of Middle East and African markets are expected to increasingly augment.
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In spite of growing evidence supporting the occurrence of complex interactions between Schistosoma and gut bacteria in mice and humans, no data is yet available on whether worm-mediated changes in microbiota composition are dependent on the baseline gut microbial profile of the vertebrate host. In addition, the impact of such changes on the susceptibility to, and pathophysiology of, schistosomiasis remains largely unexplored. In this study, mice colonized with gut microbial populations from a human donor (HMA mice), as well as microbiota-wild type (WT) animals, were infected with Schistosoma mansoni, and alterations of their gut microbial profiles at 50 days post-infection were compared to those occurring in uninfected HMA and WT rodents, respectively. Significantly higher worm and egg burdens, together with increased specific antibody responses to parasite antigens, were observed in HMA compared to WT mice. These differences were associated to extensive dissimilarities between the gut microbial profiles of each HMA and WT groups of mice at baseline; in particular, the gut microbiota of HMA animals was characterized by low microbial alpha diversity and expanded Proteobacteria, as well as by the absence of putative immunomodulatory bacteria (e.g. Lactobacillus). Furthermore, differences in infection-associated changes in gut microbiota composition were observed between HMA and WT mice. Altogether, our findings support the hypothesis that susceptibility to S. mansoni infection in mice is partially dependent on the composition of the host baseline microbiota. Moreover, this study highlights the applicability of HMA mouse models to address key biological questions on host-parasite-microbiota relationships in human helminthiases.
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Introduction

The study of the interactions between the resident microbiota of the vertebrate gut and both enteric and non-enteric parasitic worms is emerging as a key area of research (1–3). Indeed, over the last decade, several studies performed under both experimental and natural conditions of parasite infections, have provided evidence of quantitative and qualitative changes in populations of gut and/or fecal bacterial communities associated with worm establishment (4, 5). Some of these studies have shown that infection-associated alterations of the host gut microbiota impact on the pathogenesis and pathophysiology of helminthiases, e.g. via changes to worm burdens (6) and effects on parasite immune-modulatory properties (6–9). Other investigations suggest that the host gut flora contributes to the gastrointestinal pathology associated with helminth infection (10, 11). Nonetheless, disentangling the immune-molecular mechanisms that underpin these interactions is essential for establishing causal relationships between helminths and the gut microbiota. In addition, such knowledge will assist the development of intervention strategies for parasite control, and/or of novel therapeutics for the prevention and treatment of chronic inflammatory diseases, based on the rational manipulation of the host gut microbiota (12).

The causative agents of the major neglected tropical disease schistosomiasis are blood flukes (i.e. trematodes) of the genus Schistosoma, that includes S. mansoni, S. haematobium and S. japonicum among other, less prevalent, species (13). More than 250 million people are estimated to be infected with these parasites worldwide, mainly in tropical impoverished areas (13). In addition to the hepato-intestinal disease associated with S. mansoni and S. japonicum, and the urogenital pathology caused by S. haematobium, which includes bladder cancer, all forms of schistosomiasis are associated with systemic morbidities that include malnutrition, anemia, physical and/or cognitive impairment and stunted development in children (13). Over the last few years, a number of studies have demonstrated that infections by Schistosoma spp. are associated with quantitative and qualitative alterations of the gut microbial profiles of both humans (14–18) and experimentally-infected mice (10, 19–21). In particular, experiments conducted in murine models of hepato-intestinal schistosomiasis (i.e. by S. mansoni and S. japonicum, whose eggs penetrate the intestinal wall and are released into the environment via the feces) have suggested that, while both egg-related and -unrelated mechanisms contribute to the interactions between Schistosoma parasites and the host gut microbiota, the former exert a greater impact on intestinal microbial communities (19–21). In support of this hypothesis, we have previously reported dramatic changes in the gut microbiota profile of mice experimentally infected with S. mansoni cercariae that, while detectable during the pre-patent period, were most evident following the onset of egg-laying (19). In particular, features of microbial dysbiosis, including reduced alpha diversity and expansion of proinflammatory bacteria were observed during the patent phase of infection (19). In addition, Floudas et al. (20) have shown that perturbations in gut microbiota composition were more extensive in mice infected with mixed-sex S. mansoni than in mice colonized by single-sex (male) worms.

While the causality of Schistosoma-microbiome interactions remains unclear, it seems plausible that quantitative and qualitative changes in the host gut flora upon parasite colonization may contribute to the pathophysiology of schistosomiasis (10, 19, 21). However, experimental data on the impact of Schistosoma parasites on the host gut microbiota originate from studies conducted in wild type mouse models of infection, and no information is available on possible variations that changes in baseline microbiota communities might introduce into these systems. Determining whether the baseline gut microbiota composition of the vertebrate host affects the magnitude of changes observed upon Schistosoma infection is nonetheless pivotal, as it underpins the translatability of findings from mice to humans. In this study, we assessed quantitative and qualitative changes in gut microbiota composition of mice pre-colonized with a microbiome of human origin (i.e. human microbiota-associated [HMA] mice) following experimental infections with S. mansoni cercariae, and compared the findings with those observed in wild type (WT) animals. Strikingly, higher worm and egg burdens were observed in HMA mice compared to WT animals, and these findings were associated with specific changes in the microbiota composition of each rodent line.



Materials and Methods


Ethics Statement

The life cycle of S. mansoni (NMRI strain) is maintained at the Wellcome Sanger Institute (WSI) by breeding and infecting susceptible snails (Biomphalaria grabrata) and mice. All mouse infections and regulated procedures described in this study were presented to and approved by the Animal Welfare and Ethical Review Body (AWERB) of the WSI. All experiments were conducted under the Home Office Project Licenses (Procedure Project License - PPL) No. P77E8A062 held by GR, and No. P6D3B94CC held by TL. The AWERB is constituted as required by the UK Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012.



Generation of Human Microbiota-Associated Mice and Experimental Infections

The HMA mouse line was generated at the WSI. Briefly, fresh feces from a healthy human donor, processed within 1 h from transportation to the laboratory, were homogenized at 100 mg/ml in 1x D-PBS in an anaerobic cabinet (80% CO2, 10% H2, 10% N2). Five male and five female C57BL/6 germ-free mice, bred at the WSI, were inoculated by oral gavage with 200 μl of donor homogenates once a week, for 3 weeks. One week after the final gavage, mice were set up as breeding pairs in a decontaminated positive pressure isolator. Mice used in this study belonged to the 4th generation of breeding animals. All consumables that entered the isolator for maintenance of the colony were autoclaved at 121°C for 15 min. Feces from parental HMA mice (i.e. germ-free transplanted with human feces) were analyzed by 16S rRNA gene amplicon sequencing, in order to confirm engraftment of the human flora (unpublished data). Animals used for experiments were removed from the isolator in sealed ISOcages and maintained on a positive pressure ISOrack (Tecniplast).

A total of 10 HMA and 10 WT (C57BL/6, bred at the WSI) mice were exposed to 80 S. mansoni cercariae (Sm-exp), as described previously (22), and maintained for 50 days with access to food and water ad libitum. Additionally, 6 WT and HMA mice were kept uninfected and used as negative controls (Sm-). Experimental infections, with matched uninfected controls, were performed in two independent batches (B1 and B2), as indicated in Table 1.


Table 1 | Numbers of wild type (WT) and human microbiota-associated mice (HMA) successfully infected by Schistosoma mansoni and left uninfected, and number of samples from each rodent line processed for downstream parasitological and microbiota analyses.





Sample Collection and Parasitological Analyses

Serum samples were obtained from blood collected by puncture of the tail vein at days 28, 42, and 49 post-cercarial exposure (p.i.). at days 28, 42, and 49 post-infection. At day 50 p.i., Sm-exp mice were euthanized, S. mansoni adult worms were recovered by portal perfusion, and livers removed for parasite egg counts (22). Briefly, liver sections from the right lobe were weighed and digested overnight in 3 ml of freshly prepared 4% KOH in 1x PBS, at 37°C under gentle agitation. Eggs were counted in 20 aliquots of 10 µl each, and the number of eggs per gram (EPG) of liver was calculated by extrapolating the mean number of eggs per aliquot to the total volume, and dividing by the weight of liver tissue employed (Supplementary Table 1). Female fecundity, i.e. estimation of the number of eggs produced by individual female worms, was assessed by dividing the EPG of liver by the total number of female worms collected from each mouse. Statistically significant differences in worm burdens and EPG of liver between infected (Sm+) WT and HMA mice were assessed by unpaired two-tailed t-test, following the application of the Kolmogorov-Smirnov normality test for assessment of normal distribution of worm and egg counts datasets; differences in female fecundity were evaluated by Mann-Whitney test. Control Sm- mice were perfused under the same conditions as Sm-exp animals and the perfusates were discarded. For microbiota profiling, fecal pellets were collected directly from the colons of Sm-exp and Sm- mice of each line (i.e. WT and HMA) at necropsy. Samples were transferred to sterile tubes, snap frozen in dry ice, and stored at −80°C until DNA isolation, which was performed within 3 weeks from sample collection.



Specific Antibody Detection

A subset of mice, including six Sm+ and three Sm- animals from each HMA and WT groups were randomly selected to investigate the kinetics of S. mansoni-specific antibodies. Endotoxin-free soluble egg antigen (SEA) was generated from S. mansoni eggs isolated from trypsinized livers of infected mice, as previously described (23). The presence of IgG (total, IgG1, IgG2b, IgG2c and IgG3), and IgM reactive against SEA in mouse serum was determined by ELISA (24). Briefly, 96 well plates were coated with 5 μg/ml SEA overnight, before blocking for 1h at room temperature with 1x PBS containing 1% bovine serum albumin (BSA, Sigma). After blocking, and between each incubation step, plates were washed 5 times with PBS containing 0.05% Tween-20 (Sigma). Fifty microliters of diluted serum (1:1,000; PBS+1% BSA) were added to antigen coated wells and incubated for 1h at room temperature. SEA-specific isotypes were detected using alkaline phosphatase-conjugated goat anti-mouse IgG1, IgG2b, IgG2c, IgG3, or IgM antibodies (Southern Biotech). Bound IgG or IgM were detected by adding liquid p-nitrophenyl phosphate substrate (Southern Biotech), with absorbance read at 405 nm. Additionally, total serum IgE was measured using paired capture and detection antibodies (BD-Biosciences), and quantity was assessed via standard curve. Statistically significant differences in serum antibody levels between Sm+ and Sm- mice of each WT and HMA were determined at each p.i. time point by Mann-Whitney test.



DNA Isolation and Microbial 16S rRNA Gene Sequencing

Genomic DNA was isolated from fecal samples and (no-DNA template) negative controls, using the PowerSoil DNA Isolation Kit (Qiagen) according to manufacturers’ instructions. A total of 28 samples including eight WT and eight HMA Sm+ (selected based on highest DNA concentration and quality), six WT and six HMA Sm- mice, as well as four negative controls were processed for high-throughput sequencing of the bacterial 16S rRNA gene (Table 1). Sequencing libraries were prepared following the Illumina recommendations for bacterial 16S rRNA library preparation, with minor modifications. Briefly, the V3-V4 region of the bacterial 16S rRNA gene was amplified by conventional PCR using universal primers (25) containing the Illumina adapter overhang nucleotide sequences (Forward: 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG; Reverse: 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC), Q5® NEBNext Hot Start High-Fidelity DNA Polymerase (New England Biolabs), 5 ng/μl of template DNA and the following thermocycling protocol: 98°C for 2 min, 20 cycles of 98°C/15 s - 63°C/30 s - 72°C/30 s, and a final elongation step at 72°C for 5 min. Amplicons were purified using AMPure XP beads (Beckman Coulter) and set up for the index PCR using Q5® NEBNext Hot Start High-Fidelity DNA Polymerase (New England Biolabs) and Nextera XT index primers (Illumina) with thermocycling conditions as follows: 3 min at 95°C, eight cycles of 30 s at 95°C – 30 s at 55°C – 30 s at 72°C, and 5 min at 72°C. The indexed samples were purified using AMPure XP beads, quantified using Qubit™ dsDNA High Sensitivity Kit (Life Technologies) and equal DNA amounts from each sample were pooled. The resulting pooled library was quantified using the NEBNext® Library Quantification Kit for Illumina® (New England Biolabs), and sequenced using the v3 chemistry (2x300 bp paired-end reads, Illumina). DNA isolation and sequencing were performed separately for samples collected from each B1 and B2 mice (Table 1). Raw sequence data are available from the European Nucleotide Archive (ENA) database under accession number PRJEB40559, whilst curated data can be accessed via MICHELINdb (26).



Bioinformatics and Statistical Analyses

Paired-end demultiplexed Illumina sequencing reads were imported into the Quantitative Insights Into Microbial Ecology 2 (QIIME 2; 2019.4 distribution, https://qiime2.org) software suite for downstream analysis (27). Sequences were then quality filtered, dereplicated, chimeras identified, and paired-end reads merged in QIIME2 using DADA2 (28); quality filtering was performed using default settings, trimming was set at position 10 (forward and reverse), and truncation lengths were set at 250 and 240 for forward and reverse, respectively. A phylogenetic tree was generated using the align-to-tree-mafft-fasttree pipeline in the q2-phylogeny plugin. Bray-Curtis dissimilarity between samples was calculated using core-metrics-phylogenetic method from the q2-diversity plugin. Classification of Amplicon Sequence Variants (ASVs) was performed using a naïve Bayes algorithm trained using sequences representing the bacterial V3-V4 rRNA region available from the SILVA database (https://www.arb-silva.de/download/archive/qiime; Silva_132-99) (29), and the corresponding taxonomic classifications were obtained using the q2-feature-classifier plugin in QIIME2. The classifier was then employed to assign taxonomic information to representative sequences of each ASV.

Statistical analyses were performed using the Calypso software (cgenome.net/calypso/) (30). Relative abundances of individual microbial taxa were calculated by total sum normalization (TSS). Furthermore, for comparative analyses of taxa abundances between experimental groups, cumulative-sum scaling (CSS) was applied to the ASV table, followed by log2 transformation (CSS+log) to account for the non-normal distribution of taxonomic counts data. Statistical comparisons were performed between samples collected from uninfected WT and HMA mice, as well as between Sm+ and Sm- samples of each WT and HMA, as follows. Unsupervised Principal Coordinates Analysis (PCoA) on Bray-Curtis dissimilarities and supervised Canonical Correlation Analysis (CCA) were performed using ‘mouse line’ (i.e. WT and HMA) and ‘infection status’ (i.e. Sm- and Sm+) as explanatory variables, respectively. Beta diversity was calculated using Bray-Curtis dissimilarity and differences between groups were assessed using Analysis of Similarity (ANOSIM) (31). Differences in gut microbiota composition between experimental groups were assessed by ANOVA and by using the Linear discriminant analysis Effect Size (LEfSe) workflow (32). Correlations between differentially abundant bacterial genera and worm burdens or EPG of liver were examined via multiple linear regressions by incorporating worm burdens (or EPG of liver) as the dependent variable and bacterial genera as explanatory variables. Fecal microbial alpha diversity (Shannon index), richness and evenness were calculated using the ‘diversity’ and ‘specnumber’ functions of the vegan R package and differences between groups were evaluated by Mann-Whitney test.

Clusters of co-occurring bacteria and their association with Sm+ or Sm- mice in each line (i.e. WT and HMA) were identified by prediction of correlation networks, with microbial genera represented as nodes, genera abundances as node size, and edges representing positive associations among them. Networks were generated by computing associations among microbial taxa using Pearson’s correlation. The resulting pairwise correlations were converted into dissimilarities and used to ordinate the nodes in a two-dimensional plot by PCoA; thus, correlating nodes were located in close proximity, while anti-correlating nodes were placed at distant locations in the network. Taxa abundances were associated with the type of infection using Pearson’s correlation and the nodes were colored based on the strength of this association.




Results


Worm and Egg Burdens in HMA vs. WT Mice

All HMA mice of both experimental batches were successfully infected with S. mansoni, whereas no adult worms or eggs were recovered from two Sm-exp WT animals included in the second experiment at post mortem; the latter were thus removed from subsequent analyses (Table 1). Significantly higher worm burdens (p=0.017, t=2.67, df=16) and EPG of liver (p=0.008, t=3.02, df=16) were observed in HMA compared to WT mice (cf. Figures 1A, B; cf. Supplementary Table 1). Since differences in EPG of liver could be explained by higher worm burdens observed in HMA mice (Figure 1C), changes to parasite fecundity are unlikely. No significant differences were observed in the number of EPG of liver per female between the two groups of mice (p=0.897, U=38.00; Supplementary Table 1). Furthermore, the higher infection burdens observed in HMA compared to WT mice were accompanied by significantly higher levels of Schistosoma-specific antibodies in sera from HMA animals (Supplementary Figures 1 and 2).




Figure 1 | Host microbiome affects susceptibility to Schistosoma mansoni infection. Mean number of (± standard error) male and female worms (A), eggs per gram (EPG) of liver (B), and eggs per female worm (C) recovered from infected wild type (WT) and human microbiota-associated (HMA) mice at 50 days post cercarial exposure. Horizontal lines represent significant differences between mouse lines: *p < 0.05; **p < 0.01.





Diversity and Compositional Traits Differentiate the Gut Microbial Profiles of WT and HMA Mice at Baseline

The two rodent lines employed in this study were characterized by marked differences in (i) the origin of the microbiome (wildtype vs. heterologous from a human donor) and (ii) exposure to environmental microbes (maintained under specific-pathogen free [SPF] conditions vs. in isolation). We anticipated that these profound dissimilarities might significantly impact the composition of the gut microbiota of each mouse line; therefore, we first investigated structural and compositional differences between the gut microbial communities of these rodent lines at baseline. Fecal microbial profiles obtained from samples from Sm- WT and HMA were clustered separately by PCoA, which led to the identification of a putative outlier sample in the former group (Supplementary Figure 3). Dixon’s Q test for outliers, calculated on the Shannon diversity of all Sm- WT mice, supported this hypothesis (p=0.031; Q=0.66), and thus sequence data obtained from this sample were removed prior to further analyses (Table 1). PCoA analysis of gut microbial profiles of uninfected WT and HMA mice revealed profound differences between the gut microbiota compositions of these rodent lines (cf. Figure 2A). Notably, the gut microbiota composition of HMA mice was highly homogenous, unlike that of WT mice (Figure 2A). This observation was confirmed by ANOSIM, which revealed a significantly higher Bray-Curtis dissimilarity among WT compared to HMA mice (p=0.004, R=1; Supplementary Figure 4). Significant differences in fecal microbial alpha diversity were also detected between uninfected WT and HMA (Figure 2B), with significantly reduced microbial richness (p=0.004, U=0.0; Figure 2B) and evenness (p=0.004, F=0.0; Figure 3B) observed in the fecal microbiota of HMA compared to WT mice (Figure 2B).




Figure 2 | The composition of the baseline gut microbiota differs extensively between naïve wild type (WT) and human microbiota-associated (HMA) mice. (A) Principal Coordinate Analysis (PCoA) performed at amplicon sequence variant (ASV) level. (B) Differences in microbial alpha diversity; horizontal lines represent significant differences between mouse lines: **p < 0.01. (C) Doughnut charts representing the mean relative abundances (TSS-transformed data) of gut microbial phyla and genera identified in feces of naïve WT (outer ring) and HMA (inner ring) mice. Others = sum of all taxa individually representing >0.5% of the overall microbial community. Unclassified = sum of all unclassified genera. (D) Percentage of bacterial taxa (from phylum to genus) for which significant differences were detected between the gut of naïve WT and HMA mice, according to both LEfSe and ANOVA (see differentially abundant taxa in Supplementary Table 2). (E) Percentage of taxa identified (from phylum to genus) solely detected in the gut microbiota of either WT or HMA mice, and in both rodent lines.






Figure 3 | Microbial community composition of all fecal samples from Schistosoma mansoni-infected (Sm+) and uninfected (Sm-) wild type (WT) and human microbiota associated (HMA) mice analyzed in this study, at genus level. In the heatmap, columns represent samples and rows represent genera abundance, both ordered by hierarchical clustering. Explanatory variables (i.e. mouse line and infection status) are presented as a separate heatmap at the top of the figure.



In addition to differences in microbial community structure, significant dissimilarities were observed between the taxonomic composition of the gut microbiota of WT and HMA mice prior to parasite infection (Figures 2C–E and Supplementary Table 2). The phyla Bacteroidetes and Firmicutes were most abundant in the gut of both mouse lines (Figure 2C). However, in the gut microbiota of WT animals, similar proportions of these two phyla were observed (measured as mean TSS-transformed relative abundance ± standard deviation), i.e. 48.21 ± 3.61% Bacteroidetes compared with 47.94 ± 3.84% Firmicutes. In contrast, the phylum Bacteroidetes predominated in HMA mice, with 61.52 ± 3.52% compared with 30.73 ± 3.79% Firmicutes. Proteobacteria was the third most represented bacterial phylum in both rodent lines (1.72 ± 0.98% in WT and 6.70 ± 1.72% in HMA mice), followed by Deferribacteres and Cyanobacteria in WT (0.86 ± 1.23% and 0.58 ± 0.64%, respectively), and Verrucomicrobia in HMA (0.95 ± 0.93%; Figure 2C). No Deferribacteres or Patescibacteria were detected in the gut microbiota of HMA mice (Figure 2C). At genus level, the Lachnospiraceae NK4A136 group was most abundant in the gut of WT animals (12.41 ± 2.55%), followed by the genera Bacteroides (10.23 ± 3.62%), Prevotella UCG-001 (5.11 ± 4.84%) and Lactobacillus (4.28 ± 3.50%). In contrast, the genus Bacteroides was predominant in the gut of HMA mice (38.31 ± 3.69%), followed by Parabacteroides (10.82 ± 0.94%), Lachnospiraceae NK4A136 group (8.19 ± 4.89%) and Parasutterella (6.12 ± 1.75%) (Figure 2C). Furthermore, large differences in the proportions of unclassified microbial genera were observed between mouse lines, together representing 37.56% of the fecal microbial communities in WT animals vs. the 9.73% in HMA mice (Figure 2C).

Differences in the abundances of individual microbial taxa in the gut of uninfected WT and HMA mice were assessed by LEfSe and ANOVA on CSS+log transformed 16S rRNA sequence data (Figures 2D, E and Supplementary Table 2A, B). In particular, significant differences (LEfSe: LDA score (log10)>3; ANOVA p<0.05) were detected in ~45% of the phyla, and >60% of the microbial classes, orders, families and genera composing the gut microbiota of the two mouse lines (Figure 2D; Supplementary Table 2). Among these, the genera Eubacterium coprostanoligenes group and Oscillibacter, both belonging to the family Ruminoccocaceae, were significantly more abundant in the gut of WT mice, while several genera, including Blautia, Roseburia, Clostridium sensu stricto 1, Bacteroides and Parabacteroides, among others, showed greater abundances in HMA animals (Supplementary Table 2).

Additionally, a large number of bacterial taxa were solely detected in either WT or HMA (Figure 3; Supplementary Table 2). For instance, at genus level, >50% of the taxa identified in this study were exclusively detected in either WT or HMA mice (Figure 2E). Of these, Prevotellaceae UCG-001 (5.11% ± 4.84%) and Lactobacillus (4.28% ± 3.50%) were exclusively detected in WT, while Barnesiella (3.00 ± 1.10%) in HMA mice (Figures 2C and 3). However, the majority of these taxa were low-abundant bacteria, each representing <1% of the overall gut microbial population. In particular, numerous ‘line-exclusive’ genera belonged to the family Lachnospiraceae (Supplementary Table 2), the second most abundant family in the gut of both mouse lines. Furthermore, the orders Deferribacterales and Saccharimonadales, along with the families Lactobacillaceae and Muribaculaceae were detected exclusively in the gut of WT animals, whereas the orders Slenomonadales and DTU014 were solely found in the gut of the HMA hosts (Supplementary Table 2).



Schistosoma mansoni Infection Is Associated With Differences in Gut Microbiota Alterations Between HMA and WT Mice

The extensive differences observed between the gut microbiota composition of HMA and WT mice at baseline prevented us from conducting direct comparisons between infected and uninfected animals of these rodent lines; therefore, we next investigated the impact of S. mansoni infection on the gut microbiota profile of each host. Colonization by S. mansoni was associated with overall changes in the gut microbiota composition of both WT and HMA mice, as determined by CCA (WT: p=0.002, F=2.68; HMA: p=0.001, F=4.65; Figure 4A). In both mouse lines, these changes included a significant decrease in microbial alpha diversity post-infection, as well as variations in the abundances of selected populations of gut bacteria (Figure 4, Supplementary Figure 5 and Supplementary Table 3). Notably, the reduction in microbial alpha diversity observed in Sm+ WT mice (Shannon index [ASV], p=0.006, U=2.0) was associated with a significant decrease in evenness (p=0.002, U=0.0), whereas that observed in Sm+ HMA mice (Shannon index [ASV], p=0.008, U=4.0) was linked to a significant decrease in ASV richness (p=0.005, U=3.0) (Figure 4B).




Figure 4 | Infection by Schistosoma mansoni is associated with significant alterations of the fecal microbiota composition of wild type (WT) and human microbiota-associated (HMA) mice. (A) Canonical Correlation Analysis (CCA) of microbial profiles of WT and HMA mice, performed at amplicon sequence variant (ASV) level and clustered according to infection status [i.e. infected (Sm+) vs. uninfected (Sm-)]. (B) Differences in microbial alpha diversity between the fecal microbial profiles of infected and uninfected animals in each rodent line; horizontal lines represent significant differences between rodent lines: **p < 0.01. (C) Clustering of microbial genera co-occurring in the fecal microbiota of infected and uninfected WT and HMA mice (the full list of differentially abundant taxa is available from Supplementary Table 3).



Variations in the abundances of individual microbial taxa in the gut of WT and HMA mice following infection by S. mansoni were assessed by LEfSe and ANOVA on CSS+log transformed 16S rRNA sequence data (Supplementary Table 3A–C). Furthermore, network analyses led to the identification of populations of gut bacteria associated with infection by S. mansoni in each mouse line (Figure 4C), while information on the abundances of individual microbial genera across all samples is shown in Figure 3. At day 50 p.i. significant alterations in the abundances of several families and genera belonging mainly to the orders Clostridiales and Bacteroidales were observed in Sm+ WT and HMA mice, compared to Sm- (Supplementary Table 3). Within the Clostridiales, members of the family Lachnospiraceae, such as Lachnospiraceae UCG-006 and UCG-10, were significantly reduced in the gut microbiota of WT mice following infection, while Lachnospiraceae FCS020 group was more abundant in the gut of these animals (Figure 4C and Supplementary Table 3). In the HMA line, selected Lachnospiraceae, i.e. Shuttleworthia and Eubacterium ventriosum group, were significantly reduced in the gut microbiota of infected animals, whereas other genera, including Moryella, Roseburia or Lachnoclostridium, were significantly expanded (Figure 4C and Supplementary Table 3). Similarly, several members of the family Ruminococcaceae were either reduced or expanded in the gut microbiota of each mouse line post-infection (Supplementary Table 3). For instance, the genus Anaerotruncus was negatively associated with Sm+ WT mice based on both ANOVA and network analyses; in contrast, a positive correlation between the abundance of this bacterial genus and helminth infection was observed in HMA rodents by both LEfSe and network analyses (Figure 4C and Supplementary Table 3). The family Clostridiaceae 1 was significantly associated with infected and uninfected WT and HMA mice, respectively. In WT, this finding was linked to a significant expansion of the genus Candidatus Arthromitus following S. mansoni infection, while a significant contraction in populations of Clostridium sensu stricto 1 was detected in Sm- HMA mice (Figure 4C and Supplementary Table 3).

Among members of Bacteroidales whose abundances were altered following S. mansoni infection, the genus Parabacteroides was associated with helminth colonization in both mouse lines by network analysis (Figure 4C); however, LEfSe and ANOVA only detected significant infection-associated increases in populations of Parabacteroides in HMA animals (Supplementary Table 3). Furthermore, while significant expansions of populations of Bacteroides and Alistipes were observed in the gut of infected WT mice (Figure 4C and Supplementary Table 3), network analysis revealed a negative association between these genera and infection by S. mansoni in HMA animals (Figure 4C). Nevertheless, significant differences in intestinal populations of Bacteroides or Alistipes were not detected between Sm+ and Sm- HMA mice by either LEfSe or ANOVA (Supplementary Table 3). In addition, within the Bacteroidales, LEfSe and network analyses detected positive associations between the genera Odoribacter and Rikenella (the latter also supported by ANOVA) and S. mansoni infection in WT mice (Figure 4C and Supplementary Table 3). In HMA mice, however, infection was associated with significant expansions of bacteria within the family Barnesiellaceae, and the related genera Barnesiella and Coprobacter (detected by LEfSe and network analysis), as well as the genus Butyricimonas (detected by LEfSe, ANOVA and network analysis) (Figure 4C and Supplementary Table 3); notably, these taxa were solely detected in the gut of HMA mice (Supplementary Table 2).

Besides changes in the abundances of members of the Clostridiales and Bacteroidales, S. mansoni infection was associated with significant alterations in populations of Alphaproteobacteria, and of the genus Azospirillum sp. 47 25 in particular, which was positively and negatively linked to parasite colonization in WT and HMA mice, respectively (Figure 4C and Supplementary Table 3). Furthermore, in HMA animals, helminth infection was linked to significant reductions in populations of the class Bacilli (and order Bacillales), and expansions of the class Negativicutes (order Selenomonadales, family Acidaminococcaceae and genus Phascolarctobacterium); the latter bacterial class (and related taxa) was solely detected in the gut microbiota of HMA mice (Supplementary Table 3).

For each rodent line, correlations between the abundances of individual gut bacteria and infection burdens (i.e. worm counts and EPG of liver) were investigated by multiple regression. While the genera Lachnospiraceae UCG-006 and Family XIII UCG-001 were negatively correlated with worm counts and EPG of liver in WT mice, the abundances of Bacteroides and Rikenella were positively correlated with infection burdens (worm counts and/or EPG of liver) in Sm+ WT hosts (Supplementary Table 4). In contrast, in HMA mice, parasite burdens were negatively correlated with fecal populations of Turicibacter, Shuttleworthia, Ruminococcus 1 and Clostridium sensu stricto 1, and positively correlated with those of Moryella and Lachnoclostridium, among other genera. The complete list of bacterial genera whose abundances correlated with infection burdens in either line is available from Supplementary Table 4. These findings were consistent with data obtained by LEfSe (Supplementary Table 3A), ANOVA (Supplementary Table 3B, C) and/or taxa correlation network analyses (Figure 4C).



Fecal Bacteria Correlated With Infection Burdens in Both WT and HMA Mice

While the study of the alterations of the gut microbial composition associated with S. mansoni infection in HMA and WT mice revealed substantial differences between rodent lines, some common traits were identified. In order to identify fecal microbial taxa consistently associated with infection in both mouse lines, the LEfSe workflow was applied to all metagenomics datasets, while controlling for both infection status and rodent line. In accordance with the findings obtained from individual analyses of each rodent line, the genus Eubacterium coprostanoligenes group was positively associated to S. mansoni infection when the two variables (i.e. ‘infection status’ and ‘mouse line’) were considered, whereas the genera Ruminococcus 1, Butyricicoccus and Family XIII UCG-001, among others, were associated to Sm- samples (Supplementary Table 5). Correlations between the fecal abundances of key bacterial genera identified by LEfSe with worm counts and EPG of liver were investigated by multiple regression analysis. Significant negative associations were detected between infection burden and fecal abundances of Ruminococcus 1, Butyricicoccus, Family XIII UCG-001 and Family XIII AD3011 in both rodent lines, while a positive correlation was observed between the abundance of Eubacterium coprostanoligenes group and total worm counts (Supplementary Table 5B). Linear regression data of worm burdens/EPG of liver vs. taxa abundance in the two rodent lines showed similar trends to those observed in each WT and HMA (Supplementary Figure 6).




Discussion

Animal models of infection are used extensively to address causal relationships between helminth colonization, alterations in gut microbial composition, and changes in the immune and/or metabolic functions of the host (12). Nevertheless, helminth-gut microbiota interactions are highly heterogeneous depending on the host-parasite pair under consideration (4). Thus, comparing data between different host-parasite systems, even when these involve the same helminth species, may lead to misinterpretations. On the other hand, studies on naturally infected humans may provide data on associations between gut microbial composition and infection with one or more parasites (33); nevertheless, such studies often lack proof of causality between gut microbial signatures and susceptibility to, or pathophysiology of, infection (34, 35). Therefore, complementary studies involving naturally-infected human populations in endemic areas and experimental animal models are pivotal to advance our knowledge of the contribution of the gut microbiota in human parasitic diseases. Towards this aim, novel animal models of infection involving mice colonized by gut microbes of human origin (i.e. HMA mice) may offer unique research opportunities. Thus far, these experimental systems have been applied to investigations of the contribution of human dysbiotic microbiomes to immune- and metabolic-mediated diseases such as diabetes, obesity, inflammatory bowel disease and cancer (34). In this study, HMA mice were used to explore the links between S. mansoni infections and host gut microbiota composition. To the best of our knowledge, this is the first study investigating the relationships between helminth infections and the gut microbiota of the definitive host via the use of HMA mice.

Furthermore, prior to our study, no data was available on the associations between the baseline composition of the host gut microbiota and host susceptibility to Schistosoma colonization and/or pathogenicity. Signatures of gut microbial dysbiosis (i.e. expanded Proteobacteria) have been associated with S. haematobium infection in adolescents from an endemic region (17), as well as to overt clinical signs of schistosomiasis mansoni (i.e. blood in stool and/or splenomegaly) and adverse effects to praziquantel treatment in children (16). However, it remains unclear whether dysbiosis represents an outcome of infection or a risk factor leading to the development of severe disease in young susceptible individuals (17).

In this study, associations between the outcome of S. mansoni infections and the gut microbiota composition at the time of infection were detected in WT and HMA mice. The baseline gut microbiota profile of HMA mice is influenced by multiple evolutionary and ecological factors that impact on the colonization, establishment and growth of selected groups of bacteria (among other microbes) at the expense of others, generally resulting in intestinal dysbiosis (34). Interestingly, in our study, HMA mice were colonized by higher worm burdens – resulting in higher egg loads in the liver – and displayed an enhanced production of anti-S. mansoni SEA antibodies than WT animals, suggesting the occurrence of an association between baseline gut microbiota composition and susceptibility to parasite infection. Of note, gut microbial dysbiosis in naïve HMA mice was characterized by enlarged proportions of Proteobacteria and low microbial richness and overall alpha diversity (compared to WT animals), which is partially consistent with data from studies performed in humans from endemic areas, where no alterations in alpha diversity had been reported (16, 17).

While the mechanisms underpinning the higher worm and egg burdens observed in HMA hosts are yet to be discovered, one hypothesis might be linked to the modified immune system that characterizes these mice. Indeed, the gut microbiome of vertebrate animals is essential for the maturation and proper functioning of their immune system (36, 37). Germ-free mice are known for their deficient innate and adaptive immunity (38) that, in turn, had been linked to enhanced susceptibility to S. mansoni colonization (39). Similarly, HMA mice have been reported to display altered immune responses and susceptibility to intestinal bacterial infections (38, 40, 41). In humans, gut microbial dysbiosis has been associated with a number of pathological conditions (42); importantly, in resource-limited settings, such as those where schistosomiasis is endemic (13), young children are often affected by environmental enteric dysfunction, a multifactorial disorder associated with early childhood malnutrition, growth retardation and impaired immune function (43, 44). Intestinal dysbiosis is key to the pathogenesis of environmental enteric dysfunction (43, 44); therefore, causal relationships may occur between gut microbial imbalances in children from these areas and susceptibility to schistosomiasis that deserve to be thoroughly investigated.

The large number of bacterial taxa that were solely detected in either HMA or WT mice is noteworthy and, together with the substantial differences in the relative proportions of several other bacteria detected between the two rodent lines, might be linked to the different burdens of S. mansoni observed in these experiments. Indeed, altered populations of immune-modulatory bacteria (i.e. lactobacilli) in the mouse gut have been linked to differences in immune responses and susceptibility to infection by the gastrointestinal helminth Heligmosomoides polygyrus (6). In our study, Lactobacillaceae (including the genus Lactobacillus) were only detected in the gut of WT mice, although populations of these bacteria were not altered by infection. Previously, transient expansions of Lactobacillus were reported in the gut of Swiss-Webster mice exposed to large numbers of S. mansoni cercariae (19). The role of lactobacilli in regulating S. mansoni infection remains, however, unknown, and further studies are necessary in order to ascertain whether the absence of these bacteria in the gut of HMA mice might be linked to the higher infection burdens observed in these animals.

The genus Barnesiella was solely identified in the feces of HMA mice, and was significantly expanded in the gut of infected animals. While members of this genus have been regarded as immunomodulatory, current evidence is inconsistent. Expanded populations of Barnesiella spp. have been linked to Th1 environments in diverse murine models (45–47). In contrast, in humans, negative correlations between fecal abundances of Barnesiella and the ability of peripheral blood mononuclear cells to produce IFN-γ following stimulation with either lipopolysaccharide or Bacteroides fragilis have been described (48). IFN-γ has been reported to mediate protection against S. mansoni infection in vaccine studies (49–51). Moreover, Th1 responses are dominant during pre-patent schistosomiasis (52). Therefore, given the known links between Barnesiella and Th1-mediated immunity in mice and humans, the potential role(s) of this genus of bacteria in modulating the response against S. mansoni in HMA mice merit(s) further investigations.

Structural and compositional differences between the gut microbiota of WT and HMA mice at baseline might explain the large dissimilarities observed in infection-associated changes in microbial profiles. However, some common traits were noted. For instance, the genus Ruminococcus 1 (the abundance of which was negatively correlated with infection burdens in both WT and HMA mice) includes mucin-degrading bacteria (53, 54) whose growth might be affected by variations in mucosal carbohydrate availability (55). Alterations in intestinal mucus production and glycosylation are known to occur during gastrointestinal helminth infections (56–58) and, given the essential role of the IL-4/IL-13 pathway in goblet cell hyperplasia, mucus secretion and glycosylation (59), are likely to arise during intestinal schistosomiasis. Therefore, it is plausible that reduced populations of Ruminococcus 1 in the gut of Sm+ mice might be linked to changes in mucin glycan composition; this, in turn, might be associated to egg-induced immunity and disruption of the intestinal barrier. On the other hand, selected Ruminococcus spp. play roles in the breakdown of dietary polysaccharides and production of immunomodulatory short-chain fatty acids (SCFAs) (60, 61). Other populations of SCFAs-producing bacteria, such as Butyricicoccus (62), and the genera Shuttleworthia (63) and Intestinimonas (64, 65), were also negatively correlated with S. mansoni infection burdens (the latter two in HMA mice only); thus, reductions in the abundances of these populations of gut bacteria might lead to an impaired regulation of intestinal immunity and barrier function in infected animals (66).

While these findings suggest the occurrence of associations between changes in gut microbiota composition and alterations of host immune and intestinal barrier function over the course of schistosomiasis, the profound differences between the gut microbial profiles of HMA and WT mice call for caution when selecting bacterial candidates for follow-up experiments aimed at ascertaining the role of the host gut microbiota in modulating immunity to infection. For instance, despite the abovementioned reduction in several SCFA-producing bacteria in the intestines of both Sm+ WT and HMA mice, butyrate-producing Roseburia (67) were significantly more abundant in the gut of HMA hosts at baseline, and were further expanded post schistosome infection. Hence, similar changes in gut microbial composition of both lines might not result in comparable immune responses in each host. Nevertheless, laboratory rodent lines characterized by different susceptibility to infection, and with predefined profiles of immunomodulatory gut bacteria might be useful to investigate the contribution of the host gut flora to resistance to Schistosoma infection via, for instance, fecal transplants or gut recolonization with selected bacteria (68). In particular, HMA mice might represent invaluable models for mechanistic studies aimed to reveal causal relationships between alpha diversity and/or selected populations of immunomodulatory bacteria (and other microscopic inhabitants of the gut including prokaryotes, eukaryotes and viruses) and immunity to infection.

Furthermore, given that HMA mice are derived from germ-free animals and maintained under strict conditions of isolation, it is tempting to speculate that, besides the gut microbiota, microbial communities colonizing other organs such as the skin or the respiratory tract might also be dysbiotic. The skin microflora plays important roles in shaping cutaneous immunity and preventing pathogen colonization (69), while interactions between the gut and lung microbiome (i.e. the so-called gut-lung axis) have been linked to alterations of the lung immune function (70). The contributing roles of skin and lung microbiomes in regulating immunity to and survival of schistosomulae are yet to be investigated; this, together with the current lack of data on the composition of the dermal and respiratory microbiota of HMA mice, prevents us from further speculating about the potential role(s) of skin and/or lung dysbiosis in enhanced susceptibility to S. mansoni infection. Nevertheless, our results suggest that HMA mouse models could be useful to test the contribution of such microbial communities to the defense against the juvenile stages of Schistosoma spp.



Conclusions and Future Perspectives

Overall, our results suggest that the baseline composition of the host gut microbiome might impact host susceptibility to S. mansoni colonization, as well as infection-associated changes in gut microbial profiles. However, further studies are necessary to ascertain the impact that gut microbial dysbiosis (i.e. reduced alpha diversity) and/or selected human microbes exerts on S. mansoni infection rates. In particular, such studies should include (i) experimental infections of additional HMA mouse lines, (ii) groups of control rodents derived from germ-free mice transplanted with the fecal microbiota of WT mice, and (iii) antibiotic-treated WT mice. Moreover, predictive models linking infection burdens to the abundances of key gut microbes and/or alpha diversity prior to infection could be useful to identify gut microbial features that might facilitate parasite colonization. This knowledge will underpin future mechanistic studies to untangle the complex interactions between the gut microbiome, the host immune response and the outcome of schistosome infection.
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Supplementary Figure 1 | IgG responses to Schistosoma mansoni soluble egg antigen (SEA) in the sera of wild type (WT) and human microbiota-associated (HMA) mice. Lines connect samples collected from individual mice from two independent batches of infection (i.e., B1 = dashed, and B2 = solid). OD = Optical density. Asterisks indicate statistically significant differences between the sera of infected (Sm+) and uninfected (Sm-) mice (*p<0.05).

Supplementary Figure 2 | IgM responses to Schistosoma mansoni soluble egg antigen (SEA) and total IgE in the sera of wild type (WT) and human microbiota-associated (HMA) mice. Lines connect samples collected from individual mice from two independent batches of infection (i.e., B1 = dashed, and B2 = solid). OD = Optical density. Asterisks indicate statistically significant differences between the sera of infected (Sm+) and uninfected (Sm-) mice (*p<0.05).

Supplementary Figure 3 | Principal Coordinate Analysis (PCoA) performed at amplicon sequence variant (ASV) level (A) and estimated microbial alpha diversity (B) of microbial profiles of uninfected wild type mice (WT); red circles indicate the outlier sample identified in this experimental group, which was removed prior to further downstream processing. (C) PCoA (ASV) depicting the microbial profiles of uninfected human microbiota-associated mice (HMA).

Supplementary Figure 4 | Microbial beta diversity of uninfected wild type (WT) and human microbiota-associated (HMA) mice. Differences between mouse lines were assessed by ANOSIM on Bray-Curtis dissimilarities (**p<0.01). Between = beta diversity between groups.

Supplementary Figure 5 | Gut microbial profiles of wild type (WT) and human microbiota-associated (HMA) mice following infection by Schistosoma mansoni. Doughnut charts representing the mean relative abundances (TSS-transformed data) of gut microbial genera detected in the feces of uninfected (outer ring) and S. mansoni-infected (inner ring) WT and HMA mice. Others = sum of all genera individually representing less than 0.5% of the overall microbial community. Unclassified = sum of all unclassified genera.

Supplementary Figure 6 | Correlations between Schistosoma mansoni worm burdens and eggs per gram (EPG) of liver, and abundances of selected bacterial genera in feces of wild type (WT) and human microbiota associated (HMA) mice.
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ASV, Amplicon Sequence Variant; EPG, Eggs per gram; HMA, Human microbiota-associated; SCFA, Short Chain Fatty Acid; SEA, Soluble egg antigen; Sm-exp, Exposed to Schistosoma mansoni cercariae; Sm-, Uninfected; Sm+, Infected with Schistosoma mansoni; WT, Wildtype.
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Pulmonary arterial hypertension (PAH) is a disease of the lung blood vessels that results in right heart failure. PAH is thought to occur in about 5% to 10% of patients with hepatosplenic schistosomiasis, particularly due to S. mansoni. The lung blood vessel injury may result from a combination of embolization of eggs through portocaval shunts into the lungs causing localized Type 2 inflammatory response and vessel remodeling, triggering of autonomous pathology that becomes independent of the antigen, and high cardiac output as seen in portopulmonary hypertension. The condition is likely underdiagnosed as there is little systematic screening, and risk factors for developing PAH are not known. Screening is done by echocardiography, and formal diagnosis requires invasive right heart catheterization. Patients with Schistosoma-associated PAH show reduced functional capacity and can be treated with pulmonary vasodilators, which improves symptoms and may improve survival. There are animal models of this disease that might help in understanding disease pathogenesis and identify novel targets to screen and treatment. Pathogenic mechanisms include Type 2 immunity and activation and signaling in the TGF-β pathway. There are still major uncertainties regarding Schistosoma-associated PAH development, course and treatment.
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Introduction

Schistosoma-associated pulmonary arterial hypertension (SchPAH) is a fatal complication of chronic schistosomiasis infection, and a leading cause of PAH-related morbidity and mortality worldwide (1, 2). The lack of understanding of pathogenic mechanisms contributes to the absence of effective therapy, resulting in worsening of the inflammatory condition and overall poor prognosis.

Schistosomiasis, also commonly known as Bilharzia disease, is a neglected tropical disease and coined to poverty (3). It is caused by parasitic flatworms (blood flukes) of the genus Schistosoma. The three most common species infecting humans worldwide are S. haematobium, S. mansoni, and S. japonicum (4), but there are also less common species including S. mekongi, S. intercalatum, S. guineensis, and S. malayensis (5). Paired male and female blood flukes reach the human blood stream, following skin invasion, where they reside for ~6 months during their lifecycle (2–4). The clinical course of the disease is divided into three stages: acute, active and chronic stage (2, 4). S. mansoni, S. intercalatum, S. japonicum, S. guineensis and S. mekongi cause hepatosplenic disease (6), a manifestation of late chronic stage and a precursor to PAH (2, 7). SchPAH has been most closely ascribed to S. mansoni (8), but other species have been reported (9, 10).

The schistosomiasis lifecycle is propagated by erosion of eggs through the wall of the bladder (S. hematobium) or intestines (S. mansoni, japonicum, and others) to reach the urine or feces, respectively, where the eggs are then expelled to return to the environment. Upon contact with fresh water, the eggs hatch and infect specific species of snails for each Schistosoma species. After a few weeks, the snails then release free-swimming cercariae into the water, which infect the mammalian host by penetrating through the skin.

Hepatosplenic schistosomiasis (HSS) is characterized by hepatosplenomegaly, liver fibrosis, portal hypertension, and esophageal varices (11), and is generally thought to be a necessary precursor state on the path to development of pulmonary hypertension (PH) (12). The chronic form of hepatosplenic schistosomiasis follows a host immune system response to eggs generated by the paired flukes and deposited into the mesenteric and portal venous system. The majority of eggs erode their way through the intestinal lumen into gastrointestinal tract to continue the life cycle. Antigenic response to eggs retained in the portal system and pre-hepatic vasculature induces inflammation and granulomas which evolve into fibrotic lesions (13). Portal shunting resulting from obstruction by eggs, granulomas, fibrosis and immune-induced vasculopathy causes portal hypertension which enables egg embolization from the portal venous system to the systemic venous system, and then into different organs with resultant consequences.

Based on current understanding, SchPAH likely results from a combination of several factors. Egg embolization into the lung via portosystemic shunts is associated with the development of PAH (14–17). Eggs could cause either direct mechanical obstruction or elicit an immune response which drives the vascular remodeling. Increased shear stress on the pulmonary vasculature from opening of portosystemic shunts, as occurs in portopulmonary hypertension due to cirrhotic liver disease, may also underlie SchPAH pathogenesis. Patients with schistosomiasis have a generalized, systemic Type 2 immune response, which could contribute or cause vascular disease. Using pre-clinical studies with a mouse model (see further details below), experimental disease is particularly mediated by embolic eggs causing a localized immune response and driving vascular remodeling.

The diagnostic criteria of SchPAH are challenged by the possibility of developing PH from causes other than schistosomiasis, even in those with chronic schistosomiasis. In regions where the parasite is highly endemic, personal history of infection and positive serologic studies on laboratory examination are frequent and less helpful. It is also possible to develop SchPAH without evidence of portal hypertension in patients with chronic schistosomiasis (18), although this is thought to be extremely rare and the few case reports where this occurs may actually be other PAH etiologies coincidentally occurring in those with schistosomiasis. Currently, PH is defined as a mean pulmonary arterial pressure (mPAP) > 20 mm Hg as assessed by right heart catheterization (RHC) (19), although this was recently revised from a prior threshold of 25 mm Hg used in previous definitions. Similarly, there is no consensus on a single echocardiographic threshold that defines PH, and there is often poor correlation between non-invasive echocardiography and the gold-standard invasive RHC (20). Echocardiography, however, can be used to grade the probability of PH into low, intermediate or high categories (21).

Despite these limitations, the currently accepted criteria that define SchPAH (18) are a combination of: 1) PAH, defined by current criteria of precapillary PH (mPAP > 20 mm Hg and pulmonary arterial wedge pressure, or PAWP ≤ 15 mm Hg) in combination with a pulmonary vascular resistance > 3 Wood Units by RHC (19); 2) history of schistosomiasis infection, as evidenced by current or prior Schistosoma parasite eggs in the stool or rectal biopsy, history of prior treatment for schistosomiasis, or exposure to a region where schistosomiasis is endemic; and 3) ultrasonographic evidence of liver disease consistent with HSS, including periportal fibrosis and enlargement of the left lobe of the liver (22) (Figure 1).




Figure 1 | (A) Relationship of chronic schistosomiasis to disease complications including SchPAH (B). Combined criteria for the diagnosis of SchPAH. Notes (1): It is possible for patients to develop SchPAH without HSS (2). The hemodynamic criteria are per the most recent, 6th World Symposium guidelines (Nice-2018; see Simonneau et al. ERJ 2019 [reference (19)].




Epidemiology of Schistosomiasis-Associated Pulmonary Arterial Hypertension

An outline of the epidemiology of SchPAH is summarized in Figure 2. The true prevalence of SchPAH is not well known. The overall prevalence of schistosomiasis infection, of all species and disease forms, is thought to be between 200 and 300 million individuals worldwide (23, 24), or about 8% of the world’s population. However, the accuracy of these data are highly limited, given that the greatest prevalence of schistosomiasis infection is in rural and economically disadvantaged areas where systematic testing and reporting is the lowest, and indeed the prevalence may be even higher.




Figure 2 | Current understanding of the epidemiology of schistosomiasis, HSS and SchPAH. With exceptions (see text), most patients who ultimately develop SchPAH have the S. mansoni species (accounting for about 50% of the worldwide burden of disease) and HSS resulting in portal hypertension. Please note that there is uncertainty (as discussed in the text) regarding the percentages for the prevalence of HSS among those with schistosomiasis, and the prevalence of SchPAH among those with HSS.



Schistosomiasis infection encompasses infection by any Schistosoma species. As noted above, the three species responsible for the majority of SchPAH disease are S. mansoni, S. hematobium and S. japonicum. S. mansoni and japonicum cause hepatosplenic disease and are more clearly associated with PAH development. S. mansoni in particular is strongly associated with PAH. The S. hematobium parasite localizes to and causes pathology in the bladder plexus, and is less strongly associated with SchPAH although there are case reports (10). S. mansoni is the most prevalent species, potentially accounting for ~50% of schistosomiasis cases, and dual infection with S. mansoni and S. hematobium can occur (24). There are a few case reports of S. japonicum infection causing PAH (see below).

Individuals chronically and recurrently infected with Schistosoma species that cause portal disease (most notably S. mansoni and S. japonicum) may develop HSS. It has been estimated that approximately 5% to 10% of those with chronic S. mansoni infection develop hepatosplenic disease (24–26).

It is generally thought that HSS is a precursor stage to the development of SchPAH, although there may be rare patients who develop SchPAH without preceding HSS. Determining the precise prevalence of SchPAH in precursor populations with HSS is difficult to state with accuracy. These challenges are related to issues including which diagnostic test was used to assess disease state, as well as the evolving consensus definitions coincident with evolving understanding of disease pathophysiology.

The first Pulmonary Hypertension World Symposium in 1973 (Geneva) proposed a classification system of pulmonary hypertension based on histopathology (27). Consequently, a study by Gonçalves et al. from Belo Horizonte, Brazil published in 1995 used histopathologic criteria of schistosomiasis pulmonary arterial hypertension to assess autopsy tissue, finding histopathologic evidence consistent with SchPAH in 24 cases among 102 with HSS, for a calculated prevalence of 23.6% (28).

The second World Symposium in 1998 (Evian) proposed a classification system based on clinical features, with hemodynamic definitions: at this conference, the proposed criteria defined pulmonary hypertension as having a systolic pulmonary artery pressure greater than 40 mm Hg, corresponding to a Doppler echocardiographic regurgitant jet velocity of 3.0 to 3.5 m/s (29). Subsequent World Symposia revised the hemodynamic threshold to a mPAP ≥25 mm Hg, which was widely accepted and maintained through the third to fifth World Symposia (Venice- 2003, Dana Point- 2008, Nice- 2013). At the 6th World Symposium (Nice- 2018), the threshold was decreased to a mPAP >20 mm Hg, in the context of increasing awareness of poor outcomes in patients previously thought to have normal or borderline elevated pulmonary hemodyamics (19).

In this context, a study by de Cleva et al. from Sao Paulo, Brazil in 2003 described the pulmonary hemodynamics of 34 patients with HSS. They reported the number of subjects at a range of mPAP thresholds: 24 with mPAP > 15 mm Hg (a threshold well within the normal range), 7 (21%) had a mPAP > 20 mm Hg (the post-2018 threshold), and 4 (12%) had a mPAP > 25 mm Hg (the 2003–2018 threshold), all with a normal PAWP (30). It should be noted that schistosomiasis is not endemic in the city of São Paulo, although there are cases in the surrounding countryside; it is possible that there may be referral bias in patients that are seen at centers in São Paulo.

A study by Ferreira et al. in Recife, Brazil from 2009 used echocardiography criteria, with a threshold of 40 mm Hg. These authors found that 9 of 84 subjects with HSS had evidence of pulmonary hypertension, for a calculated prevalence of 11%. A major limitation of this study is the use of echocardiography, which provides an estimate of the pulmonary artery systolic pressure but is subject to considerable error, in the range of ±10 mm Hg or even more (31), and is additionally not capable to differentiate pre- from post-capillary PH.

A study by Lapa et al. is Sao Paulo, Brazil from 2009 evaluated 65 patients with HSS (12). Twelve of the 65 had a systolic pulmonary artery pressure >40 mm Hg on screening echocardiography (18%). Eleven of these subsequently underwent RHC (one declined); of these 11, 5 had a mPAP ≥ 25 mm Hg (the 2003–2018 threshold), but two also had a PAWP > 15 mm Hg (indicating the presence of post-capillary pulmonary hypertension). Thus only 3 of the 65 were diagnosed with SchPAH, for a prevalence of 4.6%. As noted, the mPAP threshold was subsequently lowered, so it may be that the prevalence of SchPAH would be greater with the current 20 mm Hg cutoff.

In summary, it is likely that approximately 5% to 10% of those with HSS subsequently develop PAH, depending on the specific diagnostic modality and criteria used. The current criteria [6th World Symposium, Nice- 2018 (19)] require a mPAP > 20 mm Hg which is assessed by a resting supine RHC.



Pathogenesis and Clinical Presentation of HSS

HSS is a cause of non-cirrhotic portal hypertension in the tropics (7, 32, 33). Other causes of non-cirrhotic portal hypertension include Budd Chiari syndrome, extrahepatic portal vein obstruction, and idiopathic portal hypertension (34, 35). Most of the patients who present with features of HSS give history of exposure to schistosomiasis-contaminated water bodies remotely in childhood through occupation, domestic or recreational usage of water. It takes many years after infection for one to manifest with chronic features of HSS which include hepatosplenomegaly, splenomegaly, varices, gastropathy and anemia (36). Splenomegaly contributes to hypersplenism resulting into pancytopenia with profound thrombocytopenia. Although not common, ascites does occur in HSS and has been linked with advanced disease (36). There are known genetic susceptibility risk factors in cytokines and the TGF-β signaling pathway members that contribute to the development of HSS in those infected with schistosomiasis development (37, 38).

Portal hypertension in HSS is complicated by variceal bleeding (Figure 3A), which can be life threating and often influences observed mortality and morbidity in these patients (40–42). There are new insights suggesting that bacterial translocation may also play a role in HSS which might influence portal hypertension as is the case with cirrhosis (36, 43).




Figure 3 | Examples of HSS (A). An example of bleeding esophageal varices: note the bulging esophageal mucosa indicative of underlying varicies, with signs of active bleeding (Picture taken by ES in the endoscopy unit, University of Zambia Teaching Hospital, Lusaka, Zambia.). (B) Periportal fibrosis detected by ultrasound (red arrows). Reproduced from reference (39), with addition of the red arrows by the present authors to clarify the location of the pathology.



Good history and physical examination are key in making the diagnosis of HSS. Ultrasound in the clinical context has been the traditional tool to diagnose HSS and liver fibrosis specifically related to S. mansoni (22, 32, 44–46). The liver ultrasound classically shows periportal fibrosis (47, 48) (Figure 3B), and may confirm ascites if present. Enlargement of the left lobe of the liver also has a high predictive value for SchPAH diagnosis in high prevalence areas (32, 49). Magnetic resonance imaging (MRI), biomarkers of inflammation/fibrosis and portal hypertension are complementary to the abdominal ultrasound (32). In one study comparing ultrasound, histology and MRI, the presence of the characteristic periportal fibrosis, diagnosed by ultrasound, MRI or histology were associated with signs of portal hypertension and defined the severity of the disease (50). The authors concluded that imaging techniques are reliable in defining the presence of characteristic periportal fibrosis (50). Liver elastography (also known as Fibroscan) is a modified ultrasound technique for measuring liver stiffness, which may be useful in discriminating HSS from cirrhosis: the liver stiffness in higher in cirrhosis than in HSS (51, 52). Stool examination of those with HSS may show ova in active infection, but in most cases stool samples are negative as patients may have been previously infected and are now eradicated, the parasites may be old and have decreased fecundity, or the chronic fibrosis may decrease ova shedding into the stool (51). A highly specific multiplex real-time polymerase chain reaction (PCR) on stool samples in an African setting involving Kenya and Senegal was more sensitive than standard microscopy in detecting Schistosoma spp (53). Rectal biopsy is important especially in cases where stool examination is negative (54). Liver wedge biopsy would confirm periportal fibrosis in HSS, but it is invasive and considered to be risky due to the profound thrombocytopenia associated with HSS (50). Gastroscopy is important in making a diagnosis of esophageal and gastric varices, and gastropathy. Liver function tests are usually normal since HSS spares the liver parenchyma. Serology for schistosomiasis in endemic areas has a high rate of positivity due to widespread history of infection but does not identify the species that are or were present. Serologic testing is more helpful in the evaluation of patients from non-endemic areas. Other common causes of chronic liver disease such as viral hepatitis need to be excluded.

In general, stable patients with active HSS benefit from anti-helmintics because the treatment is generally quite safe and the diagnostic testing for active infection is imperfect (55, 56). Anti-helmintics like praziquantel help arrest disease progression, and there may be some clinical improvement, although not total resolution, of existing liver fibrosis. Beta-blockers such as propranolol are useful in primary and secondary prevention of variceal bleeding (57). Variceal banding is indicated in acute variceal bleeding, as well as in cases where prophylaxis with beta-blockers fail. Serial variceal banding is also useful in cases where beta-blockers are contraindicated. Beta-blockers are also contraindicated in patients who have subsequently developed SchPAH (58, 59). Supportive treatment such as blood transfusion in case of massive blood loss due to variceal bleeding is required. Splenectomy has shown to reduce portal hypertension and improves blood parameters in patients with HSS (60), although itself may increase the risk for PAH. Similarly, porto-venous shunts created by techniques such as a transjugular intrahepatic portosystemic shunt (TIPS) procedure may decrease portal pressures, but may also increase the risk for SchPAH development by increasing blood flow and shear stress in the lungs.




Screening and Diagnosis of SchPAH

Patients in endemic areas who present with symptoms suggestive of PAH including progressive dyspnea, fatigue, dry cough, exercise intolerance, chest pain, lower extremity edema, and syncope should be considered for SchPAH and screened for clinical disease (Figure 4). Other signs of PAH which can be found on physical examination include a prominent pulmonic component of the second heart sound and right ventricular heave, peripheral edema, elevated jugular venous pressure, and signs of HSS as noted above (12).




Figure 4 | Overview of the diagnostic workup for SchPAH. The current hemodynamic criteria are from the 6th World Symposium on Pulmonary Hypertension [Nice-2018; see Simonneau et al. ERJ 2019, reference (19)].



Even in non-endemic areas, epidemiologic information about risk factors for schistosomiasis exposure is important to elicit, since prior infection may give rise to SchPAH development (61, 62) despite adequate anti-helminthic treatment. Previous exposure to the parasite even in childhood, may be associated with subsequent SchPAH development in the third to fifth decade of life, depending on the time of exposure, burden of exposure, and individual predisposition presumably through other genetic and environmental risk factors (63). For that reason, the parasite eggs are often not detected in stool examination or rectal biopsy of those presenting with SchPAH.

As in HSS, abdominal ultrasonographic findings of periportal fibrosis and enlargement of the left lobe of the liver are helpful for establishing a diagnosis of SchPAH (32, 49). Detection of antibodies and/or antigens may be helpful in non-endemic areas where Schistosoma presence is low, and infected patients can be effectively treated with low risk of reinfection. It is recommended to use two or more assays in parallel because of limitations in serological test sensitivities (64, 65). Serologic studies are less useful in endemic areas where the prevalence of Schistosoma infection is high. Cardiomegaly and remarkable dilatations of pulmonary artery truncus and its branches are typical radiological findings. In particular, it has been observed that the main pulmonary artery may be more enlarged than in idiopathic PAH (IPAH) patients, suggestive of an insidious process associated with portal hypertension (66).

On this basis, individuals with signs and symptoms of progressive right heart failure, history of environmental exposure, prior treatment for schistosomiasis and/or evidence of hepatosplenic abnormalities with portal fibrosis should be screened for SchPAH. Transthoracic echocardiography is the screening modality of choice. The Doppler velocity of the tricuspid jet regurgitation can be used to estimate right ventricle systolic pressure (RVSP) using the modified Bernoulli equation. A threshold of 3.5 m/s velocity, or an RVSP of 40 mm Hg signals a high probability of PH. Other supportive findings on echocardiogram in SchPAH (and other forms of PAH) include RV and right atrium dilatation, dysfunction of the RV contraction including paradoxical motion of the septum and decreased shortening of the RV length (measured as the tricuspid annular plane systolic excursion, or TAPSE), and septal bowing.

If these signs of PH are present, RHC is performed in order to provide a direct measurement of the mPAP, assess RV function, and make sure that the left side of the heart is not compromised (which would indicate a confounding etiology, and affect management of the disease) (12). RHC is the gold standard method for the diagnosis of PH. An elevated PAP (mPAP > 20 mm Hg) along with an elevated PVR (>3 WU) in the absence of an elevated PAWP (≤15 mm Hg), confirms the diagnosis of PAH in Schistosoma-associated disease, as in other WHO group I PAH etiologies (12).



Differences in Presentation and Prognosis of SchPAH Compared to Idiopathic and Other PAH Etiologies

Clinical studies in SchPAH are scarce and restricted to a few PH centers in the world, largely in Brazil (67–76). Additionally, most of the clinical data reported to date were generated in centers situated in non-endemic areas for schistosomiasis (62, 64, 65, 67–69).The classic comparator disease for SchPAH is IPAH, which occurs worldwide and has been much more widely studied despite a much lower disease burden (the incidence is approximately 1 case/million individuals/year) (77).

SchPAH occurs at an approximately 1:2 male-to-female ratio, in individuals typically between 30 and 60 years old at the time of PAH diagnosis (67–76). SchPAH patients have a similar clinical presentation compared to IPAH such as severity of disease [as measured by New York Heart Association functional class at the time of diagnosis (67, 68)] and duration of dyspnea symptoms preceding the PAH diagnosis (67). SchPAH patients also have similar symptoms as IPAH patients, such as chest pain, lower extremity edema and syncope (69). However, SchPAH patients have a more pronounced PA enlargement evaluated by chest-computed tomography compared to patients with IPAH (66).

Comparing cardiopulmonary hemodynamics at rest, as assessed by invasive RHC, patients with SchPAH generally have a less severe hemodynamic proﬁle, with lower pulmonary vascular resistance and higher cardiac output compared to patients with IPAH (69, 73). A recent systematic review of the literature including over 181 SchPAH patients with RHC data confirmed the better hemodynamic profile of SchPAH in relation to IPAH (78). However, it is important to note that most of the studies included in the aforementioned systematic review were derived from a single center, raising concerns that patient pools may overlap, potentially influencing the systematic review findings. In this context, recent data from an endemic area suggest SchPAH might have a similar hemodynamic profile at diagnosis compared to other PH etiologies (76).

Some patients with WHO Group 1 PAH have positive vasodilator response with vasodilator drug challenge such as nitric oxide – that is, have an acute drop in the mPAP ≥ 10 mm Hg and reach an absolute value ≤ 40 mm Hg with an increased or unchanged cardiac output (79). This hemodynamic profile may serve as a biomarker (80) indicating a likely clinical response to calcium channel blocker therapy and a favorable disease course. However, it is rare for SchPAH patients to have an acute vasodilator response, ranging from 0% to 3.5% (69, 71). These findings are consistent with the concept that the vascular remodeling results from fixed obstruction rather than reversible vasoconstriction.

The SchPAH mortality rate has been reported at 9.7 deaths per 1000 patients/month in endemic areas (75). The clinical course of SchPAH is believed to be more benign compared to IPAH or PAH associated with connective tissue diseases (73), even in the absence of speciﬁc PAH treatment (69). Treatment naïve SchPAH patients have overall survival rates at one, two, and three years of 95%, 95% and 86%, respectively (69). Similarly to other forms of PAH, patients with SchPAH respond to PAH-specific treatment, as demonstrated by improvements in functional class, 6-min walk distance and hemodynamic parameters (70). Additionally, treated SchPAH patients have better survival rates compared to untreated SchPAH patients (89% and 69%, respectively, at 60 months) (74). A recent systematic review of the literature confirmed the better prognosis of SchPAH in relation to IPAH (11); however, similarly to the hemodynamic findings of this systematic review, the inclusion of several studies from just one center (potential sample overlap) might have influenced the systematic review findings. Additionally, this interpretation is confounded by the lack of effective non-invasive screening methods to uniformly diagnose PAH early in its course.

In healthy subjects, oxygen consumption increases as a function of cardiac output and muscle oxygen extraction during exercise. In PAH, oxygen consumption is mainly impaired due to RV dysfunction and hemodynamic uncoupling of the RV-pulmonary arterial unit (81). These findings are suggested during cardiopulmonary exercise testing by the identification of reduced aerobic capacity, reduced end-tidal partial pressure of carbon dioxide, reduced oxygen uptake per heart beat (oxygen pulse), and ventilatory inefficiency (82). Compared to IPAH, SchPAH patients have less impaired physiological exercise responses even when matched for resting hemodynamic profiles. The better SchPAH exercise response is mainly characterized by a higher oxygen consumption and higher oxygen pulse at peak exercise, and better ventilatory response compared to IPAH (72).

Why patients with SchPAH apparently have a more benign clinical course and prognosis compared to other forms of PAH is still unclear. Furthermore, why SchPAH patients apparently have more preserved physiological exercise responses and whether this phenomenon is related to the better clinical course of SchPAH and better prognosis compared to IPAH remains unclear.



Treatment of SchPAH

Shared pathophysiologic characteristics with other WHO Group 1 PAH etiologies opened the possibility of treating SchPAH patients with drugs targeting PAH pathways. There are 3 pathways currently targeted: the nitric oxide pathway primarily by phosphodiesterase type 5 inhibitors, including sildenafil and tadalafil, as well as soluble guanylyl cyclase stimulators including riociguat; endothelian receptor antagonists, including bosentan, ambrisentan, and macitentan; and prostacyclin analogs, including epoprostenol, treprostinil, iloprost, and the non-prostanoid IP-receptor agonist selexipag. Of these medications, due to resource limitations only a handful are available to clinicians in areas where SchPAH is endemic—particularly sildenafil as it is the least expensive. (Sildenafil is the same compound as is used in Viagra for erectile dysfunction, so it is relatively widely available for this other, more common prescribing indication.)

Preliminary data about treating these patients with PAH target therapies come primarily from open-label and/or retrospective case series and reports. One study reported the benefit of sildenafil in clinical and hemodynamic data derived from cardiac MRI in seven patients from a S. mansoni endemic area in Brazil. After a 3-month trial, the 6-min walk distance increased from an average of 114 to 335 m (p<0.0001), and the RV ejection fraction improved from an average of 33% to 43% (p<0.004), along with increased RV cardiac index and decreased RV mass index (83). A study from the same group of researchers reported on the efficacy and safety of 13 consecutive patients with severe SchPAH, who after 6 months of oral sildenafil had an improvement in their WHO functional class (p<0.001) and their 6-min walk distance from 121 to 394 m (p<0.0001). Using echocardiography, the average pulmonary artery systolic pressure decreased from 97 to 80 mm Hg. No significant adverse events were reported, and all patients tolerated the medication (84).

A case report described a Brazilian 35-year-old female patient with marked exercise limitation and recurrent hospitalizations due to right heart failure from SchPAH who was started on sildenafil. After six months of therapy there was an improvement in her WHO functional class and 6-min walk distance from 154 to 484 m (85).

Another study compared survival between SchPAH patients from an era before PAH medications were available and SchPAH patients receiving provider-selected medications, and found that the newer, treated series had improved survival (70). Further reviews have been published about the potential role of PAH targeted therapies in SchPAH patients (18).

The effect of anti-helminthic therapy for schistosomiasis in the lung parenchyma and vasculature has shown conflicting results in pre-clinical data. Using one experimental model (discussed further below) of schistosomiasis coupled with portal hypertension induced by portal vein ligation, there was partial improvement in the pulmonary disease following praziquantel administration (86), but using a second model with parasite infection alone there was more complete reversal of the pulmonary vascular disease following praziquantel treatment (87). Clinically, the impact of anti-schistosomiasis therapy has not been established, although some authors argue in favor of treating all SchPAH patients with praziquantel in view of the severity of the disease and low risk of harm (88). Overall, the benefit of anti-helmintic treatment likely depends on the duration of disease: in mice who have been infected for a few weeks there is likely more complete reversal than in humans who have been infected for years, in which there may be minimal clinical improvement but less rapid progression of disease without further active infection.



SchPAH Animal Models

Development of animal models that recapitulate key aspects of the pathological processes present in human SchPAH have been critical to develop understanding of vital aspects of the host-pathogen interaction which underlie the pathophysiological and molecular mechanisms leading to SchPAH (89). Furthermore, experimental models of preclinical SchPAH are highly instrumental in identifying therapeutic and vaccine candidates. The recapitulation of the natural life cycle of Schistosoma in laboratory settings and the permissivity of cercarial (Schistosoma larval stage) infection of mice in particular has enabled the development of models of Schistosoma-PH (SchPH) (90, 91). (Of note, pulmonary arterial hypertension—PAH—refers to the specific human pathology involving the pulmonary arteries as occurs in SchPAH and other forms of WHO Group 1 PAH, while the more general term pulmonary hypertension—PH—refers to diseases as well as animal models more broadly affecting the pulmonary vasculature. Here the term Schistosoma-PH (SchPH) is used in the context of referring to animal models.)

An early model of SchPH was developed using experimental schistosomiasis coupled with portal hypertension induced by portal vein ligation in mice (86). Animals treated in this manner developed severe pulmonary schistosomiasis after 10 weeks duration. Following praziquantel treatment, mice had reversion, without fibrosis, of the peri-ovular granulomatous lesions formed in the lungs, but the arterial and arteriolar lesions were only partially improved by the treatment, with persistent segmental vascular fibrosis, narrowing, and angiomatoid changes remaining. In this study eggs were destroyed more rapidly and more completely in the lungs than in the liver.

Crosby et al. reported developing a murine model to study SchPH through simulating the natural mode of Schistosoma infection by cercariae alone (92) (Figure 5A), and subsequently used the same model in several publications. The mice were transcutaneously infected with Schistosoma mansoni cercariae in a drop of water enclosed by a metal ring placed on the shaved abdomen (93). A few weeks later egg-induced HSS developed, followed by portocaval shunt formation resulting in embolization of parasite eggs into the pulmonary pre-capillary vessels. This model recapitulated several key clinical features of human disease such as pulmonary vascular remodeling, perivascular inflammation, the presence of plexiform-like lesions (a hallmark of all forms of WHO Group 1 PAH), and elevated plasma Th1 and Th2 cytokines which positively correlated with the degree of pulmonary vascular remodeling (62, 92). However, this model did not result in higher RV systolic pressures (RVSP)—the hemodynamic parameters of PH (and one of the key criteria for SchPAH). The mice also did not consistently develop RV hypertrophy, another classical marker of experimental PH in animals (92). Other limitations of this model include inconsistency and variability in cercarial infection that might affect the development of HSS condition and resultant heterogeneity in the lung egg burden, although this can be partially overcome by using a vial to infect mice through the tail in a more controlled manner. This model also requires a long timeline for disease development (20+ weeks). There is also minor risk to personnel in handling the infectious lifeform of the parasite, mitigated through the use of gloves and other protective equipment, and ethanol/methanol can be used to rapidly kill the parasite if there is concern for exposure.




Figure 5 | Mouse models (A). Cercariae infection model (B). Intraperitoneal sensitization followed by intravenous augmentation model.



In the natural mode of infection, it is thought that portal hypertension results in shunting of eggs into the lungs, and the pulmonary pathology results from egg embolization when the eggs lodge in precapillary vessels starting a localized inflammatory response—although there are reports that SchPAH may occur without having portal hypertension or a significant parasite burden (2, 62, 69, 94). Based on the concept that Schistosoma egg embolization in the lungs drives Th2 inflammation and PH, another SchPH model was developed by using an existing model studying Type 2 granulomas in the lung, based on the classical immunological method of antigen sensitization followed by antigen challenge to specifically trigger organ-specific inflammation (Figure 5B) (95, 96). In this model, the experimental mice are first intraperitoneally (IP) sensitized with Schistosoma eggs, which primes the immune cells. Two weeks later, the sensitized mice are intravenously (IV) challenged with Schistosoma eggs administered by tail vein injection, which results in a bolus of eggs embolizing into the lungs driving localized type 2 immunity (97). RHC and histological analysis is then performed seven days after intravenous challenge. This approach recapitulates key pathologic features of human schistosomiasis PAH, including Th2 inflammation, vascular remodeling and importantly higher RVSP.

Advantages of the IP sensitization/IV challenge model include: 1) a model to study lung specific Th2 inflammation without confounding effects of other organ injury; 2) well established and high reproducibility in recapitulating key pathological features of inflammatory PAH including elevated RVSP; 3) an optimized dose of Schistosoma eggs, which can be modified if needed depending on the specific experimental design; 4) less mortality and shorter time (21 days) as compared to the cercariae model; 5) compatibility with inducible and global or cell specific knockout mice; 6) creation of a stereotypical inflammatory time course following egg embolization across the entire lung; 7) cost effective; and 8) non-infectious to humans or other mammals.

In the PH field, rat models are widely used. However, rats are naturally immune to Schistosoma infection, a phenotype which may be related to differences in the complement system between mice and rats (98). As complement may contribute to pathogenic mechanisms of PAH (99), Schistosoma-exposed rats have not been used to study SchPH.

Non-human primates have been used to study schistosomiasis pathogenesis (100), and other groups have studied HIV-related PH in non-human primates (101), but to our knowledge there have been no studies of PH in non-human primates using schistosomiasis. Other animal models are also possible, and there is a report that PH can occur in schistosomiasis-infected hamsters (102).



Current Concepts of SchPAH Disease Pathogenesis

Many studies have started to dissect the immunological events that underlie SchPH pathogenesis (1, 61, 87, 89, 92, 96, 97, 103–114). The current understanding of the signaling events is summarized in Figure 6.




Figure 6 | Schematics of the chain of signaling and cellular events leading to SchPAH (A). Signaling events (B). Cellular events.



A general concept in SchPH pathogenesis is that there is an inflammatory cascade triggered by egg antigens, which is appropriately responsive as the host immune system seeks to destroy the parasite. Within the inflammatory cascades is activation of TGF-β, a cytokine that prototypically has anti-inflammatory properties, such as suppressing CD4 T cell activation, but can induce a host of other effects. In the context of lung peri-egg granulomas, the teleologic function of TGF-β activation may be a negative feedback loop to prevent an over-exuberant immune system from causing excessive tissue injury. TGF-β has also been implicated in the pathogenesis of other PAH etiologies. Here, the pulmonary vasculature may be an unintended bystander, which is adversely affected by an off-target effect of TGF-β activation.

In clinical disease, the pathophysiology of the pulmonary vascular disease that occurs in SchPAH may involve at least three mechanisms. The first is the embolization of parasites eggs to the pulmonary arterial circulation from the portal circulation through the portosystemic shunts, following the development of HSS and portal hypertension. This embolization reaches parenchymal lung tissue as well pulmonary arteries where it causes focal arteritis with vessel destruction and plexiform lesions, such as through Th2 inflammation and TGF-β activation (14, 15). However, it has been also described that antigens of the Schistosoma mansoni eggs are not always present in pulmonary tissue, suggesting a second mechanism: that the inciting immunology may initially trigger vascular disease, but then separate processes take over for the propagation and maintenance of the pulmonary artery pathology in SchPAH which are now autonomous (62, 94). The third potential mechanism is the presence of liver disease (although not frank cirrhosis) giving rise to portopulmonary hypertension, another described etiology of PAH, related to high circulation flows through the pulmonary circulation (17). Of note, the pathogenesis of portopulmonary hypertension may also involve decreased clearance of toxins as is seen in cirrhotic liver disease, but not HSS. Pathologically, a characteristic vascular pathology of plexiform lesions have been described in SchPAH patients similar to those found in lung tissue from patients with IPAH and other forms of WHO group 1 PAH (115), suggestive of shared pathogenic mechanisms with other PAH etiologies. In SchPAH, a state of generalized Type 2 immunity may also contribute.

Using the mouse model, embolization of eggs alone is inadequate to develop SchPH: the mice need to be sensitized first, indicating the requirement for an adaptive immune response (96). The SchPH phenotype is also not a consequence of obstruction alone, as injection of over 10 times the number of similar-sized polystyrene beads does not cause experimental PH. Finally, mice occasionally expire on acute administration of intravenous eggs, but when this occurs, the right sided pressures are depressed rather than elevated, suggesting that there is an immune-induced circulatory collapse rather than obstruction. These data together suggest that mechanical obstruction alone is unlikely to be an adequate explanation for the elevated pulmonary vascular resistance which occurs in SchPH, and in clinical SchPAH.

The IP sensitization/IV augmentation model also establishes that Schistosoma egg embolization into in the lung following antigen sensitization is sufficient to drive PH, without the requirement of underlying periportal fibrosis or portal hypertension (2, 92, 108). This result suggests that clinical SchPAH could similarly occur independently of portopulmonary hypertension.

Further investigations have revealed that embolization of Schistosoma eggs in the lungs triggers an initial innate immune response, likely led by dendritic cells and/or macrophages. Complement activation may also be critical. Egg antigens are subsequently presented by antigen presenting cells (APCs) like dendritic cells to CD4 T cells, resulting in the production of Th2 inflammatory cytokines including IL-4 and IL-13 (97, 108). Other cells such as eosinophils and basophils are present and may contribute to production of these cytokines, but in the liver fibrosis model eosinophils and basophils are dispensable (116, 117) so they may well be dispensable in the lungs and SchPH pathogenesis as well.

Dendritic cells are critical APCs that likely orchestrate the transition from innate to adaptive responses through modulating effector T cell responses in SchPH. In SchPH, it appears after exposure to IP egg antigens that CD11b+ DCs migrate into mediastinal lymph nodes (based on our unpublished data), where they present antigens to naïve T cells and prime them into effector CD4+ T cells to elicit a Th2 adaptive immune response. Intravenous egg challenge then deposits antigens in the lung vasculature, where there is local homing and activation of CD4 T cells in the parenchyma, starting a cascade of Type 2 inflammation.

Schistosoma-exposed mouse lung tissue contains higher levels of IL-4 and IL-13, while mice with deficient Type 2 immunity by combined deletion of IL-4 and IL-13 are protected from SchPH (108). This protection was not observed in single IL-4 or IL-13 knockouts, probably due to redundant effects in their shared IL-4Rα/IL-13Rα1 receptor. A related recent study reported that paclitaxel, a chemotherapeutic agent, protects from Schistosoma-induced PH by dampening Th-2 inflammation (110). Reinforcing the clinical relevance of these findings, there are higher staining intensities for IL-13, IL-4Rα, phospho-signal transducer and activator of transcription factor 6 (a key target of IL-4 and IL-13), and periostin (another target of IL-4 and IL-13 signaling) in autopsy lung tissue from patients with SchPAH (108).

To explore the role of adaptive immunity in SchPH, Rag-/- mice (which lack mature B and T cells) were found to be protected from Schistosoma-induced Type 2 inflammation and PH. However, these mice regain the inflammatory PH phenotype after reconstitution with CD4+ T cells from wildtype donor mice (97). In contrast, we observed that blocking the Th2 function of donor CD4+ T cells by reconstituting the Rag-/- with CD4+ T cells harvested from Il4-/-;Il13-/- double knockout mice protected the recipients from Schistosoma-induced Type 2 inflammation and PH. To elucidate the role of antigen priming, transferring CD4 T cells from mice previously sensitized to Schistosoma eggs was sufficient to convey the sensitization phenotype to the recipient Rag-/- mice, who then were able to develop PH after IV egg challenge only. Collectively, these data demonstrate that Th2 CD4+ T cells are necessary and sufficient to induce PH.

These Th2 cytokines then signal the bone marrow compartment to release and recruit classical Ly6c+ monocytes into the lungs, where they transform into interstitial macrophages (IMs). In contrast, Il4-/-;Il13-/- double-knockout mice were found to have substantially fewer Ly6C+ monocytes, indicating that this is a Th2-dependent response (89). Corroborating these findings, it has been demonstrated that CX3CR1 plays a role in modulating monocyte recruitment, macrophage polarization, and smooth muscle cell proliferation in the lung using a hypoxia model of PH (118).

These IMs produce a key protein, thrombospondin-1 (TSP-1), which is a biological activator of TGF-β; in this disease, possibly activating the TGF-β1 isoform in particular. Following localized TGF-β activation, pathologic TGF-β signaling through the canonical Smad2/3 pathway results in inflammation and PH-related pathology (89, 109). The necessity of this pathway is demonstrated by protection from SchPH by blocking TGF-β signaling through techniques such as neutralizing antibodies, TGF-β receptor inhibitors, and Smad3 deficiency (109). TGF-β signaling can also contribute to vasoconstriction through non-canonical signaling such as RhoA/Rho-kinase, which is also observed in SchPH mice (109, 113).

A downstream effect of TGF-β that has been investigated is its role in inducing a metabolic shift in pulmonary artery smooth muscle cells (PASMCs). It has been previously observed that in PAH, the PASMCs undergo increased glycolysis, similar to the anaerobic glycolysis or “Warburg” effect observed in cancer cells (119). Using stable isotope metabolite studies, activated TGF-β was found to be sufficient to induce a glycolytic shift in PASMCs (120), which may facilitate a pathologic state of increased proliferation, hypertrophy, vasoconstriction, and apoptosis resistance (121).

TGF-β signaling is also important in the liver pathology of HSS. Type 2 inflammation and TGF-β are associated with liver fibrosis in schistosomiasis (122). Mice with heterozygosity for a TGF-β receptor which is mutated in many forms of heritable PAH, BMPR2, had evidence of worse SchPH compared to wildtype mice, a phenotype mediated by worse liver pathology and increased shunting of eggs to the lungs (114).

Of note, multiple intervention steps such as deleting IL-4 and IL-13 in the CD4 T cells or in the bone marrow (BM) compartment, or deleting TSP-1 in the BM compartment attenuates inflammation and PH phenotypes in TGF-β dependent manner (89, 97, 108, 109). These data suggest that modulating TGF-β could be a potential therapeutic target to treat Schistosoma-PH. The significance of the outcome of murine model is reinforced by the report of higher serum level of TGF-β in patients with SchPAH compared to those with HSS (123). Overall, the Schistosoma model system seems highly pertinent to understanding the signaling axis between Th2 inflammation, TGF-β signaling and pulmonary vascular disease that connects Schistosoma exposure to the subsequent development of SchPH. Some of these mechanisms are shared with other PH models, as blocking TGF-β signaling is also protective in hypoxia-exposed mice and monocrotaline-exposed rats (109, 113, 124, 125): TGF-β signaling may represent a final common pathway in PH pathogenesis, which is activated by different routes such as Type 2 inflammation activating TSP-1 in schistosomiasis.



Schistosoma japonicum VERSUS Schistosoma mansoni

As was noted above, the two primary Schistosoma species that infect humans and cause hepatosplenic disease are S. japonicum and S. mansoni, but S. mansoni is the dominant cause of SchPAH. Comparison of S. mansoni and S. japonicum may thus identify key parasite and host factors that mediate the pathogenesis of SchPAH.

Geographically, S. mansoni and S. japonicum are endemic in different locations around the world: S. mansoni is endemic to regions along rivers and coasts in Sub-saharan African countries, South America (primarily in Brazil), and the Caribbean, while S. japonicum is endemic in waterways in China and South East Asia (18, 126, 127). Moreover, due to geographical distinction, both species infect different intermediate snail genus, in which S. japonicum infects the genus Oncomelania, while S. mansoni infects the genus Biomphalaria (128). Due to this geographic separation, it is unlikely that any one individual would be simultaneously infected by both species. In addition to geographical distinction, the species differ in morphology: S. japonicum eggs are round and S. mansoni eggs are oval (129). S. japonicum worm pairs are more fecund than S. mansoni worm pairs, laying about 3,000 eggs per day compared to 800 per day (130, 131).

Several studies have compared the immunity and pathology that results following chronic infection by S. mansoni or S. japonicum. In infection by both species, there is initial Type-1 immunity characterized by increased production of IL-1, IL-12, and INF- γ, triggered by worm antigens. Subsequently, the dominant inflammation phenotype shifts to Type-2 immunity caused by Schistosoma egg antigens, characterized by the elevation of IL-4, IL-13, and TGF-β (108, 110, 132, 133). Several studies have investigated specific proteins released by S. mansoni eggs that drive the Type 2 immune phenotype. In particular, there is a specific glycoprotein ribonuclease called omega-1 that has been shown to be necessary and sufficient in vitro for activation of Th2 CD4 T cells (134). The equivalent protein in S. japonicum is CP1412, although the protein sequence homology between Omega-1 and CP 1412 is low at about 40% (135).

In response to egg deposition, both S. mansoni and S. japonicum form peri-egg granulomas, although the S. japonicum granulomas around single egg are smaller when compared with S. mansoni. This could be due to higher macrophage and eosinophil composition found in S. mansoni granulomas compared to S. japonicum granulomas, which results in the production of different cytokine profiles (131). Interestingly, granulomas formed around clusters of S. japonicum eggs (this species’ eggs tend to cluster) are larger and dominated by neutrophils and hepatic stellate cells which suggests that the pathology due to S. japonicum’s inflammatory response may be more severe than S. mansoni (131, 136)–a paradoxical relationship compared to the incidence of SchPAH. However, S. mansoni may drive more Type 2 immunity than S. japonicum, or a slightly different combination of cytokines and cells, and differences in TGF-β activation are unclear.

Between the two, S. mansoni is highly associated with the development of SchPAH, but there only case reports of SchPAH occurring following S. japonicum infection (137). Why S. japonicum does not cause SchPAH as often is not known. In a prospective case series published by Watt et al (137). in 1986, 65 consecutive patients hospitalized with S. japonicum infection were evaluated, with 43 patients found to have evidence of HSS (32 with severe liver dysfunction and 11 had portal hypertension without liver dysfunction). Of these 43 only one patient (2%) had PAH: an incidence likely much lower than PAH in those with S. mansoni-induced HSS. The study suggested that the rarity of developing PAH due to S. japonicum could be related to the fact there is less inflammatory response around the single S.japonicum egg in the lungs than the liver, and the eggs dissolves quickly due to the smaller peri-egg granuloma size when compared with S. mansoni.



Future Directions and Areas of Active Investigation

The abovementioned heavy disease burden of SchPAH at the global scale and the lack of targeted therapies underscore the importance of recognizing current knowledge gaps and addressing them by utilizing appropriate investigational tools. The various mechanisms by which schistosomiasis can generate and accelerate PAH introduce complexity in understanding the disease and is an area of active investigation. Areas of proposed emphasis are outlined in Table 1 and summarized below. At least four potential inter-related mechanisms are implicated: host genetics, Schistosoma species infecting the host, preliminary development of HSS, and multiple candidate inflammatory pathways.


Table 1 | Summary of areas that are priorities for research in SchPAH.



In patients with HSS, fibrosis-induced portocaval shunting increases blood flow through the lungs and shear stress, similar to the pathophysiology that occurs in portopulmonary hypertension. It remains unknown why only a subset of patients with HSS progress to SchPAH. One possibility is that genetic backgrounds of human hosts determine how the pulmonary vasculature reacts to the parasitic infection. This phenomenon has been observed in patients with “idiopathic” PAH, wherein genetic variants can drive or exacerbate PAH. For example, TGF-β signaling and, in particular, bone morphogenetic protein receptor type II (BMPR2) mutations have been established as risk factors of PAH (138–140).

In addition to the innate heterogeneity of human risk and response, the nature of Schistosoma infections may play an important role. The incidence of SchPAH caused by non-mansoni species of Schistosoma has not been extensively studied, and it is conceivable that species differ in antigen expression – including extent of obstruction of the blood flow by embolized eggs, degrees of vascular inflammation and proliferation of pulmonary arteriopathy in the human lungs directly triggered by Schistosoma egg embolization, and post-infection risk of systemic Type 2 inflammation (111, 141). The number and frequency of S. mansoni reinfections also likely influences the resulting disease phenotype; however, practical means of documenting infection episodes and causative species are not yet clear. There may also be other infectious and non-infectious environmental factors, including comorbid conditions and patient behaviors, that affect SchPAH risks.

Another critical aspect of SchPAH pathogenesis is the observation that SchPAH persists and progresses despite eradication of the parasite from a host; that is, this antigen-triggered disease progresses later in its disease course independent of antigenic stimulation. While it has been observed that Th2-inflammation and TGF-β signaling are critical for developing the PH phenotype in the mouse model of SchPAH (89, 97, 108), whether these signaling pathways are pertinent to human SchPAH and what stimulates them in the absence of active infection are unclear. For example, TGF-β is known to be able to stimulate its own activation, potentially leading to a feed-forward loop that is independent of the initial triggering event (124).

It is likely that each of these processes contributes to the disease pathogenesis, but their relative contributions are presently not known. Approaches to understanding these issues will include dissecting the independent contributions of each of these factors. The importance of making these distinctions is supported by the concept that clinical benefit of currently available therapies, such as vasodilators and immunosuppressants, will vary depending on the predominant mechanism driving SchPAH. Based on the inflammatory nature of the parasitic infection and the role of Th2-inflammation in mouse studies, pulmonary vasodilators with anti-inflammatory properties like prostacyclin appear to be potentially attractive candidates (142). A phase 2 trial of sotatercept targeting the TGF-β pathway in other forms of PAH recently completed with promising initial data (NCT03496207), showing a significant reduction in pulmonary vascular resistance, and also an improvement in 6-min walk distance (143). Given the likely role of TGF-β in the pathogenesis of SchPAH, sotatercept may be effective in treating SchPAH patients too. Identification of relevant genetic variations in SchPAH patients may enable similar therapeutic approaches to address these targets.

True effects of anti-inflammatory therapies in human SchPAH, however, are unknown. An example of the clinical significance of the multifactorial nature of disease pathogenesis is underscored by studies of systemic sclerosis-induced PAH (SScPAH). Systemic sclerosis is known to cause PH of multiple etiologies and groups as defined by the World Symposium classification system (Group 1 PAH, and group 3 PH via interstitial lung disease, plus possible direct involvement of the RV), and this disease heterogeneity is believed to underlie the poor treatment response and the high mortality of SScPAH patients (144). Therefore, elucidating the clinically most relevant pathogenetic mechanisms in SchPAH remains an important task.

Discovering these unknown aspects of SchPAH pathogenesis requires the ability to generate sound hypotheses from patient-derived samples, readily test the hypotheses in animal models, and translate the findings back to clinical settings. This multifaceted research approach requires study designs to be tailored to the questions being asked, but also practical and feasible in regard to the outcome frequency and resources of the settings in which they will be implemented. In pre-clinical models, pathogenic effects can be studied using experimental designs that induce or block individual factors. In clinical studies, distinctions can be made through careful phenotyping of subjects to enrich for cohorts with HSS and/or SchPAH, and correlating PAH development with specific genotypes and phenotypes.

Initial epidemiologic studies can be conducted using retrospective clinical data, although the medical records available may be incomplete and follow up inconsistent; an estimate of the proportion of SchPAH patients under pulmonologists’ care who have a history of HSS could be obtained this way. Autopsy studies of banked tissue, to compare differential consequences of Schistosoma infection across species, provide another example. To uncover candidate pathogenic mechanisms, studies could use a cross-sectional design to evaluate biomarkers derived from blood or urine for their relationships with well-recognized prognostic scores that are based on clinical and hemodynamic measures.

Subsequent prospective observational studies could evaluate trends in biomarkers in relation to trends in prognostic scores, and the effects of conventional treatments on these trends. Prospective observational data being generated for clinical purposes allows enrichment of distinct at-risk pools, such as to study risk factors for incident disease and disease progression (e.g., individuals diagnosed with HSS versus individuals with SchPAH-associated symptoms, or by level of BMI). Prospective collection allows opportunities to increase data quality, by systematically timing visits among all patients across collaborating centers, and adding metrics of particular interest, such as patient-reported outcomes (PRO).

As mechanistic studies reveal pathways, clinical trials can be used to investigate therapeutic approaches. In SchPAH, early trials would likely confirm that conventional PAH treatments validated for other PAH etiologies have similar treatment effects in SchPAH. Subsequent studies would evaluate effects on target pathogenic mechanisms which may be shared with other PAH etiologies (i.e., TGF-β signaling, with an agent like sotatercept) or mechanisms that are thought to be unique to SchPAH (i.e., potentially Th2 inflammation and TSP-1 expression on Ly6c+ monocytes).

As the field moves forward, it is critical to consider the practicality of implementing novel diagnostic and therapeutic modalities in the resource-limited settings where SchPAH is endemic. Directly adopting practices that are being used for other types of PAH in developed countries will likely not be effective. For example, in certain parts of the world the infrastructure is not currently available to perform RHC on all patients who are suspected of having PAH, although it is the gold standard diagnostic test for PAH and required to ensure that left heart dysfunction is not present (145). Similarly, parenterally administered prostacyclins used to treat severe PAH requires frequent access to clinics and large amounts of provider and financial resources that are not widely available around the world. Efforts should be made to make widely available these diagnostic and therapeutic options available globally. It is also essential to thoroughly consider potential ways by which cultural and economic factors impact the practical diagnostic criteria, therapeutic delivery options, and outcomes of new interventions. It is also essential to closely collaborate with providers who directly work with SchPAH patients.



Conclusions

A summary of key take-home messages regarding SchPAH is provided in Table 2. Despite PAH being an uncommon complication of schistosomiasis infection, the overall high prevalence of schistosomiasis makes SchPAH one of the dominant causes of WHO Group 1 PAH and its severe disease manifestations make SchPAH an important public health threat. The lung blood vessel remodeling in SchPAH follows HSS, which results in embolization of eggs via portocaval shunts into the lungs that drives localized inflammation and vascular remodeling. Through a series of cellular and signaling events, Th2 inflammation drives TGF-β activation, which may become autonomous and independent of the Schistosoma antigen resulting in persistent vascular disease despite parasite eradication. Taking this into account, it seems logical that targeting the inflammatory cascade might be more beneficial earlier in the disease course (taking into account the need to avoid immunosuppression in individuals who are at risk for recurrent infection) versus targeting TGF-β that may be more beneficial later in the disease course. Treatments that are conventionally used for other forms of PAH appear to be useful in patients with SchPAH, however, without targeting the underling causative mechanisms of the disease. Integrating ongoing clinical studies and translational/basic science approaches to perform mechanistic analysis in animal models, which have clinical relevance to the disease will enable tackling these challenges.


Table 2 | Key take-home messages regarding schistosomiasis-associated pulmonary arterial hypertension.
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Human schistosomes combat the unique immune systems of two vastly different hosts during their indirect life cycles. In gastropod molluscs, they face a potent innate immune response composed of variable immune recognition molecules and highly phagocytic hemocytes. In humans, a wide variety of innate and adaptive immune processes exist in proximity to these parasites throughout their lifespan. To survive and thrive as the second most common parasitic disease in humans, schistosomes have evolved many techniques to avoid and combat these targeted host responses. Among these techniques are molecular mimicry of host antigens, the utilization of an immune resistant outer tegument, the secretion of several potent proteases, and targeted release of specific immunomodulatory factors affecting immune cell functions. This review seeks to describe these key immune evasion mechanisms, among others, which schistosomes use to survive in both of their hosts. After diving into foundational observational studies of the processes mediating the establishment of schistosome infections, more recent transcriptomic and proteomic studies revealing crucial components of the host/parasite molecular interface are discussed. In order to combat this debilitating and lethal disease, a comprehensive understanding of schistosome immune evasion strategies is necessary for the development of novel therapeutics and treatment plans, necessitating the discussion of the numerous ways in which these parasitic flatworms overcome the immune responses of both hosts.
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Introduction to Schistosomes/Immunosuppression

All organisms must deal with threats in their environments to survive and thrive. The same is true of parasites, whose environments put them constantly at odds with host immune systems. Whereas some parasites have only one host and must therefore develop immune evasion/suppression tactics against only one type of immune system, others employ indirect life cycles, which means they encounter diverse immune systems that utilize unique strategies geared towards their death and destruction. Schistosomes, which are digenean trematodes of the genus Schistosoma, are one such parasite. These flatworms employ an indirect life cycle, alternating between a gastropod mollusc as an obligate intermediate host and a definitive vertebrate host such as a human (1). Schistosomiasis, the disease caused by schistosome infection of humans, is widely considered the second most important parasitic disease from a public health perspective, trailing only malaria. It afflicts an estimated 206 million people, killing up to 200,000 annually, and resulting in an estimated loss of between 1.9 and 3.3 million disability adjusted life years (2–4). Thus, a comprehensive examination and understanding of how these parasites evade the immune systems of such drastically different hosts has been and continues to be the focus of extensive investigation (5–7). This review seeks to highlight the foundational work which demonstrated schistosome evasion/suppression of the immune response in both host systems. Those specific components that have been implicated as being immunomodulatory, and other uncharacterized factors that bear similarities to known parasite immunomodulatory factors will be discussed.


The Gastropod Immune System

After emerging from its egg into freshwater, the miracidial stage of the schistosome life cycle seeks out a suitable snail host. Although the immune systems of snails lack the overall complexity and antibody mediated adaptive response seen in mammals, these invertebrates combat schistosome infections using a multitude of immune strategies resulting in larval damage and ultimately the killing of invading schistosomes (Figure 1A) (8, 9). Research into the immunological underpinnings of snail/schistosome interactions has been undertaken largely using the Schistosoma mansoni/Biomphalaria glabrata model system that exploits numerous B. glabrata strains that display different compatibility profiles with specific strains of S. mansoni. This allows for detailed examination of both the host immune response as well as parasite survival strategies (10, 11).




Figure 1 | Immunosuppression tactics in the intermediate host. (A) Snails employ a wide variety of both humoral and cellular factors in combatting schistosome infections, many of which incorporate with each other to facilitate parasite killing. The humoral factors are largely composed of PRRs but also feature cytotoxic components such as biomphalysin. The cellular arm of the immune response features BgTLR displaying granulocytes, which envelope invading schistosomes, and hyalinocytes, which seemingly focus on the production of humoral factors and cell signaling molecules. (B) Parasites employ molecular mimicry by utilizing surface molecules and E/S products which share glycosylation patterns seen in snail plasma and on the surface of circulating hemocytes. Sharing such glycosylation patterns has been shown to correlate with survival during infection, suggesting these shared epitopes help schistosomes avoid recognition within the snail. (C) Molecular mimicry is also employed by the production of immune cell inactivating hormones like those produced by the snail which renders normally lethal hemocytes inactive and unable to kill invading sporocysts. (D) In order to avoid recognition by host pattern recognition receptors, schistosomes employ a highly variable series of polymorphic mucins. These mucins are recognized by host BgFREPs, and the variable nature of both the mucins and FREPs has led to the understanding that successful recognition of SmPoMucs by FREPs is a key determinant of infection success. If the host FREP can recognize the SmPoMucs and the surface of a sporocyst, that sporocyst will likely be killed, while having an unrecognizable SmPoMuc leads to immune evasion by avoiding BgFREP recognition. Such killing is thought to be at least partially dependent on a humoral BgFREP/BgTEP/Biomphalysin complex. (E) In order to generate a highly variable surface mucin, numerous processes occur to give rise to the considerable amount of variability seen between different sporocyst SmPoMucs. (F) Miracidia employ a venom allergen like protein which has been shown to upregulate the production of a B. glabrata matrix metalloproteinase (BgMMP1). This metalloproteinase is hypothesized to facilitate degradation of host connective tissues. Such degradation would allow for easier movement further into the host during initial infection. (G) E/S products from developing sporocysts facilitate the downregulation of key anti-parasitic functions in hemocytes. While some of these proteins have been identified, others remain of an unknown composition and are merely referred to by their size. (H) SmLeish-2 released by the parasite reduces hemocyte motility and therefore downregulates parasite encapsulation. This allows for continued movement and development of the sporocyst within the host.



Killing and elimination of invading miracidia and the sporocysts that they transform into relies primarily on coordination between the cellular and humoral immune responses of the snail. The immune cells, termed hemocytes, locate, surround, and encapsulate invading parasites. B. glabrata also features numerous immune molecules hypothesized to function in recognition of invading schistosomes such as the wide variety of leucine rich repeat-containing receptors including some canonical toll-like receptors (TLRs) (Figure 1A) and other pattern recognition receptors (PRRs) such as peptidoglycan recognition receptors (PGRPs), variable immunoglobulin and lectin domain-containing molecules, and the proteins encoded for in the Guadeloupe resistance complex (GRC) (8, 12–15).

As mentioned above, the humoral branch of the B. glabrata immune system is characterized as being important for recognition and clearance of S. mansoni and is largely composed of pattern recognition receptors (PRRs). Many of these PRRs have been found to contain at least one immunoglobulin superfamily (IgSF) domain next to an interceding region (ICR) (Figure 1A). Some of these ICRs are linked to galectin like domains, while others are linked to C-type lectin domains. These PRRs are referred to as Galectin-related proteins (GREPs) and C-type lectin related proteins (CREPS) (12).The most well characterized PRR in B. glabrata are the Fibrinogen related proteins (FREPs), which feature one or two IgSF domains linked to a fibrinogen like domain by an ICR (14). At least one FREP, FREP3, has the capacity to bind the surface of sporocysts and act as a opsonin, while siRNA mediated knockdown of FREP3 reduces resistance to S. mansoni challenge (16). B. glabrata FREPs (BgFREPs) possess the capacity to somatically diversify, which is a unique among invertebrates (17). Given the observation that schistosomes are in possession of polymorphic surface mucins that interact with FREPs, this somatic diversification suggests a possible form of adaptive immunity. This potential adaptive immunity is the subject of numerous investigations (18–20). In addition to these immunoglobulin-like domain containing PRRs, B. glabrata also possesses several thioester containing proteins (TEPs), which resemble complement component C3 in both form and function (21). The humoral immune response is not merely relegated to pathogen recognition; a β-pore forming toxin (β-PFT) known as biomphalysin is also able to directly kill S. mansoni sporocysts (22). Rather than functioning independently, at least three humoral immune components (BgFREPS, BgTEP, and biomphalysin) function as a unit to target and facilitate elimination of developing sporocysts (Figure 1D) (18).



Molecular Mimicry in the Gastropod Host

Avoiding immune recognition and destruction is mediated by a wide array of immune evasion techniques employed by invading miracidia and developing sporocysts (Figure 1B). First referred to as molecular mimicry in 1964, the process of parasites displaying antigens similar to those of their hosts has been a research topic of interest in numerous pathogen model systems (23, 24). The phenomenon has been shown to span numerous parasitological phyla, with some helminths utilizing glycans to mask their presence to their hosts (25). Some parasitic nematodes even employ glycans typically only found in vertebrates, suggesting that their use in parasites acts to hide the pathogen from the immune response (26).

The study of molecular mimicry in intermediate hosts was first reported in 1965 when in was observed that B. glabrata possessed similar antigens to those found in developing Schistosoma mansoni larvae (Figure 1B) (27). This was later confirmed by the development of polyclonal antibodies to hemolymph from S. mansoni resistant (10-R2) and susceptible (M-line) B. glabrata strains, with both reacting strongly with the surface of S. mansoni miracidia and sporocysts (28, 29). This association persisted for at least 48 h post transformation from miracidia to sporocyst, suggesting the developing larvae consistently share at least certain surface proteins during the first 48 h of infection, during which, they are most likely to be targeted by the snail immune response (28). Similarly, antibodies raised against whole sporocysts interact with the surface of B. glabrata hemocytes (30). Although these cross-reactive immunoglobulin tests suggest some form of molecular mimicry, such studies lack the necessary specificity for examination of shared antigens. Observed cross reactivity may simply be due to shared glycosylation patterns between the two invertebrates, with a variety of carbohydrates epitopes being found in both animals (31, 32). Often, such shared glycosylation patterns are featured at the surface of miracidia and sporocysts, although they may also be found in E/S products (33, 34). Although such similarities have suggested the employment of molecular mimicry for several decades, potential targets for such a phenomenon have emerged more recently. Differences in N-glycosylation patterns of hemolymph in the resistant BS-90 strain B. glabrata featured less glycan epitope similarities to S. mansoni than a susceptible B. glabrata strain (BgPR). This data provides support for the hypothesis that molecular mimicry might aid S. mansoni to avoid recognition by the varying lectins employed by B. glabrata as a means of immune recognition (35). This is further supported by the observation that hemolymph from susceptible B. glabrata strains, such as the NMRI snail strain, features a greater abundance of schistosome-like glycan epitopes in their hemolymph than resistant BS-90 strain snails (Figure 1B). Larval transformation products (LTPs) released by the parasite during miracidium-to-sporocyst transformation also participate in glycan mimicry (Figure 1B). Host hemolymph proteins and circulating hemocytes are capable of reacting with LTPs (36, 37). A differential binding pattern between LTPs and hemolyph proteins isolated from B. glabrata strains of varying compatibility with S. mansoni is observed using far-western blotting. This suggests the exploitation of differing glycan epitopes by S. mansoni during larval transformation (37). The attempts at mimicry made by S. mansoni are not limited to surface level epitopes, as sporocysts possess the capacity to produce host-like adrenocorticotropic hormone, which is processed by host hemocytes to become melanocyte-stimulating hormone, resulting in the rounding of hemocytes near the sporocyst (Figure 1C) (38).



Polymorphic Mucins

While molecular mimicry may very well function in hiding the parasite from the immune response of the snail, a new set of molecules that are distinct to the parasite have emerged as possible determinants of survival: S. mansoni polymorphic mucins or SmPoMucs (Figure 1D). These diverse proteins were first identified as part of a proteomics screen seeking to identify differentially abundant proteins produced by B. glabrata-compatible and incompatible strains of S. mansoni, and have gone on to be one of the most intensely studied components of resistance polymorphism in the B. glabrata/S. mansoni system (20, 39, 40). SmPoMucs consist of three distinct groups, each containing a characteristic C-terminal domain attached to a variable number of tandem repeats ranging from n = 1 to n~55 (41). These repeats, heavily composed of serine, threonine, and proline residues, allow for heavy glycosylation of these proteins, aiding in their classification as mucin-like molecules (41). Through a series of events including recombination, expression polymorphism, inheritable acetylation-based epigenetics, various mechanisms of post translational splicing, and differential glycosylation patterns, S. mansoni is capable of generating numerous different polymorphisms while only being in possession of an estimated 10 SmPoMuc genes (Figure 1E) (42–44). While different S. mansoni strains vary in their SmPoMucs transcript sequences and expression patterns of, such differences are also seen on an individual level between sporocysts (42, 43). In 2010, Moné and associates made the key observation that these diverse molecules could be found in association with somatically diversifying host immune molecules; FREPs and BgTEP (19). This is significant seeing as research demonstrating that a BgFREP/BgTEP complex can render susceptible snail hemocytes and plasma nearly as deadly to S. mansoni sporocysts as plasma from S. mansoni-resistant B. glabrata strains. Given the fact that SmPoMucs are found associated with the apical glands and E/S products of miracidia and sporocysts, SmPoMucs variability should be considered a key mechanism by which the parasite discourages recognition by key humoral immune complexes both at the surface of the parasite and in the surrounding tissues (18, 19, 40, 41). Given the somatic variation in BgFREPs, and the highly polymorphic nature of SmPoMucs, these interactions may prove to be supportive of the Red Queen Hypothesis whereby host and pathogen vary their respective molecular determinants of infection in order to survive (Figure 1D) (40).



Miracidia

When penetrating a suitable snail host, schistosomes are not restricted to molecular mimicry to evade detection and attack from molluscan immune cells. The first barrier miracidia face during intermediate host infection is passage through host tissues, a process thought to be facilitated by a thiol proteinase located in the lateral penetration glands of miracidia developing inside eggs (45). During initial penetration, larval transformation products (LTPs) released from the schistosome are also expected to aid in penetration while subsequently facilitating immune evasion (46). LTP contents have been examined using mass spectrometry, which revealed the presence of numerous factors involved in immune modulation, including but not limited to: proteases (a calpain, serine peptidase, leishmanolysin like protein), protease inhibitors (alpha-macroglobulin, cystatin B), ion binding proteins, antioxidant enzymes, and venom allergen like proteins, which are the most abundantly featured proteins present (47). One such venom allergen like protein (SmVAL9) has been shown to be key in facilitating the upregulation of extracellular matrix remodeling genes during penetration, as evidenced by in vitro observations using the B. glabrata embryonic cell line, suggesting that it may also be involved in movement throughout host tissues (Figure 1F) (48).



Developing Sporocysts

After miracidial penetration of the snail host, the developing sporocyst goes on to synthesize excreted/secreted (E/S) factors designed to facilitate survival and immune evasion (Figure 1G). Although nomenclature differs throughout the literature, for the purposes of this discussion, E/S products differ from LTPs in that they are produced during primary sporocyst culture, while LTPs are release during the miracidium-to-sporocyst transformation. These combinations of carbohydrates and proteins are predominantly produced 1 day post entry into the snail, implicating them as determinants of infection success in avoiding encapsulation by host hemocytes, a process which leads to damage of the parasite via ROS production, followed by death and elimination by phagocytosis of dead parasite material (49). Both microarray and serial analysis of gene expression techniques have been used to examine expression profiles in sporocysts, with a variety of proteases (cathepsin C, preprocathepsin L, hemoglobinase, and elastase) and antioxidants (Cu/Zn superoxide dismutase, peroxiredoxins 1 and 2, and glutathione peroxidase) having been identified as upregulated factors potentially responsible for some of the inhibitory effects seen in the host (50, 51).

The effects of excreted/secreted schistosome products have largely been investigated by examining the effect of whole E/S products on various biochemical and immune related functions in host hemocytes. They alter hemocyte metabolism, as evidenced by their capacity to modulate protein secretion from hemocytes in various B. glabrata strains (Figure 1G) (52). They also modulate cell signaling, as evidenced by the fact that direct exposure of susceptible B. glabrata to E/S products reduces both MEK and ERK phosphorylation, two hallmarks of phosphokinase based signaling (53). Seeing as MEK and ERK phosphorylation are cell signaling pathways used to facilitate granulin mediated hemocyte proliferation, this reduction in phosphorylation may also serve to decrease the availability of appropriate levels of cytotoxic hemocyte populations (13). Another downstream result of ERK signaling is the presence of heat shock proteins, such as HSP70. HSP70 abundance decreases are susceptible to snail hemocytes exposed to S. mansoni E/S products (53). Given the role of HSPs in the stress response and as damage-associated molecular patterns (DAMPs), this may also be a mechanism by which schistosomes persist in their intermediate hosts (54). Exposure of hemocytes to E/S products can impact parasite targeting/recognition and killing (Figure 1G). These products are capable of suppressing hemocyte chemotaxis while also reducing their capacity to phagocytize foreign particles (55–57). They also prevent the production of superoxide anions and nitric oxide, a key method by which hemocytes kill invading sporocysts (58, 59).

To date, four specific factors present in the LTPs produced by S. mansoni have been functionally characterized. Upon entry into the snail, S. mansoni releases venom allergen like protein 9 (SmVAL-9), which results in the upregulation of a B. glabrata matrix metalloprotease (48). Given the role of such metalloproteases in remodeling tissue, it is hypothesized that this facilitates entry and penetration of the parasite into host tissue (Figure 1F). Two more immune modulators were identified as part of an examination into E/S product synthesis by sporocysts in vitro (49). The first is a polypeptide of roughly 24 kDa found to be capable of inhibiting protein synthesis by snail hemocytes, an effect that was seen in susceptible M-line snails, but not observed in the more resistant 10-R2 strain (58). The second is a molecule of 108 kDa in size, predicted to be composed of more than one 50 kDa domains. This 108 kDa protein was shown to be able to scavenge superoxide anions produced by phagocytosis-stimulated M-line B. glabrata hemocytes, thereby protecting the parasite from this toxic oxygen species (58). A fourth and more recently characterized protein was an invadolysin upregulated by S. mansoni 33.2-fold at 12 h post infection in B. glabrata. This matrix metalloprotease is similar to Leishmanolysin (GP63), the predominant immunomodulatory protein found on the surface of Leishmania sp (60). This invadolysin, termed SmLeish, was found to be capable of reducing the motility of susceptible M-line B. glabrata hemocytes (Figure 1H). This function is essential in reducing the frequency at which sporocysts are encapsulated by hemocytes in vitro, and was also found to be crucial for survival within B. glabrata (55).




Introduction to the Human Host

After leaving their snail intermediate host, cercaria move to the surface of the water column in the hopes of encountering a compatible mammalian host. For S. mansoni and S. haematobium, this means encountering a human or small rodent such as a mouse or rat (61). S. japonicum, on the other hand, is capable of infecting over 40 different mammalian species, although humans are one of the primary hosts (62). The environment inside of a human host differs drastically from that of a gastropod mollusc. While snails mount a capable and robust innate response, in humans, the innate and adaptive arms of a schistosomicidal immune response are brought to bear (63). Each life cycle stage that takes place within the mammalian host is presented with a unique set of immune challenges based upon the location in the host. The exact efficacy of these host immune processes remains an investigated manner. Early work demonstrated that mammalian effector cells such as neutrophils and eosinophils are capable of killing schistosomulae in vitro, especially in the presence of complement proteins and anti-schistosome immunoglobulins (63–65). Whether or not this occurs in vivo remains unascertained. Resistance to schistosome infection does vary between age groups, with children and teenagers featuring higher reinfection rates than adults, although it is not known for certain if this increase in resistance is age mediated or antibody based (66–69). It is clear that sterile immunity is not induced in humans after infections, but models suggest that the levels of protective immunity that are developed are likely caused by exposure to dead worm antigens (70). To counter the numerous challenges schistosomes face in their definitive hosts, these worms have developed several immune evasion mechanisms allowing for high infection loads and lifespans up to 37 years, indicating their capacity to survive and thrive despite the host immune response (71).


Initial Penetration

The first immune barrier that schistosomes encounter is the skin. The skin functions as a barrier to all pathogens and helps prevent the entry of parasites, fungi, bacteria, and viruses. The components of the skin relevant to schistosome infections are the epidermis, the dermis, and the basement membrane separating the two. The epidermis is largely composed of keratinocytes, which secrete lipids to aid in the formation of a barrier, but specialized dendritic cells known as Langerhans cells are also present and are capable of taking up antigen and migrating into the lymph system. The basement membrane is a network of connective molecules composed largely of Collagen type IV and Collagen type VII (72–74).. On the inner side of the basement membrane, the dermis exists as a layer of skin featuring nerve endings, hair follicles, muscles, and both blood and lymph vessels (72, 74).

In order to successfully develop as a schistosomula, cercariae must penetrate through the epidermis, basement membrane, and dermis in order to locate a venule or lymphatic vessel that will subsequently lead them to the lungs (75). A healthy debate exists as to the exact mechanism and kinetics by which this skin penetration occurs, but a variety of model systems have allowed for a better understanding of how cercariae complete this task. In mice, hamsters and rats, the time needed for half of S. mansoni to leave the skin is 88, 65, and 70 h, respectively (73). Studies using human skin explants have demonstrated that S. mansoni and S. haematobium seemingly have similar invasion kinetics to what is seen in rodent model systems, with penetration into the dermis and location of a venule taking between 48 and 72 h (76–78). Penetration by S. japonicum has been shown to proceed at a faster rate, with up to 90% of the parasites reaching the dermis/host venules within 24 h post infection, some even doing so in only 12 h (77). Such an rapid migration is also supported by the observation that S. japonicum reach the lungs of experimentally infected mice after 3 days, while S. mansoni and S. haematobium take 6 days (79). The time it takes for penetration to occur suggests that movement in the skin is not easy for the invading larvae, and suggests the need for developing mechanisms of avoid immune cells within both the epidermis and dermis, where numerous innate immune cells are present (Figure 2A).




Figure 2 | Immunosuppression tactics in the human host. Schistosomes travelling through employ different immune evasion methodologies depending upon their location and life cycle stage. (A) As cercariae penetrate the skin, numerous proteases of different families help facilitate the cleavage of host molecules. The degradation of key structural components such as numerous collagens and elastin by these proteases helps the parasite descend through the epidermis, penetrate through the basement membrane, and eventually navigate the dermis in the search for a nearby venule. The invading larvae also release numerous immunosuppressants such as Sm16 and prostaglandins which alter leukocyte function in an attempt to avoid cell mediated death by creating a favorable immune environment. (B) Adults can also release molecules to reduce blood clotting in the area immediately surrounding a mated pair. This wide variety of molecules may be involved in the degradation of host plasma components to facilitate feeding, but their capacity to act as anti coagulants also implies the creating of a milieu in which the worms are able to move freely without fear of being killed by the coagulation of the blood in which they are emersed. (C) Adult worms in the mesenteric blood vessels incorporate host molecules into their tegument. Many of these molecules are important immune factors, which are bound in such a way as to prevent proper opsonization. IgG is found via its Fc portion, making in unrecognizable to cell found Fc receptors. Complement component C3 is also bound, although the effects of this association are not completely understood. Finally host MHCI can also be found bound to adult worms via its β2-microglobulin domain. The worm also targets mammalian factors not only for capture, but also for inactivation, as evidenced by schistosome paramyosin inhibiting membrane attack complex formation. (D) Schistosomes release a wide variety of parasite derived factors into their environment to create tolerable conditions for their survival. These molecules perform many different tasks, including the inhibition of cysteine proteases (Sj cysteine protease inhibitor), the blocking of neutrophil elastase (SmKI), and the alteration of antigen processing in macrophages (SjTpx). (E) Schistosome eggs release several factors which is key in skewing the T cell response towards the Th2 phenotype necessary for migration through the intestinal wall. These include α-1, which causes TH2 type granuloma formation through basophil mediated IL-4 production, and Ω-1, which brings about M2 polarization by altering dendritic cell antigen presentation. The chemokine binding protein SmCKBP is also present and reduces recruitment of varying leukocytes.



Penetration through the uppermost layers of the epidermis is aided by the aqueous environment in which they encounter their host, seeing as the lipid interactions holding together the stratum corneum are lessened/removed in such an environment (80). Once the schistosomes have passed through the upper layers of keratinocytes, they encounter resistance at the stratum spinosus, and proceed to facilitate the killing of nearby cells while also degrading the connections (largely composed of cadherins) between such cells. This process, as well as the subsequent degradation of host structural components, may be facilitated by both mechanical movement as well as factors that degrade cell–cell adhesions. Possible sources for such factors include the head gland, sub-tegumental cell bodies, and acetabular glands (73). While each of these sources may have roles in facilitating penetration, the most likely suspect remains the acetabular glands, cells featuring long duct-like cytoplasmic extensions leading to the anterior of the parasite that are packed with proteases (81). Acetabular gland secretions are produced during migration through the collagen rich basement membrane of the skin and have been confirmed to be secreting up to three days post infection. The cells of the acetabular gland atrophy between 48–72 h post infection, and are not thought to be a key factor in penetrating into host venules, a process which is thought to be mediate by the parasite’s head gland (75).The acetabular glands are, however, necessary for percutaneous infection using mechanically transformed cercariae. Thus, it is likely that these glands remain the predominant method by which human schistosomes facilitate entry through the skin (73, 80, 82–84).

Investigations into the proteolytic factors responsible for skin penetration have revealed of a wide variety of serine proteases as a means by which to degrade host structural components. S. mansoni, which has been studied extensively in this area, produces numerous serine proteases, which are expelled from its acetabular glands during penetration (Figure 2A). Among these proteases are a 28/30 kDa protease capable of cleaving casein, gelatin, C3, C3b laminin, fibronectin, keratin, and collagens type IV and VIII; a 47 kDa protease capable of cleaving gelatin, casein, collagen type VI, and elastin; and a 60 kDa protease capable of cleaving casein and gelatin (85–87). Inhibition of these serine proteases using serine protease inhibitors reduces the likelihood of successful penetration into human skin (88). Among these serine proteases, the 28/30 kDa variant that is referred to as SmCE (Schistosoma mansoni Cercarial Elastase) is the most crucial, as it composes roughly 36% of the total volume of acetabular gland contents (89). Inhibition of SmCE using the protease inhibitor succinyl-alanyl-alanyl-prolyl-phenylalanine chloromethyl ketone (AAPF-CMK) is capable of reducing cercarial penetration by up to 80% (90). Highlighting the importance of SmCE is its persistent presence throughout the intra-mammalian portion of the S. mansoni life cycle. A membrane bound version of the protein is found in cercariae, lung stage schistosomulae, and adult worms (91). While S. haematobium possess a protease like SmCE, it was long held that S. japonicum lacked any serine protease production whatsoever during initial penetration events because SmCE antibodies failed to react with S. japonicum cercarial extracts (92). More recent proteomic analysis of the host/parasite molecular interface during S. japonicum penetration into mouse skin revealed a single S. japonicum cercarial elastase (SjCE2b) made in cercaria and localized to the acetabular glands, although levels of this protein pale in comparison to what is found in S. mansoni and S. haematobium (93).

Given the relative difference in serine protease abundance between varying species of human schistosomes, other factors must participate in the cercarial penetration event. Cathepsins have emerged as an alternative facilitator of penetration (Figure 2A). S. japonicum cercaria, despite lower protein output during transformation to schistosomulae than S. mansoni, exhibit up to 40-fold more cathepsin-B-like activity than their S. mansoni counterparts (92). Additionally, proteomic analysis of the proteases found in S. japonicum cercaria and schistosomulae have identified five different cathepsins and only one serine protease (93). Given that S. japonicum is considered to be a more ancestral species of schistosome than S. mansoni or S. haematobium, it is possible that these cathepsins are an evolutionarily older mechanism of facilitating penetration into a wider variety of hosts. Seeing as S. japonicum has been observed to elicit more of a swollen red bump at the site of penetration, it is possible that the expanded use of serine proteases in S. mansoni in particular could have resulted from an evolutionary attempt to move away from Cathepsins as a penetration facilitating molecule given their immunostimulatory properties in humans (92). S. mansoni still produces cathepsins, two of which (Cathepsin L1 and Cathepsin B) are present in the post acetabular glands of the parasite. Given the function of post acetabular glands in producing mucous like substances to facilitate attachment to host skin, it is possible that these cysteine proteases may have a role in overcoming the skin as an immune barrier. Alternatively, the involvement of cathepsin activity in the adult schistosome gut suggests that the presence of cathepsins in cercaria also has the potential to serve as nothing more than evidence of the development of factors necessary for digestion in subsequent life cycle stages (94).

Cercaria, as well as the skin stage schistosomula into which they develop, must also contend with a variety of different immune cells in the skin. The immune response commences early during penetration in the epidermis, with HLA-DR+ cells, likely Langerhans cells, having been shown to aggregate at the sight of infection within 48 h, while keratinocytes respond to penetration by the release of the proinflammatory cytokines IL-1α and IL-1β (77, 95). Additionally, fluorescent imaging has revealed that neutrophils, macrophages, and dendritic cells are all capable of internalizing the products released by cercariae upon penetration (96). Eosinophils and neutrophils can kill developing schistosomula with the aid of complement components and immunoglobulins in vitro. Thus, one can assert that humans possess a more than adequate array of schistosomicidal immune cells in the skin that could kill the developing larvae in the absence of immunomodulatory factors (65).

Several candidate immune modulators produced by skin staged schistosomula have been identified (Figure 2A). However, only a few of which have been functionally characterized to date. Chief among these modulators is an anti-inflammatory protein termed Sm16/SmSLP/SmSPO-1. This 16.8 kDa protein composes roughly 3–4% of the protein secreted from cercariae during 0–3 h post infection, suggesting a role in parasite survival (89). It has been demonstrated that Sm16 can alter cytokine profiles. It downregulates Il-1α production in keratinocytes, lowers ICAM-1 expression in endothelial cells, prevents LPS induced neutrophil movement into the dermis, and reduces LPS mediated IL-6, TNF-α, and IL-1β production. In mice, it lessens the capacity of mouse bone marrow derived macrophages from producing Il-12p40, IL-10, and IFN-γ-induced   production, while also slowing antigen processing by phagocytic cells (97–100). The Sm16 counterpart in S. japonicum, termed Sj16, has also been shown to possess immunomodulatory properties, including a reduction in macrophage maturation, while also modulating cytokine production in thioglycolate-induced peritoneal mouse cells by upregulating IL-10 and IL-1RA, while downregulating MIP-2, IL-1β and IL-12p35 (101). Interestingly, Sj16 is also capable of increasing the abundance of CD4+CD25+ Foxp3+ regulatory T cells, thereby suggesting that it not only has the capacity to downregulate inflammatory responses, but may also contribute to the development of a regulatory response (102). Originally, the roughly 30% similarity that Sm16 features with human stathmin led researchers to hypothesize that Sm16 functioned as a microtubule destabilizing protein. This suggestion has been disproven, and it has been shown that Sm16 actually assembles as a 9 unit lipid bilayer-associated oligomer that is capable of altering both TLR4 and TLR3 signaling (99, 103). Despite this plethora of functions, immunization of mice against Sm16, as well as infections with Sm16 RNAi knockdown parasites reveals that elevated humoral and cellular immunity to Sm16 do not confer protective immunity n mice, with worm burden and egg laying remaining unchanged (104). Given that natural infections with S. mansoni (in humans) and S. japonicum (in rabbits) fail to elicit strong antibody mediated responses, Sm16, long considered a possible vaccine candidate, does not merit investigation as such (101, 105).

Other, perhaps less well known/examined immunomodulators are also features of schistosome infections in the human skin (Figure 2A). Some, such as the 23 kDa S. mansoni-derived apoptosis inducing factor, seemingly exert their immunomodulatory properties by direct targeting of T cells. Schistosome E/S fractions containing a 23 kDa protein have been shown to specifically target T lymphocytes for apoptosis, a process thought to be mediated by causing an upregulation of both the Fas Ligand and Fas receptor on CD3+ cells (106). This destruction of T lymphocytes during initial penetration may be partially to blame for the inability of immunized mouse lymphocytes to recognize the E/S products of invading parasites, as a proper T cell mediated response would be severely hampered (107). Other molecules may act by instead modulating the cytokine environment in which the parasite finds itself. S. mansoni can produce prostaglandin E2 (PGE2), while also producing an E/S product of less than 30 kDa in size that can upregulate the production PGE2 and IL-10 from human keratinocytes. This seems to be of significant importance to the kinetics of infection, as IL-10 deficient mice are able to slow schistosomula travel through the skin and into the lungs (108). Both the 23 kDa and 30 kDa immunomodulatory factors were identified via fractionation of schistosome E/S products, with the exact molecular identity having not yet been ascertained. The use of Prostaglandins is not limited to PGE2, however, as PGD2 produced by the parasite inhibits the migration of epidermal Langerhan cells to nearby lymph nodes (109). Given that production of PGD2 by S. mansoni has been demonstrated to require a 28 kD Glutathione S-transferase, an interest in exploiting such a factor as a possible vaccine candidate was explored during the early 1990s. Unfortunately, recent phase 3 clinical trials of the S. haematobium derived rSh28GST (Bilhvax) vaccine proved ineffective in granting significant immunity (110–113). Finally, a family of venom allergen like proteins was identified as possible immune modulators. The S. mansoni genome was demonstrated to feature 29 of these proteins, which are defined by the presence of a Sperm-coating protein/Tpx-1/Ag5/PR-1/Sc7 (SCP/TAPS) domain (114). SmVALS 4, SmVAL 10, and SmVAL 18 were identified as being present in the E/S components from cercaria and compose roughly 3% of the normalized proteins found therein using mass spectrometry. The presence of SmVAL24 in the acetabular glands has been observed via whole-mount in situ hybridization (89, 115). To date, only two of these SmVAL proteins have been functionally characterized. SmVAL4 possesses lipid and cholesterol binding capacity, although how this might result in the modulation of the host immune response has not yet been examined (116). SmVAL18, on the other hand, has been shown to bind plasminogen, and help facilitate its cleavage into plasmin, which plays a role in the degradation of complement components, extracellular matrix proteins, and fibrinolysis. Thus, SmVAL18 could conceivably help the parasite migrate through the skin and avoid blood clotting during penetration into a venule (117). In S. japonicum, only one VAL, Sj-VAL-1 has been examined and has been shown to localize to the penetration and head glands of cercariae, suggesting a possible role in migration into host venules (118).

In addition to those immune mediators that have been characterized, numerous other parasite-derived factors hypothesized to be involved in overcoming the immune response in the skin have been identified by genomic, transcriptomics and proteomic approaches (Figure 2A). One interesting possible series of targets are metalloproteases. In S. mansoni, genomic data suggests the presence of 114 metalloproteases, 35 of which were found to have differential transcription through different live cycle stages (114, 119). Of note was the presence of seven invadolysins, five of which were upregulated preferentially in the germ ball stage of development, and two of which were most upregulated in the cercaria. Given that one invadolysin (Smp_090100.1) constitutes 12.8% of the protein secreted during the first 3 h of infection, while another (Smp_135530) was shown to be a key determinant of infection status in the intermediate host, investigations into the role of such proteases is merited in the context of mammalian infection (55, 89). This is supported by recent findings examining proteins expressed during S. japonicum penetration, which suggest the expression of six different invadolysins, five of which continued to be expressed by schistosomula after successful migration through the skin (93). Another potential immunomodulator yet to be functionally characterized is SmKK7, a protein bearing significant homology to K+ channel blockers in scorpion venom, which could foreseeably function in inhibiting the activation of surrounding lymphocytes (89).

Despite the diverse and plentiful existence of these factors secreted by invading cercaria/skin stage schistosomula, schistosomes do not merely rely on the release of immunomodulatory molecules into the skin meant to ward off effector immune cells. The parasite must also deal with the potential of being opsonized by complement components and immunoglobulins and has therefore evolved both surface-associated factors and the use of secreted products to combat host innate and adaptive responses. This process begins during the first 3 h of invasion, wherein the schistosomula rapidly seeks to shed the proteins and carbohydrates composing its glycocalyx (Figure 2A). While the glycocalyx serves an important role in mediating survival under the high osmotic pressures seen during the free living aquatic cercarial stage of life, once in the skin, it is a potent target for both the classical and alternative pathways for the complement system (120). While the process of losing the glycocalyx is facilitated in part by mechanical movement throughout the epidermis, the close association of SmCE has been suggested as a possible aid during this process.

While the glycocalyx is shed, schistosomulae also undergo a complex reorganization of their outer membrane in which they go from a trilaminate state into a heptalaminate state that persists into adulthood (121). This newly formed heptalaminate membrane then begins to display several surface-bound factors geared towards disabling complement and immunoglobulin-based attacks. One such molecule is paramyosin, which has been shown in association with both schistosomula and adult worms. Paramyosin has been shown to bind complement components C1, C8, and C9, thereby inhibiting polymerization and deposition of the membrane attack complex on schistosomulae exposed to human serum (122). The membrane has also been shown to feature a receptor capable of binding to the Fc fragment of human IgG (but not IgE, IgA, and IgM), while also binding to the β2-microglublin found in the human major histocompatibility complex (123). Such binding could conceivably function in masking the schistosomula with host proteins, but the orientation of binding also suggests it is a mechanism of rendering IgG unable to signal to surrounding effector cells. With the Fc portion of IgG bound to the schistosome, the antibody-dependent cytotoxicity employed by cells such as macrophages, neutrophils, and eosinophils cannot occur due to the inability of IgG to bind the Fc receptor on the surface of such cells. Immunoglobulins in the immediate area of the infection appear to be targeted by serine proteases secreted from the schistosomula, as surface bound IgG is cleaved into Fc and soluble Fab fragments in a manner inhibited by the serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF) (124). Additionally, soluble IgE is cleaved by a schistosomula derived serine protease likely to be SmCE, as a specific inhibitor of this factor inhibits IgE cleavage (125).



Immunosuppression by Schistosomula in the Lungs

After successfully reaching either a venule or lymphatic vessel, schistosomes begin their migration through the bloodstream towards the lungs, where they will mature for a few days prior to continuing to the liver. While some immune mediators used in the skin continue to be used in the lungs (Sm16, Sj16, venom allergen like proteins, surface paramyosin), exposure of the larvae to lung epithelial cells elicits new immunomodulatory mechanisms (126). This is particularly crucial given the observation that vaccination with radiated parasites results in protective immunity that largely results in parasite killing in the lungs, suggesting that immunosuppression in the lungs is key to survival and establishment in the host (127). Although the entirety of how this resistance is mediated is poorly understood, it appears that several E/S products of lung-stage schistosomula elicit a strong Th1 type immune response that requires cooperation with Th17 and Th2 factors in order to facilitate larval death (128, 129).

To date, the factors produced by lung stage schistosomes remain poorly examined due to difficulty of isolation, prior focus on the skin stage larvae as potential vaccine targets, and a lack of standardization of the transformation and culture conditions during in vitro culturing of lung-stage larvae. Despite this, some studies have gone on to perform both transcriptomic analysis of lung stage larvae, as well as proteomic screens, and have identified factors thought to target host leukocytes (130, 131). One protein found to be transcriptionally upregulated was a venom allergen like protein, suggesting the presence of this protein family in yet another life cycle stage of S. mansoni (130). Another potential target identified by both a microarray analysis and transcriptomics screen in S. mansoni was a protein simply termed Antigen 5 which bears homology to an antigen from Echinococcus granulosis hydatid cysts. This antigen is thought to be immunomodulatory, although a particular mechanism has yet to be described (130–132).

When mechanisms designed to hamper the activation and engagement of effector cells fail, schistosomes must be able to withstand to withstand the cytotoxic effects of reactive oxygen species and reactive nitrogen species in order to survive. In fact, immune responses that effectively generate large amounts of these reactive species have been shown to correlate with larval death (128). Schistosomes switch from relying on aerobic metabolism to anaerobic metabolism one during their first two weeks in their definitive host, which is hypothesized to be at least partially responsible for their gain in resistance to nitric oxide mediated killing (133, 134). This is significant given the observation that nitric oxide is a significant determinant of infection success in vivo, with nitric oxide synthase knockout Rattus norvegicus showing a significant decrease in resistance to S. japonicum infection (135). In order to combat H2O2, however, schistosomes appear to utilize surface-associated peroxiredoxin-1as a scavenger molecule, as evidenced by the fact that RNAi mediated knockdown of this molecule renders S. japonicum susceptible to H2O2 (136).

Finally, schistosomula must also overcome a significant barrier during their trip throughout the vasculature, to the lungs, as well as their adults lives thereafter: human blood. Although leukocytes are correctly pointed to as the main sources of immunity in whole human blood, it is important to recognize that blood coagulation and platelet deposition surrounding pathogens is also a key mechanism by which humans fight off infection. Schistosomes have evolved mechanisms to avoid clot formation in their immediate vicinity. In both S. japonicum and S. mansoni surface bound enolases are employed as plasminogen binding proteins that increase the amount of active plasmin in close proximity to the parasite. Active plasmin surrounding the parasite results in an increase in fibrinolytic activity (137, 138). Although these enolases have been shown to facilitate this process both in vivo and in vitro, it would appear as though the plasmin activity facilitated by all three of the major human schistosomes does not rely solely on enolases, as up to 10 plasminogen binding proteins have been identified via western blotting techniques. RNAi-mediated KD of enolases does not significantly inhibit schistosomula associated plasmin activity, suggesting other as of yet unidentified factors are also involved in the inhibition of clot formation (137).



Adults

Adult schistosomes incorporate many different strategies to avoid and overcome the host immune response (Figure 2C). The first of these strategies is the capacity of adult schistosomes to incorporate host antigens on their surface in an attempt to hide themselves from host immune factors. This was first suggested by the work of Smithers et al. in which adult worms were transplanted into a host of a different species. After these transplants, the adult worms would usually survive, unless the recipient host had been vaccinated with antigens from the donor host species prior to the infection, in which case most worms would die. This strongly suggested incorporation of host molecules onto the surface of the worm (139). This work would become a staple of parasitology classes and helped lay the foundation for future work into schistosome host antigen absorption. Subsequent work has demonstrated that this incorporation of host products is not a random process, nor a result of the generalized “stickiness” of the glycocalyx. It is, rather, due to the presence of receptors for various host antigens (Figure 2C). Receptors for the Fc portion of immunoglobulins, one of which has been shown to be a paramyosin as well as a β2-microglobulin in a MCH class I receptor, and a C3 receptor explains the presence of these molecules on the surface of the worm (123, 140, 141). Although the binding of IgG via its Fc region renders it unable to bind the Fc receptor on circulating effector cells, the exact orientation/function of complement component C3 binding is not known (Figure 2C). Adult schistosomes are also capable of incorporate host CD44 into the outer portion of their tegument, especially on the tips of the adult spines (142). To date, an immunological function of CD44 being used by the worm remains to be identified.

Another immune evasion method is molecular mimicry, which is employed by adult schistosomes via the production of molecules bearing significant homology to host signaling molecules. Schistosomes have been shown to produce levels of adrenocorticotropic hormones, which, when processed by human polymorphonuclear leukocytes into alpha- melanotropin, results in the subsequent inactivation of these cells, and could potentially decrease Th1 cell activation (143, 144). Additionally, schistosomes have the capacity to generate substances bearing similarities to morphine and codeine, which had the effect of decreasing leukocyte activation (144, 145).

While the exploitation and mimicry of host molecules greatly aid the worm during infection, they are also capable of employing novel self-made mechanisms of interfering with the human immune response (Figure 2D). The production of immunomodulatory elements in adults occurs early in their arrival to the hepatic portal system or venous plexus. In S. japonicum, unique factors are shown to be produced as early as day 14 post infection. Identified among the E/S proteins from 14-day old S. japonicum are a cystatin and an integrin. The cystatin is hypothesized to induce the polarization of alternatively activated macrophages, which are characteristic of a Th2 type responses that are less toxic to larvae than Th1 type inflammatory response. The integrin is hypothesized to mediate T cell migration, which might alter cytokine production in the milieu surrounding the larval parasite, lessening the immune challenges it may face in the lungs (146). While these cell targeting factors have yet to be functionally characterized, at least one S. japonicum Thioredoxin peroxidase (SjTPx) has. It is a protein released from 14 day old schistosomula that has been shown to reduce the presence of MHCII and CD86 on LPS stimulated RAW macrophages, thereby implicating it in downregulating of antigen presentation and subsequent T cell activation (146).

Many immunomodulatory factors are found in the tegument, the multi-layered outer surface of the parasite which is capable of quick self-renewal after damage, a process mediated by a population of somatic stem cells with a propensity to differentiate into tegument associated cells (147).The factors within the tegument have been extensively examined (148, 149). In S. japonicum, one such factor, S. japonicum tetraspanning orphan receptor (SjTOR), proves to be yet another component in fighting complement mediated death, and has been shown to bind complement component C2, while preventing complement mediated cell lysis (150). The tegument is also home to the S. mansoni Kunitz type protease inhibitor (SmKI-1), a potent serine protease inhibitor with similarities to the Kunitz type protease inhibitors found in the gut of Fasciola hepatica (151). In S. mansoni, it is present both in the tegument of adult worms, as well as their E/S products (Figure 2D) (152). This particular inhibitor was shown to be crucial for parasite survival within mice, as siRNA KD of SmKI-1 resulted in increased killing via neutrophil elastase, a molecule the inhibitor was shown to target in vitro (153). SmKI-1 is accompanied in the tegument by Sm200, a 200 kDa protein used for diagnostic purposes, but whose only characterized function to date is the causation of an increased abundance in IL-10 secretion from surrounding cells (154). In S. japonicum, another protease inhibitor, this one of the cysteine variety, has been shown to inhibit the lysosomal cysteine protease of dendritic cells, while also reducing their antigen processing/presentation on MHC class II (155). Clearly, these two protease inhibitors are evolved mechanisms meant to prevent cell mediated killing should the parasites attempts at avoiding cell recognition/contact fail (155). Lastly, thought-provoking work into the mechanisms by which adult schistosomes release immunomodulatory factors into the host revealed that they are not restricted to proteins shed as part of the membrane, but that they also employ exosome-like vesicles that drive classical activation of macrophages (156–158). Earlier examinations of the surface adult surface demonstrated the release of portions of the tegument, but did not make note of observing such small, exosome like vesicles (121, 159, 160).

Another significant barrier to overcome that adult worms must face is survival in the host bloodstream. Given the long lifespans of adult schistosomes, in addition to their relatively small size (approximately 1cm in length), constant exposure to blood clotting factors put them at risk of immobility and subsequent death. While the presence of the enolases seen in schistosomulae have been confirmed in adults, a bevy of other possible anti-coagulation mechanisms have been identified in adult worms. This is perhaps most clearly demonstrated by the fact that addition of mated pairs of adult worms to murine blood significantly reduces coagulation, while at 7 weeks post infection with S. mansoni, mouse blood features clots that break down more easily (161). While this general observation of anticoagulation is interesting, the past few decades have allowed for a more refined understanding of the exact molecules present at the surface of the parasite that allow for such activity (Figure 2B). Among the specific anticoagulants discovered are the kininogen cleaving serine protease Sk1, the α- and γ-thrombin binding/inhibiting membrane bound antigen Sm22.6, the ATP-diphosphohydrolase enzyme SmATPDase1 that cleaves the platelet activator ADP, the more recently characterized tegumental calpains S, Calp1 and SmCalp2 that cleave host fibrinogen, and finally, the secreted serine protease SmSP2 that activates parts of the fibrinolytic system and promotes vasodilation (162–165). The discovery of these specific factors clearly demonstrate that schistosomes have evolved a large variety of methods by which to ensure their free movement and survival within host vasculature (Figure 2B) (166). While attacks on the parasite outer surface by blood borne factors are well characterized, less is known about how the parasite survives the host immune mediators that it internalizes during feeding on host erythrocytes. Of note is the observation that one of the several proteases the schistosome gut produces for digestion of RBCs, cathepsin D, is also capable of cleaving IgG and complement component C3, although it is not known if this functions as an immune evasion technique for combatting gut permeabilization or is rather just part of digesting these factors as possible nutrient sources (167). The contents of the adult gut are not limited to proteases, seeing as a recent study demonstrated that a micro-exon gene (MEG) protein MEG-14 interacts with and sequesters the pro-inflammatory human calgranulin S100A9, suggesting a possible role in immune downregulation (168, 169). Perhaps one of the more remarkable things about schistosomes in the blood is their capacity to utilize ingested blood components to modulate the surrounding immune response. This is made evident by the observation that hemozoin, the biproduct of erythrocyte digestion composed of heme molecules, is regurgitated by the worm, taken up by macrophages, and downregulates the Th2 types response seen during egg laying (170).



Eggs

The eggs laid by schistosomes are the primary cause of pathology associated with human schistosomiasis. This has resulted in significant amounts of research going into understanding the immunological milieu surrounding these eggs. While many aberrantly migrating eggs become lodged in the liver, they typically seek to exit the host via the intestines/bladder. The process by which the eggs exit the host have been reviewed extensively; therefore here we seek to highlight the specific factors excreted by the eggs to modulate/downplay the host response during the migration through the host intestines and bladder (171, 172). Schistosome eggs are composed of a thick protein shell, a cell derived envelope responsible for the secretion of various factors, and the developing miracidium (173, 174). Adult female schistosomes are estimated to lay roughly 300 eggs per day during their peak reproductive ages, and while many of these eggs will aberrantly migrate to the liver where they reside until death, successful eggs will begin their migration through the intestine towards the intestinal lumen (175). This process is accompanied by the formation of a granuloma surrounding the eggs. While schistosome egg antigens have been shown to be capable of inducing apoptosis of host cells, the parasite appears to harness the host immune response in order to facilitate egg movement towards the lumen. This is made evident by the fact that egg laying coincides with the appearance of a Th2 type response in the host, and a similar response can by induced via the direct injection of eggs into the anterior mesenteric veins of mice (176). In mice, a balance between host Th1 and Th2 responses to schistosome eggs is necessary, seeing as deficiencies in either result in accelerated pathology and subsequent death. That having been said, the observation that IL-4 and Il-13 negative mice rarely pass eggs in their feces suggests that a Th2 type granuloma response is imperative for the egg to reliably exit the intestinal wall successfully (177, 178). To date, two specific molecules have been identified that have been shown to drastically skew the T cell response in granulomas towards a Th2 type response. The first of these is a major glycoprotein known as alpha-1 (α-1), also referred to as the Il-4 inducing principle of S. mansoni eggs (IPSE). IPSE is recognized as an antigen by basophils, subsequently resulting in an increased amount of IL-4 production and an alteration of the T helper cell response (Figure 2E) (179). Of note is the observation that this molecule is also capable of upregulating Il-10 production in B cells, thereby increasing the proliferation of regulatory T cells, a process that may be more important in dealing with granulomas in the liver (180). Intriguingly, α-1 is not the only Th2 inducing glycoprotein secreted by schistosome eggs, as another glycoprotein, Omega1 (Ω-1), a T2 ribonuclease, has shown to be the primary method by which the eggs induce a Th2 response (181). Ω -1 does not affect IL-4 release from basophils like its counterpart, α-1, but rather it targets dendritic cell (DC) functions (Figure 2E) (182). In 2012, it was shown that Ω-1’s glycosylation patterns allow it to be internalized by DCs via binding to the mannose receptor, while ribonuclease activity results in lowered protein synthesis via the cleavage of host rRNA and mRNA (183). The significance of this molecule in driving the immune response surrounding schistosome eggs was recently demonstrated in the first ever published occurrence of CRISPR-mediated knockout of a S. mansoni gene, which resulted in a decrease in Th2 cytokine production from macrophage/T cell co cultures, while also decreasing the volume of murine pulmonary granulomas (184). This skewing of the immune response allows for granulomas composed of alternatively activated macrophages, dendritic cells, lymphocytes, basophils, and eosinophils. Each of these cell types plays different roles in helping to facilitate movement through the intestinal via the degradation of host tissue. This degradation is thought to be aided at least in part by SmEnolase and SmCalp1, whose presence in the eggs is thought to aid in fibrinolysis (137, 163). Additionally the egg is thought to facilitate its own survival by producing SmKI-1 as a method of surviving neutrophil elastase mediate death, while also producing a chemokine binding protein (SmCKBP) that reduces inflammation and inflammatory cell recruitment via the binding of CXCL8 and CCL3 (Figure 2E) (185). These immune modulating and immune evading tactics allow for the egg to migrate through the host intestine/bladder, so that they may eventually be excreted in order to commence their life cycle anew.




Conclusion

Schistosomes have evolved an indirect life cycle featuring both an intermediate gastropod host in which they undergo asexual replication and a mammalian definitive host, including humans, in which adult worms inhabiting the bloodstream undergo sexual reproduction. This complex life cycle has led schistosomes to develop a bevy of mechanisms to avoid being killed by the immune system of either the snail or human hosts. In snails, a mixture of molecular mimicry and E/S products from the developing larvae are utilized to target host hemocytes and prevent their movement, engagement, and killing of the parasite. In humans, various proteases are used to enter the host, after which each life cycle stage produces numerous factors meant for the specific targeting of particular cell types relevant to survival at each stage of development within the host. Given recent advancements in praziquantel administration efforts correlating with a decrease in estimated schistosome infections worldwide, hope exists for the eventual elimination of this deadly and debilitating disease (186). That having been said, an estimated 200 million people are still infected with schistosomiasis, highlighting the need for alternative therapeutics, as well as the possible development of a vaccine. Research into understanding the mechanisms employed by the parasite to survive in both hosts remains crucial in better understanding infection outcomes. The progression in this field from basic observational research all the way to targeted gene deletions suggests a bright future for research into schistosome immune evasion strategies.
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Schistosomes are parasitic platyhelminths that currently infect >200 million people globally. The adult worms can live within the vasculature of their hosts for many years where they acquire all nutrients necessary for their survival and growth. In this work we focus on how Schistosoma mansoni parasites acquire and metabolize vitamin B6, whose active form is pyridoxal phosphate (PLP). We show here that live intravascular stage parasites (schistosomula and adult males and females) can cleave exogenous PLP to liberate pyridoxal. Of the three characterized nucleotide-metabolizing ectoenzymes expressed at the schistosome surface (SmAP, SmNPP5, and SmATPDase1), only SmAP hydrolyzes PLP. Heat-inactivated recombinant SmAP can no longer cleave PLP. Further, parasites whose SmAP gene has been suppressed by RNAi are significantly impaired in their ability to cleave PLP compared to controls. When schistosomes are incubated in murine plasma, they alter its metabolomic profile—the levels of both pyridoxal and phosphate increase over time, a finding consistent with the action of host-exposed SmAP acting on PLP. We hypothesize that SmAP-mediated dephosphorylation of PLP generates a pool of pyridoxal around the worms that can be conveniently taken in by the parasites to participate in essential, vitamin B6-driven metabolism. In addition, since host PLP‐dependent enzymes play active roles in inflammatory processes, parasite-mediated cleavage of this metabolite may serve to limit parasite-damaging inflammation. In this work we also identified schistosome homologs of enzymes that are involved in intracellular vitamin B6 metabolism. These are pyridoxal kinase (SmPK) as well as pyridoxal phosphate phosphatase (SmPLP-Ph) and pyridox(am)ine 5’-phosphate oxidase (SmPNPO) and cDNAs encoding these three enzymes were cloned and sequenced. The three genes encoding these enzymes all display high relative expression in schistosomula and adult worms suggestive of robust vitamin B6 metabolism in the intravascular life stages.
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Introduction

Schistosomes are intravascular parasitic worms that cause the chronic debilitating disease, schistosomiasis. More than 200 million people are infected with these parasites around the world and >800 million live at risk of infection (1). The disease is a chronic inflammatory disorder that is associated with disabling anemia, growth stunting and poor performance at school and at work. People can become infected after contacting fresh water that contains free-living larval stages (cercariae). After penetrating host skin, cercariae transform into juvenile, intra-mammalian forms called schistosomula. These migrate through the bloodstream to the portal vein, where they mature into adult males and females. The adults pair and couples migrate to the blood vessels around the intestines or the bladder (depending on the species) where egg laying begins.

Schistosomes can live for many years within the vasculature of their hosts where they acquire all nutrients necessary for survival and growth. While the worms have a mouth and a gut, many metabolites are imported into the worms directly across their host-interactive tegument (skin) (2, 3). We have characterized schistosome tegumental proteins that are involved in the uptake and metabolism of amino acids, glucose, and water (4–9). In this work, we focus on parasite acquisition of vitamin B6 and its biochemistry in one of the three major schistosomes of humans—Schistosoma mansoni.

Vitamin B6 comprises a group of interconvertible, chemically similar compounds called vitamers. Collectively, six vitamers comprise vitamin B6. The active form of the vitamin is pyridoxal phosphate (PLP) which functions as a coenzyme in a wide variety of enzymatic reactions (over 140 to date) related to amino acid, glucose, and lipid metabolism (10, 11). Vitamin B6 also participates in various non-enzymatic reactions as an antioxidant, carbonyl scavenger and metal chelator (12). The vitamin is critically important for normal growth, cognitive development, and immune function (11). Animals are auxotrophic for vitamin B6 and require it as a supplement; schistosomes must acquire this vital metabolite from their hosts.

Three vitamin B6 vitamers are: pyridoxal (PL), pyridoxine (PN), and pyridoxamine (PM). PL can be directly converted into active vitamin B6 (PLP) by phosphorylation via a pyridoxal kinase enzyme (11, 13). This kinase can similarly phosphorylate PN and PM, but an additional enzyme—Pyridox(am)ine 5’-Phosphate Oxidase—is required to convert these metabolites into active vitamin B6 (PLP) (11, 13).

This study was prompted by our work on how schistosomes alter the murine plasma metabolome. When adult worms are incubated in murine plasma the levels of pyridoxal and phosphate increase over time. This observation is most easily understood if the worms have an ability to cleave any PLP that is available in the plasma, thereby generating free pyridoxal and phosphate. Schistosome express three distinct nucleotide-metabolizing ectoenzymes (NMEEs) on their external surface and we hypothesized that one of these mediated PLP cleavage. These enzymes are: S. mansoni ATPdiphosphohydrolase1 (SmATPDase1), S. mansoni phosphodiesterase/pyrophosphatase (SmNPP5), and S. mansoni alkaline phosphatase, (SmAP). All three enzymes have been immunolocalized to the schistosome tegument (skin) and have been shown to be expressed at the schistosome host-interactive surface in tegument proteomic studies (14–16). SmATPDase1 is an ~61 kDa apyrase that can degrade ATP and ADP in a cation dependent manner (17, 18). SmNPP-5 is a ~53 kDa protein with a single C-terminal transmembrane domain that is expressed exclusively in the intra-mammalian life stages and has been shown to cleave ADP and to block platelet aggregation in vitro (19–21). SmAP is a ~60 kDa glycosylphosphatidylinositol (GPI)-anchored protein that is expressed in the tegument and in the internal tissues of the intravascular worms (18, 22). SmAP has been shown to cleave several nucleoside monophosphates including AMP, CMP, GMP and TMP (23). SmAP additionally hydrolyzes the bioactive lipid sphingosine-1-phosphate (S1P) (23) as well as the proinflammatory and prothrombotic polymer, polyphosphate (polyP) (24).

In this work, we set out to measure the ability of intravascular schistosomes to hydrolyze extracellular PLP and to determine which (if any) of the three NMEEs listed above is involved. Further, we identified schistosome homologs of enzymes that are involved in vitamin B6 metabolism, cloned their cDNAs and examined their developmental expression profiles. In this manner, the work provides insight into the acquisition and metabolism of an essential nutrient in Schistosoma mansoni.



Materials and Methods


Parasites and Mice

The Puerto Rican strain of Schistosoma mansoni was used. Adult male and female parasites were recovered by perfusion from Swiss Webster mice that were infected with ~100 cercariae, 7 weeks previously (25). Schistosomula were prepared from cercariae released from infected snails. All parasites were cultured in DMEM/F12 medium supplemented with 10% heat-inactivated fetal bovine serum, 200 µg/ml streptomycin, 200 U/ml penicillin, 1 µM serotonin, 0.2 µM Triiodo-l-thyronine, 8 µg/ml human insulin, and were maintained at 37°C, in an atmosphere of 5% CO2 (23). Parasite eggs were isolated from infected mouse liver tissue (25). All protocols involving animals were approved by the Institutional Animal Care and Use Committees (IACUC) of Tufts University.



Pyridoxal and Phosphate Detection in Murine Plasma

Blood was collected from the tail veins of 10 Swiss Webster mice into heparinized tubes. Blood cells were pelleted by brief centrifugation and the plasma generated was pooled and aliquoted. Adult schistosomes (~50 pairs) were incubated in one 500 µl murine plasma aliquot which was incubated at 37°C. A control aliquot (without worms) was similarly treated. Samples, collected at baseline (0 min) and after 20- and 60-min incubation with or without parasites, were subjected to metabolomic analysis at Metabolon Inc. The relative levels of pyridoxal and phosphate are described; these are extracted from a global metabolomics analysis carried out using the pipeline developed by Metabolon. At least four samples per treatment/time point were tested. Briefly, each plasma sample was prepared by solvent extraction and the resulting extract was split into equal parts and then applied to gas chromatography/mass spectrometry (GC/MS) and liquid chromatography tandem MS (LC/MS/MS) platforms (26). Pyridoxal and phosphate were each identified by their retention time and mass by comparison to purified standards. Results are expressed relative to the baseline measurement (0 min), set at 1.



PLP Hydrolysis by Living Parasites and by Recombinant Schistosome Enzymes

To monitor PLP hydrolysis by living schistosomes, schistosomula (in groups of ~2,000) or adult male or female worms (either singly or in groups of 2 or 3) were incubated in 200 µl assay buffer (50 mM Tris-HCl buffer (pH 9), 5 mM KCl, 135 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM MgCl2) containing 2 mM PLP (Sigma Aldrich). Aliquots (25 µl) were recovered at selected time points and any phosphate generated following PLP cleavage was measured using a Phosphate Colorimetric Assay Kit (BioVision), following the manufacturer’s instructions.

Recombinant SmAP, SmNPP5, and SmATPDase1 enzymes, expressed in CHO-S cells, were prepared as described (17, 21, 23) and each was assessed for its ability to cleave PLP in the assay described above. For both SmAP and SmNPP5, 0.5 µg protein was tested in each 100 µl reaction. Since SmATPDase1 is only active when expressed on the surface of CHO cells (17), PLP substrate was added to 105 cells expressing SmATPDase1 or control cells not expressing any heterologous protein. At selected time points, aliquots were recovered from all experimental conditions and any released inorganic phosphate was measured using the Phosphate Colorimetric Assay Kit, as above. As a negative control, in some experiments recombinant proteins were heat treated at 95°C for 10 min before being included in activity assays.



Gene Suppression Using RNAi

Adult worms were electroporated with either an siRNA (10 µg) targeting SmAP (SmAP siRNA 1: 5’-AAGAAATCAGCAGATGAGAGATTTAAT-3’), or with a control siRNA that targeted no sequence in the schistosome genome (Control: 5’-CTTCCTCTCTTTCTCTCCCTTGTGA-3’) or with no siRNA, as described previously (22). To assess the level of target gene suppression, RNA was isolated from some worms from each group two days later using the TRIzol Reagent (Thermo Fisher Scientific, MA), as per the manufacturer’s guidelines. Residual DNA was removed by DNase I digestion using a TurboDNA-free kit (Thermo Fisher Scientific, MA). cDNA was synthesized using 1 µg RNA, an oligo (dT)20 primer and Superscript III RT (Invitrogen, CA). Gene expression of SmAP was measured by quantitative real time PCR (RT-qPCR), using custom TaqMan gene expression systems from Applied Biosystems, CA using primers and probes, as previously (23, 27). Alpha tubulin was used as the endogenous control gene for relative quantification, as described (28) employing the ΔΔCt method (29). Results obtained from parasites treated with the irrelevant, control siRNA were used for calibration. For graphical representation, 2-ΔΔCt values were normalized to controls and expressed as percent difference.

To look for any impact of gene suppression on the ability of worms to cleave vitamin B6, PLP was added to living worms in assay buffer seven days post siRNA treatment and free phosphate levels were measured at selected time points following the protocol described above.



Cloning cDNAs Encoding the Vitamin B6 Metabolizing Enzymes of Schistosomes

To look for homologs in schistosomes of the human enzymes that are central to vitamin B6 metabolism within cells, we used human sequences [GenBank accession number NP_003672 for pyridoxal kinase (PK, Smp_164250); NP_064711 for Pyridoxal phosphate phosphatase (PLP-Ph, Smp_030220) and NP_060599 for pyridox(am)ine-5’-phosphate oxidase (PNPO, Smp_051550)] to blast against all available “schistosomatidae” family sequences at NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). Clear sequence homologs were identified in each case and were designated SmPK, SmPLP-Ph and SmPNPO, respectively. Next, primers were generated to target the entire open reading frame of each homolog. These primers were: SmPK-F: 5’-ATGGCAGTTAAAGTTGCACTTAAC-3’, SmPK-R: 5’-TCACATTTCTTCAACATAATCACC-3’; SmPLP-Ph-F: 5’-ATGACCAAGGTCGCTTCTGCGGTTCTG-3’, SmPLP-Ph-R: 5’-TTATTCTTTCAAAATATTTAAAATGTCCG-3’; SmPNPO-F: 5’-ATGCTACGAACACTTTACTGTAGCC-3’, SmPNPO-R: 5’-CTATGGAGCTAGTCGTTCGTATACCC-3’. The primers were used in separate PCRs, with adult worm cDNA as template, to amplify the complete schistosome coding sequences. All PCR products were purified, cloned into pCRII-TOPO and transformed into TOP10 E. coli (Thermo Fisher Scientific, MA), using standard techniques. Plasmid was purified from a selection of recombinant transformants and several plasmid DNA inserts were sequenced at Genewiz, Inc. MA. The gene encoding SmPK was identified by BLAST analysis using the predicted coding DNA to interrogate the S. mansoni genome and NCBI databases.

Phylogenetic trees (absolute distance) were generated for each of the three schistosome proteins and homologs from a variety of organisms by UPGMA (unweighted pair group method with arithmetic mean) using Accelrys Gene 2.5 software.



SmPK, SmPLP-Ph, and SmPNPO Gene Expression Analysis

The levels of expression of the SmPK, SmPLP-Ph and SmPNPO genes in different life stages of the parasite was measured by reverse transcription quantitative PCR (RT-qPCR), using a custom TaqMan gene expression system (Applied Biosystems). RNA was isolated from different stages of the parasites using TRIzol reagent and cDNA was synthesized as described above. The levels of expression of these genes in different life stages was measured by RT-qPCR using the housekeeping gene triose phosphate isomerase as the endogenous control (27). Primer sets and reporter probes labeled with 6-carboxyfluorescein (FAM), obtained from Applied Biosystems were used. To monitor gene expression, the following primers and probe were used: SmPK-F: 5’-TTGAAAATGAAAACGGACAACAAATAGCT-3’, SmPK-R: 5’-GATAGAACAGTTTGGATTGTACTAAGAACTGA-3’, SmPK probe: 5’-FAM-TTCCTTCAAAGATGCCTTCC-3’; SmPLP-Ph-F: 5’-GTTGCGAATTGGACCCTTCAAAA-3’, SmPLP-Ph-R: 5’-CCAAATTTATTCCCAAATGCGATATCAGT-3’, SmPLP-Ph-probe: 5’-FAM-CTGTGATGGTTGGAGATAACTTAT-3’; SmPNPO-F: 5’-GAAAATGAATATGCTTCAAAAGAAAAGCTTCC-3’, SmPNPO-R: 5’-CCAAAACTCAATTGATTTCGGAGACA-3’, SmPNPO-probe: 5’FAM-TCCCCAATTTGAAGGCTTT-3’. Each RT-qPCR was performed using a TaqMan PCR mix, cDNA and primer and probes in a final volume of 20 µl. All samples were run in triplicate and underwent 40 amplification cycles on a Step One Plus Real Time PCR System Instrument. For relative quantification, the ΔΔCt method was employed.



Statistical Analysis

Data are presented as Mean ± SD. Means were compared by: t-test (two-tailed, unpaired) for comparison of two groups; one-way ANOVA for comparison of more than two groups using GraphPad Prism 8.0 (GraphPad Software). For metabolite comparisons, Welch’s two-sample t-test was used to identify biochemicals biomolecules that differed significantly between groups. A probability value (P) of less than 0.05 was considered significant.




Results


Schistosomes Cleave Exogenous Pyridoxal Phosphate (PLP)

To examine changes brought about by schistosomes on host plasma, adult worms were first incubated in murine plasma as described earlier. Twenty and 60 min later, samples were collected and changes to the plasma metabolome were measured. Figure 1 illustrates relative changes to pyridoxal (A) and phosphate (B) levels in murine plasma which contained (+) or did not contain (-) adult schistosomes. Figure 1A shows that there is a significant increase in the level of pyridoxal at both the 20- and the 60-min time points in the plasma sample that contained worms as well as significant increases in the plasma phosphate level (Figure 1B) (P <0.05 in each case). One explanation for these results is that the worms cleave pyridoxal phosphate (PLP, a compound that was not itself monitored in the plasma metabolome) to generate free pyridoxal and phosphate, a reaction that is illustrated in Figure 1C. Note that the fold increase in phosphate is markedly greater than that of pyridoxal, suggesting that sources other than PLP account for much of the accumulated phosphate.




Figure 1 | Box plots showing relative levels of pyridoxal (A) and phosphate (B) in murine plasma that either contained adult schistosomes (+, red) or did not contain schistosomes (-, black) for the indicated time periods. * indicates statistically significant difference compared to the same time point lacking parasites; Welch’s two-sample t-test, P < 0.05. Each box bounds the upper and lower quartile, the line in each box is the median value and “+” signifies the mean value for the sample; error bars indicate the maximum (upper) and minimum (lower) distribution. Values obtained at zero time (0) are set at 1. (C) Chemical structure of pyridoxal phosphate (PLP, left) and the products of its hydrolysis (indicated by the arrow), pyridoxal and phosphate (right).



We next examined the ability of live worms to hydrolyze commercially obtained PLP. Figure 2 shows that all intravascular life stages [schistosomula (Figure 2A), adult females (Figure 2B), and adult males (Figure 2C)] can indeed cleave PLP to release phosphate (which accumulates over time). Schistosomula were tested in groups of ~2,000 and adult worms were tested either singly or in groups of two or three (as indicated). More worms (and longer time points) lead to greater phosphate accumulation.




Figure 2 | Live schistosome parasites hydrolyze PLP. Phosphate generation (µM, mean +/-SD) by live schistosomula (groups of 2,000, green bars, n = 4, A) or adult females (red bars, n = 5, B) or adult males (blue bars, n = 5, C) in the presence of pyridoxal phosphate (PLP) at the indicated time points. Adult worms were either incubated singly or in groups of two or three, as indicated.





Recombinant SmAP can Hydrolyze PLP

Next, we tested the ability of three S. mansoni ectoenzymes to cleave PLP. These enzymes are: alkaline phosphatase (SmAP), nucleotide phosphodiesterase/pyrophosphatase (SmNPP5), and ATP diphosphohydrolase1 (SmATPDase1); all three have been generated as recombinants, in enzymatically active form in our laboratory (17, 21, 23). Figure 3 shows that only rSmAP can cleave PLP to liberate phosphate. Neither rSmNPP5 nor rSmATPDase1 are active in this assay [though they can cleave other substrates (17, 30)]. In addition, heat-inactivated rSmAP can no longer cleave PLP (data not shown).




Figure 3 | rSmAP can hydrolyze PLP. Phosphate generation (µM, mean +/-SD) by recombinant SmAP, SmNPP5, or SmATPDase1 in assay buffer containing PLP as substrate, at the indicated time points. No appreciable levels of phosphate were detected when rSmNPP5 or rSmATPDase1 were tested.





Tegumental SmAP Cleaves PLP

To test the hypothesis that tegumental SmAP on living worms is responsible for PLP cleavage, adult worms were first treated with siRNAs targeting SmAP or with control siRNAs or with no siRNA. Two days later the relative expression level of the target SmAP gene was compared in all groups. Figure 4A shows significant SmAP gene suppression in worms treated with siRNA targeting this gene compared to the controls; the SmAP gene is >90% suppressed as determined by RT-qPCR (p < 0.01). Seven days post siRNA treatment the ability of all worms to hydrolyze PLP was compared and Figure 4B shows the results of this experiment. It is clear that living worms whose SmAP gene has been suppressed cleave significantly less PLP compared to control worms treated either with the control siRNA or with no siRNA (P < 0.001). Having less SmAP severely impairs the ability of the living worms to hydrolyze exogenous PLP.




Figure 4 | (A) Relative SmAP gene expression determined by RT-qPCR in adult male worms 48 h after treatment with an siRNA targeting the SmAP gene or with an irrelevant siRNA (Control) or with no siRNA (None), as indicated. The expression level displayed by the control worms is set at 100%. (B) Phosphate generation (µM, mean +/-SD, n = 5) by individual live adult male worms seven days after treatment with SmAP siRNA or an irrelevant siRNA (Control) or no siRNA (None) in the presence of PLP. Parasites treated with SmAP siRNA generate significantly less phosphate compared to either control (One-way ANOVA, P < 0.001).





In Silico Analysis of Vitamin B6 Metabolizing Enzymes of S. mansoni

Figure 5 depicts SmAP (lower left, red) at the schistosome surface dephosphorylating PLP to generate free pyridoxal which we hypothesize can then be taken into the worms via an unidentified transporter protein (Figure 5, blue oval). The large yellow rectangle in Figure 5 contains depictions of hypothesized vitamin B6 metabolic reactions within the parasites as determined by in silico analysis, described next.




Figure 5 | Vitamin B6 metabolism in schistosomes. SmAP (depicted at lower left, red) can cleave PLP to generate free pyridoxal which may be imported by schistosomes via an unidentified transporter protein (blue oval, left). Depicted in the yellow rectangle are hypothetical biochemical pathways in S. mansoni leading to the generation of PLP (bounded by the red box, center). Imported pyridoxal (left) may be phosphorylated by S. mansoni pyridoxal kinase (SmPK) to directly generate PLP; the vitamers pyridoxine (top) and pyridoxamine (bottom) may first be phosphorylated by SmPK to generate pyridoxine phosphate and pyridoxamine phosphate, respectively and these products may then be acted upon by S. mansoni pyridox(am)ine-5’-phosphate oxidase (SmPNPO) to generate PLP. Dephosphorylation of several vitamers may be driven by S. mansoni pyridoxal phosphate phosphatase (SmPLP-Ph) and/or SmAP.



If free pyridoxal is taken in by schistosomes, it would need to be phosphorylated internally to regenerate PLP (the active form of vitamin B6). Phosphorylating pyridoxal is a function that is provided in other organisms by pyridoxal kinase (PK) enzymes. Blasting the human PK protein sequence against schistosome sequence databases identified a clear S. mansoni homolog. As detailed in Methods, the complete S. mansoni pyridoxal kinase (SmPK) coding sequence was amplified by PCR. The purified PCR product was then cloned, and plasmid was isolated from several clones that were sequenced. The full length schistosome SmPK sequence (accession number MW148599) potentially encodes a 340 amino acid protein with a predicted molecular mass of 37,773 daltons and a pI of 5.99. Figure 6 shows an alignment of this SmPK protein with its counterpart from S. japonicum as well as homologs from a variety of other organisms. Residues conserved in all seven sequences are depicted as white on a black background; those common to six of the seven pyridoxal kinase homologs are white on a dark grey background and those found in a majority of the sequences (four or five out of seven) are white on a light grey background. SmPK exhibits several highly conserved domains throughout the protein, including a series of residues that are important for pyridoxal binding (indicated by black arrowheads), residues important for ATP binding (blue arrowheads) and residues key for homodimer formation (red arrowheads) (31).




Figure 6 | Alignment of SmPK with other members of the pyridoxal kinase protein family. Sm, Schistosoma mansoni (GeneBank accession number MW148599); Sj, Schistosoma japonicum (CAX69335.1); Hs, Homo sapiens (NP_003672); Dm, Drosophila melanogaster (AAR82765); Ce, Caenorhabditis elegans (NP_491463.2); Bm, Brugia malayi (VI094344); Sc, Saccharomyces cerevisiae (NP_014424). Residues found in all seven sequences are depicted as white on a black background; those common to six of the seven pyridoxal kinase homologs are white on a dark grey background and those found in a majority of the sequences (four or five out of seven) are white on a light grey background. Residues predicted to be involved in pyridoxal binding are indicated by black arrowheads; those involved in ATP binding by blue arrowheads and those involved in dimer formation, red arrowheads. The green line (top) indicates the sequence motif 36LGIEVDFINSVQFSNH51 that is replaced by 36CVLLIITY43 in the SmPK isoform 1 sequence reported in this work (GeneBank accession number of SmPK isoform 1: MW148600). Numbers at right are an amino acid count for the S. mansoni protein. (B) Phylogenetic tree (absolute distance) of selected pyridoxal kinases generated by multiple sequence alignment using UPGMA (unweighted pair group method with arithmetic mean). The designations (and accession numbers) of the homologs compared are as described in (A). (C) Depiction of the 5’end of the SmPK gene (top) and its spliced variants (bottom). In the upper panel, exons 1–3 of the SmPK gene are depicted as colored rectangles (and introns as black lines). In one transcript (lower left panel), both intron 1 and 2 are spliced out. Alternative splicing removes intron 1 and exon 2 but maintains intron 2 to generate the mature SmPK isoform 1 transcript. The dashed line signifies the remainder of the SmPK gene which is identical between transcripts.



A phylogenetic tree illustrating the relationships between all PK homologs is depicted in Figure 6B. Clearly, the two schistosome sequences are the most closely related and the homolog from the yeast Saccharomyces cerevisiae is most distant. Eleven SmPK cloned DNAs were sequenced and, of these, six were found to encode the protein shown in Figure 6A. The remaining five SmPK clones all encoded a variant sequence (isoform 1, accession number MW148600) in which the predicted motif 36LGIEVDFINSVQFSNH51 (indicated by a green line at the top of Figure 6A) is replaced by the sequence: 36CVLLIITY43. This change is brought about by alternative splicing. The Figure 6C upper panel illustrates the 5’end of the SmPK gene and shows three of the gene’s 10 exons. The lower panel illustrates two spliced mRNA transcripts. The SmPK transcript is depicted at left; here the first three exons encode part of the mature transcript. The alternatively spliced SmPK isoform 1 transcript is shown at right; here exon 2 is spliced out along with intron 1, while the 31 bp intron 2 remains as part of the mature isoform 1 transcript.

The reverse reaction to that catalyzed by pyridoxal kinase is commonly driven by PLP-phosphatase (PLP-Ph) enzymes. To determine if schistosomes possess enzymes belonging to this protein class, essentially the same strategy as used to identify SmPK (described above) was applied. Here, the human PLP-phosphatase sequence was used to query schistosome sequence databases. A homolog was identified, and its cDNA was cloned and sequenced (accession number MW148602). The 292 predicted amino acid protein, designated SmPLP-Ph has a MW of 31,915 and a pI of 6.70. Figure 7A shows an alignment of the predicted SmPLP-Ph protein with homologs from a variety of other organisms and a phylogenetic tree illustrating the relationships between these is depicted in Figure 7B. Conserved motifs are seen throughout the protein with predicted key active site residues indicated by black arrowheads, metal (Mg) binding residues indicated by brown arrowheads and potential myristoylation sites indicated by blue lines (32, 33).




Figure 7 | Alignment of SmPLP-Ph with other members of the pyridoxal phosphate phosphatase protein family. Sm, Schistosoma mansoni (GeneBank accession number MW148602); Sh, Schistosoma haematobium (CAX69944); Hs, Homo sapiens (NP_064711); Dm, Drosophila melanogaster (NP_649015.2); Ce, Caenorhabditis elegans (NP_504511); Bm, Brugia malayi (XP_001895356); Sc, Saccharomyces cerevisiae (AJV03114). Residue shading is as described in Figure 6. Predicted active site residues binding are indicated by black arrowheads and those involved in metal (Mg) binding by brown arrowheads. Blue lines indicate potential myristoylation sites. Numbers at right are an amino acid count for the S. mansoni protein. (B) Phylogenetic tree (absolute distance) of selected pyridoxal phosphate phosphatases generated by multiple sequence alignment using UPGMA (unweighted pair group method with arithmetic mean). The designations (and accession numbers) of the homologs compared are as in (A).



As noted earlier, pyridoxine and pyridoxamine are vitamin B6 vitamers. In the same way that pyridoxal is phosphorylated to generate PLP, likewise pyridoxine and pyridoxamine can each be phosphorylated by pyridoxal kinase to generate pyridoxine phosphate and pyridoxamine phosphate, respectively. An oxidase enzyme [pyridox(am)ine 5’-phosphate oxidase, PNPO] is then required to convert these compounds into PLP—the biologically active form of vitamin B6. In order to assess whether schistosomes possess a PNPO homolog (SmPLPO) we applied the same strategy that was used successfully to find SmPK and SmPLP-Ph. Here, the human PNPO sequence was used to query schistosome sequence databases and a homolog was identified. The cDNA encoding this match was amplified, cloned and its insert sequenced (accession number MW148601). The predicted SmPNPO sequence is shown in Figure 8A aligned with several homologs and a phylogenetic tree illustrating the relationships between these is depicted in Figure 8B. The 246 amino acid SmPNPO protein has a predicted molecular mass of 28,878 daltons and a pI of 6.55 and exhibits several highly conserved domains including a series of residues important for PLP binding (orange arrowheads) as well as those used to bind co-factor flavin mononucleotide (FMN, black arrowheads) (34).




Figure 8 | Alignment of SmPNPO with other members of the pyridox(am)ine 5’-phosphate oxidase protein family. Sm, Schistosoma mansoni (GeneBank accession number MW148601); Sh, Schistosoma haematobium (XP_012792194); Hs, Homo sapiens (NP_060599); Dm, Drosophila melanogaster (NP_731186.2); Ce, Caenorhabditis elegans (NP_498518); Bm, Brugia malayi (XP_001896760); Sc, Saccharomyces cerevisiae (AJQ03502). Residue shading is as described in Figure 6. Residues predicted to be important in pyridoxal phosphate binding are indicated by brown arrowheads and those involved in binding the cofactor flavin mononucleotide are indicated by black arrowheads. Numbers at right are an amino acid count for the S. mansoni protein. (B) Phylogenetic tree (absolute distance) of selected pyridox(am)ine 5’-phosphate oxidases generated by multiple sequence alignment using UPGMA (unweighted pair group method with arithmetic mean). The designations (and accession numbers) of the homologs compared are as in (A).



Phylogenetic trees chart the relationships between the three S. mansoni vitamin B6 metabolizing enzymes SmPK (Figure 6B), SmPLP-Ph (Figure 7B), and SmPNPO (Figure 8B) and their closest homologs from the same seven other organisms. Overall, the SmPK tree, the SmPLP-Ph tree and the SmPNPO tree are similar—e.g., the proteins of the two schistosome species are most closely related while that from the yeast Saccharomyces cerevisiae is consistently most distant. However, even though the proteins likely have the same metabolic function involving vitamin B6 biochemistry in all of the organisms, the three trees are not identical. This likely reflects the diverse selection pressures exerted on the proteins during the evolutionary histories of each of the different organisms.

Not surprisingly, several genes encoding proteins that require PLP have been annotated in the S. mansoni genome including aspartate aminotransferase (Smp_064380), ornithine-oxo-acid transaminase (Smp_000660), 5-aminolevulinic acid synthase (Smp_045260), serine C-palmitoyltransferase (Smp_028080), and glycogen phosphorylase (Smp_143840). This highlights the importance of PLP for widely diverse aspects of schistosome biochemistry.



Developmental Expression of SmPK, SmPLP-Ph, and SmPNPO

The relative expression levels of SmPK, SmPLP-Ph, and SmPNPO, assessed by RT-qPCR, are depicted in Figures 9A–C. In all cases the expression level in adult males is set at 100%. For each of the three genes, lowest relative expression is seen in the cercarial life stage and robust expression is seen in all intravascular life stages (adults and schistosomula). SmPLP-Ph exhibits notably high relative expression in schistosomula and expression of SmPNPO (Figure 9C) differs from that of SmPK and SmPLP-Ph by having high relative expression also in the egg stage.




Figure 9 | Expression of SmPK, SmPLP-Ph and SmPNPO in different S. mansoni life stages.  Relative gene expression of SmPK (A), SmPLP-Ph (B) and SmPNPO (C) in the life stages indicated. All values are relative to males (set at 100%) (Mean +/- SD, n = 3).






Discussion

When schistosomes are incubated in murine plasma they alter its metabolomic profile; the levels of two of the metabolites measured (pyridoxal and phosphate) increase over time. This change is most easily understood if the worms have an ability to cleave any pyridoxal phosphate (PLP) that is available in the plasma thereby generating free pyridoxal and phosphate. Since intact PLP was not included in the panel of metabolites monitored, we do not see here a commensurate drop in PLP levels that would be predicted to accompany the observed increase in pyridoxal and phosphate. PLP is the active form of vitamin B6 and plays critical roles in cellular biochemistry. Animals, including schistosomes, are auxotrophic for vitamin B6 and require it as a supplement. The intravascular worms must acquire this vital metabolite from their hosts. These factors inspired us to investigate how the worms might obtain and metabolize vitamin B6.

We first show here that all intravascular schistosome life stages tested (schistosomula as well as adult males and females) can cleave exogenous PLP. Since PLP hydrolysis was mediated by live, intact worms this suggests that the enzyme responsible is expressed at the schistosome surface.

We have long studied the molecular biology of the host-interactive schistosome tegument and have identified several key host-interactive proteins (35–37). Among the characterized proteins are three ectoenzymes that are strong candidates for mediating the cleavage of PLP by the worms, as seen in this work. All three are nucleotide metabolizing ectoenzymes (NMEEs) and include an ATPdiphosphohydrolase1 (SmATPDase1), a phosphodiesterase/pyrophosphatase (SmNPP5) and an alkaline phosphatase, (SmAP) (17, 21, 23). Current known substrates for SmATPDase1 are ATP and ADP (17); for SmNPP-5, ADP, and NAD (21, 30), and for SmAP: AMP, GMP, CMP, TMP, S1P, and polyP (23, 24). Here we explored the ability of each of these three ectoenzymes, all produced in active recombinant form in CHO cells, to cleave PLP. Of the three, only SmAP was seen to hydrolyze PLP and this ability was lost upon enzyme heat-inactivation. Furthermore, parasites whose SmAP gene was suppressed by RNAi were significantly impaired in their ability to cleave PLP compared to controls. This proves that SmAP present at the surface of intravascular schistosomes can cleave exogenous PLP. The very substantial decrease (> 90%) in PLP cleavage observed in the SmAP-suppressed worms strongly suggests that SmAP is the sole schistosome ectoenzyme with this capability.

Much of the literature on schistosome ectoenzyme function focuses on the ability of the enzymes to maintain an anti-inflammatory and anti-thrombotic environment around the worms (38). ATP is a pro-inflammatory, damage-associated molecular pattern (DAMP) that may be cleaved by SmATPDase1 (17). This enzyme, as well as SmNPP5, can cleave the pro-coagulant, platelet-activator ADP (17, 21). SmAP cleaves the pro-thrombotic, immune modulators S1P and polyP (23, 24). SmAP additionally cleaves AMP to generate the potently anti-inflammatory mediator, adenosine (22). In addition to its proposed role in impairing host purinergic signaling [by cleaving AMP to generate the signaling molecule adenosine (38)], SmAP may also have a role in parasite feeding; its action may generate metabolites in a form that permits their easy transportation into the body of the worm. SmAP-dephosphorylation of not just AMP but also of GMP, CMP, and TMP [to generate adenosine, guanosine, cytosine, and thymidine, respectively (23)] may facilitate the efficient uptake of these nucleosides into the worms as food—an important function since schistosomes cannot synthesize purines de novo (39). We argue that, in a comparable manner, SmAP-mediated cleavage of membrane-impermeable PLP will generate free pyridoxal in the vicinity of the parasites from where it can be easily imported into the body of the worms. In similar fashion, in vertebrates, the absorption of PLP first involves dephosphorylation catalyzed by a membrane-bound alkaline phosphatase (11, 40).

Precisely how any pyridoxal that is generated following PLP cleavage is taken into any cell remains unclear; whether by passive diffusion and/or by carrier-mediated absorption (11, 41). In either case, uptake is driven by the intracellular trapping of the vitamin via the formation of 5′-phosphates through the action of a cytosolic ATP-dependent pyridoxal kinase (11). To explore the possibility that schistosomes possess such an enzyme that could likewise trap any imported pyridoxal, we queried schistosome sequence databases for the presence of homologs of the human PK. In this manner, a 340 amino acid schistosome protein—SmPK belonging to the PK protein family was identified that possesses strongly conserved motifs known to be involved in pyridoxal and ATP binding. Our analysis also revealed that alternative splicing can lead to the generation of a 332 amino acid SmPK variant (isoform 1) which lacks several conserved residues at its amino terminal end. How this deletion might impact the dimerization ability or other functions of SmPK is unclear and remains to be investigated.

PLP within cells may be dephosphorylated to generate pyridoxal which can then be taken up by other cells within the body and in this manner vitamin B6 vitamers can become distributed between tissues (10, 11). In schistosomes, SmAP could fulfill this PLP-dephosphorylation function; the enzyme is widely distributed in schistosomes (18, 22) and we have shown here that it can cleave PLP to generate free pyridoxal. However, since SmAP is a GPI-linked ectoenzyme, whether it is available to contribute to intracellular, cytosolic PLP metabolism is called into question. In other systems, a phosphatase more dedicated to this task—PLP-Ph cleaves PLP intracellularly and we show here that schistosomes possess a clear PLP-Ph homolog (SmPLP-Ph) with several highly conserved motifs characteristic of this protein family.

A third enzyme that is key to vitamin B6 metabolism is a pyridox(am)ine-5’-phosphate oxidase (PNPO). This enzyme converts the vitamin B6 vitamers pyridoxine phosphate and pyridoxamine phosphate into the active form of the vitamin—pyridoxal phosphate. Again, examination of schistosome sequence databases reveals a clear schistosome PNPO homolog (SmPNPO) which contains multiple conserved motifs throughout the predicted protein that are characteristic of this protein family.

Taken together our analysis suggests that if schistosomes take in any B6 vitamer (pyridoxine, pyridoxamine, or pyridoxal) from the blood, they possess the enzymes necessary to convert these into the active form of the vitamin—PLP. The pathways involved are illustrated in Figure 5, yellow rectangle. SmPK could convert pyridoxal directly to PLP. SmPK could phosphorylate both pyridoxine (top right, Figure 5) and pyridoxamine (bottom right, Figure 5) to generate pyridoxine phosphate and pyridoxamine phosphate, respectively and these two metabolites could be converted to PLP via SmPNPO. Finally, the phosphatase SmPLP-Ph, and/or SmAP, could dephosphorylate several vitamers to permit easier movement of B6 metabolites between tissues.

Developmental expression analysis of SmPK, SmPLP-Ph, and SmPNPO reveals high relative expression of all three in intravascular schistosome life stages, suggestive of robust vitamin B6 metabolism within the final host. The expression patterns of the genes encoding each of these enzymes are distinct, likely reflecting differences in the biochemical pathways that are most engaged in the various life stages.

The work presented here extends the known substrates upon which SmAP can act; in addition to AMP, GMP, CMP, TMP, S1P, and polyP, PLP is now added to the list. We hypothesize that SmAP at the surface of intravascular schistosomes plays a key role in vitamin B6 acquisition by the parasites. The protein can cleave PLP in the blood to generate a pool of free pyridoxal in the vicinity of the worms from where this vitamer might conveniently be taken up. Phosphorylation of pyridoxal via SmPK would trap the vitamer inside the worms as PLP which could then engage in the many biochemical reactions that require this co-factor.

It has been reported that plasma PLP gets mobilized to sites of inflammation for use by PLP‐dependent enzymes that play active roles in inflammatory processes e.g., the PLP‐dependent reactions that are necessary for immune cell proliferation or to generate immunomodulatory sphingolipids (42). Thus, it is possible that SmAP-mediated cleavage of plasma PLP not only generates free pyridoxal as a nutrient for the worms but additionally deprives the host of sufficient PLP for optimal inflammation. Furthermore, pyridoxal alone has been shown capable of inhibiting production of inflammatory cytokines in macrophages (43). Thus, it is possible that any pyridoxal generated by the action of SmAP that is not imported into the parasites could contribute to a biochemical anti-inflammatory perimeter established by the worms around themselves.

Blocking SmAP function in schistosomes might impair parasite feeding and metabolism by diminishing the available pool of pyridoxal around the worms (in addition to impeding the parasite’s ability to generate the anti-inflammatory mediators adenosine and pyridoxal). Thus, new therapies that inhibit SmAP might block both parasite feeding and immunomodulation and could help to promote optimal inflammatory responses thereby controlling these globally debilitating pathogens.
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Biological invasion is a matter of great concern from both public health and biodiversity perspectives. Some invasive snail species may trigger disease emergence by acting as intermediate hosts. The geographic distribution of Schistosoma mansoni depends on the presence of susceptible species of Biomphalaria freshwater snails that support the parasite's transformation into infective stages. Biomphalaria spp. have shown strong local and global dispersal capacities that may increase due to the global warming phenomenon and increases in the development of agricultural and water projects. Should intermediate hosts become established in new areas then this will create potential transmission foci. Examples of snail invasions that have had an impact on schistosomiasis transmission include the introduction of Biomphalaria tenagophila to Congo and B. glabrata to Egypt. The current spread of B. straminea in China is causing concern and needs to be monitored closely. An understanding of the mode of invasion and distribution of these snails as well as their experimental susceptibility to S. mansoni will predict the potential spread of schistosomiasis. Here we review the invasion patterns of Biomphalaria snails and factors that control their distribution and the impact that invasion may have on intestinal schistosomiasis transmission. In addition, we propose some possible surveillance responses for optimum control strategies and interventions. Whenever possible, swift action should be taken to contain any new occurrence of these intermediate snail hosts.

Keywords: Biomphalaria, invasion, Schistosoma mansoni, schistosomiasis, transmission


BACKGROUND

Aquatic invasion by exogenous species can cause native biodiversity loss and deleterious environmental and economic impacts (1). Biological invasions of gastropod molluscs have been strongly linked to serious problems to human health. They can cause expansion, emergence, or re-emergence of infectious diseases (2). These risks are anticipated to intensify due to ongoing climate change and global warming which continue to create new suitable freshwater environments for snail species serving as disease carriers (3). This review will consider the invasion patterns of Biomphalaria spp. (Class: Gastropoda; Family: Planorbidae) that act as the intermediate hosts for Schistosoma mansoni, a trematode parasite causing intestinal schistosomiasis. Biomphalaria are widely distributed in sub-Saharan Africa, South America, and other subtropical regions. Several species of Biomphalaria have shown strong local or global dispersal capacities. Numerous accidental or deliberate introductions of Biomphalaria spp. have been reported in tropical areas (4). Biomphalaria dispersal is of prime interest because it is often associated with the creation of new transmission foci for schistosomiasis. B. glabrata, B. straminea, B. tenagophila, and B. pfeifferi are the most common invasive species that have been introduced into new areas outside their native habitats and acted as potential intermediate hosts for schistosomiasis transmission (5). Therefore, an extensive knowledge of the geographic distribution of susceptible species of Biomphalaria is of considerable importance for the control of schistosomiasis and its epidemiologic surveillance as well as for future delineation of potential risk areas.



GEOGRAPHIC DISTRIBUTION OF SUSCEPTIBLE SPECIES OF BIOMPHALARIA

The global distribution map of S. mansoni is largely defined by the occurrence of Biomphalaria species that are able to transmit the parasite. According to DeJong et al. (6), there are 34 species of Biomphalaria distributed worldwide. Looking back at the long evolutionary history of Biomphalaria spp. it is clear that invasions into new geographical areas have been a regular feature. Molecular evidence suggests that a B. glabrata like taxon, South American in origin, dispersed across the Atlantic to Africa and gave rise to the African species possible quite recently in the Plio-Pleistocene (1.8–3.6 Myr ago). This West to East transoceanic dispersal could have occurred in the feathers of aquatic birds or on vegetation rafted across the ocean followed by successful colonization (7).

Four Neotropical species act as intermediate host for S. mansoni in the wild, these includes, B. glabrata in Antigua, Brazil, Curacao, Dominica, Guadeloupe, French Guiana, Haiti, Saint Kitts and Nevis, Martinique, Montserrat, Puerto Rico, Dominican Republic, Saint Lucia, Suriname, and Venezuela, B. tenagophila in Southern Brazil, Argentine, Paraguay, Uruguay, Peru, and Bolivia, B. straminea in North-Eastern Brazil, Venezuela, Suriname, French Guiana, Guyana, Peru, Paraguay, Argentine, Dominica, Grenada, Guadeloupe, Martinique, Dominican Republic, Trinidad, Uruguay, and Costa Rica and B. prona in Venezuela (8, 9). Other species showed susceptibility to experimental infection, but have not been found naturally infected, such as B. amazonica found in Brazil, Bolivia, and Colombia (10), B. havanensis found in Haiti, Mexico, Puerto Rico, Cuba, and Venezuela, B. helophila found in Peru, Cuba, Costa Rica, Guatemala, Belize, Haiti, Mexico, Saint Thomas, El Salvador, Dominican Republic, Puerto Rico, Barbados, and Nicaragua (11), B. peregrina from Ecuador, Bolivia, Chile, Brazil, Paraguay, Peru, Uruguay, Argentine, and Colombia (12), and B. sericea from Ecuador (13). Both susceptible and refractory species may coexist in the same municipality. In São Paulo, in the Southeast Region of Brazil, B. occidentalis, B. oligoza, B. peregrina, B. schrammi, B. straminea and B. tenagophila are present in water bodies of the upper basin of the Tietê River (14).

Most African species of Biomphalaria are known as active intermediate hosts of schistosomes in the field (15). Numerous records of natural infections of Biomphalaria with S. mansoni in many African countries are present in literature, examples include B. alexandrina in Egypt (16, 17), B. camerunensis in Cameroon (18), B. choanomphala in Tanzania, Kenya, and Uganda (19–21), B. sudanica in Tanzania and Uganda (19, 22), Kenya (23), Ethiopia (24), Burundi (25), and Sudan (26), B. stanleyi in Uganda and Tanzania (19, 22), and B. pfeifferi, the most important intermediate host for S. mansoni in Africa due to its ubiquitous distribution, was found infected in Burundi (25), Cameroon (27), Mali (28), Niger (29), Senegal (30), South Africa (31), Sudan (32), Zimbabwe (33), Tanzania, Uganda (19), and Benin (34). In addition to the geographic areas mentioned above for naturally infected snails, Biomphalaria spp. are widely distributed in many other wetland areas throughout the Americas and Africa (Figure 1 and Table 1).


[image: Figure 1]
FIGURE 1. Global distribution of susceptible species of Biomphalaria (country level). Ba, Biomphalaria alexandrina; Bc, Biomphalaria camerunensis; Bch, Biomphalaria choanomphala Bg, Biomphalaria glabrata; Bp, Biomphalaria pfeifferi; Bpr, Biomphalaria prona; Bs, Biomphalaria straminea; Bst, Biomphalaria stanleyi; Bsu, Biomphalaria sudanica; Bt, Biomphalaria tenagophila.



Table 1. Distribution of naturally susceptible species of Biomphalaria.
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ECOLOGICAL FACTORS CONTROLLING BIOMPHALARIA ABUNDANCE AND DISTRIBUTION

Many ecological or environmental factors regulate the distribution and abundance of Biomphalaria spp. The high fecundity of Biomphalaria and their ability to self-reproduce are important traits that support their successful invasion. Adult snails can produce 10,000 eggs per year. The egg-to-egg period requires approximately 11 weeks (127). With a life span of up to one year and a half, Biomphalaria can undergo several generations over a year (128). Following embryonic hatching from egg capsules, Biomphalaria undergo a series of developmental steps leading to maturation and reproduction. The snail has a great capacity to live and reproduce under different environmental conditions (129, 130). B. glabrata and B. straminea, for example, were found in 10 of 11 different types of aquatic habitats in Brazil (131).

In natural habitats, Biomphalaria are under the influence of several ecological factors that control the population density of snails although temperature is a key determinant. Detailed review of environmental factors conditioning the habitat of Biomphalaria can be found in Malek (132), Brown (15), and Rollinson (133). In summary, these ecological factors can be divided into biotic and abiotic factors.


Biotic Factors

Biotic factors such as plants and food supply have a particular influence on the local abundance and distribution of snails. Predator and competitor species such as other species of snails, fish and insects also control snail populations. Data from field studies in Africa and Brazil indicate that Tilapia fish and some Dipteran insect's larva are predators of Biomphalaria in fishponds and lakes (134). In some cases, the absence of these natural predators may have a detrimental impact on schistosomiasis transmission. For example, the construction Diama Dam on Senegal River Basin obstructed the annual migration of native river prawns, Macrobrachium vollenhoveni, that feed on schistosomes intermediate host snails, leading to massive outbreak of schistosomiasis. Indeed, field experiments showed that reintroduction of the prawns caused a significant reduction in infected snails and human schistosomiasis prevalence (135, 136). Moreover, several pilot control studies involving competitor snails, such as Pomacea glauca, Marisa cornuarietis, Melanoides tuberculata, and Helisoma duryi, achieved varying results; characterized mostly by ecological upsets after initial snail reductions (137, 138).



Abiotic Factors

Abiotic factors, such as temperature and water chemistry, can have evident effects on Biomphalaria spp. over short distances within a single waterbody (15). In particular, temperature is important for snail survival and reproduction. Variation in water temperature affects distribution of snails not only from season to season but also from year to year (139). Recent studies on the effects of temperature changes on the growth, fecundity and survival of intermediate host snails of schistosomiasis and schistosomes prevalence indicated that temperature increase may alter the distribution, breeding, growth and survival of snails, and consequently may increase the spread of schistosomiasis (140–142). In Egypt, high temperatures appear to reduce snail breeding and March is the month of maximal breeding for B. alexandrina (143). Yousif et al. (144) found that B. alexandrina populations exhibited two peaks of populations density that differ in heights depending on the extent of water temperature and winter closing. The first peak is from April-May and the second is from November-December. These two peaks are permeated by two lows following the Winter Closure and during the hot summer season. Under laboratory condition, B. alexandrina has optimal growth and egg laying at 26–28°C (145). A similar temperature range was also found with B. glabrata (146). Also, a positive correlation was observed between B. sudanica abundance and water temperature (22). Appleton et al. (147) observed a negative correlation between fecundity and increasing above-optimal temperatures (>27°C) during maturation period of B. pfeifferi. The authors concluded that the change in temperature regime is responsible for the species' absence from pans in some areas of South-Eastern Africa due to the sensitivity of B. pfeifferi to high temperature. Furthermore, the distribution of B. pfeifferi and B. sudanica is limited to north and north-eastern parts of Uganda characterized by suitable temperatures (148). Temperatures higher than optimal values cause retardation in the development of gonads and albumen gland and a decrease in egg-production and viability.

Water chemistry is an important factor for snail distribution (149). For example, inorganic salts govern the osmotic properties of the aquatic environment, which in turn are linked to the sensitivity of snail eggs to salinity. Most common ions in natural water include calcium, magnesium, sodium, bicarbonate, carbonate, chlorine, and phosphate. Snails usually prefer environments rich with calcium. The presence of calcium in water is important for snails since it is essential for the construction of the shells (150). Studies on B. pfeifferi showed that the snail is restricted to water with a minimum calcium concentration of 5 mg/l. High ratios of magnesium/calcium and sodium/calcium indicate low bioavailability of calcium and exert a negative impact on the egg production of the snails and can reduce their densities (151). Calcium has been associated with high fecundity of B. glabrata (149). El-Khayat et al. (152) showed that the habitat preferred by B. alexandrina snails contained higher concentration of various common ions such as potassium, sodium, and calcium. Also, field studies by Kloos et al. (35) showed that the widespread distribution of B. glabrata, and its infection with S. mansoni, together with differences in the seasonal distribution of snails is correlated to high calcium levels that appear to promote large B. glabrata populations in wells and springs.

Other environmental conditions such as turbidity and water pollution have an influence on snail abundance. Becker et al. (153) found that turbidity and pesticide pollution, at concentrations similar to or higher than those considered safe in environmental risk assessment, are significant factors in increasing the incidence of B. pfeifferi and Bulinus africanus, the intermediate host for Schistosoma haematobium, the parasite responsible for urogenital schistosomiasis, and hence the likelihood of schistosomiasis transmission. Declines in snail competitors and predators, that are less tolerant to pesticides, increase the availability of food for intermediate snail hosts and decrease their mortality rate (154).




INVASION PATTERNS


Long Distance (Global) Dispersal

There are four cases of long-distance dispersal present in the literature; one case was reported for B. straminea (Caribbean islands, China), one for B. glabrata (Egypt), and two cases for B. tenagophila (Romania and Congo). The dispersal of both B. glabrata and B. tenagophila (Congo) was implicated in local schistosomiasis transmission (Figure 2).


[image: Figure 2]
FIGURE 2. Cases of long-distance dispersal of different Biomphalaria species.



Biomphalaria straminea

B. straminea, one of the intermediate hosts for S. mansoni in South America, expanded its geographic range to colonize almost all the Caribbean islands (155). In Asia, B. straminea was first identified in Hong Kong water systems in the south of China in 1974 (50), in the subsequent years, the snails showed a dispersal capacity in different water courses in southern China. The snail species was found in numerous water bodies in Shenzhen city of Guangdong province, China in 1981 (156), and in the next 2 years showed a growing distribution in Shenzhen rivers, suggesting a spread from Hong Kong rivers systems (52).

Morphological and molecular study for seven populations of Biomphalaria snails collected in Guangdong indicated that five populations were closely related to B. kuhniana, another South American species refractory to schistosomes infection, the other two populations were identified as B. straminea and were more relative to B. straminea from Brazil (157). Controversially, further anatomical and molecular investigation of six Biomphalaria populations from Guangdong showed a close affinity between these populations and B. straminea from Brazil (158). Supporting the latter finding, a more recent study of B. straminea in Hong Kong identified two morphotypes of the species; black- and red-colored shell morphs of B. straminea in different districts in the new territories in Hong Kong, including places close to the mainland China border. Morphological and molecular analyses of the Hong Kong B. straminea showed that they are genetically indistinguishable and are similar to those obtained in mainland China and South America (159). The presence of B. straminea in Guangdong may be the result of multiple and different introduction routes and/or peripheral dispersal from Hong Kong populations via passive transport or container ship traffic or naturally due to connections between the water systems of the two adjacent localities (160).

The spread of B. straminea from Hong Kong to Guangdong confirms its ability to survive and form new colonies in mainland China and its capacity to spread along the rivers (161). B. straminea can adapt to drought periods and higher temperatures, an adaptability that will promote its spread to wider geographic areas in China in view of global warming and continued rise in the mean annual temperature of China (162). Further evidence is the recent invasion of the snail to Guanlan and Dasha rivers in Shenzhen city, Guangdong province, China (53). Moreover, recent maps for realized (Figure 3) and predicted spatial distributions of B. straminea in southern China, based on Geographical Information Systems (GIS) and species distribution modeling software (MaxEnt), showed the presence of B. straminea in many water habitats in Guangdong province and indicated possible suitable habitats in its surrounding provinces such as Guangxi and Fujian (163).


[image: Figure 3]
FIGURE 3. Biomphalaria straminea distribution in the south part of China.




Biomphalaria glabrata

B. glabrata was maintained in a laboratory setting in Egypt to conduct Schistosoma research from where it then allegedly escaped and was recorded from the field in the neighborhood of Cairo in 1981. Later on, in 1996 the snails were collected from water courses in Giza, Qalyoubiya and Kafr El-Sheikh governorates. Being an intermediate host of S. mansoni, its escape was considered a serious threat to public health in Egypt (44). In the following years, malacological surveys showed the invasion of the Nile Valley with hybrid snails resulted from mating of B. alexandrina and B. glabrata, distributed in El-Menia, El-Dakahliya, and Fayoum governorates. The hybrid snails were found naturally infected with S. mansoni (164). However, molecular investigations of Biomphalaria species collected from areas toward the north of Egypt, the Nile Delta and south of Egypt during 2002-2009 using species specific primers for B. alexandrina and B. glabrata did not identify B. glabrata in the collected populations (165, 166). Recent mapping of S. mansoni prevalence in the Nile Delta region showed high infection rates in schoolchildren (167) suggesting a recent contact with areas manifested with infected Biomphalaria. This merits further molecular analysis for Egyptian populations of Biomphalaria using mitochondrial and genomic sequences to identify species involved in S. mansoni transmission and to understand their role and biology of infection.



Biomphalaria tenagophila

The invasion of Neotropical snail B. tenagophila to Africa was reported from Kinshasa, Democratic Republic of Congo as confirmed by conchological, anatomical, and molecular studies. It was proposed that this species was introduced at the end of the 1960s (5). In Europe, B. tenagophila snails had been found in 2004 at Răbăgani, Romania, Eastern Europe but had been misidentified as the common European species, Planorbarius corneus (168). In the period between 2005 and 2007, the snail was collected from the same location and its identity was confirmed via morphological and molecular characterization that proved it as B. tenagophila. Molecular data obtained from partial mitochondrial 16S ribosomal RNA gene amplification showed 99.74% similarity to B. tenagophila originated from Brazil. B. tenagophila is not only introduced, but also established in Răbăgani area in Romania. The snail's route of introduction is unknown but it is more likely to be introduced through migrating birds or by plants used in aquariums (66).




Peripheral Dispersal

Continued modifications of humans to aquatic environments through constructions of major reservoirs and hydroelectric dams and expanding irrigation schemes, quarries, drainage ditches, and aquaculture ponds, improve and create new freshwater bodies and potential snail habitats. Biomphalaria spp. rapidly colonize and establish dense populations in such habitats, which in turn facilitate schistosome transmission leading to disease outbreak (136, 169–171). Snails can be passively dispersed by floating aquatic plants or by human activities over the same lakes and rivers. For example, the invasive floating plant Salvinia was responsible for B. pfeifferi colonization in Lake Kariba in Zambia (172). Passive dispersal of Biomphalaria can also be delivered by water currents both during flooding, where water velocity is high so it sweeps away adhering snails, and also by slower drifting because of the habit of most pulmonates to detach and rise to the surface looking for food or as a deliberately dispersive behavior. In an experiment by Dazo et al. (143) they found that Biomphalaria and Bulinus were recovered as far as 4 km downstream after 1 day following release into a vegetation-free canal flowing rapidly at 0.42 ms−1. Field observations from some localities in Brazil indicate that seasonal distribution of B. glabrata is characterized by generally lower snail densities in stagnant waters during the dry season however, higher densities in streams and canals during that time appear to be determined largely by the reduction of stagnancy through the addition of rainwater in the former and the flushing out of snails by seasonally increased water velocity in the latter (35). Many records of peripheral dispersal of different Biomphalaria spp. in many countries are found in the literature.




CONSEQUENCES OF INVASIONS


Supporting Transmission of S. mansoni

The problem with invasion of Biomphalaria susceptible to schistosomiasis is that one snail can undergo self-fertilization and act as a founder of an entire colony. Because an individual snail carries only part of the total genetic variation of its original population, the colonies established by the recent dispersal of that snail or even a small group of snails are expected to show reduced genetic diversity compared with their parental population (173). For example, B. alexandrina lost allelic diversity at several polymorphic loci after colonizing the Upper Nile in Egypt coming from the Nile Delta region (173). Increased genetic diversity of Biomphalaria tends to reduce the overall parasite transmission rate, supposedly due to a dilution effect where in the presence of high genetic diversity it is more likely that some snails are naturally resistant to Schistosoma infection, whereas reduced host genetic diversity could benefit S. mansoni through an overall increase in transmission rate (174).

Following the introduction of B. tenagophila to Kinshasa, Congo in 1970, S. mansoni infected specimens were collected from the same area indicating the involvement of the snail in S. mansoni transmission and not a native African Biomphalaria (76, 175). This finding was confirmed based on a previous experience from Brazil where the first transmission site of S. mansoni through using B. tenagophila as intermediate host was discovered in the Paraiba valley, state of São Paulo. In the subsequent years, schistosomes showed a great adaptation to the new intermediate host and further spread throughout the valley (8).

B. pfeifferi has also been implicated in the increased prevalence of intestinal schistosomiasis in many countries following an extension of its distribution as exemplified by the rise of the disease in Malagasy high plateau, Madagascar after its colonization by B. pfeifferi (176, 177). In Egypt, B. glabrata was reported in long distances of water courses in Qalyoubiya, Giza, and Kafr El-Sheikh governorates (44, 46). Although no infected snails were collected, laboratory studies on the first generation obtained from field-collected specimens showed its susceptibility to a local strain of S. mansoni originally from Giza. The infection rate of B. glabrata snails was lower than that of B. alexandrina. Also, the incubation period was considerably shorter in B. alexandrina than B. glabrata which reflects the higher compatibility of the indigenous snails to local parasites. However, total number of cercariae produced per snail throughout the shedding period was higher in B. glabrata than in B. alexandrina. The results of experimental infection indicated that B. glabrata is as efficient as B. alexandrina in transmitting local S. mansoni parasites (46). The situation of B. glabrata became more complicated because the snail was able to hybridize with the local B. alexandrina snails producing a susceptible hybrid lineage. Some of the hybrid snails collected from El-Gharbia, El-Behierah, El-Menia, Kafr El-Sheikh, Dakahlia, and Alexandria governorates were found naturally infected with S. mansoni (45). Field and laboratory studies suggested that B. glabrata and hybrid snails have a higher potential in transmitting S. mansoni, which could lead to an increase in schistosomiasis in associated communities (178).

The invasion of Upper Egypt with B. alexandrina following the construction of the High Dam has led to outbreaks of S. mansoni, with tremendous local increase in the prevalence levels in just a few years (179). Also, as a consequence of B. alexandrina introduction to newly reclaimed areas, epidemiological surveys on resident and settler populations showed 49.3% and 40% prevalence of S. mansoni in El-Manayef and El-Morra areas, respectively in Ismailia governorate. The seasonality of Biomphalaria infection in the new areas showed the presence of two peaks in August and November. These results confirmed the occurrence of transmission of S. mansoni which indicated that reclamation of parts of the desert using the Nile water had led to spread of schistosomiasis to these areas (45).

In Northeastern Brazil, a competitive displacement of B. glabrata by B. straminea occurred after the introduction of the latter species. This displacement was considered as a biological control measure since the introduced snails were thought to be resistant to S. mansoni infection and have a greater fecundity (180). However, field data from some endemic areas showed that human infection increased from 35.5 to 61.9% in the locality occupied by B. straminea, and decreased from 40.3 to 20.8% in that occupied by B. glabrata. These data suggest that B. straminea is involved in the transmission of schistosomiasis (181).

Transmission of schistosomiasis can't occur in the absence of a competent intermediate host snail, but once the obligate host has established, schistosomiasis transmission becomes a possibility (2). Although no schistosome larvae have been detected in B. straminea or B. tenagophila introduced to China and Europe (Romania), respectively, there is still a risk for intestinal schistosomiasis to be locally transmitted into these new geographic zones. The two species are susceptible intermediate host for S. mansoni and have been implicated in intestinal schistosomiasis transmission in their native habitats. Thus, global climate change and the possibility of the introduced snails to be in contact with schistosomes, could pose a public health risk. Human travel between countries for business, education or tourism made it possible to find schistosomiasis cases in non-endemic areas (182). For example, many reports of S. mansoni infected cases in immigrants or tourists visiting Romania and neighboring Hungary were reported (183). Also, more than 400 imported cases infected with African schistosomes (including S. mansoni and S. hematobium) were reported from numerous provinces in China between the years 1979 and 2011, owing to the sharp growth in China aided projects in Africa and labor services exported to Africa. It is estimated that over 1 million Chinese workers are now residing in Africa, increasing the risk of exposure to African schistosomiasis (160). Other possible ways of S. mansoni establishment include the introduction of infected snails in the same way by which uninfected ones were introduced and introduction of the parasite through Chinese or European laborers returning from endemic areas or visitors traveling for tourism or trade purposes. Once started it is possible that the life cycle could be maintained through other definitive hosts such as rodents.



Supporting Transmission of Other Helminth Parasites

In addition to its role as intermediate host for S. mansoni, Biomphalaria spp. may also act as intermediate hosts for other parasites of mammals, birds, and fish (Table 2). Moreover, different species of Biomphalaria were found naturally infected with cercariae and metacercariae of a wide range of trematodes of unknown life cycle (73, 217). Recently, both B. straminea and B. glabrata were shown to act as intermediate hosts of Austrodiplostomum compactum (Trematoda: Diplostomidae), the causative agent for ocular diplostomiasis in several species of fish in Brazil, a disease which may have potential impacts on native fish species and damage to fish farming. The two species were found infected with strigeid cercariae of the parasite (208). Biomphalaria can also act as intermediate hosts for different species of the nematode Angiostrongylus that infect domestic animals as well as humans. For example, Angiostrongylus vasorum, that parasitizes the right ventricle of the heart and the pulmonary artery of dogs and wild carnivores in different parts of Europe, Canada, South America, and Africa (218, 219), is able to infect B. glabrata and B. tenagophila under laboratory conditions as evidenced by emergence of cercariae that could infect the vertebrate host (209, 210). The parasite can also cause diseases of the central nervous system in humans (220). B. glabrata and B. tenagophila act as intermediate hosts for the rat lung worms Angiostrongylus cantonensis and A. costaricensis the causative agents of eosinophilic meningitis and meningoencephalitis and abdominal angiostrongyliasis, respectively, in humans in many parts of the world (221). Within the snails, the parasite develops into the infective third-stage larvae and humans are infected after ingestion of infected snails (222). Infection with the rodent schistosome S. rodhaini were found in natural population of B. sudanica in some African countries such as Uganda and Burundi (15). Moreover, natural infections with 11 larvae of different trematode species were found in B. pfeifferi and B. sudanica from Tanzania (223).


Table 2. Trematodes and nematodes parasites using Biomphalaria as intermediate host.
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CONCLUSIONS

The distribution of the snails will define the potential distribution of schistosomiasis and the likelihood of transmission. Many ecological factors regulate distribution and abundance of Biomphalaria spp. Hence, knowledge of the disease transmission is incomplete without available information on the ecology and biology of this intermediate host. There is a continuous need to document the changing and dynamic distribution of Biomphalaria due to continued environmental modifications and climatic changes.

Long distance dispersal of Biomphalaria is achieved through accidental and/ or deliberate introduction to new geographic areas. Dispersal of snail eggs and uninfected snails will not spread schistosomes, but dispersal of infected snails can spread the disease. Moreover, the new species may enhance disease transmission if it is more susceptible to local parasite than sympatric intermediate hosts. Thus, understanding the geographical origins of introduced snails, their modes of dispersal, and their rates of gene flow might assist efforts to understand the spread and establishment of schistosomiasis in the area of introduction. More studies are needed to identify the introduced species and understand their biology and the combination of morphological and molecular methodologies will be the best approach.

Snail distribution data can be used to develop prediction models for potential schistosomiasis risk areas and risk maps for snail distribution and abundance using species modeling software. For this purpose, geographic coordinates should be collected for utilizing in GIS and remotely sensed data (224). The obtained risk maps can be used to apply the suitable public health strategies, and to guide other fieldwork. Also, the risk map will enable better resource distribution and adequate policies for snail control. The GIS approach is particularly recommended to provide estimates of the potential spread of invasive Biomphalaria species using data of occurrences through time that allow a functional estimation of the spread of the invader, which could then be related to rates of ecological changes and vector activity over time.

For better and effective control initiatives for schistosomiasis, periodic malacological surveys are recommended for the detection of Biomphalaria in new potential habitats and identification of species and infection status of collected snails. Swift actions should be taken to record any new occurrence of these snail intermediate hosts. Community education is another important intervention to aid control. Populations who are in contact with water for agricultural or other purposes should be able to morphologically identify schistosomiasis intermediate snail hosts and understand their role in disease transmission. A surveillance system could be established to monitor the distribution of snails. This system could be used to assist regional policies in controlling snails via application of molluscicides or other control approaches (225, 226).
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The control and elimination of schistosomiasis have over the last two decades involved several strategies, with the current strategy by the World Health Organization (WHO) focusing mainly on treatment with praziquantel during mass drug administration (MDA). However, the disease context is complex with an interplay of social, economic, political, and cultural factors that may affect achieving the goals of the Neglected Tropical Disease (NTD) 2021-2030 Roadmap. There is a need to revisit the current top-down and reactive approach to schistosomiasis control among sub-Saharan African countries and advocate for a dynamic and diversified approach. This paper highlights the challenges of praziquantel-focused policy for schistosomiasis control and new ways to move from schistosomiasis control to elimination in sub-Saharan Africa. We will also discuss an alternative and diversified approach that consists of a Systems Thinking Framework that embraces intersectoral collaboration fully and includes co-creating locally relevant strategies with affected communities. We propose that achieving the goals for control and elimination of schistosomiasis requires a bottom-up and pro-active approach involving multiple stakeholders. Such a pro-active integrated approach will pave the way for achieving the goals of the NTD 2021-2030 roadmap for schistosomiasis, and ultimately improve the wellbeing of those living in endemic areas.
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INTRODUCTION

Schistosomiasis is a disease of poverty affecting over 250 million people worldwide (1). It is one of the most common waterborne parasitic diseases in the world (2). There are six known species that cause schistosomiasis in humans: Schistosoma (S) haematobium, S. mansoni, S. japonicum, S. mekongi, S. intercalatum, and S. guineensis. Of these six species, S. haematobium and S. mansoni are the most commonly found species in endemic-areas, with S. haematobium causing urogenital schistosomiasis and S. mansoni causing intestinal schistosomiasis (3). S. haematobium has also been implicated in susceptibility to human immunodeficiency virus (HIV) (4), human papillomavirus (HPV) infections (5) and infertility (6).

Schistosomiasis is found mostly in low-income countries with the largest burden of disease in sub-Saharan Africa (1). Sub-Saharan Africa accounts for ~93% of the world's ~207 million schistosomiasis cases, with the highest prevalence found in Nigeria, Tanzania, Ghana, Mozambique, and the Democratic Republic of Congo. These 5 countries account for ~78 million cases (7, 8). Schistosomiasis commonly affects the poor living in rural, underprivileged urban or peri-urban settings with limited access to clean water, inadequate sanitation and hygiene services (9). It is also more common in fishing and agriculture dominant communities where direct interactions with water increase the risk of contracting the disease. Water-related domestic activities such as washing clothes and fetching water, as well as recreational water activities also increase the risk of infection for women and children (10).

Schistosomiasis does not only affect the health of infected persons by causing systematic and organ-specific inflammation, it also has social and economic implications for communities (7, 11). The disease is known to cause anemia, growth stunting and reduced productivity; and accounts for between 1.6 and 4.2 million disability-adjusted life years (DALYs) lost annually in sub-Saharan Africa (8, 12). Currently, the mainstay of treatment is with the use of praziquantel which is effective for the treatment of all species of schistosomiasis (7).

The World Health Organization (WHO) has developed several roadmaps for Neglected Tropical Diseases (NTDs), and many sub-Saharan African countries have made significant progress by rolling out national action plans and programmes targeting schistosomiasis control and elimination (13). Despite these efforts, schistosomiasis remains a huge problem in sub-Saharan Africa with an unmet need for treatment (14).



CHALLENGES WITH THE CURRENT STRATEGY FOR CONTROL AND ELIMINATION OF SCHISTOSOMIASIS

Attempts made toward schistosomiasis control and elimination have involved several strategies ranging from disease treatment to managing complications and controlling disease transmission (2, 13, 15, 16). Schistosomiasis is currently tackled with a combination of preventive chemotherapy dispersed through mass drug administrations (MDAs), and water, sanitation, and hygiene (WASH) programs (13, 15). However, it appears that the core focus of the WHO plan for schistosomiasis control and elimination is on preventive chemotherapy, particularly MDAs in sub-Saharan Africa. Based on this stance, progress has been made on large scale treatments and partnerships with donor foundations, other international organizations and Merck, the producer of praziquantel (10, 13). Praziquantel is the drug of choice for the treatment of schistosomiasis as it has been considered cost-effective, relatively safe, inexpensive, and effective; with donor organizations willing to provide the drug at no cost (15). Despite these attributes, schistosomiasis is still highly endemic in several countries (13, 14).

This strategy of using praziquantel as the key bullet for schistosomiasis control and elimination in practice is reactive instead of proactive and is an unavoidable consequence of a one-size-fits-all approach. This reactive approach is limiting for several reasons.

First, despite efforts at making praziquantel available to those at-need and Merck KGaA's commitment to praziquantel donations, targets for MDA coverage have still not reached all people at risk who require treatment (14). This may indicate an under-representation or undercounting of cases based on low-level awareness (11, 17, 18), migratory patterns in which the disease is introduced to new or previously eliminated areas (19, 20), and an assumption of homogeneity of the disease transmission context across different regions and countries. For example, some countries such as Nigeria have prioritized praziquantel for school-aged children leaving adults and pre-school children uncovered during MDA (18). Therefore, in this context, it implies that schistosomiasis cannot be effectively eliminated in communities where MDA treatment is on-going.

Second, although there is a commitment to the donation of praziquantel, there is a high chance of recrudescence of disease to pre-MDA levels once donations reduce or cease, or even during MDA programmes (21, 22). Third, praziquantel itself has not demonstrated 100% curative ability in both single-dose and multidose regimens in various settings (23–25) implying that relying only on praziquantel treatment use during MDA is not an effective strategy for control and elimination of this disease. Fourth, given the neglected nature of the disease in most healthcare systems in sub-Saharan Africa, there is currently inadequate funding for the disease from the national governments which is likely to persist or worsen in the future once the current external funding and support reduce. There is also a potential for donor fatigue as current gains in treatment can be reversed when donation stops, because countries do not have sustainable strategies to own and incorporate programmes within their current healthcare systems (26). Lastly, the disease context is complex with an interplay of social, economic, political, and cultural factors (20, 27) that may affect achieving the goals of the NTD 2021-2030 Roadmap (28). In light of these challenges, there is a need to revisit the current top-down approach to schistosomiasis control among sub-Saharan African countries irrespective of the level of endemicity.

There have been several resolutions over time by the WHO geared toward the control and elimination of schistosomiasis including renewing interest, addressing partnerships, and in 2012, the need to attach importance to both preventative and control strategies by developing applicable plans with progressive targets (2). In 2013, the “WHA66.12 resolution” on NTDs focused on advocating for continuous country ownership of programmes for NTD prevention, control, elimination, and eradication (2, 13). The current roadmap for 2021–2030 for NTDs also reiterates the importance of community-based and applied research for effective NTD programmes. It highlights the need to integrate mainstream approaches into national healthcare systems, coordinate action across sectors (which has been challenging to operationalize), and close coordination and multisectoral action across all sectors (beyond health) (16). However, it is unclear how sub-Saharan African countries can achieve their targets beyond the desire for easy wins through the use of praziquantel as a reactive way to achieve their aims. Clearly, attaining schistosomiasis control requires a dynamic approach that incorporates more proactive and holistic strategies beyond the current top-down approach to one that incorporates the socio-cultural, epidemiological, economic and geographical dynamics within each country to create a mix-set of feasible strategies for schistosomiasis control. The uptake and domestication of these strategies will require an in-depth look into the dynamics of each region and country.



DISCUSSION AND RECOMMENDATIONS

Achieving sustainable schistosomiasis control and elimination requires an innovative design that incorporates a wide range of factors and information influencing disease transmission and intervention successes, which are interdependent and interrelated, and which will benefit from a whole system context (29, 30). Therefore, we propose a proactive and dynamic approach with three broad strategies.

First, is the need to use a Systems Thinking Framework with a particular focus on medical products and technology, information and research, healthcare financing, and service delivery. This is hinged on the premise that the control and elimination of schistosomiasis, like all other NTDs, is affected by a multitude of social, cultural, economic, geographical and ecologic factors (28) which are interdependent, and for which the current use of praziquantel alone cannot solve. These interdependencies are best understood and addressed by looking at the system as a whole with a particular lens on weak points within the system (21, 26, 29).

Although the NTD 2021-2030 roadmap stresses the need for well-structured operational and implementation investigations, including community-based and applied research as the main fulcrum (16), it is still unclear how sub-Saharan countries can achieve this goal. As such, sub-Saharan countries need to identify key areas, wherein available resources can sustainably reduce schistosomiasis burden and also indirectly contribute to an improved healthcare system in the long-term. Improving access to medical products and technology includes drug procurement and supply chain for praziquantel by making it readily available for easy procurement and treatment of schistosomiasis in partnership with donors and the private sector, as well as investing in affordable, easy to use diagnostic tools which can reduce delays in accessing treatment. A number of these diagnostic tools, such as mobile phone-based technologies and rapid diagnostic tests, are either currently available or undergoing development (31–35).

There is also a need to manage information and promote research into drivers of regional and local hotspots of schistosomiasis (21, 22, 28). Service delivery has been one of the problems of schistosomiasis control in several sub-Saharan African countries with praziquantel mainly available during MDAs and the difficulty of identifying non-acute cases of urinary schistosomiasis (18). As such, we propose seeing schistosomiasis in the same light as malaria and adding regular screening at the primary care level for regions with a high prevalence to help capture those who are not covered by the MDA programmes. It is also important to capture NTDs diagnostics and treatment into current healthcare financing plans. Communities with a high incidence may benefit from specialized health insurance plans that can absorb the cost of treatment. Alternatively, it can be made mandatory through policies for coverage of NTDs by health management organizations to reduce out of pocket costs by persons with the disease. All these will require viable research with generated data used in designing effective communication interventions.

Second, strategies for schistosomiasis control and elimination should be multisectoral as the disease is not only a healthcare system problem but affects other areas of people's lives as well, such as livelihoods, recreation, and cultural practices. The physical environment is one of the key determinants of schistosomiasis infection and addressing issues related to this requires an in-depth look into sectors that relate directly to the physical environment, including socio-economic and cultural aspects (36). In this context, beyond the health ministry departments such as vector control, epidemiology, health education, medicine, nursing and pharmacology departments; other sectors/ministries/departments such as planning, statistics, community development, water resources, animal health, education, agriculture, environmental management, and finance are critical and should work together as a team. Important elements to consider for involvement include how these sectors are affected or contribute to schistosomiasis, and how strategies can be drawn up synergistically to minimize infection and re-infection and help with control. Moreover, the multisectoral team equally needs to fashion out innovative activities. For example, the promotion of fish farming and raising of shrimps that are known to eat the cercariae of schistosomes in highly endemic areas can help reduce infection rates (37) and contribute to the local economy. The introduction of shrimps that feed on the Schistosoma cercariae may be more useful in riverine/swampy communities, and molluscicides in inland communities and localities that do not depend on rivers for economic activities. Introducing and promoting the planting and use of natural molluscicidal agents such as soapberry Endod (Phytolacca dodecandra), which is also toxic to miracidia and cercariae and doubles as a natural detergent for washing clothes (38, 39) is illustrative.

Furthermore, since schistosomiasis is more common along communities situated around dams (40), a percentage of profits made from dam-derived services should be allocated for the implementation of schistosomiasis control activities. Although schistosomiasis is common in more rural areas; rural-urban migration patterns, urban planning challenges and overcrowding, and problems of rampant open defecation due to poor sanitary facilities in sub-Saharan Africa have increased the risk of schistosomiasis in urban communities implying poor urban planning. The planning departments can also collaborate with communities and community-based organizations to push for clean water and improved hygiene and sanitary services. Clean water provision, sanitation and hygiene (WASH) is critical to schistosomiasis control and elimination by preventing contaminated feces and urine from reaching open water sources such as rivers.

Third, there is a need to co-create locally relevant strategies with affected communities and regions since the burden of schistosomiasis is not equally distributed across most sub-Saharan African countries and even within countries (7, 17, 41). Therefore, affected regions and communities should be seen as collaborators in dealing with schistosomiasis control and elimination. For most control programmes, the government attempts MDA as a broad strategy without looking in-depth at the peculiarities of these communities and their challenges which can be drivers of schistosomiasis infection and burden (26, 28, 29). Thus, the current one-size-fits-all intervention using a top-down approach may be a contributor to the limited success of schistosomiasis control and elimination in sub-Saharan Africa. This is due to the complex interplay of factors and heterogeneity between individuals and their settings (28, 42, 43) making it difficult to understand drivers of schistosomiasis within high-risk communities and inability to create potentially useful and scalable solutions within these contexts. Consequently, identifying contextual problems related to schistosomiasis and developing localized solutions can go a long way in achieving schistosomiasis control and elimination solutions. In this context, the control and elimination of schistosomiasis should not just be done for the people, but with the people as the NTD 2021-2030 Roadmap has clearly highlighted ownership as being critical for schistosomiasis control and elimination. Ownership should not only be seen at the government level through policies, but there is also the need for communities to own these strategies by viewing the people in these communities as collaborators in the fight against schistosomiasis and co-creating strategies with them (44). Co-creation takes into consideration the heterogeneity (45) within countries that are based on social, behavioral, and economic factors related to infection in the at-risk population. Schistosomiasis control and elimination requires a participatory approach involving both the at-risk population and the local governance structure charting a path together for the control and elimination for communities and regions (44). For example, communities can use locally available materials and techniques such as composting toilets for improved sanitation, thus reducing open defecation and consequently reducing schistosomiasis infection. Since materials can be locally sourced and are culturally acceptable, they are more likely to be easily maintained and thus contribute to local sustainability. This can also drive a sense of ownership by communities to push for the elimination of schistosomiasis within their localities.

Co-creation has also been documented to be effective in reducing NTDs (44). The development and use of locally relevant technologies and knowledge are critical to schistosomiasis control and elimination within communities and endemic regions. Put together, the strategies from all regions then become the input to develop broad and comprehensive national policies which are locally relevant for communities. Using this proactive approach will increase the likelihood of sustainable schistosomiasis control and elimination.



CONCLUSION

We propose that achieving the goals for control and elimination of schistosomiasis requires a proactive approach involving a range of stakeholders and a mixed-set of pluriform strategies that consider heterogeneity at the national and regional levels, as well as local transmission factors. These strategies should focus on locally relevant and acceptable ways to increase awareness, reduce transmission and infection, and equitable ways of treating the disease.
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Parasitic helminths, comprising the flatworms (tapeworms and flukes) and nematodes (roundworms), have plagued humans persistently over a considerable period of time. It is now known that the degree of exposure to these and other pathogens inversely correlates with the incidence of both T helper 1 (Th1)-mediated autoimmunity and Th2-mediated allergy. Accordingly, there has been recent increased interest in utilizing active helminth worm infections and helminth-derived products for the treatment of human autoimmune and inflammatory diseases and to alleviate disease severity. Indeed, there is an accumulating list of novel helminth derived molecules, including proteins, peptides, and microRNAs, that have been shown to exhibit therapeutic potential in a variety of disease models. Here we consider the blood-dwelling schistosome flukes, which have evolved subtle immune regulatory mechanisms that promote parasite survival but at the same time minimize host tissue immunopathology. We review and discuss the recent advances in using schistosome infection and schistosome-derived products as therapeutics to treat or mitigate human immune-related disorders, including allergic asthma, arthritis, colitis, diabetes, sepsis, cystitis, and cancer.
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Introduction

Schistosoma spp. are digenetic trematodes that cause schistosomiasis (Bilharzia), a disease afflicting over 230 million individuals in developing countries in Africa, South America, and Asia (1). Schistosomiasis was reported as being responsible for an estimated global burden of 1.4 million disability adjusted life years (DALYs) in 2017 (2). Three schistosome species, Schistosoma haematobium, S. mansoni, and S. japonicum are the most clinically relevant. Liver fibrosis is the main contributor responsible for the morbidity and mortality among individuals with chronic hepatosplenic schistosomiasis. Currently, there is no practical vaccine available for schistosomiasis. Control of the disease relies predominantly on mass drug administration (MDA) programs incorporating the drug praziquantel (3).

Schistosomes are dioecious and have a lifecycle involving an aquatic snail as an intermediate host and a mammalian definitive host (4). During the schistosome lifecycle, free-swimming cercariae penetrate a mammalian host. After skin penetration, the larvae transform into schistosomula, which can reach the heart and lungs within 3–5 days, and within 2 weeks the juvenile worms migrate to the hepatic portal system, where they pair up and become sexually mature. The paired schistosome adult worms then migrate to the pelvic venous plexus (S. haematobium) or the mesenteric veins (S. mansoni and S. japonicum), where the female worms lay eggs intravascularly, with patency times varying among species. Eggs disseminate through the blood flow and many are entrapped in host tissues, such as the liver and intestine, driving the host immune inflammatory response, which in turn help discharge the remaining eggs from the definitive mammalian host. After release from the definitive host, the eggs hatch in freshwater and transform into miracidia, which penetrate a specific snail intermediate host, developing asexually into mother and then daughter sporocysts; these produce cercariae that are released into water to continue the life cycle (5). Adult schistosomes can dwell in the blood vessels of the definitive hosts for decades, despite being continually exposed to this immunologically harsh microenvironment.

The long period of host/parasite co-evolution has resulted in schistosomes modulating the host immune response during infection using intricate molecular mechanisms. The host immune response elicited due to schistosome infection is polarized as it progresses, going from i) an initial T helper type 1 (Th1) response against migrating immature and mature parasites involving IL-12, interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α), ii) a switch to a powerful Th2 response, which is primarily induced by egg antigens, with an elevation in the Th2-type cytokines interleukin (IL)-4, IL-5, IL-9, and IL-13, under the control of regulatory T-cells (6, 7), and finally iii) a chronic regulatory phase with a reduced but still predominant Th2 response due to a prolonged regulatory T-cell environment involving IL-10 and TGF-β (6, 8, 9). Work with gene-deficient mice has shown that during the acute phase of a schistosome infection, the inability to drive Th2-type and anti-inflammatory responses is associated with a severe condition characterized by cachexia and significant host mortality (9–11). A critical event in the schistosome life cycle is the excretion of eggs from the mammalian host to the external environment, a process that requires the host evoking CD4+ T-cell-induced granulomatous inflammation to facilitate the passage of eggs through the intestine or bladder (12). However, excessive polarization of the Th2 immune response at the chronic stage can lead to potentially life-threatening pathology characterized by periportal fibrosis and portal hypertension (13); this in turn triggers the host to produce intrinsic factors that elicit a more balanced regulatory anti-fibrotic immune response to restrict the deleterious effects of infection (14).

In areas highly endemic for human schistosomiasis, schistosome re-infection is a frequent event. Naturally infected individuals can develop a state of concomitant immunity to control worm numbers in the host by killing newly invading larvae with a modified Th2 pulmonary response (8, 15). Although the exact mechanism(s) underpinning concomitant immunity remain unclear, it has been suggested that a rich source of potential immunomodulatory molecules secreted by previously established adult worms and/or schistosomula surface antigens could interact with and stimulate the host to develop an immune response targeting larval worms (16–18). Collectively, these observations imply that the regulatory immune response induced by the worm and/or worm-derived components represents a key component for the mutual benefit of both the host (pathology limitation) and the parasite (survival and proliferation). Indeed, observations in murine models and in humans show that regulatory subsets of CD4+ T cells (Tregs), both naïve and induced Tregs, play an important role in balancing the Th1/Th2 response and in modulation of schistosomiasis-induced immunopathology leading to granuloma formation and fibrosis both in the liver and intestine (19–22).



Therapeutic Potential of Live Schistosome Infection and Schistosome Products for Immunological Diseases

Pivotal research published in the late 1980s by David Strachan, an epidemiologist at the London School of Hygiene and Tropical Medicine, showed in an investigation involving more than 17,000 children that those in larger households had fewer instances of hay fever (23). Subsequent research suggested that children living in very clean environments appeared to increase an individual’s susceptibility to a range of other conditions. This is what is so-called the hygiene hypothesis which has been supported by epidemiological evidence and experimental studies and was extended to other allergic diseases and subsequently to autoimmune diseases (24). However, the term ‘hygiene hypothesis’ is vague and misleading, and has been widely criticized (25). Accordingly, the concept was later reformulated as the ‘Old Friends’ hypothesis which argues that early exposure to the vital microbes was not due to measles, colds or other childhood (crowd) infections, but rather microbes already present during primate evolution and in hunter-gatherer times when the human immune system was in the process of being shaped (26). With this concept in mind, parasitic helminths that reside in a chronic state in humans, and are tolerated by the immune system, can be regarded as “Old Friends”.

The proclivity for schistosomes to orchestrate immunomodulatory effects on the host immune system combined with the concept of the hygiene hypothesis form the basis for developing therapeutics to protect individuals against the onset of various forms of autoimmune and inflammatory diseases including arthritis, allergic asthma, diabetes, colitis, sepsis and cancer, or to ameliorate their severity (Figure 1). In this context, Osada & Kanazawa (27) reviewed the modulatory effects of a concurrent schistosome infection, and the injection of whole eggs, soluble egg antigens (SEA), a soluble antigen preparation of adult schistosomes (SWAP), or recombinant parasite proteins on immunological disorders. Due to the potential safety issues and the accompanying side effects in humans that might be evoked by a live worm infection or the injection of eggs, the use of SEA, SWAP and schistosome secreted and surface-exposed molecules as modulators of the immune system was revisited by Janssen et al. (28). SEA is a complex mixture of phosphate buffered saline-soluble (mainly secreted and cytoplasmic) molecules obtained from mechanically disrupted eggs. Similar to schistosome eggs, SEA is highly antigenic and can induce the activation of a considerable immune response. As with a live schistosome infection, SEA can activate and modulate both the innate immune response through interacting with dendritic cells (DC), macrophages, natural killer T (NKT) cells, eosinophils and basophils, and the adaptive immune system by acting on T cells; this results in the upregulation of anti-inflammatory cytokines and the down-regulation of pro-inflammatory cytokines (29, 30). Individual Schistosoma-derived components including recombinant proteins, such as rSjcystatin and rSmKI-1, peptides, and small RNAs, have been recently explored as potential therapeutic targets (Table 1). It has been argued that intact helminth parasites may be superior to helminth-derived products for treating chronic inflammatory-associated diseases in humans (59), but this needs to be validated in the case of schistosomes.




Figure 1 | Diagrammatic representation of the use of a live schistosome infection or schistosome-derived products for the prevention/alleviation of a variety of autoimmune and inflammatory diseases, including (A) arthritis, (B) allergic asthma, (C) colitis, (D) diabetes, (E) sepsis, (F) cystitis, and (G) cancer. Figure 1 was created with Biorender.com.




Table 1 | Recent studies of schistosome infection and schistosome-derived products shown to suppress immunological disorders.




Given the capacity of schistosomes to hasten or nullify the development of inflammatory and autoimmune diseases, some of the disorders that have shown improved outcomes after schistosome infection or exposure to schistosome components are now discussed.


Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease that primarily affects the lining of the synovial joints, resulting in both cartilage destruction and bone erosion. The disorder may lead to progressive disability and premature death, contributing to a significant clinical and economic burden on society (60). Some biologic agents such as cytokine antagonists that inhibit TNF-α, IL-1β, or IL-6 (anti-TNF-α, anti-IL-1, or anti-IL-6) have shown preventive effects that can substitute for conventional disease-modifying anti-rheumatic drugs (61). However, no clinically useful biologic therapy is available for the individually tailored treatment of RA, and patients with RA usually require a long-term treatment plan, in which side effects are generally inevitable (62). Thus, the development of an innovative prophylactic or therapeutic strategy is critical, and there has been considerable interest in developing recombinant immune-modulating drugs for RA treatment.



Collagen-Induced Arthritis Autoimmune Mouse Model for Rheumatoid Arthritis

The CIA autoimmune mouse model is widely used to study RA (63, 64). Infection of mice with either S. mansoni or S. japonicum prior to collagen immunization reduced the severity of CIA (65–67). In CIA mice, a prior S. mansoni infection was found to down-regulate the splenic production of Th1 (IFN-γ), and pro-inflammatory cytokines (TNF-α, and IL-17A), and this was accompanied by the up-regulation of anti-arthritic cytokines (IL-4 and IL-10) (65). Subsequently it was demonstrated that the protective effect of a S. japonicum infection against CIA is infection stage-dependent, i.e., protection was only provided in the ASCIA group {when the first injection of type II collagen (CII) was given at the acute stage [7 weeks post infection (p.i.)]}, but not in the ESCIA group [when the first injection of CII was given at an early stage (2 weeks p.i.)] (66). The protective effects in the former group were associated with increased production of IL-4 and IL-10 and reduced production of IFN-γ in the spleen. As a result, the importance of a dominant and long-lasting Th2 response in suppressing autoimmune joint inflammation was suggested by these authors (66). Another group then explored the effects of S. japonicum infection on CIA by challenging DBA/1 mice with unisexual or bisexual cercariae 2 weeks prior to CII injection or at the onset of CIA (67). This study showed that S. japonicum infection (unisexual or bisexual) 2 weeks prior to CII immunization significantly reduced the severity of CIA. This outcome was consistent with earlier results obtained with a S. mansoni infection by Osada et al. (65) but not with previous observations by He et al. (66). In the protected mice, significant down-regulation of Th1 (IFN-γ) and pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6), and up-regulation of Th2 (IL-4) and the anti-inflammatory cytokine IL-10 were observed. Song et al. (67) also demonstrated that when the established CIA mice were challenged with bisexual S. japonicum cercariae, exacerbating effects on the disease were elicited at 1-week p.i. Notably, S. mansoni infection exhibited both ameliorating and exacerbating effects on spontaneous autoimmune arthritis in IL-1 receptor antagonist (IL-1Ra)-deficient mice (68). While S. mansoni infection partially protected the IL-1Ra-deficient mice from arthritis with reduced IL-17 and TNF-α and enhanced IL-4 and IL-10 splenic responses, the infected mice had increased levels of IgG rheumatoid factor and anti-dsDNA IgG in serum which likely contributed to the exacerbating autoimmune effects (68). By employing signal transducer and activator of transcription 6 (STAT6) knock-out (KO) and IL-10 KO mice, Osada et al. (31) later demonstrated that STAT6-related cytokines (IL-4, IL-13) and IL-10 are essential for the suppression of CIA by a S. mansoni infection.



Adjuvant Arthritis (CFA-Induced AA) Induced Rat Model

Schistosome antigenic components have been employed to circumvent the potential deleterious effects caused by a live worm infection. Autoclaved antigen, derived from S. mansoni cercariae (ASMA), has been tested for a potential protective effect on adjuvant arthritis (CFA-induced AA) induced in rats by subcutaneous and intradermal injections of complete Freund’s adjuvant into the paw and tail, respectively (32). Intradermal injection of ASMA, after CFA-induced AA, attenuated the progression of clinical signs of polyarthritis, and improved the gait and increased the body weight of animals, with reduced production of IL-17 and increased serum levels of both IL-10 and IFN-γ. The authors suggested that up-regulation of Foxp3+ Tregs, with subsequent modulation of both pro- and anti-inflammatory cytokines, contribute to the anti-arthritic activity (32). Unlike the CIA model, in which it has been proposed that the anti-arthritic effect of schistosome infection is induced by Th2-polarization with increased levels of protective Th2 cytokines and suppression of the pathogenic Th1 cytokines, in the CFA-induced AA rat model, IFN-γ (the cytokine strongly associated with a Th1 response) increased after ASMA treatment; this may have been due to the presence of mycobacteria, constituting the main antigenic component in the CFA adjuvant, inducing the high level of endogenous IFN-γ recorded (32). Nevertheless, these authors concluded that in this case, the higher level of IFN-γ might have contributed to ameliorating rather than exacerbating the effects (32).



rSjCystatin and SJMHE1 as Immunomodulators

To date, two immunomodulatory molecules originating from S. japonicum have shown prophylactic/therapeutic effects on CIA in the murine model. Prophylactic injection of rSjCystatin, i.e. administration prior to CIA, was shown to significantly alleviate tissue pathologies based on parameters such as paw clinical scores, incidence of arthritis, and histopathology scores of joints (33). These effects appeared to be related to the inhibitory modulation of Th1 and Th17 responses and the upregulation of Th2 and Tregs responses as evidenced by a shifted cytokine profile, i.e. the levels of anti-arthritic cytokines (IL-4 and IL-10) were notably increased, while the levels of IFN-γ, and pro-inflammatory cytokines (IL-6, IL-17, and TNF-α) were significantly suppressed in the prophylactic rSjCystatin-treated mice (33). In contrast, therapeutic injection of rSjCystatin, i.e. administration of rSjCystatin to mice with established CIA, showed no significant differences in clinical parameter incidence and histological examination scores, suggesting that post-injection of rSjCystatin does not prevent the outbreak of inflammation or synovitis and cartilage degradation in these mice (33). Treatment with SJMHE1, a short linear peptide from the HSP60 protein of S. japonicum, resulted in a significant reduction in joint inflammation, accompanied by suppressed clinical symptoms, lower incidence of arthritis and reduced severity of arthritis in CIA mice (34). In this study, SJMHE1 injection significantly reduced inflammation, pannus, and cartilage and bone damage scores on histopathological examination of mouse paws. Similar to that observed with rSjCystatin, these effects were linked to the modulation of key cytokines involved in the pathogenesis of CIA, wherein the splenic expression levels of IFN-γ, IL-22, and pro-inflammatory cytokines (TNF-α, IL-6, and IL-17) were down-regulated while the inhibitory cytokine IL-10, TGF-β1 mRNA, and the percentage of CD4+CD25+Foxp3+ T cells (Tregs) were up-regulated (34).



Therapeutic Effects of Sj16 and SmKI-1

Additional individual Schistosoma-derived molecules have also been shown to exhibit therapeutic effects on arthritis models such as the CFA-induced AA rat model and the monosodium urate (MSU)-induced gout arthritis model. Treatment with rSj16, a 16-kDa recombinant protein from S. japonicum, induced an anti-inflammatory effect, and was shown to protect rats from CFA-induced knee joint inflammation and paw swelling in a dose-dependent manner, with the serum levels of TNF-α, NO, and IL-1β decreased and IL-10 increased (69). These effects were thought to be associated with interruption of maturation and function of DCs, in an IL-10-dependent manner (69). The N-terminal nuclear localization signal (NLS) domain of rSj16 has been demonstrated to be associated with increased production of IL-10 (70). Another molecule of interest is SmKI-1, a Kunitz type protease inhibitor from S. mansoni (71) which plays an important role in inhibiting neutrophil function (35). Mice given rSmKI-1 intravenously showed decreased inflammation in the knee joint after monosodium urate (MSU) administration with a 90% decrease in myeloperoxidase (MPO) activity, and reduced neutrophil accumulation, hypernociception, and overall pathological score (35). In addition, rSmKI-1 significantly decreased the level of the pro-inflammatory cytokine IL-1β in MSU-induced gout, promoting neutrophil influx to the sites of tissue injury and those associated with joint damage. Joint damage was also reduced with diminished leukocyte infiltration and hyperplasia from the synovial membrane after rSmKI-1 treatment. Similar to rSmKI-1, an active S. mansoni infection also exhibited modulating effects on MSU-induced gout arthritis with a significant reduction in neutrophils in the articular knee cavity (35).



Allergy and Asthma

The prevalence of these two atopic diseases has increased dramatically over the past decades worldwide, not only in developed but also in developing countries (72). The immunopathogenesis of allergic sensitization, such as occurs in atopic asthma, is associated with cytokines produced by Th2 cells, including IL-4, IL-5, IL-9, and IL-13 (73). It has been speculated, based on epidemiological and experimental evidence, that helminth infections or their products may help control the development of allergy and asthma. S. mansoni has been shown to be highly effective in protecting humans and mice against allergic sensitization (73, 74). However, the association between schistosome infection and allergic disease is still elusive due to conflicting results of epidemiological studies in low-income countries, with some reports showing an inverse association between schistosome infection and allergic diseases, while others recorded positive schistosome-allergy associations including mite atopy in Ghanaian schoolchildren (75), atopy and wheeze in Uganda fishing communities (76), and allergy in Zimbabweans (77). A cross-sectional study in a schistosomiasis-endemic area in Brazil revealed an inverse association between S. mansoni infection burden and allergic reactivity to common household dust allergens in individuals eliminating more than 12 eggs/g of feces (78). Overall, these studies indicate that the effect of a schistosome infection on allergic disease is complex, involving multiple factors including genetic associations, infection burden, and the presence of co-infections.



Ovalbumin/Alum-Induced AAI Model for the Study of Allergic Asthma

Over the past two decades, there has been considerable interest in exploring the effect of schistosome infection (79–81) or schistosome-derived products (82–84) on the development of airway inflammation in different mouse models. A widely used murine model is the OVA/alum-induced AAI model for the study of allergic asthma, a chronic inflammatory airway disease characterized by reversible airflow obstruction, which represents over 60% of all asthma case (85). Another important model is the house dust mite (HDM, Dermatophagoides pteronyssinus, Der p1)-induced allergic airway inflammation model, mimicking severe asthma, in which Th17 and neutrophils are dominant responders (41).

Though both schistosomiasis and allergic diseases such as asthma can stimulate a strong Th2-type immune response with elevated concentrations of IgE and eosinophilia, schistosome infection can also reduce the inflammation due to allergic asthma by modulating a variety of immune cells, cytokines and chemokines resulting in a decreased Th2 response. For example, chronic S. japonicum infection suppressed airway eosinophilia, mucus production and antigen-specific IgE responses induced by OVA sensitization and challenge with reduced allergen-driven IL-4 and IL-5 production, but had no significant effect on IFN-γ production (86). In this study, dendritic cells were suggested to be involved in the process of helminth infection-mediated modulation of allergic inflammation with a significant decrease in IL-4/IL-5 production and increased IL-10 production (86). In the HDM-induced murine asthma model, S. japonicum infection prior to modeling significantly attenuated airway hyper-responsiveness by reducing the infiltration of inflammatory cells (particularly eosinophils and neutrophils) into the bronchoalveolar lavage (BAL) fluids and the lungs, during the early and late stages of HDM sensitization and challenge (41). These effects were associated with the down-regulation of the Th2 cytokine IL-4, which inhibited eosinophil infiltration and the Th17 cytokine IL-17, which contributed to the amelioration of neutrophil infiltration; in contrast, comparable levels of the Th1 cytokine IFN-γ were observed in the BAL fluids and lungs of infected and uninfected mice indicating limited modulation of the Th1 response (41). This protective mechanism in allergic airway inflammation may be related to the continuous up-regulation of Treg cells in the spleen upon S. japonicum infection (41). In addition, S. japonicum infection causes the down-regulation of serum HDM-specific IgE that can activate mast cells and basophils during the immunopathogenesis of asthma, and is associated with reduced allergic airway inflammation (41). Infection with S. mansoni prevents allergic airway inflammation and anaphylaxis in mice through the induction of IL-10-producing CD1d(high) regulatory B cells that were shown to prevent ovalbumin-induced allergic airway inflammation following passive transfer to ovalbumin-sensitized recipients; the regulatory B cells induced pulmonary infiltration of Tregs, independent of TGF-β, thereby suppressing allergic airway inflammation (87).

Similar to a live worm infection, intraperitoneal injection of isolated S. mansoni eggs prior to allergic sensitization also showed a protective effect on OVA/alum-induced AAI with less eosinophilia in the BAL and lungs, less cellular influx into lung tissue, less allergen-specific Th2 cytokines (IL-5 and IL-13) in bronchoalveolar lavage fluid (BALF) and mediastinal lymph nodes, and lower levels of OVA-specific IgG1 and IgE antibodies in serum (36). Notably, although an allergic OVA-specific Th2 response was absent, treatment with egg antigens induced a strong systemic egg‐specific Th2 response with increased levels of IL-5, IL-13, and IL-10. Additionally, the S. mansoni egg‐induced protection was independent of both Tregs and B cells, but was associated with reduced pulmonary influx of pro-inflammatory monocyte-derived dendritic cells (moDCs) (36).

In a murine model of asthma, treatment with soluble schistosome egg antigens (SEA) significantly increased the percentage and suppressive activity of regulatory CD4+CD25+ T cells, inhibited the expression of Th2 cytokines (IL-4 and IL-5), relieved antigen-induced airway inflammation, and suppressed asthma (82). Recently, Marinho et al. (37) demonstrtaed the ability of the S. mansoni schistosomula tegument (Smteg) to modulate OVA-induced airway inflammation in a murine model. Treatment with Smteg during OVA sensitization resulted in a reduction of protein extravasation and the number of eosinophils in the BAL, and decreased inflammation, collagen deposition and also eosinophil numbers in the lungs. Pro-inflammatory cytokines and chemokines (IL-5, IL-13, IL-25, and CCL11) and specific anti-OVA IgE levels were decreased and the levels of IL-10 were increased in the lungs. However, IL-10 was shown to be produced by monocytes with a significantly increased percentage of CD11b+F4/80+IL-10+ and CD11c+CD11b+IL-10+ cells in the lungs of Smteg-treated mice. Overall, this study suggested that the modulation of Smteg occurred mainly through the activity of macrophages and DCs but not Th cells, and emphasized the role of innate immunity over adaptive immunity in airway inflammation in Smteg-treated animals (37).



Sm22.6, PIII, and Sm29 as Immune-Modulators in the Murine Model of OVA-Induced AAI

A number of other Schistosoma-derived molecules have been tested for their ability to suppress allergic airway inflammation. For example, Cardoso et al. (83) explored the capability of three S. mansoni antigens, Sm22.6, PIII, and Sm29, in modulating the immune response in the murine model of OVA-induced AAI. Immunization with these S. mansoni antigens protected mice against allergic inflammation, as evidenced by a significantly reduced number of inflammatory cells and eosinophils being recruited to the airways, and the reduced serum level of OVA-specific IgE produced in the immunized animals. The frequency of Tregs was higher in the groups of mice immunized with Sm22·6, Sm29 and PIII, compared with controls, but higher levels of IL-10 in the BAL relative to the non-immunized group was observed only in mice immunized with Sm22·6; decreased levels of IL-4 and IL-5 in the BAL were observed in mouse groups immunized with PIII and Sm22·6 compared with non-immunized animals. Collectively, the study by Cardoso et al. (83) implied that Tregs might play a key role in this process of immune modulation. However, different insights were obtained with Sm29 in a human study by de Almeida et al. (38), in which by employing peripheral blood mononuclear cells (PBMC) isolated from asthmatic patients, Sm29 and Sm29TSP-2 (a chimeric antigen comprised of Sm29 and SmTSP-2) were tested for their ability to modulate lymphocyte activation in response to the house dust mite allergen Der p1. The addition of both antigens to PMBC cultures from asthmatic subjects stimulated with Der p1 showed an increased frequency of CD4+CD25hi T lymphocytes and a decreased frequency in the population of CD4+CD25low cells compared with unstimulated groups; in contrast, no significant difference was observed in the frequency of CD4+CD25hi T cells expressing Foxp3 in the cultures stimulated with Der p1 in the presence or absence of either antigen (38).



Schistosome Peptides Can Modulate Immune Responses in Airway Inflammation

Peptides from S. japonicum have also shown potential to modulate the immune response in airway inflammation by down-regulating Th2 and up-regulating Th1 response and Tregs and IL-10. For example, immunization with peptides P6, P25, and P30 from SjP40, a S. japonicum protein homologue of SmP40 (the major egg antigen in S. mansoni), was shown to inhibit airway inflammation in the OVA-induced allergic asthma mouse model, with reduced peribronchial airway inflammation and mucus production, decreased airway cellular infiltration and a substantial reduction in eosinophils in bronchoalveolar lavage fluid (BALF) (39). Compared with OVA only treated mice, the SjP40 peptides induced production of Th1-type cytokines, particularly IFN‐γ, and inhibited the production of Th2 cytokines, such as IL‐4, IL‐5, and IL‐13 (39). In addition, immunization with the three peptides resulted in an increased level of IgG2a, promoted by IFN‐γ, but decreased IgE and IgG1 antibody production, promoted by Th2 cytokines. These data revealed a novel immune protective mechanism involving T cell epitopes from helminth-derived Th1-inducing antigens in modulating allergic asthmatic responses through an enhancing Th1 response (39). Also, the aforementioned peptide, SJMHE1, suppressed airway inflammation in the OVA-induced allergic asthma mouse model with modulation of pro- and anti-inflammatory cytokines in splenocytes and lungs, and decreased numbers of infiltrating inflammatory cells and eosinophils (40). SJMHE1 treatment during OVA sensitization and challenge in BALB/c mice significantly reduced the IL‐4 mRNA level in the splenocytes, suppressed the expression of IL‐4, IL‐5, and IL‐17 mRNA in the lungs, and increased IFN‐γ, IL‐10, and IL‐35 mRNA, indicating the suppressive effect was likely associated with decreased populations of Th2 and Th17 cells and an increased frequency of Th1 and Treg cells (40). While the suppressive mechanism involving the elevation of IL-10 in the allergic asthma mouse is different from that in the CIA model, schistosomes and their products modulate distinct targets regulating Th1/Th2/Th17-associated inflammation in the different models. SJMHE1 treatment did not alter IgE levels, suggesting that application of small peptide molecules from schistosomes and other helminths as potential drugs for allergic asthma or other allergic diseases may represent a safer therapy pipeline compared with utilizing a live worm infection or whole parasite proteins, which may elicit unwanted side effects in patients.



Inflammatory Bowel Disease -Like Colitis

Inflammatory bowel disease (IBD) produces symptoms such as diarrhea, fatigue, bloody stool, and weight loss; it is a chronic inflammatory disorder of the gastrointestinal tract and mainly includes Crohn’s disease (CD) and ulcerative colitis (UC) (88). Although the pathogenesis of IBD is still not completely clarified, the disease is suggested to be caused by an uncontrolled aggressive cellular immune response in genetically prone individuals (89). The inflammation during CD is associated with Th1 lymphocytes and Th17 cells (90); UC is associated with an atypical Th2 response characterized by antigen in the mucosal microfiora activating NKT cells that, in turn, secrete IL-13, resulting in the cytolysis of epithelial cells (91). A recent epidemiological study showed that the prevalence of IBD is consistently higher in countries with a high socio-demographic index such as the UK, the USA, Canada, and Australia (92).



IBD-Like Colitis Models

Two types of IBD-like colitis murine models have been developed for the study of immune-regulating mechanisms of helminth infections on IBD. One is a chemical-induced experimental colitis model in which there is interference of the intestinal mucosa by administration of dextran sulfate sodium (DSS), or di- or tri-nitrobenzene sulphonic acid (DNBS or TNBS). This type of model can be used for exploring the involvement of innate immune cells such as DCs, eosinophils and macrophages in immune-regulating mechanisms (48, 93). The other type gives rise to an inflammatory T cell response, an example being the T-cell transfer model, which is used for investigating the modulatory mechanism of the adaptive immune system on IBD (45).

Infection with S. mansoni male worms reduced the severity of DSS-induced colitis in BALB/c mice, but neither a male-female paired egg-laying worm infection nor the injection of eggs was effective (93). The authors suggested that the protection from colitis by a male-worm only infection was mediated by a mechanism dependent on a novel colon-infiltrating macrophage population (F4/80+CD11b+CD11c-) but not on Tregs and other lymphocytes or a simple modulation of Th2 responses. In contrast, egg-laying worms in outbred NMRI mice attenuated some clinical symptoms of colitis such as body weight loss and shortening of colon length when DSS was administrated 9 weeks p.i (94). Furthermore, Floudas and co-workers (43) compared the fecal microbiota of mice infected with adult male S. mansoni worms, and male- and female-worm-infected mice and showed that schistosome infection altered the composition of the intestinal microbiota which in turn modulated susceptibility to DSS-induced colitis. In this study, mice with a S. mansoni male-only worm infection showed reduced susceptibility to colitis after DSS administration with a significant decrease in the disease activity index (DAI) score, colon damage and MPO activity, while a S. mansoni male-female worm infection exacerbated the severity of colitis. Compared to uninfected mice, S. mansoni-infected individuals harbored changes in microbial species with a significant increase in colitogenic microbiota such as Parabacteroides and Bacteroides genera, which are associated with aggravated experimental colitis. In addition, the male-female-infected mice had a distinct microbiota composition compared to that of male-infected mice and uninfected controls, which may influence the development of colitis (43). S. japonicum infection also showed potential for attenuating DSS-induced colitis in Kunming mice, a feature which has been linked to decreased Th1, Th2 and Th17 responses, characterized by a significant decrease in the serum levels of IL-6, IL-2, IL-10, IL-17, IFN-γ and TNF-α (42). In detail, after administration with DSS at 4 weeks p.i., S. japonicum-infected mice had longer colon lengths, suffered less weight loss, lower histological and DAI scores, and less infiltration of inflammatory cells into colon tissue compared with uninfected DSS-treated mice. Moreover, the expression levels of proteins involved in endoplasmic reticulum (ER) stress, such as IRE1α, IRE1β, GRP78, and CHOP, were lower in the S. japonicum-infected and DSS treated group compared with the DSS alone group, indicating ER stress could be involved in attenuating DSS-induced colitis in mice after exposure to S. japonicum (42).

With TNBS-induced colitis, which shares features of CD, S. mansoni infection (95), injection of freeze/thawed-killed eggs (from both S. mansoni and S. japonicum) (96–98), or S. mansoni soluble worm proteins (SmSWP) (90) attenuated inflammation in experimental animal models. S. mansoni infection, prior to intracolonic administration of TNBS, significantly reduced the severity of the TNBS-induced immune disorder in a rat model, as evidenced by lower macroscopic and microscopic damage scores and by a more rapid decrease in colonic MPO activity compared with injection of TNBS alone (95). Exposure to schistosome eggs ameliorated TNBS-induced gut inflammation in mice by reducing the Th1 response and increasing the Th2 response, as shown by decreased IFN-γ but increased IL-10 expression in a variety of tissues such as colon and spleen and in serum (96–98). In addition, the percentages of Tregs increased in the spleens of egg-exposed and TNBS-treated mice compared with TNBS-treated animals alone (97). In a study exploring the therapeutic potential of helminth soluble proteins in TNBS-induced colitis, treatment with SmSWP suppressed the expression of pro-inflammatory cytokines (IFN-γ and IL-17) in the colon and mesenteric lymph nodes, whereas there was a significant increased production of regulatory cytokines (IL-10, TGF-β) in colon tissue (90). These observations suggest that the protective effects of schistosome infection or schistosome products in TNBS-induced colitis are linked to increased Th2 and Treg responses.

With respect to SEA, the immunomodulation effects are dependent on the timing of antigen injection and DSS administration. Injection with SmSEA after the commencement of DSS application did not protect NMRI mice from colitis (94). In contrast, SmSEA immunization prior to DSS application markedly ameliorated the course of DSS-induced colitis characterized by lower DAI and macroscopic inflammatory scores, reduced MPO activity, and increased expression of FoxP3+ Tregs and Th2 cytokines, suggesting that SmSEA may have potential for development as a prophylactic helminthic therapy due to this positive modulatory effect (44). However, these observations conflict with an earlier report by Smith et al. (93) showing that an egg-laying schistosome infection or injection of eggs did not render mice resistant to colitis induced by DSS. In an adoptive T-cell transfer SCID mouse model, induced by transfer of CD4+CD25-CD62L+ T cells, SmSEA alleviated the severity of colitis through a colonic T-cell-dependent mechanism (45). Repeated administration of SmSEA weekly or twice a week ameliorated clinical signs and intestinal inflammation with significant reductions in the clinical disease and colonoscopic scores. Twice a week administration of SmSEA induced the anti-inflammatory effect of a Th2 response, which down-regulated the number of IL-17a-producing effector T cells (Th17 cells) and significantly upregulated the number of IL-4-producing effector Th2 cells in the colonic lamina propria mononuclear cells (LPMCs) (45).



Schistosoma Recombinant Proteins and Extracellular Vesicles for Treating IBD-Like Colitis

Recently, Schistosoma-derived recombinant proteins and extracellular vesicles (EVs), especially exosome products from innate immune cells stimulated by schistosome antigen, also exhibited therapeutic potential for the treatment of IBD-like colitis. Recombinant Sj16 (rSj16), a 16-kDa secreted protein of S. japonicum produced in Escherichia coli, was shown to alleviate disease severity in DSS-induced colitis mice; this resulted from down-regulation of pro-inflammatory cytokines such as TNF-α, IFN-γ, IL-17a, and Chil3, whose expression is high in IBD individuals, and up-regulation of the anti-inflammatory cytokines (TGF-β and IL-10), with increased percentages of Tregs (46). Moreover, the treatment of rSj16 on DSS-induced colitis altered the expression of specific genes in the colon, leading to the inhibition of the PPAR-α signaling pathway which plays an important role in the development of DSS-induced colitis (46).

Injection of recombinant S. japonicum cystatin (rSjcystatin) after TNBS administration significantly reduced inflammatory parameters and ameliorated the severity of colitis in mice; this resulted from a decreased level of IFN-γ in three organs and elevated levels of IL-4, IL-13, IL-10, and TGF-β in the colon and increased numbers of Tregs in the mesenteric lymph nodes (MLNs) and intestinal lamina propria mononuclear cells (LPMCs) (47). However, injection of rSjcystatin prior to TNBS induction failed to show decreases in the inflammation indexes compared with the colitis mice (47).

Unlike rSjcystatin, administration of S. haematobium glutathione S-transferase (P28GST), a recognized vaccine candidate against urinary schistosomiasis, prior to TNBS induction, exhibited a more beneficial effect on the modulation of disease severity and immune responses in experimental colitis (48). Immunization of rats or mice with P28GST showed an anti-inflammatory effect at the same level as schistosome infection in reducing acute colitis and the expression of pro-inflammatory cytokines (48). P28GST induced a Th2 response involving increased eosinophil infiltration suggesting that eosinophils play a crucial role in the immunomodulation of colitis by P28GST (Driss et al., 2016). Furthermore, P28GST, applied in the form of biodegradable and biocompatible poly(lactic-co-glycolic acid) (PLGA)-based microparticles before TNBS induction, showed potential for preventive treatment with the Wallace score (a measure of the severity of inflammation) being significantly decreased in mice compared with a placebo (99).

In another approach, Wang et al. (100) demonstrated that intraperitoneal injection of mice with exosomes derived from DCs treated with S. japonicum SEA alleviated established acute DSS-induced colitis. Compared with SEA-untreated DC exosomes and SEA, SEA-treated DC exosomes showed a greater effect in alleviating the clinical scores on body weight loss, diarrhea and bleeding, and also, prevented colon damage and ameliorated the reduction in colon length; pro-inflammatory cytokines, TNF-α, IFN-γ, IL-17a, IL-12, and IL-22, were decreased after the treatment, but the precise mechanism involved needs to be further investigated.



Type 1 Diabetes

Type 1 diabetes (T1D) is an organ-specific autoimmune disorder caused by the immune system attacking and destroying insulin-producing β cells in the pancreas (101, 102). The prevention of the disease in individuals at-risk has proved challenging. The decreased exposure to helminths in modern societies has been suggested as a key factor involved in the raised incidence of T1D. Indeed, it has been proposed that the hygiene hypothesis should be extended from allergic to autoimmune diseases as well (24). T1D is recognized mainly as a Th1‐mediated disorder, although recent data indicate the possible involvement of follicular helper T cells, as well as T cells co‐producing IFN‐γ and IL‐17 during the development of the disease (103). The immunomodulatory mechanisms in helminth infections that protect against T1D include a Th1 to Th2 shift and Tregs expansion (104).

Cooke et al. (105) were early pioneers in the field exploring the preventive effect of schistosome infection and schistosome products on T1D. They found that S. mansoni infection and eggs prevented T1D in non-obese diabetic (NOD) mice, with the immune response switching from Th1 to Th2 (105). Furthermore, injected soluble extracts of S. mansoni worms or eggs were shown to completely prevent the onset of T1D in the NOD mouse but only when the administration commenced in animals at 4 weeks of age, with potential involvement of the innate immune system, and cellular participation involving bone marrow‐derived DCs and Vα14i NKT cells (106). The same group demonstrated that SmSEA prevented T1D onset by enhancing Th2 responses and Treg activity in NOD mice, and suggested that TGF-β from T cells is crucial in the prevention of T1D (29, 107). At the molecular level, ω-1, a well-characterized glycoprotein in SEA responsible for inducing a Th2 response, was identified as a key component involved in the induction of Foxp3+ Tregs in NOD mice (108). Recently, the aforementioned protein, rSjCystatin, which is a secretory cysteine protease inhibitor, and recombinant fructose-1,6-bisphosphate aldolase from S. japonicum (rSjFBPA) exhibited potential to significantly reduce the onset of T1D and ameliorate its severity in NOD mice; this was associated with increased production of Th2 and Treg cytokines, such as IL-10 and TGF-β (49). In streptozotocin (SZT)-induced diabetic mice, S. mansoni infection or SmSEA also proved to be protective against the disease (109, 110). Furthermore, another study showed that S. mansoni infection could partially protect pancreatic islets from degradation and induced an anti-hyperglycemia effect in STZ-induced experimental T1D mice, that was independent of T-cell cytokine modulation (IL-10), STAT6 and Tregs (50).



Type 2 Diabetes

Type 2 diabetes (T2D) is a common inflammatory disease characterized by persistent hyperglycemia due to insulin resistance. It has been estimated that the incidence of diabetes was 463 million in 2019, and the figure may increase to 700 million by 2045, with approximately 90% of cases being due to T2D (111). The regulatory mechanisms through which Schistosoma infection and Schistosoma products modulate the innate and adaptive immune responses against T2D have been comprehensively reviewed (30). In a cross-sectional study, Chen et al. (112) reported that T2D prevalence was lower in individuals with a previous S. japonicum infection (PSI) than those without a PSI (14.9% vs. 25.4%); PSI was also associated with a lower body mass index, and reduced blood glucose, glycated hemoglobin A1c, and insulin resistance score. It has also been shown that S. mansoni infection and SmSEA protect against metabolic disorders such as T2D by promoting a Th2 response, eosinophilia, and white adipose tissue (WAT) M2 (alternatively activated macrophages) polarization (51). Similarly, using a type 2 diabetes Leprdb/db mouse model, it was demonstrated that the administration of 50 µg S. japonicum SEA twice a week for 6 weeks significantly reduced insulin resistance and blood glucose and correlated with an elevation in the level of the Th2 cytokines IL-4 and IL-5 in spleen cells (52). Furthermore, the frequency of spleen regulatory T cells increased significantly in the SEA-administrated group, suggesting key roles for Th2 and Treg responses induced by SEA in reducing insulin resistance; SEA can thus provide a potential novel therapy for the treatment of T2D (52).



Sepsis

Despite the availability of modern antibiotics and resuscitation therapies, sepsis remains one of the major threats to critically ill patients in terms of morbidity and mortality (113). Currently, a new consensus definition for sepsis has been recommended; that it is a life-threatening organ dysfunction caused by a dysregulated host response to infection (114). Microvascular damage occurs in the early stage of sepsis and can lead to multisystem organ dysfunction (MODS) and ultimately death (115). The inflammatory response elicited by schistosomal eggs trapped in the intestinal wall facilitates their movement from the vascular system to the gut, which may result in the simultaneous translocation of bacteria. It has been demonstrated that SmSEA exhibits a suppressive effect on dendritic cells in the inflammatory response to pathogenic factors, such as lipopolysaccharide (LPS), CpG, and poly-I:C, which can lead to sepsis (116). Furthermore, S. japonicum infection can activate macrophage differentiation into the M2 phenotype and suppress LPS-induced M1 macrophage activation in the LPS-induced septic mouse model (53). Recently, Li et al. (54) investigated the role of S. japonicum cystatin (rSj-Cys) in regulating the inflammatory response of bacterial sepsis induced in BALB/c mice by cecal ligation and puncture (CLP). Treatment with rSj-Cys provided significant therapeutic effects on CLP-induced sepsis in the mice characterized by increased survival rates, alleviated overall disease severity with reduced tissue injury in the kidney, lung and liver. These outcomes were associated with upregulated levels of IL-10 and TGF-β1 cytokines and reduced pro-inflammatory cytokines IL-1β, IL-6, and TNF-α; MyD88 expression in liver, kidney and lung tissues of rSj-Cys-treated mice was reduced. In vitro assays also showed that rSj-Cys inhibited the release of mediator nitric oxide and pro-inflammatory cytokines by macrophages stimulated by lipopolysaccharide (LPS). These therapeutic effects were thus associated with downregulation of pro-inflammatory cytokines and upregulation of regulatory cytokines (54). The same team showed that in a murine model of LPS-induced sepsis, intraperitoneal administration of rSj-Cys significantly alleviated LPS-induced organ pathologies, reduced the levels of liver and renal functional indexes and pro-inflammatory cytokines, and increased the serum level of IL-10 (55). The same group showed that rSj-Cys significantly reduced sepsis-induced cardiomyopathy in mice and suggested this molecule should be considered as a potential therapeutic for preventing and treating sepsis-associated cardiac dysfunction (117).



Cystitis

Chronic cystitis, an inflammation of the urinary bladder, often due to bacterial infection, is also a feature of urogenital schistosomiasis caused by S. haematobium (118). Unexpectedly, some molecules derived from this schistosome species have been shown to have potential in the treatment of cystitis. A major S. haematobium egg secretory protein H-IPSE [the homolog of IL-4-inducing principle of S. mansoni eggs (M-IPSE)], which can infiltrate the nuclei of host cells and bind genomic DNA (119), has been found to alleviate chemotherapy-induced hemorrhagic cystitis (CHC) in a mouse model via the down-regulation of pro-inflammatory pathways including the IL-1β-TNFα-IL-6 pathway, interferon signaling, and a reduction in oxidative stress (56, 120). It was shown that a single intravenous dose of H-IPSE (H-IPSEH06) given to mice was more effective than 2-mercaptoethane sulfonate sodium (MESNA), the current drug of choice for mitigating CHC, in an IL-4-dependent manner (120). This study represents the first therapeutic exploitation of a uropathogenic-derived molecule in a clinically relevant bladder disease model (120). In a subsequent study, the same group found that local bladder injection of the IPSE ortholog, H-IPSEH03, might be more effective in preventing hemorrhagic cystitis than the systemic administration of IPSEH06 (121).



Cancer

A substantial body of evidence supports the association between long-standing chronic inflammation and cancer (122). Schistosomiasis and the liver fluke diseases opisthorchiasis and clonorchiasis can induce carcinogenesis (123). Indeed, S. haematobium is a Group-1 carcinogen and, alarmingly, is the leading cause of bladder cancer globally (124). On the other hand, there is growing evidence showing that parasite infection or parasite-derived products can also reduce cancer tumorigenesis through the induction of apoptosis, activation of the immune response, avoidance of metastasis and angiogenesis (125, 126). For the first time, S. mansoni was reported recently to have a therapeutic effect on murine colon cancer (57). S. mansoni antigen was shown to inhibit colon carcinogenesis with significant decreases in tumor lesion size and the number of neoplasias; although the antitumor mechanism operating remains to be determined, this study suggests that schistosome antigens could potentially play a role in future cancer treatment (57).

It is noteworthy that recent research showed that schistosome-derived miRNAs can also mediate anti-tumor activity in host liver cells during schistosome infection (58). An S. japonicum egg EVs-derived miRNA (Sja-miR-3096) was shown to be present in the hepatocytes of infected mice. The miRNA significantly prevent the growth of liver tumor cells by cross-species regulation of the murine and human phosphoinositide 3-kinase class II alpha (PIK3C2A) gene. The Sja-miR-3096 mimics suppressed cell proliferation and migration of both human and murine hepatoma cell lines by targeting phosphoinositide 3-kinase class II alpha (PIK3C2A). A murine hepatoma cell line was generated that stably expressed the pri-Sja-miR-3096 gene and cross-species processing of the schistosome pri-miRNA to the mature Sja-miR-3096 in the mammalian cell was demonstrated; inoculation of this cell line into the scapula and livers of mice led to the complete suppression of tumorigenesis of the hepatoma cells. In addition, tumor weight was significantly reduced after intravenous administration of Sja-miR-3096 mimics. Thus, schistosome miRNA-mediated anti-tumor activity occurs in host liver cells during schistosomiasis, thereby increasing host resistance to liver cancer, and points the way forward to developing parasite miRNAs as promising new agents for cancer treatment (58).




Current Challenges and Future Perspectives

Despite recent key findings using active schistosome infection or Schistosoma components for the treatment of autoimmune and inflammatory diseases, cancer, and other illnesses, some challenges remain and these and future perspectives are now considered.

(1) A number of clinical trials with controlled helminth infections have been applied in the treatment of inflammatory diseases with disappointing and conflicting results (127). So far, no similar work has been carried out with controlled schistosome infection. However, a controlled human S. mansoni infection model now has been estalished (128), which may not only advance the development of novel therapeutics, diagnostics and vaccines for schistosomiasis, but may also pave the way for controlled human schistosome infection studies for the treatment of autoimmune and inflammatory diseases.

(2) Most reports and observations in this area are based on murine models; while extensively providing insights and evidence to predict the utility of schistosome molecules for the treatment/alleviation of human diseases, the suitability of the mouse to recapitulate human conditions remains in question for immune-mediated inflammatory diseases, since there are considerable differences between human and mouse immunology (129). In addition, there are considerable differences in the patterns of gene expression associated with inflammatory diseases in human patients compared with animal models (130). Thus, future studies will need to change focus from studies on animal models to undertaking human clinical trials.

(3) A limited number of schistosome molecules have been investigated for potential in treating autoimmune and inflammatory diseases. In-depth transcriptomic and proteomic analysis of the different schistosome species and/or different developmental stages, such as egg secretome studies which have led to the discovery of highly sensitive antigens for the diagnosis of schistosomiasis (131–135) may facilitate the identification of additional molecules with therapeutic potential. An increasing number of candidates applicable for therapy purpose have been identified from other helminths (136), specific examples being anti-inflammatory protein-2 (AIP-2) from hookworm (137) and EgKI-1, a potent Kunitz type protease inhibitor from Echinococcus granulosus (126); on this basis, one could speculate that the schistosome orthologs of these molecules would likely elicit similar therapeutic effects. In addition, if these and other orthologs can provide the requisite therapeutic efficacy, in-depth analysis of the underlying molecular regulatory mechanisms would follow.

(4) Further work should be undertaken on schistosome extracellular vesicles (EVs), which as indicated earlier, are small membrane-bounded secreted vesicles that can transmit a wealth of bioactive cargos, such as proteins, lipids, glycans, DNA, messenger RNAs (mRNAs) and miRNAs between cells thereby playing a key role in cell-cell communication (138). A number of EV components have already been identified in schistosomes (18, 139–141), providing a basis for their application as biomarkers for human schistosomiasis, as novel vaccine targets (142, 143) or as modulators of the host immune response. Indeed, it has been recently shown that S. japonicum EVs can be taken up primarily by macrophages and other host immune cells when the miRNA cargo (miR-125b and bantam) is transferred to recipient cells; this promotes macrophage proliferation and TNF-α production by regulating targets including Pros1, Fam212b, and Clmp and emphasizes the ability of Schistosoma EV components to modulate the host immune response thereby helping to facilitate parasite survival (144). Furthermore, S. mansoni EV‐enclosed miRNAs have been shown to modulate host T helper cell differentiation (145). It will be intriguing to determine whether this immune-regulatory propensity of schistosomes can be harnessed for the future treatment of human autoimmune and inflammatory diseases and cancer.

(5) As of Dec 11, 2020, the COVID-19 pandemic had caused 1,586,047 deaths around the world and accumulating evidence showed that there is a higher concentration of pro-inflammatory cytokines, such as IL-6, in severe cases compared with moderate cases (146). An increasing number of studies indicate that the “cytokine storm” may contribute to the mortality of COVID-19, most likely induced by the IL-6 amplifier (147). A couple of Disease-modifying anti-rheumatic drugs, such as tocilizumab and hydroxychloroquine, have been proposed as potential immune-modulating therapies for the treatment of COVID-19 (148). Many of the Schistosoma components listed in Table 1 are prone to induce Th2 and Treg immune responses; it would be informative to evaluate whether some of these components, such as rSjCystatin and SJMHE1, could be potential preventive and/or therapeutic drug candidates for severe COVID-19. On the other hand, some of the Schistosoma molecules shown to suppress immunological disorders may impair the protective efficacy, in schistosomiasis-endemic populations, of antibacterial and antiviral vaccines, notably those in development against SARS-CoV-2 which tend to induce a Th1-biased immune response (149). Similarly, such schistosome components may have a potential detrimental effect on cancer treatments, which usually require a Th1 immune response for effectiveness (150). The future clinical application of Schistosoma components should, therefore, be carefully scrutinized before deployment at scale.



Conclusions

As mass deworming programs are increasingly implemented in developing countries, the incidence of autoimmune and inflammatory diseases can be expected to rise in the forthcoming decades considering the basic concept of the “Old Friends” hypothesis. Controlled helminth infections and/or helminth-derived products may become new weapons for the prevention and/or cure of these disorders. Although there are still considerable challenges, particularly in regard to undertaking safe human clinical trials, schistosome-derived products may play an important future role as immunotherapies for acute and chronic inflammatory diseases, particularly when the underpinning immunomodulatory mechanisms are further explored and revealed.
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Schistosomiasis is a parasitic disease that affects about 166 million people around the world. It is estimated that 5%–10% of individuals with schistosomiasis develop severe forms of the disease, which are characterized by pulmonary hypertension, ascites, periportal fibrosis, and other significant complications. The chronic phase of the disease is associated with a Th2 type immune response, but evidence also suggests there are roles for Th1 and Th17 in the development of severe disease. The aim of this study was to evaluate the CD4+ T lymphocyte profile of patients with different degrees of periportal fibrosis secondary to schistosomiasis. These individuals had been treated for schistosomiasis, but since they live in a S. mansoni endemic area, they are at risk of reinfection. They were evaluated in relation to the degree of periportal fibrosis and classified into three groups: without fibrosis or with incipient fibrosis (WF/IFNE), n=12, possible periportal fibrosis/periportal fibrosis, n=13, and advanced periportal fibrosis/advanced periportal fibrosis with portal hypertension, n=4. We observed in the group without fibrosis a balance between the low expression of Th2 cytokines and high expression of T reg cells. As has already been described in the literature, we found an increase of the Th2 cytokines IL-4, IL-5, and IL-13 in the group with periportal fibrosis. In addition, this group showed higher expression of IL-17 and IL-10 but lower IL-10/IL-13 ratio than patients in the WF/IFNE group. Cells from individuals who present any level of fibrosis expressed more TGF-β compared to the WF/IFNE group and a positive correlation with left lobe enlargement and portal vein wall thickness. There was a negative correlation between IL-17 and the thickness of the portal vein wall, but more studies are necessary in order to explore the possible protective role of this cytokine. Despite the fibrosis group having presented a higher expression of pro-fibrotic molecules compared to WF/IFNE patients, it seems there is a regulation through IL-10 and T reg cells that is able to maintain the low morbidity of this group.
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Introduction

Among parasitic diseases in tropical and subtropical regions, schistosomiasis is the second most important in terms of socioeconomic and public health impact. It affects about 240 million people living in developing countries, especially in rural and peri-urban areas, with an estimated 700 million people at risk worldwide (1).

It is estimated that 5%–10% of individuals infected with S. mansoni develop severe forms of the disease, which can be characterized by hepatic fibrosis and portal hypertension, ascites, as well as esophageal and gastric varices, which predispose infected individuals to gastrointestinal hemorrhage and death (2, 3). Hepatic fibrosis occurs in response to antigens present on the ova of the parasite, which become lodged in the second-order periportal venous branches, precipitating an inflammatory reaction that leads to granuloma formation with eventual tissue fibrosis (4, 5).

The immunopathogenesis of the schistosomal granuloma is predominantly Th2, characterized by the production of IL-4, IL-5, and IL-13, as reviewed by Wilson et al. (5, 6). There are few studies in the literature showing the involvement of Th1 and Th17 cytokines in the pathogenesis of fibrosis. These studies point to a dual role of IFN-γ cytokine in both pathogenesis and fibrosis protection and focus primarily on experimental models and serum levels of these cytokines in vitro (7–9). Little is known about the protective immune response in periportal fibrosis in humans (10). Unlike the results found in a murine model, where IL-10 plays a key role in controlling the inflammatory response in fibrosis (11), in vitro studies evaluating the frequency of monocytes from individuals with different degrees of periportal fibrosis do not show an increase in IL-10 production (12). The same result was shown when levels of IL-10 in serum from individuals with different degrees of periportal fibrosis were analyzed (13–15). These results suggest that there are other regulatory sources of the inflammatory process observed in the pathogenesis of fibrosis besides IL-10.

The aim of this study was to characterize the profile of TCD4+ lymphocytes expressing Th1, Th2, Th17 cytokines and molecules associated with a regulatory response by individuals with different degrees of periportal fibrosis secondary to schistosomiasis. The identification of a phenotypic profile in peripheral blood lymphocytes of individuals with periportal fibrosis could help in the discovery of immunomodulatory molecules capable of controlling the exacerbation of the fibrosis-associated inflammatory process. The results obtained here open the field for interventions with potential immunomodulatory drugs.



Methods


Selection of Participants in the Schistosomiasis-Endemic Region and Study Design

The study was conducted in a small village of Água Preta in the state of Bahia, Brazil. The sanitation conditions of the region are precarious, placing residents at high risk of parasitic infection. The main source of income within the population is agriculture, and river water is used for bathing, washing clothes and utensils, and leisure activities. The population’s access to health services is limited; there are only reports of sporadic previous treatments with anthelmintics.

In this study we included 29 patients with different degrees of periportal fibrosis due to Schistosoma mansoni infection, classified using the WHO-Niamey protocol by a trained physician. Interpretation of ultrasonographic results was performed by the combination of numerical results of IP (Image Pattern) scores, PT (Periportal Thickening) scores, and PH (Portal Hypertension).

The examination was carried out by a trained ultrasound specialist. The evaluation was carried out with a portable SONOSITE TITAN device (Medsonic) with convex transductor of 2.0–5.0 Mhz. The interpretation of the results was given by the interpolation of the numerical results of the scores from the liver parenchyma (IP) pattern, in addition to by the mean total thickness of four portal tracts after the first division from the right and left branches of portal vein (PT). The portal hypertension (PH) score was calculated by measuring the internal diameter of the portal vein and the presence of collateral circulation and ascites (1). Study carried out by Santos et al. (16) using the Niamey criteria, demonstrated moderate to substantial intra and inter-observer reproducibility in PPF classification.

Due to small sample sizes, it was also necessary to group together some categories of fibrosis for this stage of the analysis. Patients classified as without fibrosis (WF) and incipient fibrosis not excluded (IFNE) were united in a single group, as were possible periportal fibrosis (PPF) and periportal fibrosis (PF). The groups of advanced periportal fibrosis (APF) and APF with portal hypertension (APF/PH) were also analyzed in the same group. Twelve patients were classified as WF/IFNE, thirteen individuals as PPF/PF, and in the endemic areas we found only four individuals classified as APF/PH.

Individuals of both genders, aged between 10 and 60 years, who already tested positive for S. mansoni were included in the immunological evaluation. Subjects less than 10 years of age or older than 60, pregnant women, individuals with a history of chronic alcoholism, individuals with diseases that may interfere with the results of the immune response, such as hepatitis B and C, diabetes mellitus and HIV, and individuals who were on immunosuppressive drugs or undergoing chemotherapy of any kind were excluded from the study. Children younger than 10 and adults over 60 were not included in the immunological evaluation because of the potential of aberrant immune responses in these age groups. The mean age of the APF/PH group was higher (60.7 ± 4.2) than the WF/IFNE group (30.7 ± 10.2; p <0.05). There were no significant differences in gender distribution.

Determination of parasite infection was carried out using the spontaneous sedimentation technique (Hoffmann-Pons-Janer or Lutz method) and determination of the parasite load of Schistosoma infection was accomplished by the Kato-Katz method. The majority of individuals reported that they had been treated for schistosomiasis for less than 1 year (98%). This report may justify the low prevalence of infection (15%) at the time of recruitment for ultrasound analysis (USG). Additionally, the prevalence of specific soluble eggs antigen (SEA)-IgE levels was 89% among all groups evaluated (Table 1).


Table 1 | Demographical and clinical characteristics of studied population.





Ethics Statement

The present study is part of a study approved by the Ethics Committee of the School of Nursing, Federal University of Bahia, entitled: ‘‘Identification of biomarkers associated with the development of severe forms of schistosomiasis’’ (License number: 1,374.864). All individuals who agreed to participate in the study signed the Informed Consent Form.



Preparation of Peripheral Blood Mononuclear Cells and Flow Cytometry Experiments

Peripheral blood mononuclear cells of patients different degrees of periportal fibrosis due to schistosomiasis were obtained using the Ficoll-Hypaque density gradient technique (GE Healthcare, Uppsala) and adjusted to a concentration of 1 × 107 cells/ml in complete RPMI 1640 (100 μl/ml gentamicin, 2mM L-glutamine, 30mM HEPES) containing 10% heat-inactivated fetal bovine serum (FBS) (Life Technologies GIBCO BRL, Gaithersburg, MD). Cells were stimulated with 10μg of soluble egg antigen (SEA) and maintained at 37°C and 5% CO2 in 96-well culture plates for 16h.

After incubation, brefeldin A (10 μg/ml; Sigma, St. Louis, MO) was added for 4 h at 37°C and 5% CO2. Labeling of PBMC surface markers was then performed with 20 μl of solution containing the specific conjugated antibodies for CD4 T lymphocytes and activation and regulation markers: CD3 (clone OKT3, eBioscience), CD4 (clone OKT4, eBioscience), CD25 (clone BC96, eBioscience) and CTLA-4 (clone 14D3, eBioscience). After this step, the plates were incubated with 150 μl/well of permeabilization buffer for 10 min at room temperature. After incubation, intracellular labeling was done using anti-cytokine and anti-transcription factor monoclonal antibodies: IL-4 (clone 8D4-8, BD Bioscience), IL-5 (clone TRFK5, eBioscience), IFN-γ (clone 45.B3, eBioscience), IL-17 (clone eBio64DEC17, eBioscience), FOXP3 (clone 236A/E7, eBioscience), IL-13 (clone PVM13-1, eBioscience), IL-10 (JES3-9D7, eBioscience), and TGF-β (clone 9016, R&D System). The acquisition was performed using the FACSCanto (Becton Dickinson) apparatus, for a total of 200,000 events.

The Flow Jo V10 (Tree Star, BD) program was used for analysis of lymphocytes. These cells were analyzed according to the frequency of expression of cell surface markers. Cell populations were defined by non-specific fluorescence from frontal (FSC) and lateral light (SSC) dispersion by parameters of particle size/volume and particle complexity, respectively. A population of lymphocytes was selected by gating based on cellular characteristics in this population. A specific region was delineated in the graph corresponding to the lymphocyte area, then the T lymphocyte population was selected by the presence of CD3 (Figure 1A), and within this population the CD4+ T lymphocyte population was subsequently identified. We finally evaluated the expression surface markers and intracellular cytokines in this population (Figures 1B–F).




Figure 1 | Representative plots of one experiment showing the frequency of CD4+ T lymphocytes (A) and the expression of IL-4 (B), IL-5 (C), IL-13 (D), IL-17 (E), and IFN-γ (F). Frequency of CD4+ T lymphocytes expressing IL-4 (G), IL-5 (H), IL-13 (I), IL-17 (J), IFN-γ (K) after SEA stimulation from individuals without fibrosis and with different degrees of periportal fibrosis secondary to schistosomiasis *p <0.05, ***p <0.005 (Mann-Whitney test).The histogram and bars represent the mean + SD.





Schistosoma mansoni Soluble Egg Antigen

The S. mansoni soluble egg antigen (SEA) used in this study were prepared as previously described (17) and kindly provided by Dr. Alfredo M. Góes.



Determination of Cytokine Levels

Levels of IL-10 and IL-13 were evaluated in the supernatants of PBMC cultures stimulated with SEA antigen (10 µg/ml) for 16 h according to the manufacturer’s instructions (Pharmingen, San Diego, CA). Briefly, plates (Nunc-Immuno Plate MaxiSorp Surface, Denmark) were sensitized overnight at 4°C with human anti-cytokine monoclonal antibody (anti-IL-10 or anti-IL-13). The following day, after washing the plates with PBS/Tween 0.05%, blockade of non-specific binding was performed with PBS + 0.01% bovine albumin for 2 h at room temperature. Three washes were performed with PBS/Tween 0.05% and then the samples, blanks, and standards were added and the plate was incubated at room temperature for 2 h. The plate was washed again 3 times and biotinylated human anti-cytokine detection antibody (2 μg/ml) was added. After incubating for 1 h at room temperature the plates were washed 4 times and the conjugate (streptavidin-conjugated peroxidase) was added. The plate was incubated for 30 min at room temperature. After washing, the substrate (3,3’,5,5’-tetramethylbenzidine + H2O2 + dimethyl sulfoxide) was added and the plate was incubated for 20 min at room temperature. The reaction was interrupted by the addition of H2SO4 (8M). Optical density (OD) was read at 450 nm (SpectraMax, Molecular Devices Corporation, Sunnyvale, CA) and the values were converted to pg/ml based on the standard curve (Soft Max Pro 5.0 Molecular Devices Corporation, Sunnyvale, CA).



Sample Size and Statistical Analysis

Sample size was calculated based on previous studies in which the degree of periportal fibrosis was evaluated by the Cairo protocol. We observed that 25% of individuals presented some degree of periportal fibrosis (18). A study power of 80% and an α error of 0.05% were taken into account. One blood sample was collected from each individual. The samples were collected in different trips to the endemic area and the data were plot in the same graph. Statistical analysis was performed in GraphPad PRISM 5.0 (La Jolla, CA, USA). Before the analysis of each data set, the D’Agostino-Pearson normality test was performed. Therefore, for comparison between two or more groups, parametric and non-parametric tests were used according to the nature of the data generated (ANOVA, Kruskal Wallis). Spearman correlation (rs) was calculated in the correlation analysis. All tests were two-tailed and statistical significance was established in the 95% confidence interval. P values <0.05 were considered significant.




Results


Cytokine Profile Expressed by CD4+ T Lymphocytes From Patients With Different Degrees of Periportal Fibrosis Secondary to Schistosomiasis

To investigate the contribution of Th1, Th2, and Th17 cytokines, we analyzed the intracellular expression of these molecules in CD4+ T lymphocytes from individuals with periportal fibrosis secondary to schistosomiasis. We first evaluated the frequency of T CD4+ lymphocytes expressing IL-4, IL-5, and IL-13 after stimulation with SEA, since these cytokines are the main molecules involved in the pathogenesis of periportal fibrosis related to Schistosoma mansoni infection (19). We observed an increase in the frequency of CD4+ T cells expressing these cytokines in the group of individuals with periportal fibrosis (PPF/PF), compared to individuals without fibrosis (WF/IFNE) (Figures 1G–I).

There was an increase in the frequency of CD4+ T lymphocytes expressing IL-17 in the PPF/PF group (p<0.01), when compared to WF/IFNE group (Figure 1J). In order to try to understand the possible role of this cytokine we proceeded to correlate its expression with ultrasonographic specific measurements. We performed a correlation between IL-17 and the measurement of the periportal wall and the size of the left lobe (Supplementary Figure 1A) and observed a negative correlation between the frequency of TCD4+IL-17+ cells and the measurement of the periportal wall (rs =0.53; p <0.05), but we did not observe any correlation with the size of the left lobe (Supplementary Figure 1B). The intracellular expression of IFN-γ in CD4 T lymphocytes did not differ between all evaluated groups (Figure 1K).



Evaluation of Regulatory Molecules by CD4 T Lymphocytes in Individuals Without Fibrosis and With Different Degrees of Periportal Fibrosis

We next evaluated the frequency of the main regulatory molecules involved in the control of schistosomiasis fibrosis (6) CTLA-4, IL-10, besides regulatory T cells (CD4+CD25hi) expressing the regulatory molecules FOXP3 and IL-10 (Figure 2A).




Figure 2 | Flow cytometry gating strategy used in order to analyze the regulatory molecules, CTLA-4, FOXP3 and IL-10 (A). Frequency of CD4 T lymphocytes expressing IL-10 (B), CTLA-4 (C), and the CD4+CD25+ that express FOXP3 (D) or IL-10 (E) after SEA stimulation from individuals without fibrosis and with different degrees of periportal fibrosis secondary to schistosomiasis *p < 0.05, (Mann-Whitney test). The histogram and bars represent the mean + SD.



The frequency of CD4+IL-10+ T lymphocytes was higher in the PPF/PF group, compared to the WF/FINE group (p<0.01; Figure 2B). We did not observe any difference in the CD4+CTLA-4+ T cells among all groups (Figure 2C). The frequency of T reg FOXP3+ cells was higher in the group of individuals WF/FINE compared to PPF/PF (p<0.01; Figure 2D). Regarding the expression of IL-10 by the regulatory cells, in our study we did not find any statistical difference among all groups (Figure 2E).

Since we observed in the group without fibrosis a lower frequency of TCD4+ lymphocytes expressing IL-10, due to its role in controlling the pathogenesis of the disease, we evaluated the levels of this cytokine in the culture supernatant (Supplementary Figure 2A. The levels of IL-10 did not differ between the WF and PPF/PF groups, while they were lower in the APF/PH group, compared to the PPF/PF group (p<0,01; Supplementary Figure 2A).

We performed a correlation between CD4+ T cells expressing IL-10 with CD4+ T lymphocytes expressing IL-4 or IL-13. We observed a positive correlation only with CD4+IL-4+ T cells (p=0.0007, r=0.79) (Supplementary Figure 3A).

We then evaluated the levels of IL-13 in the culture supernatants (Supplementary Figure 2B), one of the main cytokines related to the fibrosis process (13, 19, 20); the results were similar to the expression of IL-13 by CD4+ T lymphocytes (Figure 1I). However, the IL-10/IL-13 ratio was higher in the group without fibrosis, compared to the PPF/PF group (p <0.01; Supplementary Figure 2C). These findings suggest that IL-10 produced by other cellular sources, such as macrophages, dendritic cells and CD8+ T lymphocytes, would be of fundamental importance in the regulation of this group without fibrosis.



The Expression of Pro-Fibrotic TGF-β by CD4+ T Lymphocytes and Correlation With the Pathogenesis of Periportal Fibrosis Secondary to Schistosomiasis

Since TGF-β is the main pro-fibrotic cytokine produced by CD4+ T lymphocytes, we decided to evaluate the frequency of these cells producing TGF-β (Figures 3A–D) and the correlation between this cytokine and ultrasonography measurements (Figures 3E, F).




Figure 3 | Representative plots of one experiment showing the frequency of CD4+TGF-β+ T lymphocytes in the different groups (A–C). Frequency of CD4 T lymphocytes expressing TGF-β after SEA stimulation from individuals without fibrosis and with different degrees of periportal fibrosis secondary to schistosomiasis (D). Correlations between this value and the portal branch wall thickness or the size of the liver left lobe of the patients that shows some level of fibrosis (E, F). Spearman’s rank correlation coefficient (rs) and P value is shown. *p < 0.05 **p < 0.01.



We observed a higher frequency of CD4+TGF-β+ T lymphocytes in the cultures of individuals with any grade of periportal fibrosis, both in the PPF/PF and APF/PH groups, compared to the group without fibrosis (p<0.01; Figure 3A). We also performed a correlation between TCD4+ TGF-β+ T lymphocytes from cultures of individuals with some degree of periportal fibrosis with the measurement of the periportal wall and the size of the left lobe (Figures 3E, F). And we observed a positive correlation both with the measurement of the periportal wall (r=0.5; p<0.05) and the size of the left lobe (r=0.59; p<0.05). We did not observe a significant difference in correlation of the frequency of CD4+T cells expressing TGF-β with CD4+ IL-4+ and CD4+IL-13+ T cells in the group of individuals with periportal fibrosis (Supplementary Figure 3B).




Discussion

The hepatic fibrosis associated with chronic S. mansoni infection contributes to the development of the most severe forms of the disease and is responsible for the morbidity and mortality observed in individuals living in endemic areas (6). In this study, we identified the complex network of cytokines expressed by CD4+T lymphocytes in individuals with periportal fibrosis secondary to schistosomiasis who reside in an endemic area.

Epidemiological studies in populations living in endemic areas suggest that the development of hepatic fibrosis is associated with several factors such as disease duration, parasite load, sex, as well as genetic and immunological factors of the study population (4, 21). Demographic analysis of the study population showed no difference in gender ratio between individuals evaluated by ultrasonography and those selected for immunologic evaluation. Some studies, however, have demonstrated the importance of gender in the development of periportal fibrosis (22, 23). In fact, a previous study by our group in the Água Preta population showed that women were more likely than men to be exposed to contaminated water, probably due to gendered activities taking place in river water such as washing clothes, dishes, and food preparation. Despite this, no significant differences in the development of hepatic fibrosis between genders in this population were found (10).

As far as age, the APF/PH group presented a higher median age in relation to the WF/IFNE group. These results corroborate the data presented by Alves Oliveira et al. (15) in which the majority of individuals with the most advanced degrees of fibrosis were over 50 years of age (15). This could be explained by repeated parasite re-exposure in the older age group or by the slow process of fibrotic tissue generation; younger individuals have likely not been exposed enough time for the cumulative effects of the excessive secretion of collagen in the peripheral hepatic parenchyma or near the periportal tract to be observed (24).

The present study demonstrates a greater production of IL-4, IL-5, and IL-13 by the lymphocytes of individuals with periportal fibrosis. IL-4 is responsible for the differentiation of the Th2 response and the blockade of this cytokine in S. mansoni-infected mice leads to a decrease in hepatic collagen deposition (25). In animals reinfected by S. mansoni, IL-4 is a risk factor for the development of fibrosis and in humans this cytokine shows a positive correlation with fibrosis score (26, 27). There are studies that also strengthen the association between a higher degree of fibrosis and higher levels of IL-5, a cytokine whose main function is eosinophil activation (13). Additionally, IL-5 knockout is able to reduce hepatic fibrosis in S. mansoni-infected mice (28). Many studies have pointed to IL-13 as the main pro-fibrotic cytokine, since its blockade is capable of both preventing the onset of periportal fibrosis and of reducing already established fibrosis (17, 29, 30). IL-13 levels in the supernatant of PBMCs cultures from patients also show a positive association with the presence and severity of periportal fibrosis (15). In this study, the group with fibrosis showed a higher frequency of CD4+ T lymphocytes expressing IL-13 when compared to individuals without fibrosis, as well as higher levels of this cytokine in the supernatant of PBMCs cultures stimulated with SEA. The source of Th2-type cytokines are not only produced by Th2 cells, but are also secreted by other innate lymphocytes, such as type 2 innate lymphoid cells (ILC2s), which could be contributing to the higher levels of this cytokine in the culture supernatant.

Contrary to what was expected, lymphocytes from individuals with advanced fibrosis did not present a higher production of Th2 and proinflammatory cytokines when compared to the other groups. This fact may be associated with the phenomenon of immune exhaustion, which is characterized by the gradual and progressive loss of specific T-cell effector functions due to antigenic persistence in chronic infections (31). Despite being initially described in models of viral infections, exhaustion has also been documented in parasitic infections, including schistosomiasis in a murine model, as reviewed by Rodrigues et al. (32). Another fact corroborating this hypothesis is the advanced age of patients with advanced fibrosis, which may indicate a longer period of infection and antigenic exposure, that would lead to hyposensitivity to the parasite. However, we must consider the small number of individuals with the most severe forms of fibrosis in the endemic area.

Regarding the expression of IL-17 by CD4+ T lymphocytes; interestingly, lymphocytes of individuals with fibrosis had a higher production of IL-17 (6). However, the role of IL-17 in periportal fibrosis secondary to schistosomiasis is still poorly understood. IL-17 is able to exacerbate fibrosis in the murine model through activation of Kupffer cells and direct induction of collagen production by hepatic stellate cells (33). Neutralization of IL-17 is able to reduce granuloma formation and liver damage in mice infected with S. japonicum (34). This evidence, when viewed in conjunction with our data, leads us to believe that IL-17 acts as a pro-fibrotic cytokine in schistosomiasis, as could be the case with S. haematobium (35). In addition to the expression of IL-17A by CD4+ T lymphocytes, we expanded the focus of our study by assessing the correlation between this cytokine and parameters obtained by ultrasonography. There is a negative correlation between CD4+T IL-17+ and the thickness of the portal vein wall, suggesting a protective role of this cytokine in fibrogenesis. This could be due to the fact that Th17 is not the only source of the cytokine (36). Further studies are needed to clarify the role of this cytokine in the protection or pathogenesis of periportal fibrosis in humans.

The expression of the proinflammatory cytokine IFN-γ by lymphocytes of individuals did not differ among all groups. The role of this cytokine in periportal fibrosis secondary to schistosomiasis remains controversial, as the majority of studies show a profibrotic role for this cytokine, as reviewed by Zheng et al. (6).

The cytokine IL-10 seems to have an important protective role in the pathogenesis of periportal fibrosis. We observed a higher frequency of CD4+IL-10+ T cells in the PPF/PF group compared to individuals without fibrosis. The increased expression of these cellular markers in the PPF/PF groups could be explained by an attempt to control the greater activation and production of Th2 and proinflammatory cytokines observed in the lymphocytes of this group of patients. The smaller ratio of secreted cytokines IL-10/IL-13 could indicate that the regulatory response is not strong enough to prevent the fibrosis. Different studies have shown that the low level of IL-10 secreted by PBMCs was associated with severe fibrosis (24, 37). And there could be additional sources of IL-10-like monocytes. We have found a correlation between the frequency of CD4+ T cells expressing IL-4+ with CD4+ T cells expressing IL-10+ or TGF-β. A study evaluating PBMC from patients with filariasis, showed that CD4+ T cells are the main source of IL-10 and the majority of these cells co-produced neither IL-4 nor IFN-γ. In this study, only 22% of them stained positively for IL-4 (38). In our study, the persistence of the SEA antigen in the second periportal branches could justify the positive correlation observed between IL-4 and IL-10. And IL-10 could also be produced by Th2 cells and other cells, like macrophages. Further investigations, analyzing in detail which specific cell populations are expressing each cytokine, using a flow cytometry approach that could include these types of analysis, may help us to understand the role of these populations.

Few studies have focused on the profile of T reg cells in individuals with periportal fibrosis secondary to schistosomiasis, and how they become activated and migrate to exert their functions has been reviewed elsewhere (39). In our study, we observed a higher frequency of T reg lymphocytes in the group without fibrosis compared to the PPF/PF group. In a previous work we have shown a higher frequency of CD4+CD25hi T cells in individuals with moderate/severe fibrosis (10). Other studies have associated the presence of T reg FOXP3+ lymphocytes in peripheral blood with the worsening of the disease, suggesting a failure in the recruitment of this cell population to the liver tissue (40, 41).

Regarding TGF-β, an important cytokine involved in fibrosis due to its ability to induce fibroblast proliferation and collagen deposition, we observed a higher frequency of CD4+ T lymphocytes expressing this cytokine in groups with some degree of fibrosis. Studies evaluating PBMCs stimulated with SEA or serum levels of TGF-β from individuals with different degrees of fibrosis did not report differences between the studied groups (13, 14). Nonetheless, in a study published by our group in 2014 evaluating subpopulations of monocytes in patients with different degrees of fibrosis secondary to schistosomiasis, we observed higher intracellular levels of TGF-β in classic, intermediate, and non-classic monocytes in individuals with moderate to severe fibrosis compared to individuals without fibrosis or individuals with incipient fibrosis (12). Our findings suggest that like monocytes, the CD4+ T lymphocytes are an important source of TGF-β and play an essential role in fibrogenesis. Our results also show a positive correlation between TGF-β and the measurement of the left lobe and the portal vein wall thickness. The article published by Li et al. (42) analyzing individuals with periportal fibrosis due to Schistosoma japonicum infections shows a positive correlation between TGF-β mRNA levels with spleen thickness and liver stiffness (42), parameters which are correlated with the severity of the disease. Furthermore, an association between the expression of this molecule and the degree of inflammation was observed; therefore, TGF-β could participate in both the inflammatory process and the fibrotic process (42–44).

In light of the above, we conclude that in the PPF/PF group, despite intense production of cytokines associated with the inflammatory response, there is a regulation through IL-10 and T reg cells that could maintain the low morbidity of this group. To our knowledge, this is the first study showing the complex network of cytokines expressed by CD4+ T cells in endemic area patients classified by ultrasonography. Interventions focused on the control of the cytokines related to periportal fibrosis could be useful to reduce the morbidity associated with schistosomiasis.
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Supplementary Figure 1 | Correlations between the frequency of CD4+CD17+ T lymphocytes and the portal branch wall thickness or the size of the liver left lobe of the patients that show some level of fibrosis. Spearman’s rank correlation coefficient (rs) and P value is shown.

Supplementary Figure 2 | Levels of IL-10 (A) and IL-13 (B) in the supernatant of PBMC stimulated with SEA antigen from individuals without fibrosis and with different degrees of periportal fibrosis secondary to schistosomiasis. (C) The IL-10/IL-13 ratio. *p <0.05, (Mann-Whitney test). The bars represent the mean + SD. WF/IFNE, without fibrosis and incipient fibrosis not excluded (N=12); PF/PPF, periportal fibrosis and possible periportal fibrosis (N=12). APF/PH, advanced periportal fibrosis and APF with portal hypertension (N=4).

Supplementary Figure 3 | Correlations between the frequency of CD4+ T cells from individuals with any degree of periportal fibrosis expressing different cytokines. (A) CD4+IL4+ T cells vs. CD4+ IL-10 +; (B) CD4+IL13+ vs. CD4+ IL-10+; (C) CD4+IL4+ T cells vs. CD4+TGF-β + T cells; (D) CD4+IL-13+ T cells vs. CD4+TGF-β + T cells. Spearman’s rank correlation coefficient (rs) and P value is shown.
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Schistosomiasis remains a serious health issue nowadays for an estimated one billion people in 79 countries around the world. Great efforts have been made to identify good vaccine candidates during the last decades, but only three molecules reached clinical trials so far. The reverse vaccinology approach has become an attractive option for vaccine design, especially regarding parasites like Schistosoma spp. that present limitations for culture maintenance. This strategy also has prompted the construction of multi-epitope based vaccines, with great immunological foreseen properties as well as being less prone to contamination, autoimmunity, and allergenic responses. Therefore, in this study we applied a robust immunoinformatics approach, targeting S. mansoni transmembrane proteins, in order to construct a chimeric antigen. Initially, the search for all hypothetical transmembrane proteins in GeneDB provided a total of 584 sequences. Using the PSORT II and CCTOP servers we reduced this to 37 plasma membrane proteins, from which extracellular domains were used for epitope prediction. Nineteen common MHC-I and MHC-II binding epitopes, from eight proteins, comprised the final multi-epitope construct, along with suitable adjuvants. The final chimeric multi-epitope vaccine was predicted as prone to induce B-cell and IFN-γ based immunity, as well as presented itself as stable and non-allergenic molecule. Finally, molecular docking and molecular dynamics foresee stable interactions between the putative antigen and the immune receptor TLR 4. Our results indicate that the multi-epitope vaccine might stimulate humoral and cellular immune responses and could be a potential vaccine candidate against schistosomiasis.
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INTRODUCTION

Schistosomiasis is a human parasitic disease caused by trematode parasites in the genus Schistosoma. The World Health Organization (WHO) classifies schistosomiasis as the second most importance socioeconomic disease in the world and as the third most relevant parasitic disease regarding public health (1). Worldwide it is estimated that there are 700 million people at risk of infection and more than 230 million infected (2, 3). The most relevant species for human health are: Schistosoma mansoni, Schistosoma japonicum, and Schistosoma haematobium. Global areas affected by these species include: Africa and the Middle East (S. haematobium); Africa and South America (S. mansoni); China and the Philippines (S. japonicum) (4).

Strategies for schistosomiasis control and elimination have been implemented and reexamined in the last three decades (5–8). Major efforts consist of diagnosis and preventive chemotherapy using the drug Praziquantel, which is primarily administered to school-age children between 5 and 15 years of age (9, 10). A recent study demonstrated that the integration of treatment and diagnosis with: health education, control of snails (intermediate host), supply of clean water, and sanitation has a great positive impact (11). Nevertheless, it is worth noting that Praziquantel presents little efficacy against juvenile forms of the parasite and since it is the only medicine used for mass treatment, raises legitimate concerns about drug resistance (4).

The aforementioned data emphasize the relevance of an integrated disease combating program harboring distinct actions. Therefore, vaccination would certainly have a great impact on disease elimination agendas, acting as an essential complementary tool (12, 13). Nonetheless, Schistosoma has biological features that turn it into a tough task. Different parasite evolutionary phases and their remarkable ability to evade and subvert immunological mechanisms of elimination represent a significant bottleneck (14). The existence of different causative species also highlights the relevance of a pan-approach in the development of vaccines for the disease. First vaccine trials were carried out using the attenuated parasite (cercaria). Despite good protection results, this vaccination approach was not used in humans due to safety concerns (15, 16). Subsequent studies revealed several parasite antigenic molecules with potential to become a vaccine, such as: Sm14 (17), Sm28GST (18), Sh28GST (19), TSP-2 (20), Smp-80 (21), and Sm29 (22). Currently, some of these antigens are in clinical phase studies like Sm141, Sh28GST (23) and TSP-22, yet crucial steps are required until they become licensed.

The development of vaccines against multicellular parasites, like Schistosoma, naturally presents more challenges when compared to unicellular organisms, mainly due to their physiological complexity (24) and the difficulty of culture maintenance. Besides, schistosomiasis is classed as a Neglected Tropical Disease (NTD), for which financial funding is historically constrained (25). Nevertheless, the development of bioinformatics in recent decades has contributed to improving this scenario. Predictive software has been used to screen pathogens genetic information in order to find potential vaccine targets (26). Besides improving cost, time and safety issues, compared to traditional methods, the immunoinformatics approach has also driven the development of multi-epitope or chimeric vaccines. Different studies have applied it to construct potentially immunogenic molecules from viruses (27), bacteria (28), and parasites (29) antigens. Multi-epitope vaccines allow the induction of a broad immune response since it might harbor B-cell and T-cell epitopes. Moreover, this strategy also may enhance immunogenicity and long-lasting immune responses by coupling adjuvants to the whole sequence (30).

Generally, molecules exposed on the surface of microorganisms, such as plasma membrane proteins are most likely to interact with the host's immune system, in addition to performing essential functions for pathogen homeostasis (31). This is especially true for extracellular parasites that can't enter the cell and are less prone to directly trigger intracellular immune receptors, essentially relying on exposed (or secreted) molecules for its immune activation (32). The most exposed region of Schistosoma adult parasites consists of a syncytial layer, named tegument. This structure is connected to underlying nucleated cell bodies, from where vesicles are released reaching the apical tegument membrane. Such vesicles aid to cover parasite with a membranocalyx, which is essential for immune attack evasion, displaying a vital function (33). Therefore, plasma membrane proteins found in the tegument has been investigated over the years and some of them proved to be promising vaccine candidates, like TSP-2 and Sm29 (34).

Given the above, here we based our work on an immunoinformatics approach to identify all hypothetical S. mansoni plasma membrane proteins and, from their extracellular domains, to predict epitopes in order to build a multi-epitope based antigen. Suitable adjuvants and linkers were introduced during the antigen assembly. Antigenicity, physicochemical and structural properties were evaluated for the putative chimeric antigen, as well as its interaction with an immune receptor (TLR 4).



METHODS


Retrieval of Schistosoma mansoni Proteins and Preliminary Analysis

Proteins sequences were obtained from the GeneDB database3. All hypothetical transmembrane proteins from S. mansoni available in this database were gathered. The PSORT II server4 was used in order to identify and select only transmembrane sequences most likely to being located in the plasma membrane (35).

In order to confirm PSORT II prediction and identify the extracellular domains from plasma membrane sequences, CCTOP topology predictor5 was used. This server presents a consensus-constrained method of prediction, based on the hidden Markov Model, and considers on its algorithm ten other topology prediction methods (36). Those extracellular domains presenting at least 30 amino-acids length were selected for further analysis.



Cytotoxic T Lymphocyte (CTL) and Helper T Lymphocyte (HTL) Epitope Prediction

The aforementioned extracellular domains were submitted to IEDB6 server to predict CTLs7 and HTLs8 epitopes, applying the IEDB recommended 2020.04 (NetMHCpan EL 4.0) and IEDB recommended 2.22 prediction methods, respectively. Epitopes were predicted based on HLA allele frequencies and reference sets with maximal population coverage, provided by the server. For CLTs, the dataset included 108 alleles (37) and for HTLs it comprised 27 alleles (38). The chosen MHC class I alleles automatically limit available peptides lengths. Epitopes with percentile rank <0.5 were selected. On the other hand, 12–18-mer length epitopes were predicted for the MHC class II allele reference set and those presenting either percentile rank <0.5 and IC50 value <500 nM were selected for further analysis.



B-Cell Epitopes Prediction

Proteins extracellular domains were also used to predict linear B-cell epitopes, which was carried out by ABCpred server9. This software uses the Recurrent Neural Network (RNN) method, trained on a data set of non-redundant B-cell epitopes and non-epitopes from Bcipep and Swiss-Prot databases, respectively (39). Applying server standard threshold (0.51), 20-mer length epitopes were selected for next steps.



Selecting Overlapped Epitopes

Initially, CLTs and B-cell epitopes, provided by the same extracellular region, were aligned. CTLs fitting within B-cell sequences were then submitted to the analysis of immunogenicity. The chosen tool10 is hosted by IEDB and uses amino acid properties as well as their position within the peptide to predict the immunogenicity of a peptide-MHC complex (40). Epitopes presenting positive scores were selected.

Same alignment approach was conducted for HTLs and B-cell epitopes. Only HTLs fitting within B-cell sequences and presenting IC50 < 50 nM were selected. Subsequently, CTLs and HTLs epitopes overlapped with B-cell sequences were aligned with each other to select those matching. For all these alignments the MULTALIN tool was used11.



Epitopes Antigenicity

The ability of previously selected epitopes to act as an antigen was evaluated by the VaxiJen server12. The server prediction method does not rely on alignment or homology. Instead, it predicts protective peptides based on autocross-covariance (ACC) transformation of protein sequences using uniform vectors of the main amino acids physicochemical properties (41). For parasite model, the server provides a threshold of 0.5. Out of the final epitopes, only those with antigenicity score above 0.7 were chosen as components of the chimeric antigen. A summary of epitopes prediction and selection steps are shown in Figure 1.
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FIGURE 1. Workflow summarizing the approach of multi-epitope protein construction and subsequent analysis. (A) Putative antigen conception made from epitopes of plasma membrane extracellular domains. (B) Set of analysis performed for the multi-epitope protein.




Construction of Multi-Epitope Vaccine Sequence

In order to fuse the selected epitopes in a rationally immunogenic fashion we used suitable linkers and adjuvants. The well-described linkers EAAAK, GGGS, GPGPG, HEYGAEALERAG, and AAY were used to connect different components. The N-terminal region of the multi-epitope protein starts with HIV TAT peptide that plays a cell penetrating role. Next, to improve the immunogenicity, we choose the 50S ribosomal protein L7/L12 (Locus RL7_MYCTU) (Accession no. P9WHE3). Subsequent, the Pan DR epitope (PADRE – AKFVAAWTLKAAA) adjuvant was also fused to act as a T helper Lymphocyte stimulus. Then, CTLs epitopes were added followed by HTLs. Finally, the C-terminal portion included a 6xHis tag for further purification assays.



Homology Analysis

To evaluate similarity with human proteins and therefore reduce autoimmunity possibilities, a BLAST13 was carried out. The whole multi-epitope vaccine sequence and its epitopes individually were submitted against UniProtKB Human database. Moreover, similarity with the most relevant Schistosoma species (S. japonicum and S. haematobium) were evaluated using UniProt Knowledgebase dataset. This former analysis was conducted for the final eight proteins from which we have predicted our epitopes.

Considering the importance of the microbiota in maintaining the organism's homeostasis, we submited the multi-epitope protein against the proteome of commonly found gut microbiota, with the aid of Pipeline Builder for Identification of drug Targets (PBIT) server14. PBIT is an online server which is widely used for screening of pathogen proteomes in terms of some critical features that must be fulfilled for a protein to serve as potential drug/vaccine target for humans (42). Proteins presenting sequence identity <50% with gut microflora proteome and having an e-value cutoff > 0.005 were considered as non-homologous.



Antigenicity and Allergenicity

To assess the antigenicity of whole multi-epitope vaccine, VaxiJen server15 was used once more considering the threshold for parasite model (0.5). In addition, to evaluate allergenic potential, the multi-epitope protein was submitted to AllerTop v.2.0 server16. The method of this server is based on ACC transformation of protein sequences into uniform equal-length vectors. Proteins are classified based on training set containing 2427 known allergens from different species and 2427 non-allergens (43).



IFN-γ Inducing Epitope Prediction

The presence of IFN-γ inducing epitopes in the multi-epitope vaccine sequence were predicted by IFNepitope server17 using the scan module. Among algorithms models available, the motif and support vector machine (SVM) hybrid model was selected. The server generates all possible overlapping peptides from antigen, based on either IFN-γ inducing and IFN-γ non-inducing datasets (44). Prediction score >1.0 was set as a threshold value for epitope selection.

Considering that IFNepitope server was trained with MHC II epitopes, we further submitted all final MHC II epitopes selected before chimera assembly. This analysis was carried out in order to check whether the chimeric-MHC II epitopes we selected would be predicted as an IFN- γ inducing peptide. In this case, the server module used was the module “Predict,” which ranks the inserted peptides in positive or negative order, based on their potential to induce IFN- γ.



Proteasomal Cleavage/TAP Transport/MHC Class I Combined Prediction

After multi-epitope vaccine conception, we decided to confirm if upon processing steps in the cell, our chimeric-MHC I epitopes would be generated. In order to perform this we applied the Proteasomal cleavage/TAP transport/MHC class I combined predictor18 (45), found in IEDB server6. The chosen method was the IEDB recommended and the proteasome type was the immunoproteasome. Epitopes were predicted based on HLA allele set mentioned earlier, in the CTL epitope prediction section.



Immune Simulation for Vaccine Efficacy

To further characterize the immunogenicity and the immune response of the multi-epitope vaccine, in silico immune simulations were conducted by C-ImmSim server19. C-ImmSim is an agent-based model that uses a position-specific scoring matrix (PSSM) for immune epitope forecast and machine learning techniques for prediction of immune interactions. The server's prediction contemplates simulation of three distinct anatomical regions related to immune responses in mammals: the bone marrow, the thymus and a tertiary lymphatic organ, like lymph node, tonsil and spleen (46). Considering the immunization schedule for schistosomiasis vaccines under clinical trials, such as rSh28GST (23) and rSm14 (47), we adopted three doses at intervals of 4 weeks. Therefore, injections containing 1,000 vaccine proteins each were administered four weeks apart at 1, 84, and 168 time-steps (each time-step is equivalent to 8 h in real-life and time-step 1 is injection at time = 0) with total 1,050 simulation steps (48). The remaining simulation parameters were kept defaults.



Physicochemical Properties Analysis

A set of physicochemical parameters were assessed for the multi-epitope protein using ProtParam online server20. These parameters include amino acid and atomic composition, molecular weight, theoretical pI, aliphatic index, extinction coefficient, estimated half-life for three model organisms (Escherichia coli, yeast, and mammal cells) and the instability index (49). In turn the solubility was evaluated by SOLpro server21, which uses SVM model to predict the propensity of a protein to be soluble upon overexpression in E. coli and gives its corresponding probability (50).



Tertiary Structure Prediction

Multi-epitope vaccine three-dimensional (3D) structure was obtained using the Iterative Threading Assembly Refinement (I-TASSER) server22. This server is an integrated platform for automated protein structure and function prediction based on the sequence-to-structure-to-function paradigm. Starting from an amino acid sequence, I-TASSER first generates three-dimensional (3D) atomic models from multiple threading alignments and iterative structural assembly simulations. An estimate accuracy of the predictions is provided based on the confidence score (C-score) of the modeling. C-score is typically in the range between−5 and 2, wherein a higher score reflects a model of better quality. In general, models with C-score > −1.5 have a correct fold (51).



Refinement and Validation of the 3D Modeled Structure

The predicted vaccine 3D structure from I-TASSER was submitted to refinement in order to improve structure quality, both locally and globally. This task was carried out by GalaxyRefine server23. After sequence input, the server applies dynamics stimulation in order to perform structure perturbations and relaxation. Initially, for the first model, the structure perturbation is applied only to clusters of side-chains. Then, for second to fifth models, more aggressive perturbations to secondary structure elements and loops are also applied (52). In order to validate the refined tertiary structure, RAMPAGE web server24 was used. The main output of this server is a Ramachandran plot, which permits to visualize the percentage of residues in favored, allowed and disallowed regions, based on dihedral angles phi (ϕ) and psi (ψ) of each amino acid in the protein (53).



Discontinuous B-Cell Epitope Prediction

Discontinuous or conformational B-cell epitopes are formed as a result of protein folding that can bring into proximity distant residues and form it. It has been estimated that >90% of B-cell epitopes are discontinuous (54). In order to evaluate the presence of these epitopes, the refined and validated multi-epitope 3D structure was submitted to ElliPro server25.



Molecular Docking of Vaccine Construct With TLR 4 Immune Receptor

The ability to trigger innate immune receptors is broadly described for Schistosoma antigens. Then, for docking analysis, the TLR 4 receptor structure was retrieved from the RCSB PDB database (PDB ID: 2Z63) and edited by Chimera software26, in order to remove attached oligosaccharides.

To predict the 3D structure of multi-epitope vaccine and TLR 4 receptor complex, the SwarmDock server was used. The server has a flexible protein-protein docking algorithm, which initially pre-process and minimize input structures and performs docking through a hybrid particle swarm optimization/local search. Next, it minimizes, re-ranks and clusters docked poses. Lastly, democratic clustered structures are provided as PDB format (55). The analysis was carried out by chosen full blind mode. In order to visualize hydrogen bonds and hydrophobic interactions between ligand (multi-epitope antigen) and receptor (TLR 4) the software LIGPLOT v2.2 was applied.



Molecular Dynamics Simulation of the Receptor-Ligand Complex

Molecular dynamics (MD) simulation is applied to determine the stability of receptor-ligand complexes (48). Gromacs v5.0.5 (56) was used to study the structural properties and interaction between ligand (multi-epitope vaccine) and receptor (TLR 4) at the atomic level. All molecular dynamic simulation was performed using GROMOS96a force field. To guarantee that the geometry of the system is adequate and there are no steric clashes using the steepest descent algorithm approach, energy minimization was performed prior to simulation. During equilibration phase (100 ps), the temperature was increased up to 300 K and pressure up to 1 bar. Finally, the trajectories generated from the simulation (20 ns) were analyzed for the stability of the complex in terms of the root mean square deviation (RMSD) and root mean square fluctuation (RMSF) of backbone atoms relative.



In silico Cloning

Finally, in order to provide a feasible plasmid construction harboring the multi-epitope sequence, Java Codon Adaptation Tool (JCat) server was used. This server provides a codon optimized version of the interest DNA sequence, based on a chosen organism (57). Here we choose E. coli (strain K12). The output also includes two more parameters; Codon Adaptation Index (CAI) and percentage of GC content. For CAI, the ideal value is 1.0 and the GC content should gather values between 30 and 70%. To carry the cloning into an expression vector, pET28a(+), SnapGene software was used. SalI and BamHI restriction sites were introduced flanking the multi-epitope sequence to ensure the suitable insertion into the plasmid.




RESULTS


Selected T Lymphocyte Epitopes

Gene DB search provided 584 hypothetical transmembrane protein sequences, from which 37 were predicted as most likely located at plasma membrane by PSORT II server. Out of it, CCTOP predictor allowed us to identify 54 extracellular domains ≥ 30 amino acids.

IEDB server predicted promiscuous CTLs epitopes covering 108 alleles. It was found 13,981 epitopes presenting percentile rank <0.5, for all extracellular domains. In turn IEDB foreseen 6,893 HTLs epitopes presenting percentile rank <0.5 and IC50 < 500 nM, considering a set of 27 alleles. Diverse epitopes were predicted to more than one MHC alleles and they were considered as one in further analyses.



Linear B-Cell Epitopes

The ABCpred server predicted linear B-cell epitopes for all 54 extracellular domains. The analysis generated a total of 1,583 sequences.



Overlapping of Cellular and Humoral Inducing Epitopes

The alignment of multiple sequences aid to identify and select epitopes harboring cellular and humoral inducing ability. The first alignment was carried out between CTLs and B-cell epitopes, which generated a set of CTLs epitopes overlapping with B-cell sequences. Out of this, a second set of peptides were obtained through class I immunogenicity analysis. The outcome was a group of best CTL epitopes.

Similarly, a set of HTLs epitopes overlapping with B-cell sequences was obtained and improved by selecting only those with IC50 < 50 nM. Finally, both best epitopes groups (CTLs and HTLs) were aligned to each other and yielded 55 matched sequences.



Final Candidates and Multi-Epitope Vaccine Conception

The best 55 epitopes were submitted to VaxiJen antigenicity analysis. Out of the total, 19 epitopes presented score >0.7 (Supplementary Table 1) and therefore were chosen as final components of the chimeric vaccine (Table 1).


Table 1. Final selected CTL and HTL epitopes overlapping with each other and with B-cell epitopes.
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In order to construct the multi-epitope vaccine, we have used suitable adjuvants and linkers. The final sequence is represented in Figure 2. N-terminal portion starts with a methionine connected to the HIV TAT peptide by EAAAK linker. Next, a GGGS linker was used to add the 50S ribosomal protein L7/L12, which establish its connection with PADRE adjuvant via EAAAK linker. Between PADRE and the first CTL epitope, GGGS was inserted once more. A total of twelve CTL epitopes were attached using GPGPG linkers. The last CTL epitope connects to the first HTL epitope through HEYGAEALERAG linker. The connection of all seven HTL epitopes were assisted by AAY linker. Finally, the C-terminal portion included a 6 × His tail attached via HEYGAEALERAG linker.


[image: Figure 2]
FIGURE 2. Schematic representation of the multi-epitope vaccine construct. Epitopes were connected by the following linkers: (1) EAAAK, (2) GGGS, and (3) HEYGAEALERAG. The GPGPG and AAY linkers, showed in the figure, were used to merge CTLs and HTL epitopes, respectively. Met, Methionine; HIV TAT, Cell penetrating peptide; PADRE, Pan DR epitope; 50S, 50S ribosomal protein L7/L12; CTL, Cytotoxic T Lymphocyte epitope; HTL, Humoral T Lymphocyte epitope; His, Histidine.




The Multi-Epitope Vaccine Gathers Prerequisites of a Safety and Effective Antigen

The search for similarity between multi-epitope vaccine and Homo sapiens proteins did not reveal any match. The same result was observed when chimeric epitopes were individually submitted to a BLAST analysis. As expected, the search for similarity between multi-epitope protein and gut microbiome revealed considerable identity for the 50S ribosomal protein L7/L12, but non-homology for other components, considering server's cutoff (58, 59) (Supplementary Table 2). Thereby, the constituents of our chimeric molecule kept unaltered. Moreover, based on allergens and non-allergens sets, AllerTOP predicted the multi-epitope vaccine as non-allergen. These results suggest that our hypothetical antigen might be safety in in vivo assays.

In addition to check epitopes antigenicity before vaccine construction, we also evaluated this parameter for the multi-epitope vaccine itself. The VaxiJen server provided a score value of 0.5145, above of the threshold established for parasite model (41), classifying our molecule as a probable antigen. Moreover, a considerable amount of INF-γ inducing epitopes were identified in the multi-epitope vaccine sequence. Out of the total 490 epitopes (15-mer) predicted, 76 presented score >1 and therefore were selected (Supplementary Table 3). Still regarding IFNepitope server, we applied an additional analysis to all MHC II epitopes selected before chimera conception and found that among final seven chimeric-HTLs epitopes, 4 were predicted as IFN-γ inducing epitopes (Supplementary Table 4).

Regarding the results of in silico immune response, the behavior was generally consistent with actual outcomes induced upon vaccination; secondary and tertiary responses significantly higher than the primary one. Elevated titers of IgM + IgG, IgM, IgG1 + IgG2, and IgG1 antibodies were observed, followed by reduction in antigen concentration (Figure 3A). Accordingly, an increase of active B-cell population was observed and memory B-cell was especially elevated (Figures 3B,C). Similar behavior was detected for T helper (Th) and T cytotoxic cells (Figures 3D–F). Among innate immune cells, the results demonstrated increased macrophage activity (Figure 3G). Lastly, levels of IFN-γ and IL-2 were highly evident (Figure 3H). These data highlight the potential of multi-epitope vaccine in inducing long-lasting humoral and cellular immune responses.


[image: Figure 3]
FIGURE 3. In silico simulation of immune response for the multi-epitope vaccine. (A) Antigen and immunoglobulins, (B) B-cell population per state, (C) B-cell population, (D) T helper cell population per state, (E) T helper cell population, (F) T cytotoxic cell population per state, (G) Macrophage population per state, and (H) production of cytokine and interleukins.




Physicochemical Analysis Reveals Encouraging Parameters for Vaccine Manufacture

Based on amino acid sequence, ProtParam predicted a set of physicochemical parameters for the multi-epitope vaccine. It has foreseen a size of 52 kDa and isoeletric point (pI) of 5.93. The total numbers of positive and negative charged residues were 38 and 46, respectively. The instability index (II) was computed to be 31.24, which classifies the multi-epitope vaccine as a stable molecule. This stability was reinforced by the aliphatic index, 86.06. The higher the aliphatic index, the more stable is a protein in a broad range of temperatures. During heterologous expression in bacteria or yeast is essential a long period of half-life. In this sense, our molecule presented an estimated half-life of 30 h in mammalian reticulocytes (in vitro), >20 h in yeast and >10 h in E. coli, both in vivo. Regarding solubility, SOLpro server provided good prediction (0.9010) upon overexpression in E. coli.



The Multi-Epitope Vaccine Adopts a Favored 3D Structure

The I-TASSER server starts modeling process from structure templates identified in the PDB library. The server can generate tens of thousands of template alignments, but it only uses the ones of the highest significance, which is measured by the Z-score (>1 mean good alignment). Ten best templates (Z-score ranging from 1.01 to 5.59) were used to predict five potential tertiary structures of the multi-epitope vaccine. Each of these five models presented an individual C-score value: −0.41, −2.34, −2.59, −4.30 and −2.70. C-score range is typically between −5 and 2, with values >-1.5 indicating a correct global topology. Therefore, we selected the C-score −0.41 model as our multi-epitope tertiary structure.

After choosing the best 3D model, a refinement process was carried out by GalaxyWeb server in order to improve structure quality. As a result, the server generated five refined models (Supplementary Table 5). To select the best 3D model, we compared initial and refined models considering the Ramachandran plot, which was generated by RAMPAGE server. The comparison established the initial model presented 76.4% of the residues in favored regions, 18% in allowed regions and 2.3% in disallowed regions (Figures 4A,B). On the other hand, after the refinement, model harbored 90.2, 6.8, and 2.8% of the residues in favored, allowed and disallowed regions, respectively (Figures 4C,D).


[image: Figure 4]
FIGURE 4. Multi-epitope vaccine modeling and refinement. (A) Tertiary structure generated by I-TASSER server presenting (C) 76.4% of the residues in favored regions, 18% in allowed regions and 2.3% in disallowed regions. (B) Refined tertiary structure obtained by GalaxyRefine server presenting (D) 90.2, 6.8, and 2.8% of the residues in favored, allowed, and disallowed regions, respectively.




The Putative Vaccine Folding Generates Conformational B-Cell Epitopes

According to ElliPro server, a total of 253 residues were distributed in 10 conformational B-cell epitopes, with scores ranging from 0.60 to 0.877. The epitopes size ranged from four to 77 residues (Supplementary Table 6).



TLR 4 Receptor Establishes Interactions With Multi-Epitope Vaccine

The SwarmDock server and LIGPROT v2.2 software allowed us simulate and analyze possible interactions between the ligand (multi-epitope vaccine) and the immune receptor (TLR 4). The best docked structure was selected based on minimum energy value, −43.71. This complex exhibited 14 hydrogen bonds, 29 hydrophobic interactions for the ligand and 21 for the receptor, as demonstrated in Figure 5. These data suggest that our chimeric vaccine could stimulate an important immune receptor, for this reason a dynamic simulation was further conducted.


[image: Figure 5]
FIGURE 5. Ligand-receptor docked complex using the Swarmdock server. (A) Docked structure visualization generated by Chimera software; TLR 4 (receptor) in gray and the multi-epitope protein (ligand) in red. (B) Interactions between ligand and receptor provided by the LIGPLOT v.2.2 software. Red lines represent hydrogen bonds, gray semi-circles denote hydrophobic interactions made by the ligand and yellow semi-circles represent hydrophobic interactions made by the receptor.




Molecular Dynamics Predicts a Stable Ligand-Receptor Interaction

In order to confirm the proper engagement of TLR 4 with the putative multi-epitope vaccine, a MD simulation was conducted. After energy minimization step, temperature and pressure equilibration phase were assessed during 100 ps. Temperature raised quickly and reached 300 K, which was kept throughout the interval analyzed (Figure 6A). Similarly, pressure plot demonstrated a fluctuation in pressure around 0.25 bar over the entire equilibration phase (Figure 6B).


[image: Figure 6]
FIGURE 6. Molecular dynamics simulation of the ligand-receptor complex. (A) Temperature (Kelvin) fluctuation of the ligand-receptor complex during the equilibration phase (100 ps). (B) The ligand-receptor pressure plot, measured over the equilibration phase (100 ps). (C) RMSD—Root Mean Square Deviation of the ligand-receptor complex presenting no substantial displacement, indicating stable atomic interaction between the two molecules. (D) RMSF—Root Mean Square Fluctuation plot of the ligand-receptor complex, representing the flexibility of the amino acids side chain.


Subsequently, the final trajectory was used to analyze some essential parameters; the first one was the RMSD. This parameter measures reflect the stability between the receptor and ligand where mild fluctuations point to a stable interaction. Figure 6C shows a RMSD plot ranging from 0.25 nm to 1.5 nm, after 20 ns of time interval, which is considered as a mild fluctuation.

The second parameter, RMSF, represents amino acids side chains fluctuations. Elevated fluctuations at the plot indicate highly flexible regions in the receptor-ligand complex while mild ones point to continuous interaction between receptor and ligand molecules. Most of our selected complex has presented uninterrupted interactions (0.5 nm), except for a specific region of highly flexibility (1.8 nm), as demonstrated in Figure 6D.



In silico Cloning

Jcat server generated an optimized DNA sequence presenting good parameters. The CAI value was 1.0, indicating high chance of increased expression. GC content reached 54.25%, which remains in the optimal range (30–70%). Expression vector pET 28a (+) carrying the multi-epitope vaccine insert is represented in the Figure 7.


[image: Figure 7]
FIGURE 7. In silico cloning. Multi-epitope vaccine sequence cloned into pET28a (+) expression vector, represented in red color. The insert was added between SalI and BamHI restriction sites.





DISCUSSION

Historically, vaccine development has been considered the best cost-effective method for combating diseases caused by infectious pathogens (60). For decades, researchers have been working to find an effective antigen and an appropriate formulation for schistosomiasis vaccine. Such effort allowed identification of several promising antigens and the development of a consensus view on the importance of vaccination within combating disease programs (61). A wide range of approaches have been addressed; from attenuated parasite to DNA vaccines, also including recombinant molecules, synthetic peptides, and chimeric proteins (12). Chimeric or multivalent antigens, in particular, represent an attractive strategy given the possibility of linking potentially immunogenic molecules in a single structure. Almost two decades ago, the first studies related to this approach in the context of schistosomiasis were published (62, 63). Since then, technologies such as genomics and bioinformatics have evolved, improving the process of building chimeric antigens. Screening of epitopes considering a great diversity of HLAs, structural investigation of the vaccine candidate, predictions of antigenicity and evaluation of interactions with human receptors are some of the possibilities raised by the progression of computational analysis (64). This immunoinformatics approach is very advantageous due to its safety, time, and cost-effectiveness. Therefore, in recent years, several studies have been applying these methods for organisms like viruses, bacteria, and parasites, yielding promising molecules (27–29).

Recently, Rahmani et al. (65) reported the construction of a potential vaccine candidate against schistosomiasis based on a multi-epitope approach followed by a robust in silico analysis. As constituents of this putative antigen, authors selected T and B-cell epitopes found in seven major vaccine targets (Sm14, Sm21.7, Sm23, Sm29, Smp80, Sm-CB, and SM-TSP-2) described for the disease (65). Using a similar workflow, we have proposed here the construction of a new multi-epitope vaccine candidate, considering a distinct protein source.

Naturally, pathogens' surface proteins are prone to interact with the host's immune system, and therefore, they may induce an immune response (31). However, in multicellular organisms such as S. mansoni the most exposed proteins are found in a specific apical syncytial layer, the tegument. Since there is no database that provides specific tegument's protein sequences and considering the potential of parasite's proteins not yet studied, we started our approach by analyzing all hypothetical transmembrane sequences, 584, provided by the GeneDB database. Subsequently, the usage of PSORT II and CCTOP servers allowed to filter 37 plasma membrane proteins, of which 54 extracellular regions, with at least 30 amino acids, were obtained.

The extracellular domains aforementioned provided a large collection of epitopes, predicted based on a set of HLAs presenting wide population coverage (>97% for MHC class I and >99% for MHC class II). Our selection criteria allowed us to reach a final set of epitopes, CTLs and HTLs, with great affinity scores for MHC molecules, and being potentially recognized by B-cells. This feature is essential for vaccine approach, given the relevance of neutralizing antibodies against the pathogen and the support of helper T cells in the prolonged antibodies production, as well as in maintaining the activation of CTL response (66). Furthermore, the selected epitopes were all predicted as possible antigens, stressing the immunogenic potential of these sequences.

Connection between epitopes, as well as their merge with other chimera components, was achieved by using linkers. Studies of naturally-occurring multiple domain proteins have prompted the use of linker peptides for artificial protein fusion (67). In the context of multi-epitope vaccines, the main advantages of using linkers are the reduced probability of junctional antigens formation and their ability to improve antigen processing and presentation (68). Nevertheless, structural flexibility and rigidity are also relevant parameters modulated by linkers. Based on the study by Rahmani et al. (65) and on several other investigations regarding multi-epitope vaccine for pathogens (28, 29, 68) and cancer (69, 70), we have used the following linkers: EAAAK, GGGS, GPGPG, HEYGAEALERAG, and AAY. The choice of best distribution of the linkers throughout the chimera sequence was based on the stability of 3D structure. In other words, if the multi-epitope protein yielded an unstable structure, the linkers organization would be shifted. Given the functional role of the 50S ribosomal protein L7/L12, as a TLR 4 agonist (71), EAAAK was used to provide rigidity, reducing possible interference of other protein's regions in the interaction between adjuvant and its receptor. On the other hand, a flexibility contribution was provided by GGGS. The remaining linkers were used mainly considering their ability to induce HTL immune response (GPGPG) (72) and to act as cleavage sites for the proteasomal (AAY, HEYGAEALERAG) and lysosomal (HEYGAEALERAG) systems (73, 74). The usage of a proteasomal cleavage predictor in our study suggested that upon processing steps in the cell, our chimeric-MHC I epitopes would be generated (Supplementary Table 7). This result reinforces that chosen linkers and their distribution were suitable.

Recently, Cell Penetrating Peptides (CPPs) have been widely investigated as possible agents for vaccine delivery. The integration of these peptides with antigenic sequences aims to improve their uptake by Antigen Presenting Cells (APCs), thereby favoring antigen processing and presentation processes (75). Here, we have used the HIV TAT protein, the first CPP described and extensively explored (76). Investigations including different pathogens, such as Hepatitis B virus (77) and Leishmania major (78), clearly demonstrate the potential of TAT improving the immune response against the CPP-fusioned antigens when compared to non-fusioned.

Studies addressing immunologic mechanisms triggered by the most promising vaccine antigens for schistosomiasis have revealed CD4+ T cell responses, and IFN-γ production, as outcomes closely related to protection against the parasite infection (21, 79, 80). Considering these observations, the choice of 50S ribosomal protein L7/L12 and PADRE adjuvants, as additional components of the multi-epitope vaccine, appeared suitable. Lee et al. (71) demonstrated that 50S ribosomal protein L7/L12 has the ability to induce Dendritic cell (DC) maturation, which later are capable to activate naive T cells, resulting in CD4+ and CD8+ IFN-γ secreting cells. Similarly, Ghaffari-Nazari et al. (81) observed that presence of PADRE adjuvant in a vaccine formulation comprising multi-epitope protein and CpG-oligodeoxynucleotides (CpG-ODN) promoted an improvement in the anti-tumor (lobular carcinoma) immune response, by inducing expansion of CD4+ and CD8+ IFN-γ producing subpopulations. In our study the outcome of IFNepitope server analysis predicted 76 IFN-γ inducing epitopes in the structure of the multi-epitope protein. Besides, in silico immune response simulation predicted the secretion of high levels of IFN-γ and a long-lasting cellular response. In addition, C-ImmSim server foreseen a relevant antibody production after immunization (IgM + IgG, IgM, IgG1 + IgG2, and IgG1), which is also described as essential for combating Schistosoma infection (12). These data emphasize the possibility of our candidate to induce an effective immune response, able to protect against the disease.

The ability to manipulate host's immune response is a hallmark of helminths. They accomplish that by interacting with different Pattern Recognition Receptors (PRRs), primarily through their secretion and excretion products (32). Durães et al. (82) have demonstrated that the co-culture of Bone Marrow Derived Dendritic Cells (BMDCs) with schistosomula tegument (Smteg) can induce the expression of co-stimulatory molecules in these cells, as well as stimulated cytokines production, like IL-12p40 and TNF-α. Such cellular events took place in a TLR 4-dependent manner, suggesting interaction between parasite's antigens and this immune receptor (82). Here, we observed, through protein-protein docking, that our multi-epitope vaccine establishes several intermolecular interactions with human TLR 4, such as hydrogen bonds and hydrophobic contacts. Coherently, RMSD measures obtained by molecular dynamic simulation, has indicated stable interaction between the ligand and the receptor. Yet, even though parasite's antigens might be able to interact with TLRs, it is valuable to emphasize that our multi-epitope protein carries a TLR 4 agonist (50S ribosomal protein L7/L12) in its sequence, which indeed improves potential receptor interactions.

The physicochemical features foreseen for the multi-epitope candidate strongly suggest heterologous expression and antigen purification as viable processes. The predicted half-life in E. coli (10h) and the molecule stability (instability index 31.24 and aliphatic index 86.06) propose the usage of this organism as a platform for heterologous expression. For this reason, we have optimized vaccine candidate codons, based on E. coli strain K12, and performed the in silico cloning in a common expression vector, pET28a (+). Moreover, predicted isoelectric point (5.93) indicates that under neutral pH conditions the protein will assume a negative global charge, which lean toward to aid affinity purification procedure, as those carried in Nickel (Ni2+) immobilized columns (83, 84). Besides, substantial changes in the protein structure are not expected to occur under these pH conditions. Finally, solubility prediction (0.9010) also corroborates for a succeed manufacturing process.

After decades searching for an effective antigen to be used as proper vaccine against schistosomiasis, few molecules reached clinical trials, keeping the pursuit for alternative approaches open (61). An attractive feature for vaccine antigens is the conservation among pathogen's species, which can promote cross-protection. In our study, the final selected proteins which provided the epitopes for the chimeric putative antigen, presented a high percentage of identity among S. japonicum and S. haematobium (Supplementary Table 8). On the other hand, since we have chosen to work with hypothetical plasma membrane proteins, there is no annotated function available for them. However, out of the final eight proteins, two presented known superfamilies motifs when submitted to InterProScan (data not shown). WD-40 repeats were found in Smp_127680, these motifs act as a site for protein-protein or protein-DNA interaction, and proteins containing WD40 repeats are known to serve as platforms for the assembly of protein complexes or mediators of transient interplay among other proteins (85). Smp_175510 in turn presented an immunoglobulin-like domain, which is involved in a variety of functions, including cell-cell recognition, cell-surface receptors, and muscle structure (86).

In general, extracellular domains of proteins will always be an appreciable source of vaccine candidates for different pathogens. Likewise, studies of hypothetical proteins can translate into the discovery of potential candidates and stimulate their investigation/annotation. Therefore, we have combined these concepts into a multi-epitope protein that presented itself as a good putative antigen. Immunogenic, physicochemical and structural properties suggest that our vaccine candidate might yield promising results on near future in vitro and in vivo assays.
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HIV-1 infection disproportionately affects women in sub-Saharan Africa, where areas of high HIV-1 prevalence and Schistosoma haematobium endemicity largely overlap. Female genital schistosomiasis (FGS), an inflammatory disease caused by S. haematobium egg deposition in the genital tract, has been associated with prevalent HIV-1 infection. Elevated levels of the chemokines MIP-1α (CCL-3), MIP-1β (CCL-4), IP-10 (CXCL-10), and IL-8 (CXCL-8) in cervicovaginal lavage (CVL) have been associated with HIV-1 acquisition. We hypothesize that levels of cervicovaginal cytokines may be raised in FGS and could provide a causal mechanism for the association between FGS and HIV-1. In the cross-sectional BILHIV study, specimens were collected from 603 female participants who were aged 18–31 years, sexually active, not pregnant and participated in the HPTN 071 (PopART) HIV-1 prevention trial in Zambia. Participants self-collected urine, and vaginal and cervical swabs, while CVLs were clinically obtained. Microscopy and Schistosoma circulating anodic antigen (CAA) were performed on urine. Genital samples were examined for parasite-specific DNA by PCR. Women with FGS (n=28), defined as a positive Schistosoma PCR from any genital sample were frequency age-matched with 159 FGS negative (defined as negative Schistosoma PCR, urine CAA, urine microscopy, and colposcopy imaging) women. Participants with probable FGS (n=25) (defined as the presence of either urine CAA or microscopy in combination with one of four clinical findings suggestive of FGS on colposcope-obtained photographs) were also included, for a total sample size of 212. The concentrations of 17 soluble cytokines and chemokines were quantified by a multiplex bead-based immunoassay. There was no difference in the concentrations of cytokines or chemokines between participants with and without FGS. An exploratory analysis of those women with a higher FGS burden, defined by ≥2 genital specimens with detectable Schistosoma DNA (n=15) showed, after adjusting for potential confounders, a higher Th2 (IL-4, IL-5, and IL-13) and pro-inflammatory (IL-15) expression pattern in comparison to FGS negative women, with differences unlikely to be due to chance (p=0.037 for IL-4 and p<0.001 for IL-5 after adjusting for multiple testing). FGS may alter the female genital tract immune environment, but larger studies in areas of varying endemicity are needed to evaluate the association with HIV-1 vulnerability.




Keywords: HIV-1, female genital schistosomiasis, S. haematobium, inflammation, sub-Saharan Africa, genital tract, cervicovaginal lavage (CVL), polymerase chain reaction (PCR)



Introduction

HIV-1 infection disproportionately affects women in sub-Saharan Africa (1), where areas of high HIV-1 prevalence and Schistosoma haematobium endemicity largely overlap (2). Female genital schistosomiasis (FGS), caused most frequently by S. haematobium egg deposition in the genital tract, has been associated with prevalent HIV-1 infection in cross-sectional studies (3). The presence of S. haematobium eggs in genital tissue is also associated with vascularization (4) and the accumulation of CD4+ lymphocytes and macrophages (5), making the granuloma-associated environment a potential contributor to HIV-1 vulnerability. In addition to modulation of the local cervicovaginal environment, FGS has also been associated with a higher frequency of systemic CD4 T-cells expressing the chemokine receptor CCR5 (6). Tissue-entrapped eggs are also associated with clinically visible FGS-associated manifestations in the cervicovaginal mucosa (7). FGS lesions may breach the intact cervicovaginal immune barrier and are hypothesized to provide an entry point for HIV-1 infection (2, 3). However, the underlying mechanism for potential HIV-1 vulnerability in FGS has not been fully characterized and requires further investigation.

The presence of S. haematobium eggs in human tissue commonly provokes an inflammatory response (5). Cervicovaginal inflammation has emerged as an important risk factor for HIV-1 acquisition, with the presence of increased chemotactic cytokine concentrations, specifically macrophage inflammatory protein-1α (MIP-1α [CCL-3]), MIP-1ß [CCL-4], interleukin (IL)-8 [CXCL-8], and interferon-γ inducible protein-10 (IP-10 [CXCL-10]), conferring increased risk (8). Broadly, while pro-inflammatory cytokines are central in recruiting and activating HIV-1 target cells, they also propagate a cascade of downstream cellular processes that enact functions central to HIV-1 pathogenesis (9). The presence of pro-inflammatory cytokines in the female genital tract may also be associated with HIV-1 replication (via stimulation of transcription factors) (10), an increased frequency and activation of HIV-1 target cells (9, 11, 12) and proteomic signatures suggestive of tissue remodeling that may compromise cervicovaginal barrier function (12).

Sexually transmitted infection (STI) and a “non-optimal” cervicovaginal microbiota contribute to a vaginal pro-inflammatory environment (11, 13), and are thus important risk factors for HIV-1 acquisition (14, 15), but elevated cervicovaginal cytokine and chemokine levels have also been detected in their absence (8). In addition to STI and cervicovaginal microbiota, a number of additional biological and behavioral factors influence the levels of detectable soluble immune proteins in the female genital tract, including the presence of semen (16), cervical ectopy (16), use of hormonal contraception (17), menstrual cycle (18), and intravaginal cleansing practices (13, 17).

FGS may be an unmeasured co-factor contributing to cervicovaginal inflammatory signatures in endemic sub-Saharan African populations (8, 11). S. haematobium infection, in the absence of evaluation for genital involvement, has been associated with altered levels of systemic (19) and cervicovaginal cytokines (20). While male genital schistosomiasis has been associated with elevated seminal fluid cytokine concentrations (21), little is known regarding the human cervicovaginal environment in FGS or the role of the immune response. We hypothesize that FGS modulates the cervicovaginal immune environment and that evidence of FGS-associated cervicovaginal inflammation may provide insight into a causal mechanism for the association between FGS and HIV-1. In this cross-sectional study, we evaluate cervicovaginal cytokines and chemokines in women with and without FGS.



Methods


Study Setting and Participants

The cross-sectional bilharzia and HIV (BILHIV) study was nested in HPTN 071 (PopART), a cluster randomized trial to measure the impact of an HIV-1 combination prevention package (22). HIV-1 incidence was measured in an HPTN 071 (Pop-ART) Population Cohort comprised of one randomly selected adult (18 to 44 years of age) from a random sample of households in each community who provided data and blood samples at baseline, 12, 24, and 36 months (22). After the 36-month HPTN 071 (PopART) visit, trained community workers made home visits between January and August 2018 to women who had expressed interest in the BILHIV study (23). Women were eligible if they were 18–31 years old, not pregnant, sexually active, and resident in one of the two urban communities that participated in HPTN 071 (PopART) in Livingstone, Zambia. Following written informed consent, the BILHIV study home visit included a questionnaire, genital self-sampling (cervical and vaginal), and a urine specimen, as previously described (23).



Clinic-Based Sample Collection

Within days of self-sampling, enrolled women who were not currently menstruating were invited to attend Livingstone Central Hospital cervical cancer screening clinic, where one of two trained midwives performed a cervicovaginal lavage (CVL). Cervicovaginal images were captured with a portable colposcope (MobileODT, Tel Aviv, Israel) and were evaluated by one author (EFK) for the presence of any of the four recognized FGS cervicovaginal manifestations: homogenous yellow sandy patches, grainy sandy patches, rubbery papules, and abnormal blood vessels (24). Women having these manifestations (24) and women with any positive urine or genital Schistosoma diagnostic were treated free of charge with 40 mg/kg praziquantel. Testing for STI was not performed at the point-of-care and participants with suspected STI were offered syndromic management, as per local guidelines (25).



CVL Specimen Processing

After speculum insertion, normal saline (10 ml) was flushed continuously with a bulb syringe across the cervix and vaginal walls for 1 min and collected from the posterior fornices. CVL fluid was transferred to a 15 ml conical polypropylene tube and stored temporarily in a refrigerator (4°C) on ice until transfer to the laboratory. Protease inhibitor (Cocktail Set I, Calbiochem, Merck Millipore, Darmstadt, Germany) was added to one 1.5 ml aliquot for cytokine and chemokine testing and stored at −80°C, as previously described (17). Specimens were stored for a maximum of 20 months (range 12–20) and were not previously thawed. After thawing, specimens were centrifuged at 320g for 10 min and the supernatant removed. CVL color was visually assessed and a 10 μl aliquot was placed on a Hemastix test strip (Siemens, Erlangen, Germany). As per the manufacturer’s instructions, CVL hemoglobin concentrations were recorded after comparing the test strip with color categories representing approximate quantities of erythrocytes (ery) per µL: none, trace, low (25 ery/μL), moderate (80 ery/μL), high (200 ery/μL) (17).



Multiplex Bead Based Assays

Luminex MAGPIX© was used to measure concentrations of seventeen soluble cytokines and chemokines using MILLIPLEX Human Cytokine/Chemokine Magnetic Bead kits (Merck Millipore, Darmstadt, Germany) according to the manufacturer’s instructions and recommendations for dilute samples, i.e. CVL. The concentrations of eotaxin (CCL-11), interferon-gamma (IFN-γ), IL-10, IL-13, IL-15, IL-17A, IL-1α, IL-1β, IL-4, IL-5, IL-6, IL-8 (CXCL-8), IP-10 (CXCL-10), monocyte chemoattractant protein (MCP-1) (CCL-2), MIP-1α, (CCL-3), MIP-1β (CCL-4) and tumor necrosis factor-α (TNF-α) were measured in undiluted CVL in duplicate. The lower limit of detection was between 0.26 and 5.66 pg/ml for the 17 cytokines and chemokines measured (S1 Table). Using a Luminex MAGPIX© bioanalyzer and xPONENT software (version 4.2), the median fluorescent intensity was measured, background-adjusted, and converted into analyte concentrations using a 5 parameter logistic regression equation to interpolate standard curves. To minimize between-plate variations in cytokine and chemokine concentrations, two specimen controls were included in duplicate across plates and equal proportions of specimens with FGS, probable FGS, and FGS negative were distributed across six 96-well plates (8). Cytokine or chemokine concentrations below the lower limit of quantification (LLOQ) were imputed to be the midpoint of the lowest concentration for each analyte and zero and concentrations above the upper limit of quantification were imputed as the highest concentration for each analyte.



HIV-1

Laboratory-based fourth-generation HIV-1 testing (Abbott Architect HIV Ag/Ab Combo Assay). was performed for HPTN 071 (PopART) Population Cohort participants at each study visit (22).



Circulating Anodic Antigen

A lateral flow assay utilizing up-converting reporter particles for the quantification of CAA was performed on urine samples at the Leiden University Medical Center (LUMC), as previously described (23, 26). CAA levels reflect the burden of live schistosomes and decline after successful treatment with praziquantel (27, 28). Analyzing the equivalent of 417 µl urine (wet reagent, UCAAhT417), a CAA value of >0.6 pg/ml was considered positive (28).



PCR for Detection of Schistosoma DNA

DNA extraction and PCR set up was performed at LUMC, using a custom automated liquid handling station (Hamilton, Switzerland), as previously described (23). DNA was extracted from 200 µl of specimen (cervical swab, vaginal swab, CVL): with QIAamp spin columns (QIAGEN Benelux; Venlo, The Netherlands). Detection of the schistosome-specific internal-transcribed-spacer-2 (ITS2) target was performed by real-time PCR as previously described (23, 29). This PCR does not differentiate between Schistosoma species. DNA amplification and detection were performed with the CFX96 Real Time PCR Detection System (BioRad, California, USA). The output in cycle quantification value (Cq), reflecting the parasite-specific DNA load in the tested sample, was analyzed using BioRad CFX software. Parasite DNA loads were categorized by the following pre-specified Cq thresholds: high (Cq<30), moderate (30≤ Cq <35), low (35≤ Cq <50) and negative (no Cq detected), as previously described (30).



STI Detection

We quantified Chlamydia trachomatis, Neisseria gonorrhoeae, Mycoplasma genitalium, and Trichomonas vaginalis using the S-DiaCTNG™ (for C. trachomatis and N. gonorrhea) and S-DiaMGTV™ (for M. genitalium and T. vaginalis) (both Diagenode Diagnostics, Seraing, Belgium) on DNA obtained from cervical swabs at Ghent University (Ghent, Belgium) according to the manufacturer’s instructions. Amplification was carried out on the LightCycler480® and the LightCyclerR 480 Software Version 1.5 (Roche, Basel, Switzerland). To quantify each of the target species, standard curves were constructed from a tenfold dilution series of DNA from C. trachomatis, N. gonorrhoeae, M. genitalium, and T. vaginalis. Genomic DNA of C. trachomatis ATCC VR-571B, T. vaginalis ATCC 50148 and M. genitalium G37 was obtained from the American Type Culture Collection (ATCC). Genomic DNA from N. gonorrhoeae was obtained after culturing strain ATCC 43069 at 35°C ±1°C for 5 days on chocolate agar (Becton Dickinson) and extracting DNA from colonies using Roche High Pure DNA Purification kit (Roche). All DNA concentrations were determined using NanoDrop (Thermo Fisher scientific, Erembodegem, Belgium). The genomic concentrations were calculated using the described genomic sizes of the type strains. Both the standard curves and samples were run in duplicate. The number of bacteria and protozoan concentration was expressed as genome equivalents per ml (geq/ml) (31).



Ethical Considerations

The study was approved by the University of Zambia Biomedical Research Ethics Committee (reference 011-08-17), the Zambia National Health Research Authority and the London School of Hygiene and Tropical Medicine Ethics Committee (reference 14506). Permission to conduct the study was given by Livingstone District Health Office and the superintendent of Livingstone Central Hospital.



FGS Definitions

The FGS categories were defined by the results of four investigations: Schistosoma PCR (on DNA extracted from cervical swabs, vaginal swabs, or CVL), colposcopy image review, urine CAA, and urine microscopy. Participants were grouped by the outcomes of their diagnostic tests into three mutually exclusive categories. FGS was defined as at least one positive Schistosoma PCR on a genital specimen (cervical swab, vaginal swab and/or CVL). In participants with a negative Schistosoma PCR, probable FGS was defined as the presence of urinary schistosomiasis, detected with either urine CAA or urine microscopy, in combination with one of four clinical findings suggestive of FGS on any colposcope-obtained photograph (24). FGS negative was defined as negative results on all diagnostic assays. Participants with results for all available diagnostic tests who were Schistosoma genital PCR negative and did not qualify for the FGS, probable FGS, or FGS negative groups (n=190) were not eligible for study inclusion (Figure 1). All participants with FGS (n=28) who attended clinic follow up and provided a CVL specimen and all participants with probable FGS (n=25) were selected for measurement of cytokines and chemokines in CVL samples. Three FGS negative participants were selected for every FGS and probable FGS participant, using a random number generator. The FGS negative participants were frequency matched by age to the participants with FGS.




Figure 1 | Study Flow Diagram. Not visited (n=189)– the participant was not visited before the study closed for enrollment; Visited but not contacted (n=110)– a visit was made to the study household, but the participant could not be located (70), had relocated (39), or died (1); Contacted & not immediately enrolled (n=120)– visited but not recruited (42), out of town (18), declined to participate (60); Contacted & ineligible (n=41)– virgin (16), pregnant (17), over 31 (8).






Statistical Methods

Participant characteristics were summarized by median and interquartile range (IQR) for continuous variables, and by frequency and percentage for categorical variables. Differences in characteristics between the FGS categories were evaluated using Fisher’s exact and chi-squared tests. For cytokines or chemokines with at least 70% of sample results above the LLOQ, differences in median cytokine or chemokine concentrations between FGS categories were evaluated using the Wilcoxon-Mann-Whitney test. Cytokines or chemokines with <70% of the sample results above the LLOQ were analyzed as binary variables (presence/absence) and compared between FGS categories using Fisher’s exact and chi-squared tests. To correct for multiple comparisons we used a Monte Carlo simulation approach with 1000 replicates (32): for each replicate the labels of the groups being compared were randomly permuted and statistical tests were repeated, to generate empirical p-values. For further analysis, cytokine or chemokine concentrations with at least 70% of sample results above the LLOQ were log-transformed to normalize their distribution, and linear regression was performed to evaluate the association between FGS and mean cytokines or chemokine in univariable and multivariable analysis and expressed with 95% confidence intervals. For the cytokines with <70% of the sample results above the LLOQ (IL-5, IL-13, IL-15, and TNF-α), logistic regression was used to evaluate the association between FGS and detectable cytokine concentrations and expressed with 95% confidence intervals. To adjust for potential confounders, we developed a causal conceptual framework (S1 Figure) to inform our minimal adjustment set. For the cytokines and chemokines analyzed by linear regression, we adjusted for age, education, community of residence, and the presence of any STI. Since hormonal contraception is associated with the outcome, but not the exposure (FGS), it was also included in the multivariable model to improve precision. For the cytokines analyzed by logistic regression (IL-5, IL-13, IL-15, and TNF-α), due to the relatively low number of participants with concentrations above the LLOQ, these cytokines were adjusted for age and STI. Because HIV-1 status and the presence of hemoglobin in CVL are both potentially influenced by FGS (2), and may also affect CVL cytokine or chemokine concentrations, these variables were considered to be on the causal pathway and were not included in the final multivariable model (S1 Figure).

Our primary hypothesis was that FGS modulates the cervicovaginal microenvironment with a secondary hypothesis that FGS may increase the concentration of selected HIV-1 acquisition associated chemokines (8). Thus, our primary analysis focused on the detection of Schistosoma DNA in the genital tract, comparing FGS vs FGS negative participants. As a secondary aim, participants with FGS and probable FGS were combined and compared with the FGS negative group.

Spearman’s rank correlation was used to evaluate the strength of the relationship between individual analytes (S2 Figure). Since many cytokines and chemokines were correlated, we performed Principal Components Analysis (PCA) on the log-transformed analyte concentrations to generate new uncorrelated “components” that were linear combinations of the initial variables. The first two principal components captured the majority of the variability in the data and were taken forward for additional comparisons between FGS groups (S2 Table).

To evaluate the possible association between intensity of FGS presentation and changes in cytokine or chemokine concentrations, two ad hoc exploratory analyses were performed: (1) participants with ≥2 genital samples with detectable Schistosoma DNA levels were compared with those in the FGS negative group, (2) participants with a moderate/high genital Schistosoma DNA concentration (defined by a Cq <35 in at least one of the three examined samples) were compared with those in the FGS negative group.

In this study we measured the concentration of cytokines and chemokines in CVL. However, the presence of hemoglobin in CVL may serve as a surrogate marker for the presence of systemic and/or menstrual blood in the cervicovaginal environment. HIV-1 status and the presence of hemoglobin in CVL are potentially influenced by FGS (2), but may also independently affect cytokines and chemokine concentrations. Thus, we performed two sensitivity analyses, one compared participants with FGS with those in the FGS negative group after excluding the participants who were HIV-1 positive from both groups. A second sensitivity analysis compared participants with FGS with those in the FGS negative group after excluding the participants whose CVL sample displayed the presence of hemoglobin. Data were analyzed using STATA 15.1 (Stata Corporation, College Station, TX). P-values less than 0.05 were classified as demonstrating “evidence” of an association and p-values between 0.05 and 0.10 were classified as demonstrating “some evidence” of an association.



Results

A total of 603 eligible women were enrolled and 212 (35.2%) were included in this study (Figure 1). Overall, 13.2% (28/212) of women had FGS, defined by a positive genital Schistosoma PCR from any of the following sites: 8.5% (18/212) cervical swab, 6.6% (14/212) vaginal swab, and 6.6% (14/212) CVL. Probable FGS was detected in 25 women, and 61.1% (159/262) of the women who were negative on all diagnostic tests were randomly selected for inclusion in this study.


Baseline Characteristics

The majority of the participants had received at least secondary education, were using hormonal contraception, and had detectable hemoglobin in their CVL. At the conclusion of HPTN 071 (PopART), HIV-1 prevalence was 17.0% (36/212) among the women included in this study and one-third of the women had at least one STI (Table 1). Active schistosome infection, defined as either a positive urine microscopy (11.8%, 25/212) or detectable CAA (20.2%, 43/212), was reported in 21.2% (45/212). A small proportion of women reported current water contact, but more than half reported childhood water contact.


Table 1 | Baseline characteristics of the 212 study participants by female genital schistosomiasis (FGS) status.



There was strong evidence of a difference in community of residence between FGS, probable FGS, and FGS negative participants (p=0.001) with participants with FGS and probable FGS more likely to live in Community A than participants in the FGS negative group (Table 1). There were differences between the three categories of FGS status for age (p<0.001), educational attainment (p=0.04), employment (p=0.05), and marital status (p=0.04) with participants in the probable FGS group more likely to be older, have a primary school education, be employed, and be married than FGS and FGS negative participants. Other characteristics were similar by FGS status.



Expression Profiles of Cytokines and Chemokines in CVL

The mean, median and range of concentrations (pg/ml) of the 17 cytokines and chemokines measured are displayed in S1 Table. The distributions of log-transformed concentrations (median and interquartile range) of the 17 cytokines and chemokines are displayed by FGS status in Figure 2.




Figure 2 | Median with interquartile range of the log-transformed crude concentrations of eleven cytokines and six chemokines in cervicovaginal lavage of participants with (FGS: n=28) and without female genital schistosomiasis (FGS negative: n=159) χ. FGS – Schistosoma PCR positive specimen from cervicovaginal lavage, vaginal swab or cervical swab; FGS negative – negative genital PCR and negative circulating anodic antigen and negative urine microscopy and negative expert-reviewed colposcopy imaging. χ p-value after adjustment for multiple testing with a Monte-Carlo simulation approach, p=0.14 p-value symbol legend: **p < 0.05.





FGS Signature - Crude and Adjusted Expression Profiles

Compared to FGS negative women, IL-5 was elevated in participants with FGS (Table 2, Figure 2, crude p-value 0.02, p-value after adjustment for multiple testing 0.14). Compared to FGS negative women, women with FGS had similar expression profiles of chemokines that predicted HIV-1 acquisition risk in a South African study (MIP-1α [CCL-3], MIP-1β [CCL-4], IL-8 [CXCL-8], and IP-10 [CXCL-10]) (8). This was confirmed after adjusting for age, STI, community of residence, education, and use of hormonal contraception (Figure 3). Principal Components Analysis identified that two Principal Components accounted for 60.0% of the variability in the data (S2 Table). Taken forward, there was no difference in mean scores for these two Principal Components by FGS status (S3 Figure).


Table 2 | Crude and adjusted associations (with 95% confidence intervals) of FGS* status with concentrations of cytokines and chemokines in cervicovaginal lavage**.






Figure 3 | Comparison of the concentration or presence of eleven cytokines and six chemokines in cervicovaginal lavage of participants with (FGS, n=28) and without (FGS negative, n=159) female genital schistosomiasisχ. (A) Concentrations of eotaxin, IFN-γ, IL-1α, IL-1β, IL-4, IL-6, IL-8, IL-10, MCP-1, MIP-1α, and MIP-1β were compared between FGS and FGS negative participants by linear regression and adjusted for age, community of residence, education, presence of sexually transmitted infection and hormonal contraceptive use, with results shown as geometric mean ratios with 95% CI. (B) Presence/absence of IL-5, IL-13, IL-15 and TNF-α were compared by logistic regression and adjusted for age and sexually transmitted infection, with results shown as odds ratio with 95% CI. The line at 1 indicates the value at which there is no difference between the FGS and FGS negative groups. p-value symbol legend: *p < 0.1 **p < 0.05. χfemale genital schistosomiasis – Schistosoma PCR positive specimen from cervicovaginal lavage, vaginal swab or cervical swab; FGS negative – negative genital PCR and negative urine circulating anodic antigen and negative urine microscopy and negative expert-reviewed colposcopy imaging.



When the FGS and probable FGS groups were combined, in the crude analysis (S4 Figure) and after adjustment for possible confounders, participants with FGS/probable FGS had higher concentrations of TNF-α than FGS negative participants (S5 Figure, p=0.03, p-value adjusted for multiple testing 0.09).



Exploratory Analyses – Clinical Disease Burden

In an exploratory analysis of participants (n=15) with a higher FGS burden defined as ≥2 Schistosoma PCR positive genital specimens, there was evidence of an elevated concentration of cytokines IL-4, IL-5, IL-13, IL-15 compared to FGS negative women (Figure 4). This association remained after adjusting for potential confounders (Figure 5). After adjustment for multiple comparisons strong evidence remained that IL-4 (multiple testing adjusted p=0.037) and IL-5 (multiple testing adjusted p<0.001) were associated with FGS.




Figure 4 | Median with interquartile range of the log-transformed crude concentrations of eleven cytokines and six chemokines in cervicovaginal lavage by FGSχ burden (Schistosoma PCR in ≥ two genital specimens: n=15, FGS negative: n=159) χχ. χFGS – Schistosoma PCR positive specimen from cervicovaginal lavage, vaginal swab or cervical swab; FGS negative – negative Schistosoma PCR and negative circulating anodic antigen and negative urine microscopy and negative expert-reviewed colposcopy imaging. χχp-value after adjustment for multiple testing with a Monte-Carlo simulation approach, p < 0.001. p-value legend *p < 0.1 **p < 0.05.






Figure 5 | Comparison of the concentrations or presence of eleven cytokines and six chemokines in cervicovaginal lavage in participants with greater FGS burden (Schistosoma PCR positive in ≥ two genital specimens, n=15) and participants without female genital schistosomiasis (n=159) χ. (A) Concentrations of eotaxin, IFN-γ, IL-1α, IL-1β, IL-4, IL-6, IL-8, IL-10, MCP-1, MIP-1α, and MIP-1β were compared between FGS and FGS negative participants by linear regression adjusted for age, community of residence, education, presence of sexually transmitted infection and hormonal contraceptive use, with results shown as geometric mean ratios with 95% CI. (B) Presence/absence of IL-5, IL-13, IL-15 and TNF-α were compared by logistic regression and adjusted for age and sexually transmitted infection, with results shown as odds ratio with 95% CI. The line at 1 indicates the value at which there is no difference between the FGS and FGS negative groups. p-value symbol legend: *p <0.1 **p <0.05. χfemale genital schistosomiasis – Schistosoma PCR positive specimen from cervicovaginal lavage, vaginal swab or cervical swab; FGS negative – negative Schistosoma PCR and negative circulating anodic antigen and negative urine microscopy and negative expert-reviewed colposcopy imaging.





Exploratory Analyses – Schistosoma DNA Concentration

In a further exploratory analysis of women (n=15) with FGS and moderate or high genital Schistosoma DNA concentration (Schistosoma PCR Cq<35) there was evidence that the concentrations of cytokines IL-1α, IL-4, IL-5, IL-13, IL-15, and TNF-α were elevated in participants with Schistosoma PCR Cq<35 compared to FGS negative women (Figure 6). After adjustment for potential confounders, evidence remained that IL-4, IL-5, IL-15, and TNF-α were elevated in participants with moderate/high Schistosoma DNA concentration compared to FGS negative women (Figure 7). After adjustment for multiple comparisons, strong evidence remained that the associations for IL-5 (multiple testing adjusted p=0.001) and TNF-α (multiple testing adjusted p=0.045) were unlikely to have occurred by chance. When comparing the participants with moderate/high Schistosoma DNA concentration and the participants with ≥2 PCR positive genital specimens, 11 women overlapped between groups.




Figure 6 | Median with interquartile range of the log-transformed crude concentrations of eleven cytokines and six chemokines in cervicovaginal lavage by FGS burden (Schistosoma DNA concentration Cq <35 in any genital specimen, n=15, FGS negative:n=159) χ. FGS – Schistosoma PCR positive specimen from cervicovaginal lavage, vaginal swab or cervical swab; FGS negative – negative Schistosoma PCR and negative circulating anodic antigen and negative urine microscopy and negative expert-reviewed colposcopy imaging. χp-value after adjustment for multiple testing with a Monte-Carlo simulation approach, p=0.001 p-value symbol legend: *p < 0.1 **p < 0.05.






Figure 7 | Comparison of the concentration or presence of eleven cytokines and six chemokines in cervicovaginal lavage in participants with moderate to high Schistosoma DNA concentrations (Cq <35 in any genital specimen, n=15) and participants without female genital schistosomiasis (n=159) χ. (A) Concentrations of eotaxin, IFN-γ, IL-1α, IL-1β, IL-4, IL-6, IL-8, IL-10, MCP-1, MIP-1α, and MIP-1β were compared by linear regression adjusted for age, community of residence, education, presence of sexually transmitted infection and hormonal contraceptive use. Results are represented by geometric mean ratios with 95% CI. (B) Presence/absence of IL-5, IL-13, IL-15 and TNF-α were compared by logistic regression and adjusted for age and sexually transmitted infection. Results are indicated by odds ratio with 95% CI. The line at 1 indicates the value at which there is no difference between the FGS and FGS negative groups. p-value symbol legend: * <0.1, ** <0.05. χFemale genital schistosomiasis – Schistosoma PCR positive specimen from cervicovaginal lavage, vaginal swab or cervical swab; FGS negative – negative Schistosoma PCR and negative circulating anodic antigen and negative urine microscopy and negative expert-reviewed colposcopy imaging.





Sensitivity Analyses – HIV-1 and CVL Hemoglobin

We performed sensitivity analyses removing participants with HIV-1 infection or the presence of hemoglobin in CVL from the comparison between FGS and negative FGS groups. When n=31 participants with HIV-1 from the FGS and FGS negative groups were excluded from the analysis, there was no difference in the expression profiles of cytokines or chemokines in women with FGS compared to FGS negative women (S6 Figure). When n=139 participants with any detectable hemoglobin in CVL were removed from the analysis (S7 Figure), there was some evidence that concentrations of IL-17A and IL-8 (CXCL-8) were higher in participants with FGS (n=8) compared to the FGS negative group (n=57) (p=0.13 after allowing for multiple testing).




Discussion

This study is the first to describe expression patterns of cytokines and chemokines in human FGS, diagnosed by Schistosoma PCR from vaginal swabs, cervical swabs, and CVL. The immune environment in helminth infection is often characterized as T helper 2 (Th2) biased and involves the orchestration of cytokines (IL-4, IL-5, IL-13), antibodies, and regulatory cells (33). We did not detect an association between FGS, defined as Schistosoma DNA detected in genital PCR specimens, and a change in expression pattern of cytokines or chemokines in CVL including those associated with HIV-1 acquisition in a South African study (8). Compared to the FGS negative participants, the Th2 cytokine IL-5 was elevated in the participants with FGS, however after adjustment for multiple comparisons we cannot exclude that this finding may be due to chance.

Previous work on male genital schistosomiasis has shown that infection intensity, defined by seminal egg count, is strongly associated with elevated seminal cytokine concentrations including Th2 (IL-4), regulatory (IL-10), Th1 (IFN-γ) and pro-inflammatory (TNF-α) cytokines (21). Thus, we evaluated FGS burden by performing two exploratory analyses, the results of which show a Th2 expression pattern. First, we investigated the association between multiple PCR-positive genital specimens as a potential proxy marker of higher FGS burden in 15 women with ≥ two positive genital specimens for Schistosoma DNA. We also investigated whether Schistosoma DNA concentrations in genital samples might be associated with a change in cytokine concentrations in 15 participants with FGS and moderate/high genital Schistosoma DNA concentrations (defined as Schistosoma PCR Cq<35). After adjusting for potential confounders, the exploratory analyses found a higher cervicovaginal Th2 cytokine response (IL-4, IL5-, IL-13) in participants with ≥ two positive specimens and participants with higher genital Schistosoma DNA concentrations. This is not unexpected considering that a Th2 biased immune response is associated with helminth infection (33) and S. haematobium exposure in both human and murine hosts (34, 35). There was evidence for higher concentrations of IL-5 after adjustment for multiple comparisons across both exploratory analyses. IL-5 induces eosinophil maturation and an IL-5 response to Schistosoma antigens has been associated with microhematuria in children with S. haematobium infection (36). There was evidence for higher concentrations of IL-4 after adjustment for multiple comparisons in the exploratory analyses of multiple PCR-positive genital specimens for Schistosoma DNA. In the Th2 response, IL-4 directly regulates T-cell differentiation and proliferation (37). The finding of elevated levels of pro-inflammatory TNF-α in the exploratory analyses of participants with moderate/high Schistosoma DNA concentrations after adjustment for potential confounders and multiple comparisons, suggests that FGS may promote a mixed Th2 and pro-inflammatory response. TNF-α may be associated with Schistosoma granuloma formation (38) and in children with S. haematobium infection, TNF-α production has been associated with ultrasound-determined urinary bladder morbidity (39).

We found IL-13 and IL-15 to be associated with a higher clinical FGS burden and higher genital Schistosoma DNA concentrations after adjusting for potential confounders, although these associations no longer remained after adjustment for multiple comparisons. Predominantly produced by macrophages, IL-15 is a pro-inflammatory, immunomodulatory cytokine that stimulates T, B, and Natural Killer cells (40). Lower levels of IL-15 have been reported in the cervicovaginal environment of women with S. haematobium infection, with between-study differences potentially related to genital Schistosoma DNA detection (20). The Th2 cytokine IL-13 is thought to be an important driver of collagen deposition in the Schistosoma egg granuloma (41), ultimately leading to fibrosis. Indeed, IL-13 expression levels have been associated with the severity of hepatic fibrosis in S. mansoni infection (42). The exploratory sub-group analyses thus support previous work describing that S. haematobium may modulate the genital immune environment (20, 21). As a protracted Th2 response is often associated with schistosomiasis-related morbidity (43), our study findings warrant further investigation. The current study included many statistical tests, and these were allowed for using a permutation testing approach. However, we cannot exclude the possibility that some of the associations are due to chance. Thus, it may be more instructive to consider patterns in cytokine signatures (Th2, pro-inflammatory) across analyses, rather than interpreting significance testing for any one cytokine in isolation. Although strong evidence remained for some of the associations found in the exploratory analyses of FGS burden after adjusting for potential confounders and multiple comparisons, as exploratory analyses, these findings should be viewed as hypothesis generating.

Many hypotheses have been put forward regarding the mechanism of HIV-1 vulnerability in women with FGS, with evidence of both local mucosal factors and systemic immunomodulation (2, 4–6). In a South African study, women who acquired HIV-1 in the CAPRISA tenofovir gel trial had higher concentrations of the chemotactic cytokines MIP1-α (CCL-3), MIP1-β (CCL-4), IL-8 (CXCL-8), and IP-10 (CXCL-10) prior to seroconversion than women who did not seroconvert (8). In the current study, the concentrations of the aforementioned chemotactic chemokines were not higher in women with FGS compared to the FGS negative group. While not yet studied in S. haematobium, herpes simplex virus type 2 infection stimulates TNF-α production in dendritic cells, enhancing the expression of the chemokine co-receptor CCR5 and stimulating HIV-1 replication (44). Further research is needed to elucidate mechanisms for the association of FGS with HIV-1 vulnerability, and these may include schistosome-related impact on mucosal and systemic immunity, including the activation of CD4 trafficking to the genital mucosa (45), or modification in systemic (46) or cervical (20) gene expression, specifically related to the regulation of transcription, the inflammatory response or tissue fibrosis.

Cervical tissue containing S. haematobium eggs is more vascular (4) compared to non-egg containing tissue. Clinically, these abnormal blood vessels can be found encircling sandy patches and contact bleeding has been associated with FGS (47). Thus, FGS studies using cervicovaginal lavage are likely to be burdened by the presence of hemoglobin (48). Since HIV-1 and the presence of hemoglobin in CVL are potentially on the causal pathway between FGS and a change in cytokine or chemokine concentrations, we were unable to adjust for these possible confounding variables in a multivariable model. A sensitivity analysis removing participants with HIV-1 showed no change in the association between FGS and cytokine or chemokine concentrations. HIV-1 infection modulates the cervicovaginal immune environment in women with detectable cervicovaginal HIV-1 RNA (49) and we did not have complete data on plasma viral load in this cohort. Additionally, the analysis to remove participants with any CVL hemoglobin detection was limited by loss of power. Once participants who had any CVL hemoglobin were removed from the analysis, there was evidence of higher concentrations of IL-17A and IL-8 (CXCL-8) in participants with FGS (n=8) compared with FGS negative participants (n=57). This finding, however, was less robust after adjusting for multiple comparisons. Considering the potential loss of the FGS phenotype when excluding women with CVL hemoglobin and the small and likely non-representative sample size, these findings should be interpreted with caution.

Our study has a number of strengths. We are the first to describe the cervicovaginal immune environment in women with Schistosoma PCR-defined FGS and this study illustrates the importance of evaluating FGS burden. Defining FGS based on the detection of Schistosoma DNA in the female genital tract by PCR results provides a higher certainty of genital involvement and a quantitative reference standard compared to visually-diagnosed FGS or the use of urine diagnostics alone. Due to the small numbers of FGS cases, we employed a matching strategy wherein participants with FGS were frequency matched with FGS negative participants. To reduce the risk of selection bias, we used a random number generator to randomly select controls and matched on age group. Multiplex bead-based assays have a precedent for use in CVL (8, 11, 14, 17) and we examined a variety of soluble immune proteins including chemokines, Th1, Th2, pro-inflammatory and regulatory cytokines for a broad overview of the cervicovaginal immune environment. Another strength is that we present both crude and adjusted outcomes to facilitate comparisons in future study settings.

While our study has multiple strengths, there are also some relevant limitations. The study was conducted in a low-prevalence area and the number of FGS cases in the main and exploratory analyses is small. We selected a sub-sample of the cohort for multiplex bead-based immunoassays. This may limit the generalizability of the proportions presented for demographic variables or FGS and schistosomiasis prevalence. Secondly, we were unable to measure a number of behavioral and biological factors that also affect cervicovaginal soluble immune protein expression patterns including the presence of bacterial vaginosis (13), HSV-2 status (11), intra-vaginal cleansing practices (17), vaginal pH, menstrual cycle phase (18), body weight (50) and recent sexual contact (16). It is also undetermined how these same factors may influence Schistosoma DNA concentrations. Thus, we cannot exclude unmeasured and residual confounding. Additionally, due to the cross-sectional study design, we were also unable to assess the long-term impact of the cytokine expression profiles or to determine the duration of FGS infection. Though the cytokines and chemokines we measured are well-known biomarkers for inflammation and disease, it is a limitation that we did not have companion flow cytometry, biopsy, or transcriptomic data for a more detailed evaluation of cellular and histological processes. Additionally, CVL is dilute and the concentrations of the cytokines and chemokines we measured were small. This could potentially be ameliorated in future studies with the use of a menstrual cup to collect genital fluid (51).

FGS is thought to be a chronic infection of the female genital tissue, with initial infection and the development of genital lesions occurring during childhood water contact (52) that persist into adulthood, often even despite treatment with praziquantel (53). The chronicity of FGS lesions may have an impact on the cervicovaginal immune environment and a longitudinal study is needed to document the FGS immune environment in a spectrum of FGS stages before interventions can be based on our exploratory observations. Further work investigating the cervicovaginal immune environment in FGS may impact diagnostic, preventative, and therapeutic options as well as potentially providing additional information on HIV-1 vulnerability.

In conclusion, this study does not show a difference in the cervicovaginal immune environment by Schistosoma PCR-defined FGS status. However, two exploratory analyses suggest that there may be a relationship between higher genital Schistosoma DNA concentrations or multiple PCR positive genital specimens and a Th2 and pro-inflammatory modulation of the cervicovaginal immune environment, as measured by elevated cytokine concentrations. FGS may alter the female genital tract immune environment, but a larger longitudinal study in a high FGS prevalence area is needed to better define the role of FGS in HIV-1 acquisition.
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The radiation-attenuated cercarial vaccine remains the gold standard for the induction of protective immunity against Schistosoma mansoni. Furthermore, the protection can be passively transferred to naïve recipient mice from multiply vaccinated donors, especially IFNgR KO mice. We have used such sera versus day 28 infection serum, to screen peptide arrays and identify likely epitopes that mediate the protection. The arrays encompassed 55 secreted or exposed proteins from the alimentary tract and tegument, the principal interfaces with the host bloodstream. The proteins were printed onto glass slides as overlapping 15mer peptides, reacted with primary and secondary antibodies, and reactive regions detected using an Agilent array scanner. Pep Slide Analyzer software provided a numerical value above background for each peptide from which an aggregate score could be derived for a putative epitope. The reactive regions of 26 proteins were mapped onto crystal structures using the CCP4 molecular graphics, to aid selection of peptides with the greatest accessibility and reactivity, prioritizing vaccine over infection serum. A further eight MEG proteins were mapped to regions conserved between family members. The result is a list of priority peptides from 44 proteins for further investigation in multiepitope vaccine constructs and as targets of monoclonal antibodies.




Keywords: Schistosoma mansoni, epitope mapping, tegument proteins, alimentary tract, attenuated vaccine, antigenic targets



Introduction

The production of a schistosome vaccine would be a valuable addition to the toolbox of measures currently being used to control and ultimately to eradicate schistosomiasis, but decades of research towards that goal have yielded only a meagre harvest. The first human vaccine trial, with ShGST (1) ended with an inconclusive outcome while at least three other single antigen formulations are in early Phases of trials (2). Against this background, the vaccination of rodents and primates with Radiation-Attenuated (RA) cercariae remains a well-established means of inducing specific acquired immunity. By judicious manipulation of adjuvants (e.g. IL-12) it is possible to drive protection towards high levels (3, 4), although sterile immunity has never been achieved. Only Smp80 calpain has come anywhere near to emulating the protection achieved by the RA vaccine (5). Schistosomes undergo a protracted migration from the skin infection site to the hepatic portal system, entirely in the bloodstream, with one to several circuits of the vasculature (6). In mice only ~32% of penetrant cercariae reach maturity, while in primates >80% may mature (7). The lungs are a particular obstacle to migration and the difference in maturation has been attributed to the relative fragility of lung capillaries. The effect of the RA vaccine is to amplify the probability of migrating schistosomula getting stuck in the lungs on each pass (P ~ 0.36 in a naive mouse; P ~ 0.53 with 40% protection; P ~ 0.72 with 70% protection). Much has been discovered about the underlying immunology (8, 9). Inflammatory foci form around the larvae as they make strenuous efforts to traverse the capillary beds, impeding their progress and even deflecting them into alveoli (10). In contrast, there is little concrete information about the nature of the mediating antigens emanating from the live schistosomula targets (11).

Beginning in the 1980s, strenuous efforts were made to characterize the composition and antigenicity of the schistosome tegument, as a major parasite interface with the host, and potential target of immune attack. Techniques included biosynthetic labeling with 35S methionine and iodination of surface proteins, linked to immunoprecipitation and separation of proteins on 1D and 2D gels (12). Isolated membranes of the adult worm tegument (13) were also used to probe both human (14) and rodent (15) responses to schistosome infection, using western blotting. These approaches identified many reactivities, and clear differences were observed between infection and vaccination serum (12). However, at the time there was no simple and direct way to establish the identities of targets; this proceeded by isolation of one protein at a time, e.g., the Sm200 tegument surface protein (16). Rapid and comprehensive identification of proteins on gels and blots had to wait for the availability of a large transcriptome database (17), which facilitated the application of proteomics to schistosomes (18), especially to tegument proteins (19, 20). The biosynthetic radio-labeling approach applied to schistosomula revealed a characteristic pattern of proteins secreted during culture to the lung stage (21) but the dominant band was only identified by proteomics 17 years later, as a mixture of micro exon gene (MEG)-3 family proteins (22); the origin of these proteins in the head gland and tegument was confirmed by in situ hybridization (23). However, other secreted proteins of the migrating schistosomulum (21) remain to be identified directly by proteomics and can only be inferred from transcript data (24, 25).

Two new approaches, systems biology analysis and epitope mapping with peptide arrays have recently emerged as tools to aid in vaccine development. Systems biology was first applied to the mechanisms underlying vaccine-induced immunity in infections as diverse as yellow fever, influenza and malaria (26–29) and we have recently used it to analyze the immune processes associated with the RA schistosome vaccine in mice (30). We found that the failure to deploy the normal mechanisms for downregulation of hemostasis and coagulation after vaccination may explain parasite blockade in the lungs. Genes encoding chemokines and their receptors were also more prominent in vaccinated mice, indicating an enhanced capacity for inflammation. Both changes could potentially impact on intravascular migration. Epitope mapping has been made feasible by the laser-printing of overlapping 15mer peptides covering target protein sequences onto glass slides for screening with immune sera (https://www.pepperprint.com/). The approach has been used to identify epitopes in infectious agents as diverse as viruses, bacteria, protozoa and helminths (31–34). Recently, the technology was applied to map the epitopes present in 32 S. japonicum esophageal gland proteins using macaque, rabbit and mouse sera, and identified a significant number of immunodominant sequences for incorporation into vaccine constructs (35). The current report is a companion study to the systems biology analysis (30) using sera generated from vaccinated and infected C57Bl/6 mice, supplemented by high titer serum from IFNgR KO mice (36), to screen peptide arrays for reactivity to 55 secreted and surface-exposed proteins of S. mansoni. We mapped the reactive regions of 26 array proteins onto 3D crystal structure homologues, and for eight MEG proteins lacking solved crystal structures, to conserved regions. This has enabled the selection of a panel of epitopes, based on rational criteria, for incorporation into multi-epitope vaccine constructs and to serve as targets for monoclonal antibody production.



Material and Methods


Ethics Statement

The mouse sera for array screening came from Instituto Butantan, Sao Paulo, Brazil (C57Bl/6) and University of York, York, UK (IFNgR KO mice). Both were derived from or based on previously described research (30, 36, 37). Brazil procedures were conducted in strict accordance with good practices as defined by the Committee for the Ethical Use of Animals in Experimentation of the Butantan Institute (São Paulo, Brazil) under license 1030/13. York procedures were carried out in accordance with the UK Animals (Scientific Procedures) Act 1986, authorized on personal and project licenses to RAW and PSC, issued by the UK Home Office. The study protocol was approved by the Biology Department Ethical Review Committee at the University of York.



Details of Sera

C57Bl/6 mice: Full details of the experiments can be found in (30). Vaccination serum (V) came from mice given three exposures of 500 radiation-attenuated cercariae 4 weeks apart via the shaved abdomen, sampled 4 weeks after the last exposure. Infection serum (I) came from mice exposed to 500 normal cercariae via the same route, also sampled at 4 weeks, before the start of egg deposition. Control serum came from uninfected sentinel mice kept under the same conditions as the test mice for the duration of the experiment. Three pools of vaccinated and infected serum, each from three mice (equalized by final worm burden), and two samples of control serum were analyzed. The 3x vaccinated mice showed a 70% protection against a percutaneous challenge with 120 normal cercariae (30).

IFNgR KO mice: Three experiments were performed to generate the sera used for array screening. Mouse maintenance and breeding, and experimental details of vaccination were precisely as given in Wilson et al. (36). In experiment MT1, groups of seven C57Bl/6 and IFNgR KO mice received one, two or three exposures to 500 radiation-attenuated cercariae via the shaved abdomen. At 5 weeks after the last exposure the test mice, along with seven naïve controls for each group, were subjected to percutaneous challenge with 200 normal cercariae, with worm burden and % protection determined by portal perfusion performed 5 weeks later. The levels of schistosome-specific IgG1 and IgG2a in the sera at various time points were determined by ELISA with soluble worm proteins as the coating antigen, as previously described (38). In parallel with the above, 15 C57Bl/6 and 15 IFNgR KO mice were given three exposures to 500 attenuated cercariae, and then terminally bled 14 days after the last exposure to provide serum for a passive transfer experiment (MT1). The ability of the serum to confer protection on groups of five naïve recipient C57Bl/6 mice was tested by administration of 400 µl of immune serum, or control serum from naïve mice, via the tail vein on two days after percutaneous challenge via the shaved abdomen, with 200 normal cercariae. Worm burden was determined as above, 5 weeks after challenge, and % protection conferred by administration of immune relative to naïve serum was calculated. Two further passive transfer experiments, MT2 and MT3, were then performed with serum collected from groups of IFNgR KO mice only, 2 weeks after the third vaccination (the G sera). Days for administration of donor serum to naïve recipients were chosen to pinpoint which larval stage was vulnerable to antibody-mediated elimination mechanisms.



Array Design

Peptide arrays were designed in consultation with PEPperPRINT (Heidelberg, Germany https://www.pepperprint.com/) and printed on glass slides using overlapping 15mer peptides, with a one, two or three amino acid offset, depending primarily on protein size. In total, we were able to print the sequences of 55 alimentary tract and tegument proteins, exposed at or secreted from the intra-mammalian stages, which comprise the major host-parasite interface. Proteins for inclusion on the four arrays were selected on the basis of our own studies of the worm transcriptome and proteome, reinforced by whole mount in-situ hybridization and immuno-localization to confirm tissue of origin (20, 22, 39–49). In selecting targets we took a conservative view that secretion, or location on the external surface of a membrane would be indicated by a signal sequence, or in a small number of cases (primarily the annexins) there was evidence from other cell systems for an alternative pathway of cell egress. The signal peptide was excised since it would not appear in the mature protein. Regions predicted to be heavily O-glycosylated were also omitted, the logic being that densely decorated peptide backbones would not be directly accessible to immunoglobulins in an infected host. The longest isoform of MEG proteins was printed; while exon skipping in these proteins can generate amino acid sequences that might be neo-epitopes, cost precludes printing all possible combinations. The cellular origin and list of proteins selected for inclusion is shown in Figure 1; the sequences printed and their full Smp designations are given in Supplementary Figure 1. Array 1 comprised 2329 unique peptides from 15 short alimentary tract proteins. For MEG-4.1, the known heavily glycosylated repeat central region (40) was omitted. Array 2 comprised 2,089 peptides from 14 longer alimentary tract proteins, with the predicted central glycosylated region of LAMP-1 omitted. Array 3 comprised 1914 peptides from 20 short tegument surface proteins and Array 4, 1,913 peptides from six longer tegument surface proteins. Only the external loops of the two tetraspanins, aquaporin and SGTP4 were printed. All proteins were printed in duplicate as overlapping 15mers. Quality control peptides, polio marker (KEVPALTAVETGAT) and HA tag (YPYDVPDYAG) were printed around the periphery. Each slide was printed with two copies of an array for incubation in a 3 x 2 well incubation tray. The arrangement of peptides on each of the four arrays can be seen from the row and column coordinates on the four pages of the spreadsheet in Supplementary Table 1.




Figure 1 | Diagram showing tissues where proteins printed on the array originate and the list of proteins in each category. These tissues represent the major parasite-host interface where antigens are exposed or released into the blood stream.





Array Screening

Peptide Microarrays were screened exactly as described in Li et al (35); see Supplementary Figure 2 for a flow chart. Mouse primary antibodies were applied at a 1:200 dilution throughout. Their binding was detected using Cy3 labeled Goat anti-mouse IgG (H+L), at 1:300 dilution (A10521, Thermo Fisher (Cramlington, Newcastle, UK). The two quality control antibodies provided by PEPperPRINT, pre-labeled with Cy3 (Polio; KEVPALTAVETGAT) and Cy5 (HA; YPYDVPDYAG), were used at 1:1000 dilution. Two arrays per slide were each treated with 400µl (300µl for PEPperPRINT controls) of the appropriate solutions per well, with slow orbital shaking. Blocking, secondary antibody and control antibody solutions were each incubated at room temperature for 30 min; primary antibody solutions were incubated overnight at 4°C. Arrays were scanned using an Agilent DNA Micro Array scanner with High-Resolution SureScan Technology (Agilent Technologies LDA UK Limited, Stockport, Cheshire ; model G2565CA). The instrument has a dynamic range > four orders of magnitude; by optimizing antibody dilutions the arrays were never saturated while weaker reactivities were still captured. A screengrab of the Agilent image was taken for orientation and editing purposes.



Data Analysis

The Agilent.tif file output for each array was analyzed using the PepSlide® Analyzer (PSA) software as previously described (35). Heatmaps were then made from the cell scores for each array to facilitate visual interpretations. As the same Cy3-Rabbit anti-mouse detection reagent was used throughout, the mean PSA scores for each position on the array allow comparisons of the intensity of reactive regions between individual samples. PSA scores were color-coded on a linear scale using the Conditional Formatting function in Excel to highlight reactive regions and facilitate comparisons between samples. The within-group and all-group means for each 15mer peptide were calculated. An aggregate score for each reactive region was determined by summing adjacent peptide means above a predetermined threshold, down the array. In turn these aggregates were combined to give a reactivity score for each of the 55 proteins under investigation.



Mapping Reactive Regions to 3D Protein Structures

A total of 26 crystal structures with sufficient sequence homology to array proteins was identified in the RCSB Protein Data Bank (https://www.rcsb.org/). To provide additional criteria for selection as vaccine candidates, we mapped the reactive regions of each protein onto the 3D crystal structure using CCP4mg software (50; http://www.ccp4.ac.uk/MG/). It should be noted that four of these were S. mansoni structures and the remaining 22 were the nearest homologues on PDB. A degree of homology between each array peptide and its protein subject was required for successful mapping to a crystal structure; the few instances where an antigenic peptide failed to map are indicated in the summary table (Supplementary Table 3). Short regions of reactivity could be mapped directly, while longer regions were arbitrarily segregated into short runs of ~ nine amino acids, the number being derived from our previous work mapping antibodies raised against 15mer synthetic peptides to predict epitope length (40). Where present, inhibitors/substrates were displayed in the active site of enzymes, with atoms colored using a modified CPK (Corey/Pauling/Koltan) scale, to indicate the location, while the side chains of amino acids comprising the active site were highlighted as cylinders. Regions of reactivity identified by the array screen were displayed on the crystal structure as “worms”, which were colored by solvent accessibility from blue (buried residue) to red (accessible residue). This parameter provides a calculated estimate of amino acid residue accessibility, indicating its likely exposure for antibody binding in the correctly folded native protein. No MEG protein structures have been solved but for members of MEG 3, 4 and 8 families, conserved regions were aligned using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) on the assumption that these represented points of interaction with host macromolecules, which might make suitable antibody targets. The reactive regions of these eight MEGs on the array were then mapped to their respective aligned sequences.




Results


Serum From IFNgR KO Mice Confers Passive Protection Against Migrating Schistosomula

The protective immunity and associated specific IgG in C57Bl/6 and IFNgR KO mice induced by one, two or three exposures to attenuated cercariae, showed markedly different profiles (Figure 2A). For C57Bl/6 mice a single vaccination induced 56.5% protection, increasing to 73.5% after two exposures with no further rise after three (72.6%). In contrast, the rise in protection in IFNgR KO mice was almost linear with the number of exposures (28 to 40 to 57%), but not to such a high maximum. In both groups of mice schistosome-specific IgG1 was the major isotype produced, with only low levels of IgG2a (data not shown) (Figure 2B). However, at all sampling times the anti-schistosome titer in the IFNgR KO mice was about 2.5 times higher than in C57Bl/6 mice. The potency of the 3x vaccine sera from the two mouse groups was compared directly by administration to naïve recipients at Days 0 and 3 after cercarial challenge. The C57Bl/6 donors conferred 28% passive protection versus 59% for the IFNgR KO donors, corresponding to the differential antibody titers (Figure 2C, MT1). In the two subsequent passive transfer experiments with IFNgR KO mouse donors only (Figure 2C; MT2 and MT3), the serum administered at Days 0 and 3 conferred 54.9% and 45.7% protection against cercarial challenge, respectively. The same sera administered on days 3 and 6 gave reduced protection of 44.5% (MT2) and when administered on days 6 and 9, only 21% (MT3). We interpret these data to mean that the targets of the antibody-mediated passive protection are the early stage schistosomula undergoing migration through the lungs.




Figure 2 | Properties of sera from IFNgR KO mouse used to screen the arrays. (A) Percent protection of C57Bl/6 versus IFNgR KO mice given one, two or three vaccinations with 500 radiation-attenuated cercariae and then challenged 5 weeks later with 200 normal cercariae. (B) Antigen specific IgG1 antibody levels in sera recovered from these mice 14 days after each vaccination. (C) Passive protection against a 200 cercarial percutaneous challenge of naïve C57Bl/6 recipients given injections of serum recovered from 3x vaccinated C57Bl/6 or IFNgR KO mice on the designated days. MT2 and MT3 sera were used to screen the four peptide arrays.





Proteins From the Alimentary Tract Are More Reactive Than Those From the Tegument

The full dataset obtained from screening the four arrays using the various sera is available in Supplementary Table 1 and presented in Supplementary Figure 3 as a series of color coded heatmaps to indicate the intensity of IgG binding against each 15mer peptide. In the text, the group means are illustrated to simplify description of the overall patterns of reactivity (Figure 3). The highest array cell score was ~40,000 units for the tegument arrays (Sm25) and ~50,000 for the alimentary tract (calumenin) (Supplementary Table 1). The number of neighboring reactive 15mer peptides ranged up to 20 for a few proteins (e.g. MEG-4.2, MEG-8.2) and even 25 for calumenin, but was mostly smaller, in many cases likely representing a single epitope (Supplementary Table 1). Inspection of the heatmaps (Figure 3) reveals considerable variation in the intensity of reactivity of the three different groups of sera, between the four arrays. Overall, Array 1 comprising short gastrodermal carrier proteins and esophageal secreted MEGs, shows the strongest reactivity while Array 2, comprising largely gastrodermal enzymes, is less intense. With a few exceptions, the short tegumental proteins on Array 3 are even less reactive (note PSA score), and the long tegumental proteins on Array 4 show the weakest response of all. Unsurprisingly, the high titre sera obtained from 3x vaccinated IFNgR KO mice (G) show markedly stronger reactivity than those from the similarly exposed C57Bl/6 mice (V), especially on arrays 1, 3 and 4. A surprising feature of the reactivity is that although we used genetically inbred mice, there is significant within-group variation in response to array peptides. The short alimentary tract protein MEG-8.2 provides an example, with a broad region of reactivity recognized by all eight sera (Supplementary Table 1, row 40, col 44-61) versus a neighboring set of peptides that strongly binds only infection serum 1 (Supplementary Table 1, row 42 col 7-11).




Figure 3 | Heatmaps of the mean reactivities of murine serum pools against the peptide arrays: 1) short alimentary tract; 2) longer alimentary tract; 3) short tegument surface; 4) long tegument surface. V, mean of three C57Bl/6 samples from mice vaccinated with three exposures of 500 radiation-attenuated cercariae. G, mean of two IFNgR KO samples, MT2 and MT3 passive transfer experiments. I, mean of three C57Bl/6 samples from mice exposed to 500 normal cercariae for 4 weeks.  , mean of all eight pools.





Esophageal MEGs and Intestinal Transporters Show the Greatest Reactivity With IFNgR KO Sera

The complexity of data presented in the heatmaps was further reduced by summing the reactive regions within each protein (Supplementary Table 2) and plotting them in a bar chart (Figure 4). Viewed together, the heatmap (Figure 3) and bar chart (Figure 4) permit the proteins in each tissue of origin (Figure 1) to be graded by their overall reactivity. MEG-4.2 was the most reactive esophageal secretion followed by MEGs 8.1 and 8.2, all in rank order G>I>V (i.e. sera from Vaccinated IFNgR KO>Infected>Vaccinated mice). MEG-4.1 N and C termini, and MEG-8.3 were similarly detected most strongly by G sera. MEGs 12 and 15 reacted more strongly with I and V than G sera, while MEG-9 and VAL-7 were the weakest reactors. However, these last four proteins reacted primarily at a single region; for MEG-12 this was at the extreme N terminus and for VAL-7, the C terminus. MEG-22 also has a single N-terminal reactive region, most notable in the G sera.




Figure 4 | Bar chart summarizing the reactivity of all proteins on the four arrays, based on the data in Supplementary Table 2. The y axis is cumulative Agilent peptide score above zero, ignoring protein length for each protein. The means of three I, three V, and two G results are plotted plus one control serum. Note the much weaker response of tegument compared to alimentary tract proteins (y axis range).



The transporter proteins secreted from the gastrodermis were also strongly reactive, especially the putative calcium transporter calumenin, followed by apoferritin, saposins 1, and 5, in rank serum order G>I>V. The remaining saposins 2, 3, 4 and 6 were similarly preferentially reactive with the G sera, whilst ferritin 2 was most reactive against the I sera. The one exception among the transporters was the Nieman-Pick 2 (NPC2) cholesterol transporter, only weakly detected by the three groups. It is notable that the sentinel mice also showed a moderate reaction to calumenin (Figure 4), potentially implying a pre-sensitization by some other agent. The gastrodermal secreted proteases, cathepsin B1, B2, S and L were all reactive over multiple regions of their sequences at roughly equal strength for G, V and I sera, but asparaginyl endopeptidase was most reactive with the I sera. In contrast, cathepsin D was immunologically unreactive with all sera. The glycosyl hydrolase, beta xylosidase and the DNAse were moderately reactive against all sera, the former most so with the G sera. Lastly, the C terminus of lysosomal associated membrane protein, LAMP-1, was weakly reactive with all groups.



Few Tegument Proteins Show Marked Reactivity

The tegument proteins are harder to segregate into functional groups as many constituents have only been tentatively assigned to the plasma membrane or its overlying membranocalyx (43). The most prominent reactive protein, especially with G sera, was Sm25 of unknown location and function. Among potential membranocalyx constituents Sm200, Sm29, Sm13, and TSP-2, only Sm200 was reactive, particularly with G sera, while the others were weakly detected with I sera. The reactivity of GPI-anchored tegument enzymes, ADP-ribosyl cyclase and carbonic anhydrase, on the outer leaflet of the plasma membrane, were notable, greatest for G sera in the former, and for I and V sera in the latter. In contrast, GPI-anchored alkaline phosphatase and CD59 Smp_015390 were virtually silent; only CD59 Smp_105220 showed weak reactivity. Membrane-spanning apyrase (ATP-diphosphohydrolase), with a large extracellular domain, reacted only with G sera, while the external loops of the membrane transporters aquaporin and SGTP4 were virtually silent. The tegumental enzyme calpain showed moderate reactivity, especially with I sera. The three annexins and tetraspanin Smp_194970 loop likely play a membrane structural role, and all were weakly reactive with I sera. There are four tegument-associated MEGs, but only MEG-24 showed weak reactivity with all three sera. Finally, the three members of the MEG-3 family, expressed in the schistosomular tegument and head gland, reacted principally with I sera, in rank order MEG-3.1>3,2>3.3.



Normalizing by Amino Acid Content Allows Ranking of Protein Reactivity by Size

The proteins printed on the four arrays differ in size from 8 to 200 kDa, and the divergence was normalized to create an index by dividing the mean reactivity score (Supplementary Table 2) by the total number of amino acids in the printed protein. The indexes, displayed as a scatter plot (Figure 5), and sorted by tissue of origin, segregated into four distinct but overlapping groups. Based on amino acid content (AA) the esophageal MEGs + VAL-7 are the smallest alimentary tract proteins (  100 AA), followed by gut carriers + LAMP (  166 AA) and finally hydrolases (  414 AA); the 17 tegument proteins range between 44 and 1630 AAs (  262 AA, skewed by Sm200; median = 129 AA). The mean reactivity values for each functional group show the esophageal MEGs lying at the top left (  3285 +/- S.E. 827), the gastrodermal carriers in the center (  2689 +/- S.E. 427), and the gastrodermal enzymes to the right (  1249 +/- S.E. 187). All means are significantly greater than the tegument proteins (  625 +/- S.E. 155; P<0.001 for MEGs and carriers, P<0.05 for enzymes), distributed along the bottom of the plot; the carriers are significantly different from the enzymes (P<0.05) but not the MEGs. Taking the tegument proteins as unity, the esophageal MEGs are 5.25x, the carriers 4.31x and the gastrodermal enzymes 2.0x more reactive with the murine IgG samples.




Figure 5 | The mean reactivity of array proteins based on the data in Supplementary Table 2, normalized for number of amino acids and segregated into four groups by tissue of origin. The differences in group reactivity were tested for significance using a t-test. Note the log y axis scale.





Mapping the Reactive Regions to Protein Structures Reveals the Location of IgG Binding Sites

The final step in the mapping process was to use 3D crystal models of the native molecule to identify which regions in the most reactive proteins were likely to be accessible to antibodies, and hence were likely to have the potential for neutralization of function and/or formation of insoluble immune complexes. We elected to map the strongest reactive region in each instance, rather than mean values across the array, so that all potential epitopes were covered, even if detected by only one serum sample. To avoid repetition in the text, the full data set of antigenic peptides, extracted from Supplementary Table 1, is tabulated by individual protein as Supplementary Table 3, which also gives the number of sera in which a reactive region was found, the aggregate PSA score of the region, and pertinent comments on crystal location. Six representative structures are illustrated in Figure 6 and the full set of 26 mapped proteins is presented in Supplementary Figure 4 with a color key and additional commentary where necessary. The two best peptides selected for all antigenic proteins, mapped or otherwise, are presented in Table 1.




Figure 6 | Reactive regions mapped onto six selected crystal structures using CCP4mg (50). (A) Aspariginyl endopeptidase. (B) Cathepsin B1. (C) Apoferritin. (D) Calpain. (E) Carbonic anhydrase. (F) VAL-7. The protein chain is colored ice-blue in ribbon format. The position of each reactive region listed in Supplementary Table 3 is shown in worm format and selected key peptides from Table 1 or Supplementary Table 3 are indicated by P number. The worms are colored by solvent accessibility ranging from buried (blue) to accessible (red) on a scale 0-200 Å2, based on the algorithm described by Lee and Richards (51); the detailed key for each model is illustrated in Supplementary Figure 4. Where present, inhibitors/substrates are displayed in the active site of enzymes in ball and stick format, with atoms colored using a modified Corey/Pauling/Koltan (CPK) convention, to indicate their location, while the side chains of amino acids comprising the active site or other named features are highlighted as cylinders.




Table 1 | Principal Reactive Epitopes.




Gastrodermal Enzymes

For enzymes, the ideal antigenic peptide would be accessible, include an amino acid involved in substrate binding, and have a high aggregate PSA score. When the reactive regions of the gastrodermal secreted cathepsins B1.2, B2, L and S plus asparaginyl endopeptidase (Supplementary Table 3) were all successfully mapped, these conditions were rarely fulfilled. The antigenic regions lay in external loops and α helixes, while the color gradations on the models indicate that some epitopes were buried and unlikely to be accessible to IgG in the native folded state. The mapping to the crystal structure of asparaginyl endopeptidase (Figure 6A) provides a worked example. The color-coded reactivity of all eight sera plus the control, against the sequential 15mer peptides of the enzyme, with a two amino acid offset, are shown in Supplementary Table 3, page 1. Moving down the array, the most reactive region is copied over to the Aggregate column and its aggregate PSA score calculated. The 15mer peptide that best represents the center of the region is then selected, and the core 8-10 amino acids highlighted for mapping to the crystal structure. For asparaginyl endopeptidase there are 16 distinct regions, but P1 is not in the crystal structure. When the remainder are mapped onto the crystal, the color range runs from accessible red to buried blue. Thus, P10 contains the cysteine that forms part of the active site but has the lowest aggregate score (26107), and a blue/purple color so is unlikely to be accessible to antibody (Figure 6A). P5 (164692) and P9 (170611) in external loops had the highest PSA scores but present a dilemma; both are reactive only with infection serum (pool I3). We therefore chose P7 (88288), reactive with both G sera, so potentially involved in protection. A second possibility presented itself in the mapping of the asparaginyl endopeptidase regions to a different crystal model containing the pre-protein (Supplementary Figure 4.8). Here, P13 (78797) mapped to the alpha cleavage site so binding of antibody there could potentially interfere with protein activation. The downside is that this region was only weakly reactive with the two G sera.

Similar considerations were applied to the other gastrodermal proteases. P10 of cathepsin S encompassing the S2 substrate pocket, detected by almost all sera, had the lowest score out of 15 peptides (Supplementary Table 3). The next best situation would be a region where antibody binding in proximity, might block the active site. P4 of cathepsin B1.2 is the best example in an accessible loop close to the site, with a good PSA score (Figure 6B). Interference with activation is also feasible for other proteases. Thus, the junction with the propeptide in cathepsin L at P7, was antigenic and accessible. Finally, P12 encompassing the occluding loop of cathepsin B2, which regulates active site function, was strongly antigenic and surface accessible. The remaining peptides selected for the above five proteases were loop structures chosen for their accessibility and high PSA score.



Gastrodermal Carrier Proteins

Apart from calumenin, all the gastrodermal secreted ferritins, saposins, and NPC2 were mapped to crystal structures (Supplementary Figure 4). The nanocage of ferritins, comprising 24 units each composed of four α-helix bundles, has a complex structure with eight entry channels admitting Fe2+ ions to 24 ferroxidases via transit sites for conversion to the stable Fe3+ state (see Supplementary Figure 4.9). Apoferritin is strongly antigenic along segments of the helixes; Peptides 4, 5, and 9 encompass the ferroxidase and P8 the transit site, but many of the relevant amino acids are on the internal surface of the helixes, so potentially inaccessible in the intact cage (Figure 6C). The most obvious targets on apoferritin are the P4 ferroxidase and P15 entry channels, with high PSA scores, where antibody binding might disrupt function (Supplementary Table 3). The situation is similar with Ferritin 2, where P10 encompasses the ferroxidase site and P17 an entry channel (Supplementary Table 3). The schistosome saposins possess a domain (two in Sap 6) comprising four α helixes separated by two hinges and a loop. They combine in pairs, unfolding to create a lipid-transporting disc (Supplementary Figure 4.12). Reactive regions were located in the helixes of all six mapped structures but the hinges and loop appeared the most accessible, with a high PSA score. For saposins 1-5 it was possible to select a hinge-loop combination of peptides and for saposin 6, hinge 1 and helix 1 peptides. NPC-2 binds cholesterol in a deep hydrophobic pocket sandwiched between the two β-sheets, its entry being regulated by an apolar rim (Supplementary Figure 4.19). The protein was poorly reactive with all sera, but P2 with the lowest score, encompasses two amino acids in the apolar rim, while P4 is an accessible loop (Supplementary Table 3). Lastly in this group, the LAMP-1 protein mapped only poorly to the available crystal structure (Supplementary Figure 4.30); the P2 and P5 surface loop/β strands of the C-terminal β-prism fold structure were selected as targets.



Tegumental Proteins

Four tegumental enzymes were mapped, calpain with 22 regions being the most reactive, although only half were in the crystal model. Residues in the active site were not reactive, so high scoring accessible loops P3 and P13, the latter comprising one of the two Ca2+ binding sites involved in activation, were selected (Figure 6D). For carbonic anhydrase (a S. mansoni crystal), two histidines of the catalytic site and the Zn2+ binding location were present within P4 and P7 but both regions were buried (blue) within the hollow core of the protein (Figure 6E). Therefore, two surface loops, P3 and P9, were selected, being detected by most sera (Supplementary Table 3). ADP ribosyl cyclase presents a similar dilemma since it functions as a homodimer on the membrane with the two catalytic sites apposed, so although P6 with active site glutamine residue and P7 substrate interaction site were reactive (but low PSA score), they may not be accessible in situ. Two loops comprising P1 and P2, recognized by all sera and distal to the membrane anchor, were therefore selected (Supplementary Table 3; Supplementary Figure 4.21). The external domain of apyrase was detected predominantly only by G sera. The catalytic site was immunologically silent so the P2 loop and P7 short helix were selected, based on PSA score (Supplementary Table 3).

The two tetraspanins and three annexins, all relatively unreactive especially with G sera, were mapped to crystals. For TSP-2 (another S. mansoni crystal), the high-scoring P6 loop and the partially buried P5 loop were selected, while for TSP Smp_194970 P3 and P4 were selected, even though they were partially or completely helical structures, respectively. The situation with the three annexins is more complex; they contain multiple binding sites for Ca2+ ions on the convex surface, involved in interaction with membrane phospholipids. For annexin Smp_074150 (another S. mansoni crystal structure), all PSA scores were low; P9 encompassed one of the six Ca2+ sites but this annexin is another example of a disulphide-linked apposed homodimer (Supplementary Figure 4.26) so the peptide may not be accessible in situ. The exposed P1 loop was chosen as the second target. Annexin Smp_074140 with few reactive regions, lacks the dimerizing cysteine and the P5 Ca2+ binding site may be accessible. In addition, although P3 is part of a helix, it incorporates a membrane interaction site, so antibody binding could block function. Annexin Smp_077720 had more reactive regions, with helical P6 containing the membrane binding site but also the lowest PSA score of 10 peptides; the two calcium binding loops in P4 and P8 were therefore selected. The tegument surface GPI-anchored protein CD59, Smp_105220, was only weakly reactive with I sera; P3 and P4 were selected, part loop-helix and part loop-β strand, respectively, based on projected accessibility.



Esophageal Secreted Proteins

Among esophageal secreted proteins only VAL-7 could be mapped to the crystal structure of schistosome VAL-4 (Figure 6F). It was notable that both its caveolin motif and CAP domain were largely immunologically silent. However, all sera recognized P6, an exposed loop at the C-terminus, complemented by P3 adjacent to the CAP site. The esophageal MEGs lack homologous crystal structures but the conserved sequence of MEGs 4.1 and 4.2 (55% identical, 81% conserved amino acids in the C terminal domain) can be exploited to select peptides (Supplementary Table 3 and Supplementary Figure 5). For MEG-4.1 the highly reactive peptides, N terminal P1 and C terminal P2 were selected, and for MEG-4.2 highly reactive P4 and reactive, conserved P8. A similar situation pertains with the three MEG-8 isoforms (18% identical and 52% conserved residues), with all three variants showing strong binding of sera in the conserved region Supplementary Table 3 and Supplementary Figure 5), from where peptides were selected. The three members of the MEG-3 family, expressed in the schistosomular head gland and tegument (55% identical, 77% conserved residues) contain seven pairs of cysteines, separated by three amino acids, and spaced 9–12 amino acids apart, throughout each sequence, implying a rigid and highly organized structure (Supplementary Figure 5). With one exception at the C terminus of MEG-3.1, especially in I samples (Supplementary Table 3), the aggregate scores of reactive regions are weak. Nevertheless, aligned peptides can be selected in proximity to the N and C termini of all three proteins.



Unmapped Proteins

No structural mapping or sequence analysis proved possible for three gastrodermal secretions (β-xylosidase, DNAse, calumenin), four esophageal MEGs (9, 12, 15, 22) and four tegument surface proteins (Sm13, Sm25, Sm200, MEG-24). The only criteria for selecting peptides were their PSA score and extent of reactivity with the eight screening sera (Table 1). Sm25 was notable for being one of the most reactive proteins in the whole screen with very high PSA scores (Figures 3, 4). Tegumental Sm13 and MEG-24 possess reactive and presumably accessible N-termini; Sm13 has only one reactive region (See Table 1). Esophageal MEG-12, one of the few known products of the of the anterior esophageal gland, has a similarly highly reactive N-terminus. The remaining proteins are tabulated without comment. As if to emphasize the low reactivity of tegument proteins, nine of the ten array subjects that failed to provide any antigenic information have an authenticated tegument surface location.





Discussion


Antibodies Mediate Protection After Vaccination of IFNgR KO Mice

A single exposure of C57Bl/6 mice to the RA schistosome vaccine elicits a strong Th1 response operating against challenge schistosomula in the lungs by blocking their onward migration and deflecting them into the alveoli (8, 9, 52). Further exposures to the vaccine increase the humoral component of protection (53) with the higher levels of antibody generated being able to confer protection passively on naïve recipients [(54) and the current data]. Conversely, IFNgR KO mice lacking the cell mediated arm of the immune response, are poorly protected by single exposure (36) but we show here that when such mice are given multiple exposures the level of protection increases in proportion to IgG1 titer. Pertinent to epitope mapping, these sera conferred a mean of 53% passive protection to naïve mice when administered on days 0 and 3 of challenge, almost double that of comparable C57Bl/6 mice. The reduction of protection at later times indicates either that the lung schistosomulum is a special immune target or that the act of pulmonary migration is particularly hazardous. The observations from the systems biology analysis (30) suggest that the subtle changes induced in hemostasis, coagulation and chemokine pathways by vaccination simply make the lungs a more difficult capillary bed to traverse.



Antigenic Load in Infected Versus Vaccinated Mice

The inclusion of 28-day infection sera in the array screen was intended as a comparator to determine whether vaccine sera reacted with any unique targets. A potential limitation of this comparison is the disparity in antigenic load provided by ~150 pre-adult liver worms with an active gut versus 3 x 500 schistosomula that do not develop beyond the lung stage. The former are estimated to vomit 5.6 μg of alimentary tract proteins per day (Leandro Neves, personal communication) versus the total protein content of 500 lung schistosomula of ~ 20 μg (55) releasing ~0.2 μg of secretions per day (21). Whether such heavily infected mice would develop any protection cannot be assessed, due to the complications of egg-induced pathology and mortality that would follow patency around day 35. However, both the absence of protection after challenge of mice with a single sex infection (56) or chemotherapeutic cure before pathology develops (57) suggest they would not be protected.



Selection of Proteins

We aimed to be comprehensive in our selection of proteins but there are some omissions from the target list, including a second tegumental calpain [46, Smp_137410, (58)] and phosphodiesterase 5 (59), based on their MW; the same criterion applies to the omission of α2 macroglobulin from the gastrodermis, with a MW ~230kDa. The esophageal glands are the most underrepresented, MEGs 11, 14, 31.1 and 31.2 being deliberately omitted as they are anchored in the surface lining and predicted to be heavily O-glycosylated. Cystatin, MEGs 3.4, 16, 17, and the MEG-26 family, plus two phospholipase A proteins, several aspartyl proteases and palmitoyl-thioesterase were also omitted; with the exception of cystatin their transcripts were of low abundance (41). Most recently several MEG-2 family members have been identified as differentially expressed in day 6 lung schistosomula (25), which may also be products of the head gland and tegument.



Epitope Conformation

It is unclear whether the linear 15mer peptides on the arrays take up any native conformation such as an α-helix. However, the mapping of reactive regions on the array to crystal structures revealed antibody binding to α-helixes and β-sheets as well as extrinsic loops. The ability of the arrays to detect conformational epitopes, where key amino acids are brought together by protein folding into tertiary structures, is uncertain. Such structures are best understood in the context of the rigid capsids of viruses. At one extreme, the participating amino acid targets of two neutralizing monoclonals on the surface of human papilloma virus were widely dispersed throughout the target protein and even on an adjacent molecule (60). At the other, interaction of neutralizing antibodies with Hepatitis C virus E1 and E2 surface glycoproteins revealed epitopes the were largely linear, and the viruses evaded neutralizing antibodies by mutating amino acids within the epitope sites (61). The schistosome tegument is more fluid/flexible than a viral capsid but several surface proteins contain numerous disulphide bridges, implying a tightly folded 3D structure. The presence of conformational epitopes in Sm29 (18 Cs) the three MEG-3s (16 Cs) and two CD59s (10 Cs) could well explain their low reactivity with the mouse sera if epitopes were conformational rather than linear. This argument does not hold for cathepsin D with six cysteines, fewer than the other reactive cathepsins, or alkaline phosphatase with four cysteines, both of which are virtually silent.



The Reactivity of Potential Targets

A more plausible explanation for the low reactivity of array targets, especially of the tegument proteins, is that they have been subject to evolutionary pressure by the immune system due to their exposed location (62). Indeed, it seems highly likely that a worm living for decades in the bloodstream would require an unreactive surface to survive and thrive. Adult worms fixed in situ in both rodents and primates show no evidence of adherent leucocytes (63) but immunoglobulins and complement factors have been identified by proteomics in tegument membrane preparations (20, 46). However, the membrane attack complex does not form so the immune evasion mechanisms deployed by established adult worms are adequate to ensure survival (52). It is possible that exposed tegument proteins possess conserved amino acids for interaction with external targets, having limited possibilities to mutate without loss of function. Epitope mapping may identify such regions if they are reactive. With the alimentary tract proteins, there is a different consideration. The gut lumen is an acidic hydrolytic environment akin the inside of a lysosome (39). It is unclear whether antibodies can survive in such a degradative environment to exert a blocking effect on gut function. The esophageal secretions may be in an intermediate situation, especially those of the anterior gland, since ingested blood is at pH 7.4 and must be rapidly acidified, either as it passes along the esophageal lumen or after entry into the gut lumen. Thus, there is a possibility that the esophageal secretions make more plausible immune targets.



Selecting Vaccine Targets

When we evaluate the screened proteins for vaccine potential, normalized by size, the esophageal secretions are the most highly immunogenic, especially MEGs 4.1, 4.2, 8.1, and 8.2 from the posterior gland and the N terminus of MEG-12 from the anterior gland. It is notable that these same five esophageal proteins were reactive in the peptide array analysis of host responses to S. japonicum (35). Their proposed function is to initiate blood processing in the esophageal lumen (40, 41), and their reactivity is highest with the protective G sera. In addition, the six saposins and apoferritin from the gastrodermis have the strongest reactivity with G sera. Leaving aside the question of antibody stability, targeting the hinge/loop regions of saposins may be a good strategy to block lipid-binding. However, at least ten are encoded in the genome (49) possibly reflecting a degree of functional redundancy, as an evasion strategy. Conversely, there is only a single cholesterol transporting NPC2 protein, but it is a weak antigen. The gastrodermal proteases (Cathepsins B1.2, B2, S & L) present numerous targets but few epitopes lie near the active center so there appear to be limited opportunities for direct blocking of catalysis. There is also the potential for functional redundancy in the cascade. Prevention of activation by binding to a protease pre-protein is an alternative strategy, with asparaginyl endopeptidase as a desirable target since it also initiates activation of other peptidases (64). Ferritin 2 was included although it lacks a signal peptide, as it was identified by proteomic analysis of vomitus (39). Calumenin which was identified in the same study as a potential calcium transporter, has a signal peptide but is normally located within the lumen of the endoplasmic reticulum. On balance, the similarity of the schistosome gut lumen to the contents of a lysosome make these two proteins valid constituents of gut secretions, hence potential targets for a protective response. The screen of tegument proteins identified a smaller cohort of potential candidates. Calpain was highly reactive and has been much studied as a single-antigen vaccine (5). However, the vaccine potential of Sm25, ADP-ribosyl cyclase and carbonic anhydrase have not been reported. The reactive N-terminus of Sm13 also deserves attention due to the alternating proline and glutamic acid residues suggesting a novel function that might be blocked by antibodies.



Esophageal Gland Secretions Are Plausible Targets

The reactivity of the sera from vaccinated mice with alimentary tract proteins has illuminated an unsuspected feature of schistosome physiology. Feeding on erythrocytes, and worm growth, only begins after arrival in the portal distributaries of the liver (44, 55) so it has been assumed that the larval gut was non-functional up to that point. However, electron micrographs of lung schistosomula in vivo show the gut lumen packed with granular material (10). The strong reactivity of the protective G group sera with esophageal MEGs and gastrodermal saposins indicates that both tissues are productive at the lung worm stage, although ingestion of erythrocytes is not occurring. This widens the scope of targets mediating elimination of challenge parasites in the lungs. Supporting evidence for the synthetic activity of the esophageal glands and gastrodermis has come from the recent publication of a transcript screen of the intra-mammalian stages (25). Scrutiny of transcript abundance in day 6 ex vivo lung worms revealed MEG-15 as the most abundant, while MEG-9, MEG-4.2, two saposins and two cathepsins were all in the top 30 most highly expressed transcripts out of ~10,600 genes interrogated (Supplementary Figure 6). In day 28 liver worms the intensity of expression of alimentary tract proteins was no longer quite so dominant but there were still eight representative genes in the top 100 transcripts (Supplementary Figure 6).



Applications to Vaccine Development

How best might the information accumulated in this study be used to advance vaccine development? The data on protein reactivity lends itself to the development of monoclonal antibodies (mAbs) specific for individual epitopes on putative target proteins. This approach was fashionable 40 years ago but proved short-lived (see (65) for review). Peptide array screening allows us to pinpoint the reactive epitopes on individual target proteins; mAbs could then be generated against those epitopes using synthetic peptides as targets. They would be useful as reagents to test hypotheses generated in this study about blocking activity of antibodies e.g. of enzyme activation by binding a cleavage site; direct inactivation by binding in or near an active site; the prevention of lipid uptake by binding hinge and loop regions of saposins. The mAbs could also be administered in calibrated doses to infected mice, singly or in cocktails, to investigate in vivo effects. Although cost considerations undoubtedly preclude their development for use as a human schistosome control agent, it is worth noting that a cocktail of three monoclonal antibodies (REGN-EB3) has been successfully developed by Regeneron and licensed as a therapy against Ebola virus (66).

The alternative approach is to perform direct vaccination experiments, probably initially in the mouse model. Several array proteins have already been tested singly with varying degrees of success. They include TSP-2 (67), Sm29 (68), Sm200 (69), and calpain from the tegument, MEG-4.1 from the esophagus (70), and cathepsin B1.1 (71), Saposins 4 and 6 (72) from the gastrodermis. The mouse has limitations as a vaccine screen for schistosomes (7) but remains the most practical option for large scale testing. Individual proteins here highlighted could be tested singly (e.g. tegumental Sm25 or esophageal MEG-4.2). However, finding an Achilles heel in the form of a single magic bullet for a schistosome vaccine, whilst highly desirable, seems implausible in a complex and sophisticated blood-dwelling parasite. Therefore, we advocate an alternative approach whereby the coding regions of reactive epitopes are combined in a string-of-pearls synthetic gene. Expression of these genes as recombinant proteins in quantity would allow multiple proteins to be targeted simultaneously. As proof of principle we have already tested the approach in our analysis of the reactivity of S. japonicum esophageal proteins and showed that the majority of encoded epitopes elicited high titers of antibodies in recipient rabbits (35). The data from both strong and weak reactor proteins displayed in Table 1, can be combined into constructs for expression and vaccination. We suggest that simultaneous direction of the immune response to multiple targets on, or released by the migrating lung schistosomulum, will maximize the host response, so blocking its attempts to traverse the lung capillary bed.




Author’s Note

The recent publication by Wendt et al. (Science. 2020 Sep 25;369(6511):1644-1649) has identified Smp_147680 calumenin as expressed exclusively in muscle cells, suggesting that it is a cell leakage contaminant of vomitus. This observation would explain its very high PSA score; as an internal protein it has not been selected for immunological silence by the immune system.
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Schistosomes infect about 250 million people globally causing the devastating and persistent disease of schistosomiasis. These blood flukes have a complicated life cycle involving alternating infection of freshwater snail intermediate and definitive mammalian hosts. To survive and flourish in these diverse environments, schistosomes transition through a number of distinct life-cycle stages as a result of which they change their body plan in order to quickly adapt to each new environment. Current research suggests that stem cells, present in adults and larvae, are key in aiding schistosomes to facilitate these changes. Given the recent advances in our understanding of schistosome stem cell biology, we review the key roles that two major classes of cells play in the different life cycle stages during intramolluscan and intramammalian development; these include the germinal cells of sporocysts involved in asexual reproduction in molluscan hosts and the neoblasts of adult worms involved in sexual reproduction in human and other mammalian hosts. These studies shed considerable new light in revealing the stem cell heterogeneity driving the propagation of the schistosome life cycle. We also consider the possibility and value of establishing stem cell lines in schistosomes to advance schistosomiasis research. The availability of such self-renewable resources will provide new platforms to study stem cell behavior and regulation, and to address fundamental aspects of schistosome biology, reproductive development and survival. In turn, such studies will create new avenues to unravel individual gene function and to optimize genome-editing processes in blood flukes, which may lead to the design of novel intervention strategies for schistosomiasis.
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INTRODUCTION

Schistosomiasis is a devastating disease and a serious public health problem in the developing world, with an estimated 250 million people infected in 78 countries (1, 2). No human vaccine is available (3) and treatment is entirely dependent on a single drug (praziquantel) that is widely used, raising concerns that the development of drug resistance may pose a major hindrance to achieving global control of schistosomiasis in the near future. Furthermore, the COVID-19 pandemic will likely severely impact schistosomiasis and other neglected tropical diseases control programs over the coming years (4). The schistosome lifecycle is complex, consisting of a number of disparate developmental stages involving free-living and parasitic forms in tandem with alternating phases of asexual reproduction in molluscan intermediate hosts and sexual reproduction in human and other definitive mammalian hosts. Unraveling how these blood flukes transition and adapt functionally and reproductively to these different environments will be critical in the identification of new drug and vaccine targets that can provide effective intervention tools to interfere with the transmission of schistosomiasis and to prevent infection and disease.

In the schistosome lifecycle, eggs laid by mature female schistosomes are released in excrement (urine, feces) from the definitive host into the external environment and these hatch in fresh water into free-swimming miracidia. These ciliated larvae infect a snail intermediate host and develop into mother sporocysts (Figure 1). Within the sporocysts is a population of totipotent stem cells, called germinal cells, that are thought to drive the asexual clonal expansion of mother sporocysts to give rise to hundreds of daughter sporocysts (5, 9), due to the division of these germinal cells in mother sporocysts producing progeny that have the capacity to independently initiate the embryogenesis of daughter sporocysts. This stage follows a similar pattern of reproduction to the mother sporocyst, generating either new sporocysts, or generation of the next phase involving thousands of infective cercariae. This clonal reproduction process is repeated during the life of an infected snail, producing massive numbers of cercariae that are released into water. Hence, the stem cell-driven processes of proliferation and embryogenesis are of key importance in the propagation of schistosomes. Humans and other mammals are infected via contact with fresh water where contaminating cercariae penetrate the skin. In the skin the parasites transform into schistosomula, which then enter the host's circulation facilitating their migration to the liver where they will mature into adult worms. The juvenile worms build a functional digestive system and develop sexual reproductive organs through de novo processes that commence by differentiation of pluripotent stem cells, called neoblasts, early on in schistosomula differentiation (6). The adult parasites can survive long-term for decades (10) in the harsh microenvironment of the blood system of the mammalian host. During this process, neoblasts play necessary roles in somatic tissue renewal, especially the renewal or repair of the tegumental host-parasite interface damaged due to aging or by host immune mechanisms (8); these cells are also involved in the genesis of reproductive tissue (6) in pairing-induced processes (which occurs when the female worm pairs with a male parasite). Female worms after pairing with males produce fertilized eggs, some of which pass to the intestine (Schistosoma mansoni and S. japonicum) or bladder (S. haematobium) and are released into the exterior to complete the life cycle. Many eggs, however, are entrapped in tissues such as the liver, evoking inflammatory responses leading to granuloma formation, hepatic fibrosis, and chronic disease (11).
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FIGURE 1. Diagram illustrating the key roles that stem cells play throughout the schistosome life cycle. Snail stages: Eggs released in the excrements of mammalian hosts pass into the external environment and hatch into free-swimming ciliated miracidia in fresh water. Two distinct germinal cell lineages (nanos-2+ and nanos-2− cells) have been identified in miracidia (5). The miracidium proceeds to infect a suitable snail host leading to a dramatic process of development in which the larva transforms into a mother sporocyst. Of 1662 conserved genes expressed in miracidia and sporocysts 48 hr post-transformation, 581 were shown to share similarity with planarian neoblast-enriched transcripts (5). Three sporocyst stem cell classes were designated: κ-cells (klf+, nanos-2+); φ-cells (fgfrA, B+); and δ-cells (nanos-2+ and fgfrA, B+) (6). In in vitro-transformed mother sporocysts, key genes upregulated in κ-cells include fgfrA/B, p53 and zfp-1, leading to the formation of δ-cells. Downregulation of nanos-2 and activation of hesl-2 in δ-cells causes the specification of φ-cells. The germinal cells in the mother sporocyst are able to undergo asexual clonal expansion to release hundreds of daughter sporocysts; these produce more daughters and infective cercariae which escape from the snail intermediate host. Intra-mammalian stages: The free-swimming cercariae penetrate the skin of the mammalian host when they contact water and these larvae transform into schistosomula which enter the host circulation. Mother sporocysts and schistosomula share 573 enriched genes including stem cell markers (e.g., nanos-2, ago2-1, and fgfrA) (6). Schistosomula stem cells are predicted to be further separated into three main populations: δ'-cells (nanos-2+ and fgfrs+), ε-cells (eled+) and μ-cells (ago2-1+ and cyclin B+) (7). Activation of hesl in δ-cells of the mother sporocyst may lead to δ-cells in the schistosomulum. Downregulation of nanos-2 and activation of eled in the κ-cells of mother sporocysts generates ε-cells, which subsequently develop into two subpopulations (6) (εα- and εβ-cells). Supported by the differentiation of stem cells, schistosomula grow to adult worms in the definitive host and build up an extensive arrangement of sexual reproductive organs de novo. When adult S. mansoni were exposed to irradiation, 105 down-regulated genes on day 14 post-irradiation (8) were identified as delayed irradiation-sensitivity (DIS) genes that may encode potential drug/vaccine targets. Paired female worms produce and lay fertilized eggs, many of which become entrapped in tissues evoking inflammatory responses, leading to granuloma formation and hepatic fibrosis. The remainder travel to the intestine or bladder and are released from the host to ensure continuation of the life cycle. ago, argonaute; h2a, histone 2a; fgfr, fibroblast growth factor receptor; vlg, vasa-like; klf, krüppel-like factor; zfp, zinc finger protein; hesl, hes family transcription factor; astf, aschaete-scute transcription factor; bhlh, basic helix-loop-helix protein; tsp-2, tetraspanin-2.


Successful completion of the schistosome lifecycle relies on the critical roles of two cell populations:

i) Germinal cells: defined as “totipotent stem cells” (5, 6, 10), these are able to give rise to embryos; historically called “germinative cells,” they are involved in the clonal expansion of the asexual sporocyst stages in molluscan hosts and play important roles in the transformation and replication process. It has been demonstrated that this proliferative larval cell population of germinal cells (5) shares conserved features of distinct stem cell morphology with stem cells of planarians (close relatives of schistosomes) (12, 13).

ii) Neoblasts: defined as “adult pluripotent stem cells” (13), these have the ability to develop into specific types of differentiated cells, and they have been identified in adult schistosomes. Two distinct types of stem cell populations (somatic stem cells and germinal cells) have been recently identified in schistosomula (6)—the early intra-mammalian developmental stage; these two cell types are responsible for somatic tissue differentiation and the production of germ cells (sperm and oocytes), respectively, in adult schistosomes in the definitive host. Furthermore, neoblasts promote parasite longevity in the mammalian host (10), playing key roles in development and, ultimately, pathogenesis (14). They maintain the ability of schistosomes to thrive in definitive hosts resulting in chronic inflammation and host immune modulation by affecting inter- and intracellular communication (15).

Improved understanding of the stem cell biology of schistosomes has been aided by studies on the free-living planarian relatives of schistosomes, such as Schmidtea mediterranea, which has been used as a valuable model organism (16). In planarians, a population of pluripotent stem cells (neoblasts) are responsible not only for regeneration but are involved also in worm growth and tissue homeostasis (17). The similarity in function and morphology (round-to-ovoid mesenchymal cells with a high nuclear to cytoplasmic ratio (12) of neoblasts in both planarians and schistosomes, and the germinal cells in schistosome sporocysts, implies that these three cell types have likely been highly involved in the evolution of parasitic and free-living flatworms (18).

Nevertheless, many intriguing questions remain unanswered in regards to schistosome stem cells. For instance, how do blood fluke stem cells drive the development and differentiation of each life cycle stage that result in these parasites thriving in diverse and challenging environments? When do neoblasts form during schistosomal embryogenesis? Is the self-renewal ability of these cells exhaustible under host immune or metabolic pressure (19)? Answers to these questions will provide important clues in our understanding the fundamental biological processes governing the propagation and long-term survival of schistosomes in their human hosts (6). To this end we reviewed very recent publications focusing on the important roles played by stem cell populations in critical phases of schistosome development across the multiple alternating generations of the life cycle. The insights gained from studies of these cells may provide key insight into survival and reproduction of schistosomes and other neodermatan parasites, while also opening new pathways of single cell culture and manipulation to screen functions of many uncharacterised schistosome molecules.



THE KEY ROLES PLAYED BY STEM CELLS THROUGHOUT THE SCHISTOSOME LIFE CYCLE


Larval Cell Population (Germinal Cells)

In 1954, Cort et al. (20) hypothesized on the important roles that totipotent germinal cells play throughout the schistosome life cycle and in driving reproduction. Subsequently, Pan (21) showed that these special cells had a stem cell-like morphology and rapidly proliferated in miracidia and sporocysts. However, a major question is how the limited number of germinal cells in each miracidium (5) are able to give rise to such large numbers of daughter sporocysts during the developmental process.

Recently, a range of different methods have been developed that allow study of the schistosome germline including the use of thymidine analog 5-ethynyl-2′-deoxyuridine (EdU) labeling, whole-mount in situ hybridization, and RNA interference (22). Using RNA sequencing (RNAseq), Wang et al. (5) compared transcripts enriched in planarian neoblasts with the gene expression profiles of miracidia and mother sporocysts at 48 h post-transformation of miracidia in vitro. They demonstrated that there are two distinct germinal cell lineages represented in mother sporocysts at 48 h post-transformation: cells that express the transcription factor nanos-2 (nanos-2+) and those that do not (nanos-2−). Nanos-2+ germinal cells appeared to be more totipotent or germ cell-like, whereas nanos-2− cells may be more primed toward somatic fates. Nanos-2 appears to play an important role in germline development in nematodes, insects, and vertebrates (23), and has been shown to function in schistosomes as a conserved regulator of germ cells (24) and adult stem cells (13).

Wang et al. (5) also used RNAseq to compare the gene expression profiles of miracidia and sporocysts in an attempt to identify transcripts specific to the germinal cells; 1,662 genes were upregulated in sporocysts compared with miracidia and, of these, 581 genes shared similarity with planarian neoblast-enriched transcripts. Furthermore, these authors used reciprocal BLAST comparisons to examine the expression of orthologous genes between planarian neoblasts and schistosome mother sporocysts. They found that of the 1,579 orthologs showing enriched expression in neoblasts, 96.5% (1,525) of these were also upregulated in sporocysts, indicating potentially critical roles in maintaining stem cell totipotency and differentiation (5) (Figure 1). Many genes required for germinal cell maintenance and proliferation were identified among the 581 transcripts, including vasa-like (vlg, Smp_068440), polo like (Smp_009600), ago2-1 (Smp_179320), and fibroblast growth factor receptor (fgfr, Smp_175590) (5). In a subsequent study by the same group, stem cells isolated from in vitro-transformed mother sporocysts were transcriptionally profiled (6) using principal component analysis of single-cell transcriptomes. Three major sporocyst stem cell classes were clustered (6) based on their respective markers: κ-cells [that produce transcripts of nanos-2+klf + (krüppel-like factor)]; φ-cells (that transcribe fgfrA, B+); and δ-cells that produce transcripts of nanos-2 and fgfrA, B (Figure 1). Activation of key genes in κ-cells essential to somatic stem cell function [fgfrA/B; p53; zfp-1 (zinc finger protein)] may lead to the formation of δ-cells, a step thought to be important for generating somatic tissues. Downregulation of nanos-2 and activation of hesl-2 (a hes family transcription factor) in δ-cells appears to cause the specification of φ-cells, which are involved in many transitory larval structures, such as the tegument of the sporocyst and in the cercarial tail (6). Thus, these cells were checked throughout intramolluscan development by measuring the expression levels of fgfrA and nanos-2 (6). During differentiation of daughter sporocysts in mother sporocysts, the φ-cells were observed subjacent to the outer margin of the mother, and were thus excluded from the differentiating embryonic mass, while δ-cells were identified in large clusters within embryos. The κ-cells, additionally could be observed in extraembryonic tissues as singlets or doublets, indicating their important role in serving as the source of developing embryos (6).

The behavior of each cell type in different S. mansoni life-cycle stages indicated that stem cells that originate in embryos of daughter sporocysts are sources of the “germline” cells which appear when schistosomes invade the mammalian host, produce gametes (eggs and sperm), and allow the parasites to reproduce sexually (6). Studies of the development of juvenile schistosomes inside mouse blood vessels identified a novel and schistosome-specific gene (eled, Smp_041540) as the earliest marker for the schistosome germline (6). Undetectable in sporocysts, eled is highly expressed in juvenile stem cells (neoblasts) and distributed in primordial testes, ovaries, vitellaria, and in the posterior growth zone of reproductive organs (6).



Stem Cells Isolated From Schistosomula

Upon release by snails into fresh water, mature schistosome cercariae swim until they encounter a mammalian host, which they enter by transdermal penetration. During early intra-mammalian development, schistosome stem cells play vital roles in producing the tegument and the esophageal gland, an accessory digestive organ, which develops before the rest of the digestive system is formed (25). Differentiation driven by stem cells is faster than that which occurs in adults, and this results in the rapid growth and development of juvenile parasites (25). During this transdermal migration, a cercaria transforms into the next life-cycle stage, the schistosomulum. Wang et al. (6) compared the transcriptional profiles of proliferating cells isolated from juvenile schistosomula and sporocysts and found 573 genes that were enriched for cell populations from both stages. These enriched transcripts included stem cell markers of schistosomes (nanos-2, ago2-1, and fgfrA), as well as markers of the cell cycle (h2a, cyclin B, and PCNA) (5, 13). Using the thymidine analog 5-ethynyl-2'-deoxyuridine (EdU) to stain the S-phase cells (proliferating cells) in the parasite, Wang et al. (6) also detected a small number of δ-cells at the early (22–36 h) post-transformation stage in schistosomula and κ-cells in a later (1 week-old) stage. The transformed schistosomula were collected on the other side of mouse tail-skin biopsies after being exposed to cercariae in vitro. This evidence supports the concept that sporocyst-derived stem cells drive the initial proliferation of schistosomula indicating that only dividing cells (including a small number of κ and δ-cells) in schistosomula are transmitted to the mammalian host, and are the likely source of neoblast cells in adult schistosomes (8, 13). The report by Wang et al. (6) implied also that the proliferating cells (stem cells) in juveniles may play important roles both in parasite maturation and gonadal differentiation in the mammalian host.

The emergence of single-cell RNA sequencing (scRNAseq) technology has provided a mechanism to accurately determine gene expression profiles and the activities of individual cells. However, it is still a challenge to define meaningful distinctions between cell types when the differences are subtle, due to the fact only an infinitesimally small amount of mRNA can be collected from a single cell, which may result in inaccurate information. Encouragingly, Tarashansky et al. (7) recently established a computational approach called Self-Assembling Manifold (SAM) to classify cell types and to identify novel populations/subpopulations of S. mansoni stem cells isolated from schistosomula retrieved from S. mansoni-infected mice at 2.5 and 3.5 weeks post infection. Stem cells of schistosomula were separated into three main populations (7) and one of these was further divided into two subpopulations. The three populations included δ'-cells (nanos-2+, fgfrs+); ε-cells (eled+) and μ-cells which express ubiquitous stem cells markers (e.g., ago2-1, Smp_179320; cyclin B, Smp_082490), all playing critical roles in controlling stem cell division by regulating stem cell-type specific networks. Activation of hesl (a hes family transcription factor and a marker of δ-cells) in δ-cells of sporocysts may lead to δ'-cells in schistosomula (Figure 1) (6) which likely serve as the source of the somatic stem cells in adult parasites. Downregulation of nanos-2 and activation of eled in κ-cells of sporocysts may generate ε-cells in schistosomula (Figure 1), which are potentially distributed in gonadal primordia, and subsequently give rise to the germline. However, additional in-depth investigation is needed to more fully understand the precise functions of these different cell populations in schistosomes.

In an effort to provide a better understanding of the cell types and the process of tissue differentiation in the early developmental stage of schistosomula, 2-day old schistosomula, obtained by the in vitro transformation of cercariae, were efficiently dissociated into individual live cells and sorted cells, obtained using fluorescence-activated cell sorting, were used for scRNAseq analysis (using droplet-based 10X Chromium technology) (26). By combining the SC3, Seurat and UMAP algorithms, a total of eleven discrete cell clusters were discriminated based on their mRNA expression levels and statistically identified marker genes. Only a single stem/germinal cell cluster (in) was identified (26) in the 2-day old schistosomula. Notably, a novel stem/germ cell marker- calmodulin (cam) (Smp_032950) was recognized in the stage, which is a Ca2+ transporter critical for the miracidium-to-sporocyst transition (27), for sporocyst growth and in egg hatching (28), and is also shown to be expressed in the adult gonads and soma. However, further sub-clustering of this stem/germinal cell population was unsuccessful, presumably due to the low expression level of some genes in most of the cells in this cluster.



Neoblasts in Adult Schistosomes

Similar to planarians (29), schistosomes (13) also possess a broadly distributed population of neoblasts that are able to self-renew and differentiate into many cell types, and which can develop into different tissues including intestine, muscle and tegument (8, 13, 30). Neoblasts that differentiate into tegumental cells are short-lived and are rapidly turned over to renew damaged tegumental cytons. The tegument of adult schistosomes is considered a rich source of molecules that could be targeted by vaccines and drugs to counteract schistosomiasis (31).

It has been demonstrated that genes of adult S. mansoni, down-regulated on day 2 following irradiation, were associated with the schistosome neoblasts (13). To further characterize the long-term consequences of neoblast depletion, Collins et al. (8) compared the gene profiles of parasites on day 2 and day 14 after neoblast ablation; they identified 105 S. mansoni genes as delayed irradiation-sensitivity (DIS) genes (8), which were only down-regulated on day 14 post-irradiation. These DIS genes may represent genes which require neoblasts for maintaining their expression, and these DIS genes might be active in cells that are directly related to the differentiation of stem cells, possibly cells in tissues that are replenished from the stem cells. Importantly, many of the proteins encoded by DIS genes are expressed in the tegument (32) including tetraspanin (tsp)-2 (Smp_335630), Sm13 (Smp_195190), and Sm29 (Smp_072190) which have shown promise as vaccines in animal models of schistosomiasis (33). These proteins may perform the key functions of schistosome neoblasts, which are important in replacing tegumental cells lost to turnover (34). As indicated earlier, treatment of schistosomiasis currently relies exclusively on a single drug, praziquantel, leading to concerns about the development of drug resistance. It is well-known that schistosomes can repair surface damage caused by sub-curative doses of praziquantel. It is likely that stem cells are involved in the mechanism of this repair process (19), suggesting a potential strategy for drug development by targeting genes critical for maintaining the integrity of schistosomal stem cells. Indeed, a recent report has shown that treatment with FPL-64176, a putative L-type voltage-gated Ca2+ channels agonist, can lead to tegument disruption in adult S. mansoni and inhibition of mitotic activity in somatic stem cells and germ line tissues (35).

To uncover new schistosome targets with therapeutic potential, Collins and his team (36), using large-scale RNAi screening, identified 66 genes required for stem cell survival in adult S. mansoni (36). Furthermore, by utilizing advanced scRNA seq technology, the same group described 68 molecularly distinct cell populations in adult worms of S. mansoni (37) comprising the majority of all tissues that have been described morphologically in schistosomes, including the reproductive and nervous systems. The work additionally revealed a lineage of somatic stem cells responsible for producing and maintaining the schistosome gut (the primary organ responsible for digestion of host blood, a major energy source essential for parasite survival). Furthermore, the study showed that a homolog of hepatocyte nuclear factor 4 (hnf4), likely responsible for gut maintenance, blood feeding and in inducing egg-induced pathology in vivo, was expressed in this gut lineage (37).

Classical studies of cell proliferation in blood flukes have focused on the reproductive system of adult worms (38), given the critical dual role of eggs in schistosome transmission and in the immunopathology induced by ova trapped in host tissues. Uniquely amongst the Platyhelminthes, female adult schistosomes live partially enclosed within a specialized gynaecophoric canal on the ventral surface of the male worm's body; the growth and sexual maturity of female worms are heavily reliant on continuous pairing with male worms to fuel the maturation of their reproductive organs (39). Maturation of the vitellaria, which produce cells that form egg shells and are packaged into the egg with the zygote, is highly dependent on the presence of the male. Vitelline tissues regrow when unpaired females start to mate again with males, possibly due to the activation of vitellarium-specific stem cells (S1 cells) (40), although the relationship between the S1 cells and neoblasts remains unclear. Furthermore, by comparing the gene profiles of ovaries and testes isolated from paired and unpaired schistosomes, Lu et al. (41) demonstrated that pairing-induced processes within the gonads are intimately involved in stem cell-associated and neural functions. Several stem cell genes including polo-like kinase1 (42), vasa-like genes1–3 (43), and fgfrA and B (13, 44) were shown to be extensively associated with gonadogenesis and gametogenesis. It was also demonstrated that specific stem cells located in the primordial ovaries and vitellaria of unpaired schistosome females were able to differentiate into oocytes and vitellocytes after the females were mated with males (39). In a study aimed at further understanding how the stem cells in the reproductive organs respond to external cells producing differentiated progeny (i.e., oocytes or vitellocytes), Wang et al. (45) identified an uncharacterized gene (Smp_248100) sharing sequence similarity with members of the NR (nuclear receptor) family of ligand-activated transcription factors; this gene was exclusively expressed in the vitellaria of both mature and immature females (45). In immature females, Smp_248100 is expressed in the S1 cells of the primordial vitellaria (46), indicating its key role in the differentiation of these cells (39). Given that stem cells may represent attractive anthelminthic targets, quantification of proliferating schistosome stem cells in gonads (testes, ovaries) and parenchyma has been used to assess the effects of harmonine, an antimicrobial alkaloid, as a novel antischistosomal drug (47).




RECENT IMPROVEMENTS IN SCHISTOSOME CELL CULTURE

The majority of current physiological, cellular, and functional studies of individual gene products of multicellular platyhelminth parasites have been undertaken using non-ideal heterologous expression systems utilizing bacteria, yeast, and insect and mammalian cells. The lack of self-renewable parasitic flatworm cell lines represents a significant barrier for translating genomics advances into gene-level functional investigations in single parasite cells. This has hindered the development of new diagnostics and interventions necessary for controlling the spread of the diseases caused by the more pathogenic flatworms such as the Schistosoma spp. The recent single cell RNA-seq studies with S. mansoni and the characterization of different stem cell populations, however, provide an important database to develop immortalized cell lines.

In early attempts to develop a suitable in vitro cell culture system for studies on the cellular and molecular biology of S. mansoni, Bayne et al. (48) developed proliferating cell lines from tissue fragments originating from in vitro-derived mother sporocysts. Co-culturing these cells with host snail ganglia maintained their viability for several months and, during this period, differential survival of individual cell types was observed, although indefinite propagation was not achieved. Subsequently, the same group (49) improved on the in vitro technique by culturing cells prepared from juvenile worms (obtained 12–21 days after cercarial infection) and mother sporocysts; these cells exhibited long term viability (up to 8 months) with limited cell proliferation. In addition to the work with S. mansoni, a number of studies have also been undertaken to develop improved in vitro cultivation methods for S. japonicum with cells derived from miracidia, cercariae, and egg-laying adult worms passaged up to the 6th, 5th, and 8th generations, respectively (50), however, the particular types of these cells were not clearly identified. Hahnel et al. (51) succeeded in isolating pure and intact testis and ovary cells from adult schistosomes, providing a basis for cell isolation and future development of cell lines. A very recent study has been shown that extracellular matrix is a regulator of the stem cell compartment in the planarian Schmidtea mediterranea, playing a particularly important role in stem cell growth (52). It might be interesting to marry this strategy into schistosome stem cell culture, so as to enhance culture conditions and potential proliferation of stem cell lines. Nevertheless, the further optimization of culture conditions will be critical to open up new avenues for obtaining immortalized schistosome cell lines.



A WAY FORWARD FOR DEVELOPING SELF-RENEWABLE FLATWORM CELL LINES–THE ECHINOCOCCUS MODEL

Klaus Brehm and his group at the University of Wuerzburg in Gernany are successfully using the tapeworm Echinococcus multilocularis as a model to generate a highly enriched stem cell system from immortal metacestode larvae (53), currently the only parasitic helminth cell line available. The establishment of successful cultivation of Echinococcus spp. stem cells points the way forward for elucidating different developmental transitions and processes in these cestodes. The approach could be exploited for studies of other flatworm taxa including improving the in vitro culture of both schistosome stem cells and those of other trematodes such as Fasciola hepatica, given that the growth of this liver fluke involves the division of cells resembling stem cells (54).

The metacestode of E. multilocularis has a unique process of development, growing continuously as a vesicular mass which infiltrates the tissues of the intermediate rodent host, generating multiple protoscoleces by asexual budding (53, 55). This unique proliferation potential indicated the existence of stem cells that are totipotent with the ability for extensive self-renewal (53). Successful in vitro cultivation of larval E. multilocularis provided a mechanism for generating mature metacestode vesicles under laboratory conditions in a manner akin to the oncosphere-metacestode transition during a natural infection (55). The formation of protoscoleces within metacestode vesicles and cysts of E. multilocularis and the related E. granulosus is induced by neoblasts (55). Similar to the neoblasts of free living flatworms, germinative cells were recognized as the only source of proliferating cells in E. multilocularis (53), presumably driving the growth of the larval vesicles. Co-culture of E. multilocularis cells with host feeder cells, which can produce growth factors necessary for proliferation, was able to significantly improve the growth of isolated parasite cells (56). Recent in vitro study showed that fibroblast growth factor (fgf ) signaling, activated by the binding between human FGF and the tapeworm FGF receptors (which are important stem cell markers), is responsible for stimulating the formation of metacestode vesicles from neoblasts and supports metacestode growth (57). Albani et al. (58) subsequently developed a long-term in vitro culture system for E. granulosus germinal cells, isolated from the germinal cyst layer, that were able to grow beyond 100 passages (58, 59); after 1 month of culture, two distinct cell populations, attached cells and suspended cells, developed (58). The suspended cells were shown to clump forming, after 2–3 months in culture, a tridimensional formation of cell clusters with a central cavity surrounded by different cell types merged in an extracellular matrix without splitting (58). Cyst-like structures were evident in the livers of mice at 12 months following injection of these suspended cells (58). These findings imply that the Echinococcus stem cell system may be applicable for identifying new targets for the development of anti-echinococcosis drugs. It is notable that very limited effects on echinococcal germinative cells were observed after they were treated with albendazole (53); this could explain the high recurrence rates occurring in echinococcosis patients after albendazole treatment (60). Furthermore, it emphasizes the potential value of targeting Echinococcus spp. stem cells in the search for novel therapeutics against echinococcosis (61).



CONCLUSION

Stem cells ensure schistosomes are able to thrive during their complex multi-generational life cycle and they also promote parasite longevity by playing key roles in pathogenesis in definitive hosts (14). It is important to dissect the roles that schistosome stem-like cells play in each of the parasite's life stages and how they drive differentiation processes throughout the complete lifecycle so that these blood flukes can thrive in the different environments they encounter. Overall, the three take-home messages covered by articles considered in this review are:

1. Schistosome stem cells play key roles in different life cycle stages, including the germinal cells of sporocysts involved in asexual reproduction in molluscan hosts and the neoblasts of adult worms involved in sexual reproduction in definitive mammalian hosts. Their study will enable the development of a better understanding of the stem cell heterogeneity driving the propagation of the schistosome life cycle. In addition, the common functions and make-up of germinal cells and neoblasts indicate a similar network may regulate these cells in the different developmental stages. Coupled with this information, future research aimed at characterizing the roles of the different stem cell populations, could provide a pathway for developing new interventions to treat and prevent schistosomiasis.

2. Uncovering novel genes, predominantly expressed in stem cells, and deciphering the roles they play in controlling reproductive development and parasite survival may lead to the identification of critical anti-schistosome drug and/or vaccine targets. This is because the pathogenesis of schistosomiasis in mammalian hosts is due to the regenerative capacities of schistosome stem cells whereas adult pluripotent stem cells drive long-term homeostatic tissue maintenance in these long-lived flatworms. Targeting proteins produced by stem cells would likely impact on schistosome defense mechanisms with potential for preventing the transmission of schistosomiasis.

3. The future establishment of self-renewable resources will provide critical biological materials for translating genomics advances into gene-level functional investigations in single parasite cells. This is important for studying individual gene function, and for optimizing genome-editing tools, such as CRISPR/Cas9 editing in schistosomes recently developed by our laboratory (62) and others (63, 64); this can provide a blueprint for developing self-renewable cellular resources from the parasitic platyhelminth flatworms at large. Such resources will be key in the development of novel treatments and immunological intervention to prevent schistosomiasis transmission by targeting the early stages of infection as stem cells are intimately linked to the earliest developmental stage of the germline.
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Schistosomiasis and Leishmaniasis are chronic parasitic diseases with high prevalence in some tropical regions and, due to their wide distribution, a risk of co-infections is present in some areas. Nevertheless, the impact of this interaction on human populations is still poorly understood. Thus, the current study evaluated the effect of previous American Tegumentary Leishmaniasis (ATL) on the susceptibility and immune response to Schistosoma mansoni infection in residents from a rural community in Northern of Minas Gerais state, Brazil, an area endemic for both parasitic infections. The participants answered a socioeconomic questionnaire and provided stool and blood samples for parasitological and immunological evaluations. Stool samples were examined by a combination of parasitological techniques to identify helminth infections, especially S. mansoni eggs. Blood samples were used for hemograms and to measure the serum levels of cytokines and chemokines. Reports on previous ATL were obtained through interviews, clinical evaluation forms, and medical records. S. mansoni infection was the most prevalent parasitic infection in the study population (46%), and the majority of the infected individuals had a very low parasite burden. In the same population, 93 individuals (36.2%) reported previous ATL, and the prevalence of S. mansoni infection among these individuals was significantly higher than among individuals with no ATL history. A multiple logistic regression model revealed that S. mansoni infection was positively associated with higher levels of CCL3 and CCL17, and a higher frequency of IL-17 responders. Moreover, this model demonstrated that individuals with an ATL history had a 2-fold higher probability to be infected with S. mansoni (OR = 2.0; 95% CI 1.04–3.68). Among S. mansoni-infected individuals, the logistic regression demonstrated that a previous ATL history was negatively associated with the frequency of IL-17 responders and CXCL10 higher responders, but positively associated with higher IL-27 responders. Altogether, our data suggest that previous ATL may alter the susceptibility and the immune response in S. mansoni-infected individuals, which may likely affect the outcome of schistosomiasis and the severity of the disease in humans.

Keywords: schistosomiasis, tegumentary leishmaniasis, human population, susceptibility, immune response


INTRODUCTION

Schistosomiasis is one of the most important neglected tropical diseases (NTDs) in the world and causes significant morbidity and mortality in human populations (1). Globally, it is estimated that the disease affects more than 240 million people in 78 countries, located mainly in Africa, Latin America, the Middle East, and Southeast Asia (2, 3). The severity of schistosomiasis is related to the parasite species, parasite burden, the host's nutritional status, the frequency of reinfections, exposure time, type and intensity of the host's immune response, and comorbidities (4–8).

Experimental infections with S. mansoni in mice (9) and epidemiological studies with infected individuals (5, 10, 11) have demonstrated that a predominantly Th1 type immune response is induced during migration and maturation of the parasite. This initial stage is marked by increased production of pro-inflammatory cytokines, such as interleukin-1 (IL-1), IL-2, IL-6, IL-12, tumor necrosis factor-alpha (TNF-α), and interferon-gamma (IFN-γ) (10–15). After oviposition, soluble parasite egg antigens stimulate the differentiation of a Th2 type immune response, which is mainly characterized by the production of the cytokines IL-4, IL-5, and IL-13, and outweighs the initial type 1 response (9, 15–17). The type 2 immune response is also responsible for inducing a granulomatous cellular response, rich in eosinophils, macrophages, and fibroblasts around the parasite eggs retained in the host tissues (known as granuloma), which can progressively trigger fibrosis, especially in the intestine and the hepatic portal system (18–20). In parallel, the infection also stimulates the production of IL-10 and other regulatory responses, which participate in granuloma modulation during chronic schistosomiasis and promotes a less severe pathology in the majority of infected individuals (21, 22). Granuloma formation and its modulation are key processes for the morbidity of schistosomiasis. Although the granulomatous response promotes an intense inflammatory reaction and can generate severe fibrosis in the vertebrate host, its formation also represents an important host defense mechanism, since the cellular reaction allows the containment of tissue damage caused by egg antigens (9, 11, 20). However, several situations that alter the immune balance, such as co-infections, may change the outcome and morbidity of schistosomiasis.

Like schistosomiasis, American Tegumentary Leishmaniasis (ATL) is a parasitic disease widely distributed in tropical and subtropical countries, mainly in the Americas, Mediterranean, and Asia, and presents approximately 0.7–1.2 million cases per year (23). Experimental studies indicated that the control of intracellular Leishmania sp. is mainly associated with the development of a Th1 immune response, in which a higher IFN-γ and TNF-α production increases the levels of nitric oxide (NO) and reactive oxygen species (ROS), thus destroying the amastigote stages (24–29). However, while an early type 1 response was shown to be essential to control the parasite load, an exacerbated response can cause severe tissue damage (25, 29–32). In leishmaniasis, the induction of a Th2 response, with increased IL-4, IL-5 and/or IL-13 production, and regulatory responses, via the production of IL-10 and/or transforming growth factor β (TGF-β), modulate the protective immune response and favor Leishmania persistence. On the other hand, such responses were shown to be important to prevent or diminish tissue injuries and facilitate tissue healing (25, 26, 28–31, 33).

Although there are endemic areas in tropical countries where both Schistosoma and Leishmania are transmitted (34–37), the possible effects of such co-infections on the host susceptibility and/or morbidity have been poorly documented. Experimental models for S. mansoni and L. major co-infection indicate that the induction of type 2 immunity in response to S. mansoni infection reduces the proinflammatory Th1 mechanisms necessary for the effective elimination of L. major, which may cause persistent parasitism and a change in the pathology of leishmaniasis, thus delaying the development and resolution of the lesions (38). Moreover, it has been shown that individuals infected with L. braziliensis and parasitized by helminths, including S. mansoni, present a poor response to treatment, with a consequent delay in cure time (35, 37, 39). Nevertheless, the possible effects of leishmaniasis on the evolution of schistosomiasis in human populations remain mostly unknown. Aiming to address this issue, we evaluated S. mansoni susceptibility and the host's immune response in residents of a rural community in an endemic area with transmission of ATL and intestinal schistosomiasis located in the state of Minas Gerais, Brazil. Our data showed that a history of ATL was associated with increased susceptibility to schistosomiasis and modulation of systemic inflammatory parameters in individuals with active S. mansoni infection.



PATIENTS AND METHODS


Study Population and Ethical Considerations

The current study is part of a research project that began in 2014 and aimed to characterize schistosomiasis and evaluate the effectiveness of diagnosis methods in individuals from endemic areas showing a low parasite burden (40–42). The study was approved by the Research Ethics Committee (Institute René Rachou/Fiocruz/MG) and all project details have been registered on the Brazilian Platform for Research with Human Subjects (CAAE#21824513.9.0000.5091). All enrolled participants were required to sign an informed consent form and individuals with stool samples positive for parasites received oral treatment at the local health clinic, using Praziquantel (40–60 mg/kg) for S. mansoni, albendazole (400 mg, single dose) for intestinal helminths, and metronidazole (250 mg/2 × /5 days) for intestinal protozoans.

For the current study, we used the cross-sectional population-based data obtained from residents of a rural community in the district of Brejo do Amparo (15°25′54″S 44°24′42″W), Municipality of Januária, located in the Northern region of the state of Minas Gerais (Figure 1), an endemic region for schistosomiasis and ATL (40, 41, 43). At the beginning of the study, the rural community had approximately 270 inhabitants, of which 257, aging from two to 88 years old, agreed to participate in the population-based study. All participants signed the consent form and were invited to collect urine and stool samples for parasitological analyses, as previously detailed by Oliveira et al. (40). Two-hundred and twenty-nine participants or their legal guardians answered a socioeconomic and demographic questionnaire that also contained questions regarding exposure to schistosomiasis and the history of ATL, which is frequent in the area and very well-known to the residents. The questionnaires were pre-coded and applied by previously trained interviewers. Individuals aging from five to 75 years old were invited to provide a blood sample for the evaluation of immunological parameters, as detailed in Figure 2. Parasitological, immunological, and socioeconomic data obtained from this population-based study (40, 41) were used in the current research.
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FIGURE 1. Location of the study area. (A) State of Minas Gerais in Brazil. (B) Municipality of Januária. (C) District of Brejo do Amparo.



[image: Figure 2]
FIGURE 2. Flowchart describing the endemic population enrolled in the study, the sample collection, and the analyses performed. All the individuals that participated in the study were residents from the rural community of Brejo do Amparo, Januária, Minas Gerais, Brazil. aResidents who did not sign the consent form, did not have the established minimum age allowed for our study, pregnant women and/or individuals with cognitive diseases that would interfere with the obtention of information necessary for the study.




Determination of S. mansoni Infection and Parasite Burden in the Study Population

S. mansoni infection was identified in the study population by a combination of the parasitological tests specified in Figure 2 and detailed in Oliveira et al. (40), and the results were integrated into the database of the present study.

In brief, each participant was asked to collect fecal samples on three consecutive days. All the samples were taken to the field laboratory in Januária, homogenized, and immediately processed. The first fecal sample was initially processed and used to perform HPJ (Hoffman, Pons and Janer) technique (44) and 14 Kato-Katz slides (45, 46). From the same fecal sample, 500 mg were used to perform saline gradient method (47) and 30 g were processed by the Helmintex® technique (48). The second and third fecal samples were used to prepare two Kato-Katz slides per sample. The slides containing fecal material from the different parasitological tests were examined under the microscope by trained technicians to evaluate the presence of helminth eggs and protozoan cysts. S. mansoni infection was diagnosed by the presence of the parasite eggs in either one of the several parasitological methods (Kato-Katz, HPJ, saline gradient, Helmintex®). The HPJ, saline gradient, and Helmintex® techniques were used as qualitative tests to identify the presence or absence of S. mansoni eggs. The S. mansoni burden was estimated as the mean number of eggs obtained from six slides of Kato-Katz (the first two slides from each fecal sample) multiplied by 24 and plotted as the number of S. mansoni eggs per gram of feces (epg) (46). Individuals showing S. mansoni eggs in the qualitative parasitological tests (Helmintex® and saline gradient) and with no Schistosoma eggs in the six Kato-Katz slides (≤ 3 epg) were designated as infected and assigned a parasite burden of 2 epg.



Hematological and Systemic Immune Response Evaluation

Blood samples were collected in the morning after fasting and using EDTA-containing tubes for a complete blood count performed by a commercial local laboratory and EDTA-free tubes to obtain the serum for immunological analysis, as previously detailed (41, 49). In the current work, data on hemoglobin levels and the number of circulating red blood cells, eosinophils, and platelets were evaluated as the median value and as frequency of altered values among individuals with different infection status. The standard values for red blood cells were 5/mm3 for males and 4.5/mm3 for females. For hemoglobin concentration, they were 14.9 g/dl for males and 13.2 g/dl for females. Value of red blood cells counts and hemoglobin concentration lower than the standard value were considered altered. Moreover, values below 140.000/mm3 for platelets and above 500/mm3 for eosinophils were also considered altered (50, 51).

The serum samples were used for the quantification of TNF-α (7.8–1,000 pg/ml), IL-5 (11.7–1500 pg/ml), IL-6 (4.7–600 pg/ml), IL-10 (15.6–2,000 pg/ml), IL-13 (46–6,000 pg/ml), IL-17 (7.8–1,000 pg/ml), IL-27 (78.1–10,000 pg/ml), IL-33 (11.7–1,500 pg/ml), CCL3 (3.9–500 pg/ml), CCL5 (7.8–1,000 pg/ml), CCL11 (7.8–1,000 pg/ml), CCL17 (3.9–500 pg/ml), and CXCL10 (15.6–2,000 pg/ml) by sandwich enzyme-linked immunosorbent assay (ELISA), using commercially available detection kits (R&D Systems, USA) and following the manufacturer's recommendations. Briefly, each serum sample was diluted at 1:2 in phosphate-buffered saline (PBS) with 0.1% of bovine serum albumin (BSA) (Sigma-Aldrich) (w/v) and tested in duplicate. Serum samples used to quantify CCL5 and CCL3 were further diluted 1:20 and 1:3, respectively. Known concentrations of the recombinant proteins were used to generate a standard curve to determine the concentration (pg/ml) of the samples based on OD readings. The absorbance was determined using a 450 nm filter in the ELISA reader (VersaMax, Molecular Devices, Sunnyvale, CA).

Most individuals showed no detectable serum levels of the cytokines TNF-α, IL-5, IL-6, IL-10, IL-13, IL-17, and IL-33, and the data was plotted and analyzed as the frequency of individuals with detectable cytokine (designated as responders) in each group. Serum levels of the chemokines (CCL3, CCL5, CCL11, CCL17, and CXCL10), and the cytokines IL-6 and IL-27 were plotted as continuous values and categorized as high and low responders based on the median concentration of each mediator.



Evaluation of ATL History

Previous reports of tegumentary leishmaniasis among the study subjects were identified in the individual questionnaires and the clinical files, based on the report of the clinical skin and mucosal manifestations of tegumentary leishmaniasis. Additionally, patients with previous symptomatic ATL were identified in the medical records of the Center for Treatment and Research in Leishmaniasis of Januária (CTPLJ), a reference health facility for the treatment of the disease in the region. Information regarding leishmaniasis status registered in the medical records was added to the database. Access to information from the medical records on previous Leishmania infections and their use for research purposes were allowed by the patients through written informed consent and approved by the Ethics Committee of the Federal University of Minas Gerais (CAAE: 69370517.3.0000.5149).



Statistical Analysis

The statistical analyses were performed in the STATA version 11.1 software (Stata Corp., College Station, TX, USA) and the graphs were constructed using the software GraphPad-Prism 6 (Prism Software, Irvine, California, USA).

The Shapiro-Wilk test was used to verify the normality of the data. For non-parametric data the medians were compared by the Kruskal-Wallis test followed by the Dunn's test. Categorical variables were compared by the chi-square statistical test. Values of p < 0.05 were considered statistically significant.

Initially, the first logistic regression model was performed to assess the possible associations between S. mansoni infection (response variable) and the analyzed covariates, including demographics parameters, report of previous ATL, hematological and immunological response that were selected based on the univariate analysis. The second model was performed to better understand the effect of ATL history on schistosomiasis, and for this purpose, only the S. mansoni-infected individuals were included. For this second model the response variable was previous ATL in S. mansoni infected population (SM+ATL) and the analysis aimed to investigated possible associations between the covariates (hematological and immunological parameters) and the response variable (SM+ATL) in the S. mansoni-infected population. Variables with a p-value < 0.25 in the univariate analysis were selected to compose the multiple logistic regression models. The step-by-step backward method was used, and the final variables that remained in the models were those that presented a significance level of p < 0.05 after adjusted to the others. Age was used to adjust the models. The strength of association was determined by OR with 95% CI.




RESULTS


Characterization of the Study Population

As previously shown (40, 41), 257 residents from a rural area of Brejo do Amparo participated in the study, 122 (46.7%) of which were males and 135 (53.3%) females, with a median age of 32 years old (interquartile range: 15–51). According to the socioeconomic questionnaires answered by 229 participants, almost 60% of the individuals had no formal education and 36% lived with less than one Brazilian minimum wage (Supplementary Table 1). S. mansoni infection was identified in 118 participants (46%). In addition, 23 individuals (9%) presented hookworm and six (2%) showed Enterobius vermicularis eggs in the stool samples, most of which were co-infected by S. mansoni. There was also one case of Trichuris trichiura (0.4%) and one case of Strongyloides stercoralis (0.4%) infection. Among intestinal protozoan parasites, only Giardia lamblia (n = 4; 1.5%) and Entamoeba histolytica/dispar (n = 9; 3.5%) were found (Supplementary Table 1).



S. mansoni Parasite Burden

In the study population, S. mansoni-infected individuals presented a median of 4 epg (interquartile range: 2–20 epg), confirming the low parasite burden of the population. It was verified that 108 individuals (91.5% of the infected population) eliminated <100 epg, while only 10 infected individuals (8.5%) eliminated 100 or more epg, which represents moderate to heavy intensity infection, according to the World Health Organization (WHO) (52) (Supplementary Table 2). No statistically significant differences were observed in the number of S. mansoni eggs eliminated by infected male and female individuals or among the different age groups evaluated in this population (Supplementary Table 2).



Characterization of Tegumentary Leishmaniasis History in the Study Population

Using the information obtained from the individual questionnaires, clinical files, and the medical records of individuals who attended the CTPLJ, 93 subjects (36.2%) had reports of previous cases of ATL and were considered for the proposed analyzes (Table 1).


Table 1. Social aspects and clinical characteristics of individuals with a previous report of American Tegumentary Leishmaniasis (ATL) living in the rural community of Brejo do Amparo, Minas Gerais, Brazil.
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Only 41 (44%) of the 93 individuals who reported ATL had medical records at the CTPLJ (2010–2015), and 38 of them had classical clinical manifestations of tegumentary leishmaniasis in the past 5 years before this study. For these individuals, leishmaniasis was confirmed by specific tests, mainly biopsy and/or Montenegro's intradermal test, and clinical and therapeutic aspects related to the infection were obtained. The cutaneous form of ATL (n = 40; 97.6%) with a single lesion (80.5%) found in one limb (92.7%) was predominant among these subjects. Moreover, the Glucantime treatment for leishmaniasis in the individuals evaluated at the CTPLJ (44% of the previous ATL cases), took more than 30 days to show an effect in about 80% of the cases, and relapses/reinfections were reported in approximately 22% of the individuals (Table 1).



The Effect of Previous ATL on S. mansoni Infection

The prevalence of S. mansoni infection was higher among individuals with an ATL history when compared with individuals with no reported ATL (43.2 vs. 30.2%, respectively; p = 0.032) (Table 2). Interestingly, although no difference was observed between the number of S. mansoni eggs eliminated in the feces of individuals with or without an ATL history, all patients with moderate to heavy S. mansoni infection (n = 10) had no report of previous ATL. Therefore, the frequency of individuals with intense parasite burden was higher among infected individuals without previous ATL (p = 0.004) (Table 2).


Table 2. Parasite burden and prevalence of S. mansoni infection and report of ATL history in individuals living in the rural community of Brejo do Amparo, Januária, Minas Gerais, Brazil.
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Hematological Parameters

Blood samples were collected from 207 individuals of the study population for the measurement of hematological parameters. No significant differences were observed in the median levels of hemoglobin and the number of red blood cells, platelets, and eosinophils among infected or non-infected individuals, with or without an ATL history (data not shown). Moreover, about 9% of the study population showed low levels of hemoglobin, 3% had red blood cell counts below the normal, and 5% had altered counts of platelets, albeit with no differences in the frequencies among the groups (Table 3). However, the frequency of eosinophilia (>500/mm3) was significantly higher in individuals infected with S. mansoni only (51%; n = 29; p = 0.022), defined as SM group, when compared with the rest of the population (Table 3).


Table 3. Frequency of normal and altered values for hemoglobin, red blood cells, platelets, and eosinophils in individuals with different parasitic status living in the rural community of Brejo do Amparo, Januária, Minas Gerais, Brazil.
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Immunological Parameters

Serum samples were collected from 204 individuals of the study population and allowed the measurement of the majority of the circulating immune mediators evaluated in this study. Among these subjects, 54 had S. mansoni infection with no ATL history (SM group); 37 reported previous ATL, but no S. mansoni eggs found in feces (ATL group); 44 were infected with S. mansoni and had an ATL history (SM+ATL group); and the remaining 69 individuals presented with neither active S. mansoni infection nor reported ATL (control group). The median age (and 25–75% interquartile range) of the control, SM, ATL and, SM + ATL groups were, respectively, 31 (17–50.25), 30 (15.5–52.5), 34 (21, 5–46) and 40.5 (19.75–50.75). Regarding gender, the percentage of women varied between 46.4–59.5% between groups. However, none of these parameters differed significantly between groups.

All individuals had detectable levels of the cytokines IL-6 and IL-27, and the chemokines CCL3, CCL5, CXCL10, CCL11, and CCL17. No significant difference was detected in the serum levels of IL-6, CCL5, and CXCL10 among the analyzed groups (Table 4). Although the serum concentrations of IL-27 and CCL11 were also statistically similar among the groups, their p-values were lower than 0.25; therefore, these mediators were included in the multiple analysis. The serum concentrations of CCL3 and CCL17 were significantly lower in individuals from the ATL group when compared with the SM+ATL and SM groups, respectively (Table 4).


Table 4. Serum levels of IL-6, IL-27, CCL3, CCL5, CXCL10, CCL11, and CCL17 in patients with different parasitic infection profiles living in the rural community of Brejo do Amparo, Januária, Minas Gerais, Brazil.
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Additionally, the frequency of individuals classified as high responders for these mediators (showing serum concentrations higher than the median of the study population) was evaluated in each group (Table 5). The frequencies of high responders for IL-6 and CCL5 were similar among the groups. The frequencies of CXCL10 and CCL11 high responders were also statistically similar in the different groups, but their p-values were lower than 0.25 and, therefore, these mediators were also included in the multiple analysis. Interestingly, an increased frequency of CCL17 high responders (>245 pg/ml) in patients from the SM group (almost 70% of the individuals) was detected when compared to the rest of the population (p = 0.012). In addition, a statistically higher frequency of CCL17 high responders was observed in the SM group when compared with the SM+ATL group (p = 0.034). On the other hand, around 60% of the individuals infected with S. mansoni, with or without previous ATL, were high responders for CCL3 (>5,740 pg/ml). Moreover, the control group showed a significantly higher frequency of IL-27 high responders (>388 pg/ml) when compared with the other groups.


Table 5. Frequency of serum samples with detectable levels of TNF-α, IL-17, IL-5, IL-13, IL-33, and IL-10, or with high levels of IL-6, IL-27, CCL3, CCL5, CXCL10, CCL11, and CCL17 from individuals with different parasitic infection profiles living in the rural community of Brejo do Amparo, Januária, Minas Gerais, Brazil.
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In contrast, most of the evaluated individuals showed no detectable levels of TNF-α, IL-17, IL-5, IL-13, IL-33, and IL-10 in the serum. Thus, we compared the frequency of individuals responding to these cytokines in each group (Table 5) and verified that the frequencies of responding individuals for serum TNF-α, IL-5, IL-13, and IL-33 were similar in the different groups. Nevertheless, when only the S. mansoni-infected population was analyzed, the group of individuals with previous ATL showed lower frequencies of TNF-α, IL-17, CXCL10, IL-33, and CCL-17 responders compared with the SM group. Interestingly, the frequency of individuals with detectable IL-17 serum levels was statistically higher in the SM group when compared with the rest of the population (p = 0.001) and with the SM+ATL group (p = 0.011). On the other hand, individuals from the control group showed the highest detection frequency of IL-10 (p = 0.013) in the serum.

The frequencies of responders and high responders for each cytokine and chemokine were comparatively illustrated to show the profile of the immune response in each group of individuals of the study population. The radar graph (Figure 3) clearly illustrates that S. mansoni infection increased the frequency of CCL17, IL-6, CCL3, IL-13, CXCL10 and IL-17 responders. However, S. mansoni-infected individuals with an ATL history showed a reduction in responders for CCL17, IL-17, CXCL10 and IL-33, and increased frequency of high IL-27 and CCL-11 responders when compared with patients infected with S. mansoni only.
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FIGURE 3. Radar graph showing the frequency of serum samples with detectable levels of TNF-α, IL-17, IL-5, IL-13, IL-33, and IL-10, or with high levels of IL-6, IL-27, CCL3, CCL5, CXCL10, CCL11, CCL17 from individuals with different parasitic infection profiles living in the rural community of Brejo do Amparo, Januária, Minas Gerais, Brazil. (A) Control: no S. mansoni infection or ATL history; (B) SM, S. mansoni-infected only; (C) ATL, ATL history only; (D) SM+ATL, S. mansoni infection and ATL history.




Multiple Regression Models

Table 6 presents the first multiple logistic regression model that describes the effect of ATL history and hematological and immunological parameters on active schistosomiasis in the study population. The analysis showed that previous ATL and high serum level of CCL3 (>5,740 pg/ml) and CCL17 (>245 pg/ml) were positively associated with S. mansoni infection. Furthermore, individuals with detectable serum levels of IL-17 had a six-fold higher chance to have active S. mansoni infection.


Table 6. Multiple regression model showing the association between S. mansoni infection with serum levels of immune mediators and previous report of ATL in individuals living in the rural community of Brejo do Amparo, Januária, Minas Gerais, Brazil.
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To better understand the effect of previous ATL on the immune response against S. mansoni, a second multiple logistic regression model was built using only patients infected with S. mansoni (SM and SM+ATL groups). The analysis demonstrated that CXCL10 and IL-17 serum response were negatively associated with detected Schistosoma-infected individuals that reported previous ATL (Table 7). Specifically, S. mansoni-infected individuals with detectable serum IL-17 or with high CXCL10 levels (>115 pg/mL) have their chances of presenting a history of ATL reduced by 92% and 67%, respectively. In contrast, this multiple regression model also showed that S. mansoni-infected individuals with high serum concentrations (>388pg/ml) of IL-27 are, on average, three times more likely to have reported previous ATL. Although the multiple logistic regression model showed no significant association for IL-33 and CCL17 response and previous ATL, these variables were maintained in the final model for a better fit and the model was adjusted by age (Table 7).


Table 7. Multiple regression model showing an association between previous report of ATL with serum levels of immune mediators among S. mansoni-infected individuals living in the rural community of Brejo do Amparo, Januária, Minas Gerais, Brazil.
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DISCUSSION

Leishmaniasis and schistosomiasis are chronic infectious diseases that have a great impact on human health status in tropical developing countries. Epidemiological studies indicate overlapping risk areas and elevated endemicities for both parasites (35, 39, 41, 43, 53). However, few studies have investigated the effect of co-infection on the immunological response and morbidity of human hosts. Experimental studies in mice infected with L. major and S. mansoni suggested that a Th2 predominant response induced by S. mansoni rendered macrophages incapable of controlling intracellular amastigotes (38). Moreover, Leishmania-induced lesions had a shorter incubation period and took longer to heal as a result of the co-infection (38, 54). In human populations, individuals infected with L. braziliensis and parasitized with different helminths (including S. mansoni) presented a compromised response to the treatment of cutaneous lesions (35, 39), which is in line with what was observed in mice (55). Nevertheless, to the best of our knowledge, no study has evaluated the impact of previous exposure to dermotropic Leishmania species on the outcome of the S. mansoni infection in humans. In the current study, we verified that individuals with an ATL history showed modulation of the systemic inflammatory response induced by the S. mansoni infection, with possible impacts on the host's susceptibility.

The study evaluated residents from a poor rural community in the Northern region of the state of Minas Gerais, where people live in constant contact with the etiological agents of intestinal schistosomiasis and ATL (40, 43). Previous research in this population using several parasitological techniques for the diagnosis of S. mansoni indicated a high prevalence of schistosomiasis, but the large majority of the infected individuals had a low parasite burden (<100 epg) and no severe pathology associated with the infection (40). Similar clinical profiles have been reported in many endemic areas of schistosomiasis worldwide, due to successive chemotherapeutic interventions (40, 56–58). In the same municipality and study area, the presence of tegumentary leishmaniasis has been well-documented (43), and our study confirmed and expanded on this information. The cutaneous form of leishmaniasis was predominant, and most individuals that reported ATL had a single lesion site. The predominance of cutaneous and localized ATL has also been reported in other studies carried out in Brazil (59–61). However, it is important to mention that most individuals with previous ATL that were treated at the CTPLJ (44% of the individuals who reported ATL in the study population) required more than 30 days of treatment for reepithelialization of Leishmania-induced cutaneous lesions and over 20% of these individuals had relapses/reinfections. Although it was not the focus of the current study, it is possible that the frequent exposure of individuals with tegumentary leishmaniasis to co-infection with S. mansoni has contributed to the longer period of anti-leishmaniasis treatment necessary for regression of the lesions, as previously observed by O'Neal et al. (35) and Unger et al. (39).

In the study population, S. mansoni-infected individuals showed a higher rate of eosinophilia, higher serum concentrations of CCL3 and CCL17, and a higher frequency of IL-17 responders in comparison with all the other groups of non-Schistosoma-infected individuals. The association of CCL17 and eosinophilia with S. mansoni infection was not unexpected, since these mediators are markers of a type-2 immune response, which is frequently reported in helminth-infected individuals (15, 16). Activated eosinophils are an important source of IL-4, IL-5, and IL-13 (62, 63), and this environment induces the production of CCL17 (64), which is described as a signature chemokine of helminth infection, especially S. mansoni, in humans (49, 65). Moreover, Jakubzick et al. (66) demonstrated that CCL17 production participates in CCR4+-cell recruitment to S. mansoni-induced lung granulomas, stimulating Th2 inflammatory markers, and increasing the hydroxyproline content in the tissue. Other studies have shown that CCL3 also participates in the polarization of Type-2 cytokine production and leukocyte recruitment to the liver of Schistosoma-infected mice (67). Moreover, CCL3 has been associated with fibrosis and hepatosplenic forms of human schistosomiasis (67–69). Even in patients infected with low parasite burden and without severe clinical symptoms, the serum concentration of CCL3 was positively associated with the intensity of the liver fibrosis (70). The correlation of CCL3 with hepatic fibrosis may be related to the fact that this chemokine stimulates the production of IL-13, which is considered a pro-fibrotic cytokine (71). The association of Schistosoma infection and production of IL-17 was initially established in experimental models, in which the cytokine production was an indicator of severe immunopathology and liver fibrosis (72, 73). In addition, the frequency of Th17 cells was positively associated with bladder pathology severity in the human populations infected with S. haematobium (74).

Our first multiple regression model confirmed the results from the univariable immunological analysis and showed a positive association of CCL17 and CCL3 higher responders and a high frequency of IL-17 responders with S. mansoni active infection in the study population. Interestingly, our data also showed that previous ATL was more frequent among individuals who were diagnosed with active schistosomiasis, and this association was confirmed in the multiple model, thus showing that individuals with an ATL history had a two-fold higher possibility of presenting active schistosomiasis. The data indicate that previous ATL may alter the host's susceptibility to S. mansoni infection in humans. However, among Schistosoma-infected individuals that reported previous ATL, the S. mansoni burden was always low (<100 epg).

Little is known about the duration of the host's immune response following specific treatment to tegumentary leishmaniasis and how it could interfere with the immune response to other infectious agents, such as S. mansoni. However, it was reported that patients infected with L. braziliensis presented positive PCR results years after the treatment, thus demonstrating that the parasite may remain in the skin, the bloodstream, or the lymphatic system for a long period after reepithelization of the lesion (75–77). Additionally, studies have shown that about 10% of patients in ATL-endemic areas had subclinical infections, for example, without cutaneous or mucosal lesions, despite being positive in the Montenegro's intradermal test (78). Therefore, we comparatively investigated the profile of the systemic immune response in individuals infected with S. mansoni, with or without a symptomatic ATL history. The data from the univariable analysis showed that S. mansoni-infected individuals who reported previous ATL had a lower rate of eosinophilia and a significant decrease in the frequency of CCL17 and IL-17 high-responders when compared with individuals infected with S. mansoni only, thus indicating a modulated immune response in these individuals. The second multiple regression model confirmed that previous ATL led to a modulatory immune profile in S. mansoni-infected individuals and showed a negative association with serum response of inflammatory mediators, including markers for Th1, Th2, and Th17 responses.

As observed herein, the modulation of both inflammatory and type-2 immune responses in the serum could be associated with the increased susceptibility to S. mansoni infection in individuals with an ATL history. The tendency for fewer IL-33 detection and CCL17 high responders in serum among the individuals from the SM+ATL group might be an indicative of a reduced type 2 immune response. A recent work (79) showed a negative association between plasma levels of IL-33, a type 2 immunity-related alarmin, and schistosomiasis and egg burden in school children from rural communities of Cameroon. Moreover, studies on population genetics with individuals living in endemic areas for schistosomiasis mansoni demonstrated that some polymorphisms in the SM1 genetic region, where several genes that code for type 2-immune cytokines, such as IL-3, IL-4, IL-5, IL-9, and IL-13, are located, are associated with susceptibility/resistance to schistosomiasis (80). Indeed, individuals with polymorphisms in IL-4 (−590T high IgE), IL-13 (−1055T high producer) and IFN-gamma (+874A high producer) demonstrated several correlations with resistance to reinfection (81, 82). Although the mechanisms behind this association are not yet fully understood, there is evidence that the SM1 genetic region (5q31-q33) is linked to a locus that regulates IgE levels (83), an antibody classically involved in protection against Schistosoma infection (84–87). Moreover, the multiple analysis demonstrated that an ATL history also promoted a significant modulation of serum CXCL10 and IL-17 responses in Schistosoma-infected individuals. The secretion of CXCL10 is directly associated with IFN-γ production, a hallmark of Th1 activation (88, 89). Experimental data obtained from mice immunized with radiation-attenuated schistosome larvae (90) and from mice infected with male S. mansoni parasites, but not female or mixed infection (91), indicated that the control of the parasite burden in the skin is associated with increased production of inflammatory chemokines and cytokines, especially CXCL10, CCL3, and IL-12. These mediators lead to neutrophil, eosinophil, and macrophage recruitment. Therefore, the modulation of CXCL10 serum response in S. mansoni-infected individuals with reports of ATL could also contribute to the increased susceptibility to this trematode infection.

The association between previous ATL and the modulation of the host's Th1/Th2 immune responses could also affect the S. mansoni egg production and/or elimination. As verified in our univariate analyses, none of the infected individuals with previous report of ATL eliminated more than 100 epg. Some studies in experimental models demonstrate that pro-inflammatory cytokines, such as TNF-α, stimulate the survival and fertility of S. mansoni adult worms (92, 93). Additionally, a type 2 immune response, with possible participation of tissue eosinophils, is also necessary to assist parasite egg elimination through the intestinal endothelium (94, 95). The modulation of inflammatory mediators detected in individuals with previous ATL and active schistosomiasis could affect these responses. However, only 10 individuals from the study population had a high S. mansoni burden, which did not allow a more detailed analysis.

In addition, it is important to notice that intense Th2/Th1/Th17 responses were also associated with the severity of the liver pathology in schistosomiasis (19, 72, 74, 96). Therefore, the modulation of Th1/Th17 inflammatory mediators in individuals with previous ATL history and active S. mansoni infection, as demonstrated by multiple regression analysis, could also interfere in the S. mansoni-induced pathology. Unfortunately, we were not able to better explore the possible effects of previous ATL on the morbidity caused by schistosomiasis in the study population because most of the infected individuals had a very low parasite burden, with no reported cases of severe schistosomiasis, known as the hepatosplenic form of the disease. Moreover, hemoglobin concentration and platelet count, which are classical parameters associated with schistosomiasis mansoni's morbidity (50, 97), did not differ significantly between groups. Further studies will be necessary to demonstrate whether the modulation of the inflammatory response by previous ATL can alter the morbidity of schistosomiasis.

The multiple analysis also showed that an ATL history was positively associated with high IL-27 response in Schistosoma-infected individuals. IL-27 is a cytokine produced by activated antigen-presenting cells (APCs), such as macrophages and dendritic cells (DCs) (98), and has an immunomodulatory role. Published data (99, 100) have suggested the modulatory effect of IL-27 on Th1 response and tissue lesion in subclinical infections with L. braziliensis. Also, mice deficient in the production of IL-27 (WSX-1−/−) and infected with S. mansoni produced lower levels of IFN-γ and less severe fibrosis, although these immune alterations did not significantly affect the severity of the disease (101). Therefore, the increased IL-27 response could downmodulate the CXCL10 and IL-17 responses observed in S. mansoni-infected individuals with a previous history of ATL. Another cytokine that has been associated with the modulation of the Schistosoma-induced immune response is IL-10. In the current study, few individuals had detectable levels of IL-10 in the serum and most of them were uninfected. The high limit of detection of IL-10 by the ELISA applied in the current study would be a limitation for the analysis. However, the significantly higher frequency of IL-10 responders in non-infected individuals could be a consequence of the constant exposure of the study population to chronic infectious diseases, such as schistosomiasis and leishmaniasis. IL-10 response among individuals with previous exposure to S. mansoni infection has been detected in other endemic areas (102, 103). Despite the lack of association between the IL-10 response and the modulatory profile of the immune response observed in S. mansoni-infected individuals with previous ATL, we could not rule out the possible participation of IL-10-mediated mechanisms in this process, since only serum samples were evaluated. It is possible that IL-10-producing cells may be recruited to egg-retention sites, such as the liver and the intestines.

Finally, although we were able to show some of the impacts that ATL may have on schistosomiasis, it is important to mention that the current data were derived from a cross-sectional study and, therefore, present some inherent limitations, such as the impediment of causal inferences. Besides, an important methodology limitation is the inability to determine when individuals were infected. Additionally, some previous cases of ATL could not be confirmed in the medical records, and subclinical individuals were not identified in this study. Regarding other parasitic infections, their prevalence was low in the study population and cases were evenly distributed among the groups. Another caveat worth mentioning is the absence of a more detailed evaluation of the symptoms of schistosomiasis in the study population, which limited the inferences regarding the S. mansoni-induced pathology. Therefore, complementary studies are necessary to further understand the modulatory effect of ATL on schistosomiasis.

In conclusion, we demonstrated that previous ATL is associated with reduced serum levels of inflammatory mediators induced by S. mansoni infection, and that such reduction was detected even in individuals infected with low parasite burden. This immune modulation may predispose these individuals to a higher susceptibility for the schistosome infection. On the other hand, the association of these diseases might also control intense inflammatory responses, which are normally associated with the more severe clinical cases of schistosomiasis.
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In spite of several decades of research, an effective vaccine against schistosomiasis remains elusive. The radiation-attenuated (RA) cercarial vaccine is still the best model eliciting high protection levels, although the immune mechanisms have not yet been fully characterized. In order to identify genes and pathways underlying protection we investigated patterns of gene expression in PBMC and skin draining Lymph Nodes (LN) from mice using two exposure comparisons: vaccination with 500 attenuated cercariae versus infection with 500 normal cercariae; one versus three doses. Vaccinated mice were challenged with 120 normal parasites. Integration of PBMC and LN data from the infected group revealed early up-regulation of pathways associated with Th2 skewing and polarization of IgG antibody profiles. Additionally, hemostasis pathways were downregulated in infected mice, correlating with platelet reduction, potentially a mechanism to assist parasite migration through capillary beds. Conversely, up regulation of such mechanisms after vaccination may explain parasite blockade in the lungs. In contrast, a single exposure to attenuated parasites revealed early establishment of a Th1 bias (signaling of IL-1, IFN-γ; and Leishmania infection). Genes encoding chemokines and their receptors were more prominent in vaccinated mice, indicating an enhanced capacity for inflammation, potentially augmenting the inhibition of intravascular migration. Increasing the vaccinations from one to three did not dramatically elevate protection, but there was a clear shift towards antibody-mediated effectors. However, elements of the Th1 bias were still evident. Notable features after three vaccinations were markers of cytotoxicity (including IL-6 and NK cells) together with growth factors and their receptors (FGFR/VEGF/EGF) and the apoptosis pathway. Indeed, there is evidence for the development of anergy after three vaccinations, borne out by the limited responses detected in samples after challenge. We infer that persistence of a Th1 response puts a limit on expression of antibody-mediated mechanisms. This feature may explain the failure of multiple doses to drive protection towards sterile immunity. We suggest that the secretions of lung stage parasites would make a novel cohort of antigens for testing in protection experiments.




Keywords: Schistosoma mansoni, radiation-attenuated vaccine, systems biology, immune response, protection mechanism, mouse model



Introduction

Schistosomiasis is a debilitating disease caused by flatworms of the genus Schistosoma. It represents a serious public health problem for which various control measures are available but fail to prevent re-infection in endemic areas (1). In order for schistosomes to establish in the mammalian host, cercariae must penetrate the skin, transform into schistosomula, and migrate in the bloodstream to the hepatic portal venules of the liver. There they grow into pre-adults, pair and travel up the portal vasculature to their favored sites in the intestinal wall or bladder venous plexus. Even today, diagnostics for schistosomiasis are not very sensitive and cannot detect low-level infections (2). In this context, an effective vaccine with long-term protective effects via the activation of the immune system would be the ideal tool to prevent this disease (3). Since the parasite does not replicate in its definitive host, it is evident that even a partial reduction in parasite burden would have an impact on disease morbidity, control and ultimately eradication (4).

In the last decades numerous studies have been conducted in an attempt to develop a vaccine against schistosomiasis, but with the exception of studies with Sm14, Calpain, and TSP-2 antigens, the results were not very encouraging (5). Most viral or microbial vaccines are intended to replicate events after primary exposure that naturally elicit solid immunity. With chronic infections, like schistosomiasis, the vaccinologist starts at a disadvantage in that the existence of a protective immune response is by no means clear or guaranteed (6). Accordingly, there are no obvious human paradigms on which to base a schistosome vaccine, and researchers have focused their strategies on immune responses in animal models (7).

For many pathogens, the most effective vaccines comprise the live infectious agent that has been attenuated to make it non-pathogenic (8, 9). In the case of Schistosoma, studies with radiation-attenuated (RA) larvae have demonstrated that a schistosomiasis vaccine is a realistic goal [reviewed in (10)]. Parameters for immunization of mice with 60Cobalt-irradiated Schistosoma mansoni cercariae were first described by Minard et al. (11) and resulted in protection against a subsequent challenge infection. In the ensuing decades, the S. mansoni RA cercarial vaccine has been tested experimentally in different animal models and provided important insights, especially in studies with knockout mice (12, 13). It is clear from numerous studies on the RA vaccine (10) that attenuated parasites must persist in the host for 1 to 2 weeks to elicit effective protection. “The lung is the major site of parasite attrition and elimination for both immunizing and challenge infections in the mouse model” [reviewed by (14)]. Nevertheless, many of the immune events following vaccination with attenuated cercariae are still poorly understood. Therefore, more detailed studies with the Schistosoma attenuated vaccine are important to identify pathways that correlate with protective immunity, contributing to research on, and development of human vaccines.

In this context, a systems biology approach can provide an overview of the immune system and its many components by analyzing the coordinate interactions at the molecular level and can help overcome current challenges in vaccine development. Systems vaccinology is an emerging field in the study of immune responses to vaccination, combining the measurement of different parameters, analysis of their interaction network and predictive modeling using bioinformatics tools applied to vaccinology (15–17). This new approach is highly relevant to the search for a vaccine against schistosomiasis and will help the efforts to explain “how and why” RA cercariae generate high protection levels against subsequent challenge, whereas a natural infection does not.

Systems biology has been used to understand the immune response induced by vaccination against yellow fever (18), influenza (19, 20), as well as for malaria (21, 22) and HIV infection (23, 24). Querec and collaborators, through the analysis of genes activated in PBMC using microarrays, have identified molecular signatures able to predict the early events in the immunogenicity of YF-17D, the attenuated yellow fever vaccine (virus) in humans (18). Additionally, Nakaya and collaborators compared the gene networks in humans immunized with two different inactivated (TIV) and attenuated (LAIV) influenza vaccines (20). The results showed the ability of systems biology approach to predict the immunogenicity of these vaccines and revealed new molecular mechanisms involved in immunity. A central aspect of these studies was the design of time-course blood sampling to assess the PBMC transcriptomes.

To date, there have been few studies analyzing changes in host gene expression to evaluate the efficacy of vaccines against schistosomiasis. Tian et al. (25) investigated immunological events induced by vaccination of pigs with ultraviolet (UV) attenuated cercariae of S. japonicum and protection after experimental challenge. More recently, Rojo et al. (26) employed RNA sequencing to identify gene signatures that may predict calpain vaccine efficacy in mouse and baboon models. In the present study, we have explored the murine RA vaccine model by analyzing the early sdLN response and PBMC transcriptional profiles over a time course after vaccination and challenge in relation to a series of parameters: hematology, antibody profile, blood immunophenotypic profile, and parasite burden. Our aim was to seek answers to two key questions concerning the modus operandi of the RA vaccine at the level of host immune gene expression about why: 1) attenuated larvae elicit a protective response while normal larvae do not; 2) multiple exposures to the RA vaccine change the balance from a Th1 to a Th1-Th2 profile but nevertheless fail to drive protection towards sterile immunity.



Materials and Methods

This study was carried out using C57BL/6 female mice aged 6–8 weeks, and all experiments were conducted in strict accordance with good practices as defined by the Committee for the Ethical Use of Animals in Experimentation of the Butantan Institute (São Paulo, Brazil) under license 1030/13. S. mansoni (BH strain) was maintained in a laboratory by routine passage through hamsters and Biomphalaria glabrata snails as previously described (27). Parasites used for experimental vaccination were attenuated by exposure to gamma ray irradiation (20krad, 200Gy) using a Gamma cell 220 60Co source (Atomic Energy Agency of Canada Ltd.) at room temperature in the presence of O2 located at the radiation technology center (CTR-IPEN).


Vaccination Trials and Challenge Procedures

Cross-sectional and longitudinal assays were performed to investigate differences among aspects of the immune response induced after vaccination, infection and challenge. C57BL/6 mice were distributed into five groups: control (C), non-treated animals; vaccinated once (1V) with 500 attenuated cercariae and challenged with 120 normal cercariae; vaccinated three times (3V) with 500 attenuated cercariae (4-week intervals) and challenged with 120 normal cercariae; only challenged with 120 normal cercariae at 84 days (Chc); infected with 500 normal cercariae (Inf) in parallel with the 1V group. The Inf group was perfused 35 days after infection (91 days after the beginning of the experiment; Figure 1). The inclusion of the Inf group was designed to detect quantitative and qualitative differences in the immune response induced by identical numbers of normal and attenuated cercariae. Mice were anaesthetized using 80 mg/kg of ketamine (Dopalen) and 10 mg/kg of xylazine (Anasedan; both from Ceva Santé Animale, Paulínia, SP) and infected or vaccinated by percutaneous exposure of shaved abdominal skin for 30 min (29) with 500 normal or 500 attenuated cercariae at the time points indicated in Figure 1. Four weeks after the final vaccination, the 1V and 3V mice were challenged with 120 normal cercariae by the tail method (30). Forty-five days after challenge, all animals were euthanized with a lethal dose of anesthetic (ketamine and xylazine), and perfusion fluid (saline solution plus 500 units/L of heparin) was pumped into the dorsal aorta allowing for the collection of perfused worms from the ruptured hepatic portal vein. The intestinal mesenteric vessels were examined for residual trapped worms, after which all collected worms were counted using a stereomicroscope.




Figure 1 | Experimental design of immunization/infection procedures and collected material at the indicated time points. C57BL/6 mice were disposed in five experimental groups: Control (C) non-treated animals; (1V) animals vaccinated with one dose of 500 attenuated cercariae; (3V) animals vaccinated with three doses of 500 attenuated cercariae; (Inf) animals infected with 500 normal cercariae in parallel with the immunizations and perfused at Day 91; animals only challenged with 120 normal cercariae (Chc). Vaccinated and Chc groups were challenged with 120 normal cercariae at 84 days. The vaccination/infection and the challenge occurred at 4-week intervals. Blood, BAL, and spleen analyses were performed at Day 7 and 17 after vaccination/infection and Day 7 post-challenge. Protection was assessed at the end of the experiment by portal perfusion, 45 days post-challenge. Lower panels display the cross-sectional and longitudinal assays performed, and readouts assessed: Cross-sectional assay➀, in which 72 mice were divided in five experimental groups (C, Inf, 1V, 3V and Chc) and six mice per group were euthanized at the different time points (Day 7, 17 and 7 pc) for immune response evaluation in the blood (antibodies; cell phenotyping; cell recruitment to lungs by bronchoalveolar lavage (BAL); splenic and blood cytokines). Cross-sectional assay➁, in which 40 mice were divided in four experimental groups (C, Inf, 1V, and 3V) and 10 mice per group were euthanized at Day 5 after vaccination/infection for transcriptome analysis of the skin draining lymph nodes (sdLN); Longitudinal assay➀ and ➁, for each assay 72 mice were divided in five experimental groups (C, Inf, 1V, 3V and Chc; 12-15 mice per group) and the PBMC was isolated for immune transcriptome profiling by NanoString and for global transcriptome analysis by microarray, respectively; Longitudinal assay➂, in which 50 mice were divided in five experimental groups (C, Inf, 1V, 3V and Chc; 10 mice per group) for hematological evaluation and sera separation for epitope mapping with peptide arrays (28). For all longitudinal assays, worm burden was evaluated upon the termination of experimentation.



For the Inf group sampling beyond 5 weeks was not possible because of the lethality of this parasite burden.



Experimental Design

The choice of sampling time points was based mainly on the work of Ratcliffe and Wilson (31), who described the peak of the systemic response (response of parasite-specific T-lymphocytes) as occurring 17 days after vaccination, and the peak of recall reactivity after a challenge as occurring seven days after secondary exposure. Cross-sectional and longitudinal assays were performed as follows (Figure 1):

	Cross-sectional assay➀, in which 72 mice were divided in five experimental groups (C, Inf, 1V, 3V and Chc), and six mice per group were euthanized at Days 7 and 17 after infection or vaccination, and at Day 7 post-challenge (Day 7 pc) for immunological evaluation (antibodies; blood cell phenotyping; cell recruitment to lungs by bronchoalveolar lavage (BAL); splenic and blood cytokines);

	Cross-sectional assay➁, in which 40 mice were divided in four experimental groups (C, Inf, 1V, and 3V) and 10 mice per group were euthanized at Day 5 after vaccination/infection for transcriptome analysis of the inguinal and axillary lymph nodes draining the skin (sdLN);

	Three independent longitudinal assays, in which blood was drawn from the same groups of mice in a time-course manner at Days 7 and 17, and Day 7 pc as follows:

	Longitudinal assay➀, in which 72 mice were divided in five experimental groups (C, Inf, 1V, 3V and Chc; 12–15 mice per group) and PBMC was isolated for immune transcriptome profiling by NanoString;

	Longitudinal assay➁, in which 72 mice were divided in five experimental groups (C, Inf, 1V, 3V and Chc; 12–15 mice per group) and PBMC was isolated for global transcriptome analysis by microarray. In this experimental block, data from ten additional animals from a pilot standardization assay were added to the control group with a total of 22 animals;

	Longitudinal assay➂, in which 50 mice were divided in five experimental groups (C, Inf, 1V, 3V and Chc; 10 mice per group) for hematological evaluation and sera separation for epitope mapping with peptide arrays (28). For all longitudinal assays, worm burden was evaluated upon the termination of experimentation (Figure 1 and Supplementary Figure 2).





Assessment of Vaccine-Induced Protection: Adult Worm and Egg Recovery

For the three independent longitudinal assays, the protection level (%) in vaccinated mice was calculated after perfusion by comparing the number of worms recovered from each vaccinated group with the control group, as previously described (32). To evaluate the liver-trapped egg burden, a piece of the liver from each mouse was removed, weighed, digested and homogenized for 1 h at 37 °C in 5 ml of 10% KOH, the number of eggs per gram of liver was compared to the control group. Worm fecundity was calculated by dividing the number of eggs/gram of liver tissue by the number of female worms collected. Worm size was assessed by measuring the area of each worm using ImageJ software (http://rsb.info.nih.gov/ij) following the acquisition of images using a camera (DINO-Eye, AM423X, Anmo Electronics Corporation, Taiwan) coupled to a light microscope (NIKON – Eclipse E200, Japan).



Bronchoalveolar Lavage (BAL)

At Days 7, 17 and Day 7 pc, six mice per group per time point derived from cross-sectional assay➀ were euthanized by an i.p. injection of ketamine and xylazine and several immunological parameters were assessed. After euthanasia, the trachea was cannulated and each animal’s lungs were washed twice with 0.5 and 1.0 ml of cold PBS (phosphate-buffered saline, pH 7.4), and the recovered material collected in microtubes. After total cell counting, cytospin preparations of BAL cells were stained with Instant-Prov (Newprov), and differential cell counting was performed on 200 cells according to respective morphological and staining characteristics.



Blood Cell Immunophenotyping by Flow Cytometry

Blood cell phenotyping was performed by flow cytometry using cells derived from six mice per group per time point (cross-sectional assay➀). Cells were stained with monoclonal antibodies against CD3 (APC-Cy7™ Rat anti-mouse CD3 Molecular Complex, clone17 A2, BD Pharmingen™), CD4 (PE-Cy™ 5 Rat anti-Mouse CD4, clone H129.19, BD Pharmingen™), CD8 (PE™ Rat anti-Mouse CD8a, clone 53–6.7, BD Pharmingen™) and the early T cell activation marker CD69 (FITC Hamster anti-Mouse CD69, clone H1.2F3, BD Pharmingen™). All immunophenotyping and gate strategy was performed as previously described (33) and exemplified in Supplementary Figure 3A. Flow cytometry measurements were performed on a FACSCanto II ® instrument (Becton Dickinson, Moutain View, CA) with 15,000 events acquired for each preparation. FlowJo Software (Flow Cytometry Analysis Software 7.6, Tree Star, Inc., Ashland, OR) was used for data analysis.



IgG and IgE Antibody Levels

Six mice per group per time point derived from cross-sectional assay➀ were bled from the retro orbital plexus and sera were collected for ELISA assays to assess anti-schistosome IgG, IgG1, IgG2c and total IgE antibody levels. For the quantification of IgG, IgG1 and IgG2c, 96-well plates (Maxisorp 96-well microtiter, Nunc) were coated with 1 µg/ml of 7-day-old schistosomule total protein extract (34) in carbonate-bicarbonate buffer (pH 9.6) as described previously (27). Total IgE ELISA was carried out using a Mouse IgE ELISA kit (BD OptEIA TM, BD Biosciences, USA) using sample dilutions (1:40) in accordance with manufacturer recommendations. IgG, IgG1, and IgG2c antibody levels were calculated using a standard curve and horseradish peroxidase (HRP)-conjugated antibody anti-mouse IgG, IgG1, or IgG2c (Southern Biotechnology). IgE antibody levels were expressed as OD (optical density) with readings performed at 492 nm in an ELISA plate reader (Epoch Biotek, Biotek Instruments Inc., USA). The correlation analysis of antibody levels at Day 28 and parasitic load, as well as the ratio analysis of IgG1/IgG2c were performed with data collected from longitudinal assay➁ with 15 mice per group.



Cytokine Measurements in Blood and Spleen Cultures

Cytokine assays were assessed in whole blood (without stimulus), from six mice per group per time point derived from cross-sectional assay➀, as previously described (35). Spleens were removed aseptically and processed as previously described (36). Cell viability counts were performed after staining with Trypan blue. Cells (1x106 per well) were plated on 24-well plates and stimulated with schistosomula extract (15 µg/ml) or concanavalin A (5 µg/ml, Sigma) as a positive control for cell reactivity, or saline as a negative control. After 72 h, culture supernatants were collected for cytokine assay using a Mouse Th1/Th2/Th17 CBA kit (BD™ Cytometric Bead Array). All procedures were conducted according to the manufacturer’s recommendations. Data was plotted by subtracting the baseline levels of cytokine production (no stimulus) for each group, and then displayed as a heatmap (z-score).



Hematological Evaluation

Fifty microliters of peripheral blood were collected from the retro-orbital complex of 10 mice per group derived from longitudinal assay➂ and transferred to tubes containing 10% EDTA (Sigma Chemical Co) as an anticoagulant. An Auto Hematology Analyzer apparatus (Mindray BC-2800Vet, Hamburg, Germany) was used to evaluate parameters related to white blood cells (total leukocytes, lymphocytes, monocytes and polymorphonuclear cells) and platelets. Data was calculated as the fold change relative to the control group and then displayed as a heatmap.



Immune Transcriptional Profiling of PBMCs by NanoString Analysis

To obtain the immune transcriptional profiles of PBMCs after infection, immunization, and challenge, the NanoString nCounter Gene Expression Platform (NanoString Technologies, Inc.) was employed. The Nanostring system utilizes a digital barcode technology for the multiplexed measurement of analytes and offers high levels of precision and sensitivity (< 1 copy per cell) (37). The nCounter® Mouse Immunology panel used herein covers ~546 general immunology genes. For this experimental block, nine mice per group derived from the longitudinal assay➀ were evaluated (Supplementary Table 1). Blood collection, PBMC separation and RNA extraction were performed as described in Supplementary Methods. These assays were performed at a NanoString Technologies facility (Seattle, WA, USA) using 200 ng of total RNA in accordance with the manufacturer’s recommendations. Three independent biological replicates were assessed per group per time point, in which each individual biological replicate consisted of a pool of PBMCs (containing equal amounts of total RNA) from three mice (Supplementary Table 1). In summary, gene expression levels were measured by counting the number of times the color-coded barcode for a given gene was detected (digital counting). Normalization, expression values (fold change calculations) and statistical analyses were performed using nSolver™ Analysis Software (version 2.6).



Global Gene Expression Profiling of PBMCs and sdLN by Microarray

To obtain a comprehensive overview of the pathways operating under different experimental conditions, we analyzed the PBMC transcriptional profiles obtained with Agilent DNA arrays after vaccination, infection and challenge (SurePrint G3 Mouse GE 8x60K Microarray, Agilent, USA). This DNA array comprises 39,430 Entrez Gene coding transcripts and 16,251 non-coding transcripts from the mouse genome (RefSeq Build 37). For this experimental block, 12–15 mice per group (Inf, 1V, 3V and Chc) and 22 mice for control group (C) derived from the longitudinal assay➁ were evaluated. Blood collection, PBMC separation and RNA extraction were performed as described in Supplementary Methods. Data revealed a high correlation between the number of PBMCs counted and the amount of RNA extracted (Supplementary Figure 1). Four to five independent biological replicates were assessed per group (Inf, 1V, 3V, and Chc) per time point, and 16 biological replicates from control group (C) were used to generate the baseline of expression for PBMC microarray analysis. All biological replicate consisted of a pool of PBMCs (containing equal amounts of total RNA) from three mice (Supplementary Table 2).

We also used the Agilent array to evaluate gene expression profiles in the skin draining lymph nodes at Day 5 after vaccination/infection. For this, 10 mice per group were euthanized and the sdLNs (axillary and inguinal) were collected, fixed overnight in RNAlater solution (Ambion) and then stored in liquid nitrogen until RNA extraction, performed using a RNeasy Micro Kit (QIAGEN) as per manufacturer’s recommendations. Three independent biological replicates were assessed per group for sdLN microarray analysis, in which each biological replicate consisted of a pool of sdLNs from three mice (containing equal amounts of total RNA – RIN > 7) (Supplementary Table 2).

To produce Cy3-labeled cRNA, each pool of total RNA was amplified and labeled using an Agilent Low Input Quick Amplification Labeling Kit in strict accordance with manufacturer instructions (Supplementary Methods). Data were corrected using a quantile normalization method and transformed into logarithmic (log2) values, which allowed for direct comparisons between up-regulated and down-regulated genes.



Analysis of Expression Data

To identify differentially expressed genes (DEG), a standard pipeline was implemented for probe filtering and expression values obtained from normalized data were consolidated, and then corrected for batch effects. First, the control probes from Agilent were eliminated, followed by the probes that did not map to known genes according to http://biodbnet.abcc.ncifcrf.gov/db/db2db.php. Next, the probes with no significant signal (flag gIsPosAndSignif Agilent) in at least half of the analyzed replicates were removed. Finally, median values were considered for probes replicated within a given array, while in the case of different probes that mapped to the same gene, the greatest mean expression value was considered. These procedures were performed separately with respect to each experimental time point, resulting in a final list of between 17,000 and 18,000 genes. The fold change calculations and differentially expressed gene (DEG) identification, relative to the control group for each condition was performed using the limma R package. A moderate t-test for each gene in each condition was performed, and then the generated p-value was adjusted by false discovery rate (FDR). Due to the small range in gene expression observed for the Volcano plots and Venn diagram analysis we have selected DEGs using a cutoff p ≤ 0.001 (not adjusted by FDR).

To evaluate the genome-wide expression profiles and determine whether a priori a defined set of genes showed statistically significant, cumulative changes in gene expression correlated with the different vaccination regimens, Gene Set Enrichment Analysis (GSEA, Broad Institute; https://www.broadinstitute.org/) was performed at each time point, using the normalized values of signal intensity in the microarray of all genes in the samples of one test condition and the control samples. This tool evaluates whether the cumulative changes in gene expression in one tested condition is correlated with a particular previously characterized group of multiple genes (a gene set) defined based on prior biological knowledge. Procedures for GSEA were performed as described in Supplementary Methods. Pathway analysis was performed using Ingenuity Pathway Analysis software (IPA) (Qiagen) as described in Supplementary Methods.



Statistical Analysis

Differences in worm and egg burdens, worm size, antibody levels and cell counting were analyzed using a one-way ANOVA followed by Tukey’s multiple post-hoc comparison test. Differences were considered statistically significant when P ≤ 0.05. All graphs, Pearson’s correlation coefficient and statistical analyses were performed using PRISM version 5.02 software (GraphPad, San Diego, CA).




Results


Protective Efficacy Induced by Radiation-Attenuated (RA) Vaccination

Initially, the protection levels and consistency of the RA vaccine were validated. The animals immunized with a single dose of attenuated cercariae (1V) showed on average of 46% worm burden reduction (47% female, 45% male worms). Protection was higher in the 3V group, representing a 71% worm burden reduction (85% female, 65% male worms). No gender bias reduction was detected, as differences between male and female  reduction were proportional to the differences observed in the Chc group (Figures 2A, B). Egg count analysis in the liver revealed oviposition reduction, with a 71% decrease in the 1V and 90% in 3V groups, relative to the Chc group (Figure 2C). Furthermore, when these data were normalized to the number of females, a 49% reduction of fecundity was observed in the 3V relative to Chc group (Figure 2D). Lastly, the body lengths of worms recovered from 3V were 28% shorter than Chc animals under morphometric analysis and several presented a stunted phenotype (Figures 2E, F). This immunization and challenge assay was performed two more times and presented very similar results, reinforcing the consistency of the RA cercarial vaccine (Supplementary Figure 2).




Figure 2 | Parasitological parameters of the longitudinal assay➁. (A) Total worm burden and protection (%) for one-vaccine dose (1V) and three vaccine doses (3V) in comparison to challenge control (Chc). The Inf group was infected with 500 normal cercariae. (B) Worm burden separated by schistosome gender (male and female worms) and protection (%) in comparison to Chc. (C) Liver-trapped eggs and (D) Egg load per gram of liver per female. The percentage protection is presented for 1V and 3V groups in relation to the challenge control (Chc). (E) Worms with impaired development recovered from mice vaccinated with three doses (3V) (***P < 0.001). Area was measured for 177 worms from Chc and 101 worms from 3V, using the ImageJ program. (F) Representative images of worms of the Chc and 3V groups. Box plots with different letters represent significant differences and box plots sharing at least one letter represents no significant difference by ANOVA, Tukey (p<0.05); the Inf group was not included in this analysis. Data collected from longitudinal assay➁ (15 mice per experimental group) and representative of two additional longitudinal assays➀ and ➂ (detailed in Supplementary Figure 2).





Immunization With RA Cercarial Vaccine Induces Immune Responses in the Lungs and Blood

The analysis of bronchoalveolar lavage (BAL) revealed that mice vaccinated with attenuated cercariae (1V and 3V) presented increased immune cell migration in comparison to infected (Inf and Chc) and control animals (Supplementary Figure 3B). The 3V recruitment was already elevated by Day 7, and in both immunized groups at Day 17, which was maintained at Day 7 pc (Supplementary Figure 3B). There was a predominance of macrophages and lymphocytes, with increased neutrophils at Day 7 and increased eosinophils at Day 17 (Supplementary Figure 4). Notably, the infection and challenge protocols involving two different doses of normal cercariae (Inf or Chc) did not elicit significantly altered BAL profiles.

We anticipated that parasite migration through the skin and bloodstream would promote alterations (e.g. tissue damage, inflammation and the healing process) that could be detected systemically by blood analysis, without the need for in vitro stimulation. Phenotypic blood analysis revealed the higher levels of activated T cells (CD4+ and CD8+) on Day 17 in the 3V than 1V group, which were in turn higher than Inf and Control groups (Supplementary Figure 3C). In general, the impact of vaccination was to generate higher total leucocyte and platelet levels in the blood (3V > 1V > Inf) as revealed by the hematological evaluation (Supplementary Figure 3D).

In the interpretation of antibody responses, it is important to note that time point 0 is in relation to 1V/Inf, so 3V animals were sensitized by two previous exposures to 500 RA cercariae (Figure 1). Thus, high levels of total anti-Schistosoma IgG were observed in the 3V group at all time points analyzed, whereas levels increased gradually in parallel in the 1V and Inf groups to Day 28, and again after challenge of the 1V animals (Figure 3A). The pattern for the IgE isotype followed a similar trajectory with a maximum reached at Day 28, but the differences between groups were not statistically significant (Figure 3B). Also, at Day 28, a significant negative correlation between antibody levels and final worm burden was observed for IgG, but not for IgE (Figure 3C). Our analysis of the IgG1/IgG2c subclass ratio at Day 28 indicated an immune response biased towards a Th1 profile in the 1V group, whereas the Inf group was more polarized towards a Th2 profile, and the 3V group was intermediate between the two (Figure 3D).




Figure 3 | Antibody levels in serum of vaccinated/infected mice: (A) Total schistosome-specific IgG antibody and (B) IgE in 1V, 3V and Inf at Days 7, 17 and 28 plus Day 7 pc; asterisks indicates significant differences in relation to the Infected group (Inf), ANOVA followed by Tukey’s post-hoc test (**p < 0.01, ***p < 0.001). (C) Correlation analysis of total schistosome-specific IgG and total IgE at Day 28 with worm burden at experiment termination in the immunized groups (D) Box-plot and whisker graph representing the lower and upper quartiles, median and minimum- maximum values for IgG1/IgG2c ratios in the serum of immunized mice at Day 28. Data derived from cross-Sectional➀ for (A, B) (six mice per group per time point) and derived from longitudinal assay➁ (15 mice per experimental group) for (C, D).



The cytokine production by cultured splenocytes after in vitro stimulation revealed an early and intense immune response at Day 7, which was maintained until Day 17, with little distinction between the 1V, 3V and Inf groups; this was characterized by the production of both proinflammatory, Th1 and regulatory cytokines (Supplementary Figure 5A). The analysis of plasma cytokines revealed that the previously primed 3V group already had the highest circulating levels of inflammatory (IL-6, TNF-α), Th1 (IFN-γ), Th2 (IL-4) and regulatory (IL-10) cytokines at Day 7; this pattern was maintained at Day 17, and Day 7 post-challenge (Supplementary Figure 5B). The 1V group also showed increases in IL-4, IFN-γ and IL-6 at Day 17 (Supplementary Figure 5B).



Infection and Immunization Events Induce Different Gene Expression Profiles in PBMCs

We analyzed gene expression profiles in PBMCs of immunized and infected animals in the circumscribed Mouse Immunology panel of the Nanostring nCounter® platform; we reasoned that key genes should be revealed between groups at different time points (Figure 1). The Venn diagrams revealed a higher number of differentially expressed genes (DEGs) in the 3V group at Day 7 compared to the other groups, whereas DEGs were higher in the 1V group at Day 17 and Day 7 pc (Figure 4A). The Inf and Chc groups presented a lower degree of gene perturbation at all time points, suggesting the poor secondary response elicited by normal parasites.




Figure 4 | Evaluation of gene expression in PBMC by Nanostring method. (A) The shared and unique elements of PBMC by Nanostring analysis showing the DEGs of Inf, 1V and 3V groups at Days 7 and 17 after immunization and Day 7 post-challenge represented in a Venn Diagram (red: up regulated, blue: down regulated) (FDR not adjusted, p < 0.05). (B) Heatmaps showing gene expression of a list of 51 differentially expressed genes (DEGs) relative to control PBMC. Data derived from longitudinal assay➀ (nine mice per group). Three biological replicates were assessed per group per time point, in which each individual biological replicate consisted of a pool of PBMCs from three mice (Supplementary Table 1).



Several genes for Fc receptors, T-cell cytotoxicity, monocyte/granulocyte maturation, complement, chemokine and chemokine receptors were upregulated in the immunized groups at Day 7 and 17 (Figure 4B). Conversely, genes involved in Th2 responses were upregulated and some complement proteins downregulated in the infected group; many of the genes involved in T-cell cytotoxicity were downregulated in the Chc group at Day 7 pc (Figure 4B). All this amounts to a considerable degree of differential gene expression elicited by the vaccinating parasites, with the 3V group showing the largest number of up-regulated genes. In contrast, the Inf group shows very few up-regulated genes at Day 7, all of which declined by Day 17, thus indicating only a transitory response to the migrating normal schistosomula; the Chc group showed mostly downregulated genes (Figure 4B). Of note, are the upregulation of two genes for granzymes (Gzma and Gzmb), alarmins (S100a8 and S100a9) and six killer cell lectin receptors (Klr) in the 3V group before challenge, with many of these downregulated in the Chc group.

At the Day 7 pc sampling time, only the 1V group showed a significant up-regulation of genes, virtually all involved in the arming of monocytes and granulocytes (three Fc receptors, Complement C3, three chemokines and one chemokine receptor), or in the stimulation of their production in the bone marrow (CSF 1, 2 and 3 receptors). One gene, Selplg (P-selectin glycoprotein ligand 1), which plays a crucial role in leucocyte trafficking into tissues, was down-regulated in the infected Inf and Chc groups at all time points analyzed (Figure 4B).

Application of the IPA® upstream regulators prediction tool revealed a series of regulators in the 1V and 3V groups and very few in the Inf group. The STAT-1 (transcription activator of interferon-stimulated genes) and PLAU (Plasminogen Activator, Urokinase) were prominent in both vaccinated groups. Activation of interferon regulators (IFN-γ, IFN-α/β and IFN-αr) and inhibition of IL10RA (receptor α chain) appeared in the 1V group. While regulators of IL-12 complex, Interferon alpha, TNFSF12 and SPI1 were active in the 3V group. On the other hand, the ITK and IL-15 regulators involved in T-cell proliferation and cytotoxicity of lymphocytes and NK, respectively, were inhibited in the Chc group (Supplementary Figure 6).



Microarray Analysis of PBMC Expression Reveal Early Activation in Immunization and Down-Regulation of Hemostasis Pathways by Infection


Day 7

In order to expand on the results obtained by Nanostring, the whole-genome microarray analysis of PBMC was used to unveil dominant pathways related to the different outcomes observed in immunized and infected animals. Volcano plots illustrate the extent to which gene expression was perturbed in circulating mononuclear leucocytes after exposure to attenuated or normal cercariae. Surprisingly, few DEGs were observed at Day 7 and Day 7 pc, even using less stringent criteria (p<0.001 FDR not adjusted) (Supplementary Figure 7 and Supplementary Table 3). At Day 17 all groups showed considerable changes in gene expression, the top 10 DEGs (up and down) are highlighted in Supplementary Figure 7B.

In order to perform comparisons at the different time-points (despite the low perturbation observed at some timepoints), we used GSEA on the entire set of genes detected with microarrays as expressed in PBMC, with the ultimate objective of highlighting new pathways associated with vaccination and infection processes. The identified pathways were manually curated, and those clearly unrelated to immune response or representative of an overly general classification (e.g. DNA replication or cell cycle progression) were excluded from further analysis (all identified pathways are listed in Supplementary Table 2).

After manual curation and elimination of redundant and overlapping gene sets, a heatmap based on normalized GSEA enrichment scores at Day 7 revealed several pathways that were up-regulated in the 1V and 3V groups compared to the Inf group (Figure 5). Notably, multiple pathways related to immune responses were activated in the 1V and 3V groups, including gene sets related to IL-12, Leishmania infection, DC, macrophage differentiation, signaling in mast cells and B cell survival (Figure 5, Supplementary Table 2). In the 3V group, additional pathways observed included IL-6, IL-1R, IL-2RB, NK, and CD28, reflecting a higher level of PBMC activation. In addition, some pathways related to growth factors and their corresponding receptors (NGF, EGF, FGFR, EGFR, and VEGF) were found to be activated in one or both vaccinated groups. In complete contrast, the PBMC signature of the Inf group at Day 7 was minor (Figure 5), with the FGFR pathway negatively regulated. Remarkably, the pathway related to hemostasis (activation, signaling and platelet aggregation) was exclusively down-regulated in the Inf group (Figure 5).




Figure 5 | Infection and immunization events induce different gene expression profiles in PBMC. Pathway analysis performed using GSEA (p<0.05) and displayed as heatmaps using the normalized enrichment score (NES) of Inf, 1V and 3V groups at Days 7 and 17 after vaccination/infection and Chc, 1V and 3V groups at Day 7 post-challenge. Data derived from Microarray longitudinal assay➁ with 12–15 mice for experimental groups (Inf, 1V, 3V and Chc), and 22 mice for control group. Four to five biological replicates were assessed per group per time point, in which each individual biological replicate consisted of a pool of PBMCs from three mice (Supplementary Table 2). Pathway databases: (R) Reactome, (B) Biocarta, (K) KEGG.





Day 17

At Day 17, the Inf, 1V and 3V groups all showed considerable changes in expression (Supplementary Figures 7A, B). GSEA analysis at this time point, the peak of the systemic immune response, revealed less-clear distinctions between the immunized and infected groups (Figure 5). However, comparing Day 7 and 17, some changes were apparent, particularly in the Inf group. It is important to remember that by Day 17 normal parasites will have reached the liver, begun to ingest blood and void the gut contents into the bloodstream, whereas attenuated parasites will not have developed beyond the migratory intravascular stage or progressed beyond the lungs. Any distinction or similarity in signature may therefore be due to different causes. In the Inf group at Day 17, multiple pathways were now up-regulated, including hemostasis, plus other pathways associated with T cells and NK cells. In the 1V group, two pathways associated with a Th1 response, namely IL-12 and Leishmania, remained up-regulated and distinct from the Inf group. The 3V group remained the most similar to Day 7, but some pathways had diminished, especially growth factors and their receptors but also B cell receptor, IL-6 and IL-1 signaling (Figure 5).



Day 7 Post Challenge

Analysis of PBMC at Day 7 post-challenge, when the groups had been exposed to 120 normal cercariae (with the Inf group replaced by naïve Chc), revealed remarkably little activity (Supplementary Figure 7). GSEA revealed that the challenge controls matched very closely the Inf group at Day 7, with negative regulation of FGFR and the hemostasis pathway (Figure 5). The 1V mice showed little evidence for a secondary response to challenge with normal cercariae, with negative regulation of FGFR. The 3V mice, previously primed with three exposures to irradiated parasites were even more refractory, showing only down-regulation of the hemostasis gene set.




GSEA of sdLN Reveal Signatures for Th1 in 1V, B-Cells in 3V and Hemostasis Pathways in the Inf Group

Aiming to evaluate early signals of immune response in the lymphoid organs, we assessed the gene expression profile in the sdLN at Day 5 after infection or vaccination in an independent cross-sectional assay (Figure 1). Volcano plots show the highest number of DEGs in Inf (464), followed by groups 3V (369) and 1V (186) (Supplementary Figure 8). The Venn diagram of the DEGs showed that only 33 genes were shared between all three groups, while groups 1V and Inf revealed more similarity (82 shared genes) than the 1V and 3V groups (18 shared genes) (Figure 6A).




Figure 6 | Evaluation of gene expression in sdLN by Microarray analysis. (A) The shared and unique elements of sdLN Microarray data showing the DEGs of Inf, 1V and 3V groups at Day 5 represented in a Venn Diagram (red: up regulated, blue: down regulated) (FDR not adjusted, p <0.001); (B) Heatmap of GSEA pathways (p <0.05) in sdLN from Inf, 1V and 3V groups at Day 5. Data derived from Cross-Sectional assay ➁ (nine mice per group). Three biological replicates were assessed per group per time point, in which each individual biological replicate consisted of a pool of sdLN RNA from three mice (Supplementary Table 2). Pathway databases: (R) Reactome, (B) Biocarta, (K) KEGG.



GSEA was performed on the entire microarray dataset of sdLN in order to reveal early pathways associated with vaccination and infection processes. The pathways were manually curated for the elimination of redundant/overlapping gene sets and those clearly unrelated to immune response or representative of an overly general classification were excluded from further analysis as performed for PBMC (all identified pathways are listed in Supplementary Table 2). A heatmap generated revealed distinct signatures in the Inf, 1V and 3V groups (Figure 6B). The only gene sets related to immune response shared between all groups was the antigen dependent B-cell activation and the proteasome. Multiple pathways indicative of a Th1 profile were prominent in the 1V group, including gene sets related to signaling of IL-1/IL-1R and signaling related to Leishmania infection (which has a Th1 bias), and signaling and regulation of IFN-γ. In addition, several pathways involved in immune activation were shared between the 1V and Inf groups: antigen presentation; dendritic cells; Th1/Th2 polarization; T-cell co-stimulatory signal 4-1BB (CD137). The differentially modulated gene sets exclusive to the Inf group included: hemostasis, collagen formation, and negative regulation of FGFR. The Inf group also showed negatively modulated gene sets involved in leukocyte transendothelial migration and signaling by GPCR. Reflecting the low number of common DEGs, few pathways were shared between the immunized 1V and 3V groups, namely IFN-γ. Among the gene sets confined to the 3V group were granzyme A and apoptosis execution phase. Notably, the 3V group also displayed down-regulated TCR signaling, and co-stimulation by CD28.




Discussion

Over the last four decades there have been many attempts to develop an effective vaccine for schistosomiasis, but the results have been disappointing. A dissection of the mechanisms occurring in validated models of protection therefore can provide an extra component in the quest for a successful vaccine. Recently, a Systems Analysis approach was applied to the Sm-p80-based vaccines that induce high levels of protection in Baboons (38). Although the study revealed regulation of different pathways, none of them could be correlated with protection levels, precluding identification of a universal signature of immunity.

The live attenuated cercaria vaccine remains the “gold standard” for induction of acquired immunity in rodents and primates, and arguably the best subject for a Systems Analysis of the patterns of gene expression associated with protection. Although the mouse model has limitations, due in part to the low percentage maturation of parasites [reviewed in (39)], its advantage is that the immunological basis of protection has been confirmed, by passive transfer of both antibodies and cells (40–42). There is also extensive knowledge of immune responses, due to the availability of immunological reagents and gene knock-outs (13), as compared to other model hosts such as hamsters and baboons (43).

In our experiments, the mouse model was validated by induction of immune responses and protection, consistent with those established by other groups [reviewed in (3, 10, 12)], achieving >70% reduction in worm burden after three vaccinations. An important effect on female fertility and reduced size of surviving adult worms were also noted. The peak of a T-cell mediated reactivity at Day 17 post-vaccination in the 1V and 3V groups, compared to Inf and Control groups, aligned with the previously described circulating DTH responses in vaccinated animals (31). In addition, the profile of cytokines detected in the plasma and those produced by antigen-stimulated lymphocytes from immunized mice confirmed the production of proinflammatory cytokines, IFN-γ (44) and TNF-α (45), which have well-established roles on the activation of macrophages in the pulmonary effector response (46, 47). A greater recruitment of total leukocytes, macrophages, neutrophils and eosinophils to the lungs was confirmed in 1V and 3V groups, consistent with parasite elimination there (48–50). Higher production of the regulatory cytokine IL-10 after multiple doses of the irradiated vaccine points to an important role in controlling excessive inflammation by down-regulating the development of a highly polarized Th1 response (51, 52).


How Does the Immune Signature of a Normal Infection Compare With Vaccination?

Differences of gene expression in the sdLN may reflect the reasons why attenuated parasites elicit protection, but normal parasites do not. Initially, there is a marked contrast in parasite migration through the nodes, with around 15% of normal parasites peaking at day 5, but quickly passing through (53) and attenuated parasites being slower to arrive, but persisting there at least to day 15. This persistence brings them into direct contact with antigen-presenting dendritic cells (54), which go on to stimulate strong proliferation of T cells, but not B cells (55). The infected groups displayed early up-regulation of pathways associated with Th2 skewing in antigen presenting cells, revealing a very early predisposition towards a Th2-polarized response, previously thought to depend on the deposition of eggs around week 5; the Th2 polarization is the hallmark of chronic schistosomiasis (56, 57, 58). Our data on the IgG1/IgG2c ratio at Day 28 also support this early polarization towards a Th2 profile, before any egg deposition, and it occurs even in mice with a single sex infection (59).



Hemostasis

A further distinction is apparent between Inf and vaccinated groups in the regulation of the “pathways of hemostasis”, indicating an important element in the protective immune response. While gene sets for hemostasis (including platelet aggregation) were up-regulated in the Inf and 1V groups at Day 5 in the sdLN, this did not translate to PBMC in the circulation. In the Inf and Chc groups at Day 7 and again at Day 7 post-challenge, respectively, multiple pathways related to hemostasis (activation, signaling and platelet aggregation) were exclusively down-regulated in the PBMCs. We also observed an association between platelet numbers and worm burden, with higher platelet values in vaccinated than infected mice (Supplementary Figure 9). Support for this observation comes from one report that S. mansoni cercariae depress circulating platelet numbers after infection of mice (60). It has also been proposed that schistosome tegument surface enzymes such as ATPDase 1 can inhibit platelet activation (61). Thus, negative regulation of hemostasis may be a hitherto unsuspected mechanism assisting parasite migration through capillary beds en route to the portal vasculature, a process that takes days to weeks. Transit along the tight pulmonary capillaries is a major obstacle (14, 62) and the failure to deploy this evasion mechanism in vaccinated mice could partially explain why their migration is blocked in the lungs (63, 64). It should not be surprising that a migrating schistosome, as a foreign body in intimate contact with the vascular endothelium, would deploy mechanisms to minimize damage that could trigger local hemostasis and impede its progress. Such mechanisms become an obvious target for vaccine-induced protection.



Leucocyte Migration

The lymphocytes in sdLN and spleen primed by both normal and attenuated parasites are available for recruitment to all tissues, along with inflammatory cells. The current study confirmed recruitment of leucocytes to the lungs of 1V and 3V groups, but not infected mice, as previously determined (49, 65). The schistosome-reactive T cells with a memory/effector phenotype accumulate and arm the lungs against the subsequent arrival of challenge parasites (66), and orchestrate the formation of effector foci to cause their elimination. This element is missing in mice exposed to normal parasites, either because CD4+ T cells with the right characteristics are not generated or because the conditions for large scale pulmonary recruitment are not created.

PBMC reveal a clear dichotomy in chemokine ligand and receptor expression between vaccinated and infected animals. Peak reactivity of 1V animals was observed at Day 17 and again at Day 7 post challenge (5 and 4 genes), while the 3V group peak was earlier at Day 7 (5 genes). In complete contrast, the Inf and Chc mice expressed only 1 or no genes at the three sampling times, revealing their much lower capacity to mount an inflammatory response against the developing parasites. Lung schistosomula are known to modify the functionality of capillary endothelia inducing an anti-inflammatory phenotype (67) and to down-regulate the expression of the adhesion molecules E-Selectin and VCAM-1, induced by TNF-α on vascular endothelia in vitro (68). Thus, it appears that the absolute requirement for TNF-α production induced by vaccination (45), overrides an anti-inflammatory mechanism deployed by normal schistosomula in the lungs.

Also relevant to leucocyte migration, is the modulation of Selplg, involved in platelet adhesion to endothelia at sites of inflammation (69). In the Inf and Chc groups it is notable that Selplg is down-regulated at Day 7, limiting early cell recruitment. Paradoxically, at Day 17, there was down-regulation of Selplg in all three mouse groups, indicating a strong inhibitory signal for leucocyte diapedesis into the lungs. Plausibly, this initiates the down-regulation of cell recruitment to the lungs.



Why Does a Th1 Profile Dominate After a Single Vaccination?

The detection of a series of Th1 markers by GSEA analysis of the sdLN and PBMC in the 1V group, confirmed the pre-disposition to a Th1 induction pathway as early as five days after exposure to the attenuated parasites, maintained at least until day 17. However, Th2 pathways such as B cell survival and intriguingly, mast cells, were also detected in the PBMC. Finally, IPA upstream regulator analysis of the 1V and 3V Nanostring data supported the induction of the Th1 profile at Day 7 and down-regulation of the IL-10-R alpha chain, removing a potential brake from Th1 expansion. In addition, the regulator effects networks analysis revealed several pathways in the 3V group related to activation and migration of leukocytes (Figure 7), considered a sensitive indicator of vaccine immunogenicity (70). On the contrary, the challenged group exhibits negative regulation of cytotoxic T cells (Figure 7). We conclude that the extended residence of attenuated, as distinct from normal larvae, in sdLN creates the conditions for prolonged expansion of the Th1 arm in the absence of down-regulatory factors such as IL-10, and the subsequent circulation of these schistosome reactive T cells in the bloodstream.




Figure 7 | PBMC Regulator Effects Networks analyzed by IPA at Days 7 after vaccination in the 3V group and 1V group and at Day 7 post-challenge in the Chc group. Data derived from longitudinal assay➀.





The Impact of Multiple Vaccinations and Possible NK Cell Involvement

One of the mysteries of the RA vaccine model in mice is why multiple vaccinations do not dramatically increase the level of protection. The sdLN of the 3V group displayed down-regulation of pathways associated with expansion of T cell populations, such as CD28 costimulation and T cell receptor. Day 7 and 17 revealed the pathway for B cell survival, while the Nanostring analysis revealed up-regulation of IgG-Fc receptors. Our data confirm that after three vaccinations, by Day 28, the IgG1:IgG2c ratio has moved towards the Th2 pole, but not as far as in the Inf group. These observations point to a more active involvement of antibodies in the effector response with increasing vaccinations, correlating with the higher levels of IgG observed in 3V versus 1V animals and lower worm burden.

The GSEA analysis at Day 17 revealed many more active pathways in the 3V than in the 1V group. Given the lack of activity in the sdLN of 3V animals, a possible explanation may be that the 3V circulating PBMC have been mobilized from other sites. Several pathways related to growth factors and their corresponding receptors (NGF, EGF, FGFR, EGFR, and VEGF) were especially enriched in the 3V group. It is unclear what this plethora of growth factors and their receptors might have on vaccine efficacy, but analysis of other vaccines has also revealed several pathways related to cell proliferation, such as EGFR (70, 71).

The Nanostring analysis also highlighted up-regulation of two Alarmin genes (S100A8 and A9) in PBMCs from both 1V and 3V groups at Day 7. Their primary source is neutrophils and they are part of the innate immune response. Alarmins were also observed in immunized baboons (26). A role in protection against schistosomes remains to be established, but their detection in the Chc group at Day 7 suggests a bystander effect from neutrophilia.

Analysis of the sdLN of 3V animals highlighted Granzyme A pathways together with Apoptosis. Additionally, Nanostring analysis of PBMC from the 3V group at Day 7 showed up-regulated expression of GzmA and GzmB and six klr (killer cell lectin) genes, while at Day 17 the two granzymes were still up-regulated. These genes and pathways are all indicators of cellular cytotoxicity. GzmA and GzmB genes encode two Granzyme proteases secreted primarily from cytotoxic (CD8+) T cells and NK cells. However, selective ablation of CD8+ T cytotoxic cells in mice immunized once with the RA vaccine revealed they were not essential for protection (72). Similar experiments have not been performed with NK cells, but lymph node NK cells stimulated by IL-12 shortly after vaccination are believed critical to the subsequent development of antigen-specific Th1 cells (73). Recently, a PBMC transcriptomic study in schoolchildren revealed that infection with S. hematobium is associated with reduced gene signatures for natural killer (NK) cells, DCs, monocytes and T-cell activation (74). There is also a suggestion from an experiment in pigs immunized with one dose of UV-attenuated Schistosoma japonicum, that Granzyme B increase in skin-draining lymph nodes was associated with protection (25).

These observations on NK cell activity and apoptosis in the sdLN of the 3V animals, coupled with down-regulation of T cell costimulatory pathways point to the development of a hyporesponsive state at this site. This would explain why an increase in the number of vaccinations beyond three does not drive the protective response towards sterile immunity. The nodes have been made refractory by down-regulatory mechanisms at the location where priming of T cells occurs. Indeed, multiple exposures of skin to normal schistosome cercariae have been shown to induce hyporesponsiveness in sdLN, implicating IL-10 as the active agent (75).



Little Evidence for an Anamnestic Response After Challenge

The 1V and 3V mouse groups showed moderate and strong protection, respectively, against establishment of normal challenge parasites, but a striking lack of secondary responses was observed at Day 7 after challenge. Indeed, the genes highlighted by Nanostring analysis in the 1V PBMC were largely directed towards mobilization of antibody effector pathways. Furthermore, the more highly protected 3V group showed minimal perturbation of gene expression after challenge. In earlier studies no recruitment of 51Cr-labelled cells to the lungs was observed after percutaneous challenge (65). Additionally, LN draining the site of a challenge in once-vaccinated mice did not generate a secondary Th1 response; instead, cell proliferation and IFN-γ production were profoundly down-regulated (52). Collectively, these observations indicate that the tendency towards a low anamnestic response, already evident after a single vaccination, is so firmly established after three vaccinations as to preclude any further boosting. The persistence of a Th1 signal after three vaccinations (e.g., STAT-1 and IL-12 pathways revealed by IPA analysis of Nanostring PBMC data) may provide an explanation. Experiments using IFNγ R KO mice showed a moderate level of protection after three to five vaccinations (76), even with antibody titers threefold that of vaccinated wild-type animals (13). This observation has clear implications for the type of immune response that might be elicited by vaccination with antigen preparations.



Which Schistosomula Products Interact With Host Physiology?

Our data indicate that the migration of normal schistosomula is associated with the downregulation of hemostasis that likely facilitates their passage through capillary beds. This mechanism is disabled in vaccinated animals, increasing the difficulty of onward migration. This poses a question about the identity of the parasite products that mediate the process.

Recent analysis of gene transcription in ex vivo lung schistosomula confirmed the differential expression of the MEG-3 genes and highlighted five members of the MEG-2 family (77). Coincidentally, these same proteins were secreted by mature eggs embolized in intestinal capillaries (78). It is surely more than coincidence that both the intravascular schistosomulum and egg secrete a similar mixture of MEG-2 and MEG-3 proteins. Indeed, a structural analysis of the MEG-3 proteins suggested they interact with receptors on capillary endothelia to facilitate intravascular migration, and they have been likened to the virulence factors facilitating parasite establishment (79). Collectively, the proteins secreted up to the lung stage at Day 7 provide a novel cohort of antigens that need to be evaluated for protective capacity. Vaccine strategies targeting these proteins may inhibit the down-regulation of hemostasis that facilitates parasite migration through the capillaries, increasing vaccine protection. We have recently used epitope mapping with peptide arrays to investigate the reactivity of 44 S. mansoni exposed proteins including the MEG-3 proteins, using sera from the 3V immunized group (28).

Certain limitations need to be borne in mind when interpreting the data from this study. We have not analyzed the lung’s transcriptome (the site of parasite elimination) and the dynamic range of gene alterations in the PBMC and even sdLN was quite low. However, data provided here can guide future experiments using RNAseq or scRNAseq to analyze PBMC, sdLN and lungs after immunization or infection to investigate differences in host and parasite gene expression at high-resolution rate.

Thus, Systems Vaccinology through transcriptomics allowed us to confirm and extend the involvement of genes associated with Th1-immune responses in one-dose and both Th1 and Th2 responses in three-dose vaccination, none of which were activated promptly by infection. Furthermore, it is clear that higher protection was associated with a broader range of activated immune response genes and pathways. The lymph node data revealed early predisposition towards a Th2-polarized response by infection and expansion of Th1 immune responses by vaccination. On the other hand, the PBMC data revealed the regulation of hemostasis pathways as an important mechanism for parasite survival and the role of growth factor signaling in protection, which can help elucidate molecular events responsible for susceptibility and resistance in schistosomiasis, paving the way to immune intervention.
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Schistosomiasis is the second most important human parasitic disease in terms of socioeconomic impact, causing great morbidity and mortality, predominantly across the African continent. For intestinal schistosomiasis, severe morbidity manifests as periportal fibrosis (PPF) in which large tracts of macro-fibrosis of the liver, visible by ultrasound, can occlude the main portal vein leading to portal hypertension (PHT), sequelae such as ascites and collateral vasculature, and ultimately fatalities. For urogenital schistosomiasis, severe morbidity manifests as pathology throughout the urinary system and genitals, and is a definitive cause of squamous cell bladder carcinoma. Preventative chemotherapy (PC) programmes, delivered through mass drug administration (MDA) of praziquantel (PZQ), have been at the forefront of schistosomiasis control programmes in sub-Saharan Africa since their commencement in Uganda in 2003. However, despite many successes, ‘biological hotspots’ (as distinct from ‘operational hotspots’) of both persistent high transmission and morbidity remain. In some areas, this failure to gain control of schistosomiasis has devastating consequences, with not only persistently high infection intensities, but both “subtle” and severe morbidity remaining prevalent. These hotspots highlight the requirement to revisit research into severe morbidity and its mechanisms, a topic that has been out of favor during times of PC implementation. Indeed, the focality and spatially-structured epidemiology of schistosomiasis, its transmission persistence and the morbidity induced, has long suggested that gene-environmental-interactions playing out at the host-parasite interface are crucial. Here we review evidence of potential unique parasite factors, host factors, and their gene-environmental interactions in terms of explaining differential morbidity profiles in the human host. We then take the situation of schistosomiasis mansoni within the Albertine region of Uganda as a case study in terms of elucidating the factors behind the severe morbidity observed and the avenues and directions for future research currently underway within a new research and clinical trial programme (FibroScHot).
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Introduction

Species of the genus Schistosoma are digenetic trematodes and the causative agents of the Neglected Tropical Disease (NTD) schistosomiasis; a parasitic disease that ranks second only to malaria in terms of socioeconomic impacts. Over 220 million people worldwide are currently infected, 90% of whom live in sub-Saharan Africa (SSA) (1, 2), with an estimated annual mortality of at least 200,000 (3). Infection in humans, as well as alternative mammalian definitive hosts, occurs in contaminated freshwater environments via cercariae shed from specific snail intermediate hosts. Early acute morbidity can occur following cutaneous penetration, sometimes leading to an urticarial rash known as swimmers itch or cercarial dermatitis (4, 5). After entering the host, schistosomes migrate through the body to mature to adulthood in the liver. This phase can also involve a second major acute stage around four weeks post exposure, known as Katayama fever, typically characterized by fever, urticarial rash, enlarged liver and spleen and bronchospasm (6). The precise pathogenesis of Katayama fever is unknown, and is also frequently missed from diagnosis, hence little is known about potential differential morbidity profiles by parasite species, host or habitat - although it is suspected to involve an immune complex phenomenon initiated by the maturing schistosomes and potentially their eggs. The major chronic clinical manifestations of human schistosomiasis are, however, primarily associated with the species-specific oviposition site of the adult schistosomes. With the female residing, and maturing, within the gynecophoral canal of the larger male, schistosome males carry the pair to the mesenteric plexus (for the intestinal schistosome species – predominantly S. mansoni within SSA, South America, the Caribbean and the Yemen, with S. intercalatum and S. guineensis as minor species within Africa, and S. japonicum or S. mekongi across parts of Asia) or to the veins of the pelvis (for the urogenital species S. haematobium). Sexual reproduction [and in certain cases parthenogenesis (7)] between the gonochoric adults results in the production of up to hundreds or thousands of eggs per day per female worm, depending on the species (on average, 20-200 for S. haematobium (and potentially hybrids therein), 100-300 for S. mansoni, but 500-3000 for S. japonicum). Only a proportion of these spined eggs are excreted via the host’s feces in the case of intestinal schistosomiasis or urine in urogenital schistosomiasis to pursue the parasite’s life cycle. The remainder of the eggs remain trapped in the host tissues inducing granulomatous and fibrotic responses via the host’s immune system (8). In children, continued inflammation has been reported to impede, amongst other pathologies, iron metabolism, with consequent disabling systemic morbidities including anemia, malnutrition, physical fitness and impaired physical and cognitive development (9, 10).

For urogenital schistosomiasis, long-term chronic infection may lead to lesions in the vesical and ureteral walls, resulting in fibrosis of the bladder and lower ureters, calcification of the urinary tract, and kidney dysfunctions. This chronic inflammation of the bladder can ultimately cause squamous cell bladder cancer (11). Lesions of both the male and female genital tracts, known as genital schistosomiasis, are understood to be potential causes of sterility and maternal fatal hemorrhaging during child birth, as well as risk co-factors for sexually-transmitted diseases such as HIV (11–13). Chronic intestinal schistosomiasis, in its severest form, can cause the development of periportal fibrosis (PPF), characterized by large tracts of fibrotic material laid down along the liver vasculature. With PPF, blood flow through the liver can become restricted leading to the development of portal hypertension, associated collateral vasculature and esophageal varices, and often accompanying ascites. Death can occur through hematemesis caused by the rupturing of esophageal varices (14, 15).

Sub-Saharan Africa currently carries the major global burden of schistosomiasis, and hence, since 2003, large-scale mass drug administration (MDA) programmes of praziquantel (PZQ), as preventative chemotherapy (PC), has been implemented across much of SSA (16). Morbidity control has been, in many countries, generally successful (17) and this helped lead to a revision of the World Health Organization (WHO) strategic plan for a vision of “a world free of schistosomiasis”, which included controlling morbidity of schistosomiasis by 2020 (defined as prevalence of heavy-intensity infection <5% aggregated across sentinel sites) (17, 18). Likewise, the newly-launched revised WHO 2021-2030 NTD Roadmap, aims to eliminate schistosomiasis as a public health problem (EPHP, defined as elimination of morbidity where prevalence of heavy infection intensity is less than 1% in all sentinel sites) in all endemic countries by 2030 (19). Complete interruption of transmission (reduction of incidence of infection to zero) is also a target in selected African regions by 2030 (19). Likewise, China has set the target of reaching complete interruption of transmission at the country level by 2030 (20). However, recent reports of schistosomiasis being more prevalent than previously thought (21), indications of potentially reduced drug efficacy among populations under high MDA pressure (22, 23), continued persistent and/or re-emerging ‘hotspots’ of infection (encompassing both operational and biological hotspots), in terms of infection prevalence (17, 24), intensities (25–32) and/or severe host morbidity (33–37) all serve to highlight that schistosomes are highly complex multi-host parasitic organisms for which many essential characteristics of their biology and epidemiology, and the human host response to exposure and infection, remain largely unknown.

One long-standing unanswered question in disease epidemiology in general is why pathogen/parasite prevalence, intensity and associated morbidity are heterogonous across space and time and what factors may be underlying these differences. Host-parasite interactions involve a complex co-evolutionary interplay, where antagonist factors from the host (i.e., defense mechanisms) and the parasite (i.e., infective and/or virulence strategies) play a significant role in determining the outcome in terms of both transmission potential and pathology induced. While host factors and environmental differences have been at the center of most studies trying to understand these disparities, parasite factors, in comparison, have been overlooked. This scenario is certainly true for schistosomiasis for which a key epidemiological feature is that parasite factors are not uniform across space and time. There is substantial heterogeneity in terms of infection prevalence and/or intensity among different geographic areas and individual hosts, even within relatively close locations of the same region (38–41). Likewise, studies have revealed that the disease severity can vary considerably at both the geographical and individual level for both S. mansoni (42–45) and S. haematobium (46–48), associated in part, but not always, in focality to accompanying high transmission and infection intensities (39, 45, 49–52). Epidemiological evidence suggests such variation in morbidity could also be partially explained by, among other factors, the immunological and genetic background of the endemic communities, their nutritional status and/or the length of time individuals have been exposed (45, 53–57). However, only a few studies have aimed to assess if potential parasites factors may contribute to this dichotomy in morbidity and particularly in PPF and its complications. In line with the objectives of schistosomiasis control, and the EPHP targets in particular, elucidating the relative etiologies behind such geographical and individual variations in morbidity are of profound importance. Here we review the potential unique parasite factors, human host response factors, and their gene-environment interactions in terms of explaining persisting morbidity hotspots. We then take the situation of schistosomiasis mansoni within the Albertine region of Uganda as a case study in terms of elucidating the potential factors behind the severe morbidity observed to date and the avenues and direction for research currently underway within a new clinical trial programme (FibroScHot).



The Role of the Parasite in Morbidity Hotspots

By definition parasites are harmful to their hosts, and at its simplest, schistosomiasis-associated morbidity levels have been associated with infection intensity. The recent expansion of MDA programmes with PZQ has led, in general, to significant reductions in schistosomiasis prevalence, intensity and subsequent human host morbidity (17, 37, 58). However, it remains to be ascertained how such MDA, together with other anthropogenic selection pressures imposed by our changing world, may impact upon parasite fitness and strategies, nor how this in turn may affect their genetic diversity, transmission dynamics, virulence, clinical outcome and drug resistance development across Africa (59). Early studies in the laboratory have clearly shown that schistosomes with reduced susceptibility to PZQ can be selected for (60, 61), but that this resistance comes with a cost in terms of reduced schistosomes reproductive fitness (62) as well as genetic diversity (63–65). Furthermore, within only a few generations, selective pressures imposed on laboratory-bred schistosomes can produce rapid changes in life history traits including parasites infectivity, fecundity, transmission and virulence (66–74). Likewise, field-based studies in which implementation of large-scale intervention trials on optimal treatment in various zones of Africa, have shown a strong variability of response to annual MDA (30). For example, certain villages in the Nile Delta remain highly prevalent to S. mansoni despite over two decades of MDA (75). Other locations such as in Côte d’Ivoire have shown an initial decrease in S. mansoni infections after MDA sometimes followed by an increase in prevalence the following years (76). Moreover, after multiple rounds of MDA in the transmission hotspots of Mayuge District, Uganda, egg reduction rates (ERR) were found to be reduced to below the WHO recommendation of 90% in contrast to that observed amongst school-children in similar regions but with a lower past MDA pressure history (22). Assessing therapeutic efficacy of PZQ against schistosomes and the changes in parasites’ susceptibility is thus particularly important (22, 23). Also in Uganda, the communities on the shores of Lake Albert are a typical example of how despite strong efforts to lower the burden of high infection intensities PPF can remain common (33, 35, 77–79). Such locations where Schistosoma spp. infection fails to decline in prevalence and/or intensity to expected levels despite multiple years of annual MDA, in comparison to locations that simply have high prevalence before intervention, can be considered as persistent “hotspots” (25–27, 80). As drug resistance is commonly associated with life-history costs (81–84), the potential for drug resistance and associated trade-offs may be important factors in the maintenance of high infection intensities and morbidity levels across Africa. The success, or not, of control strategies in several endemic areas is thus likely to be affected by host-parasite-drug interactions and these associated trade-offs have raised concerns there may be reduced drug efficacy, especially in communities with a more intensive history of PZQ treatment (22, 85, 86). However, while some degree of reduced drug susceptibility has been suggested (22, 86–90), more data are warranted to clarify the evolution of such responses under field conditions and dissect potential resistance from, for example, differential host clearance responses and/or rapid reinfection that seems to best explain apparent low cure rates in most situations (88).

Additional to potential PZQ resistance, other notable parasite factors may contribute in maintaining high egg outputs and hence potential high host morbidity, despite efficient MDA coverage. Among these factors, density-dependent fecundity compensation, which is a common feature of several microparasite and macroparasite (notably helminths) life cycles may regulate the parasite reproduction and transmission dynamics in a way that make the worm-egg relationship non-linear (19) and in some cases geographically variable (91). Density-dependent fecundity can either be positive at low levels of infection (e.g. density-dependent facilitation) or negative at high parasite densities (e.g. density-dependent inhibition) because of intra-host competition for resources and/or immunological host responses (92, 93). Although still controversial, studies on Schistosoma worm burdens and associated egg counts have shown potential evidence for density-dependent fecundity inhibition in the two major human infecting species, S. mansoni and S. haematobium. The precise nature of the phenomenon is not well understood, since the only direct data that exists is from a limited number autopsy studies (94) and with subsequent biostatistical debate over their original conclusions (94–96). Empirically, population genetic analyses including parentage analysis to estimate the adult worm burden performed on data from Mali (15, 97) and Tanzania (98–102) have shown that despite no evidence of a reduction in mean infection intensity (e.g. egg counts) by the standard parasitological techniques (e.g., Kato-Katz), the worm burdens were declining within individual hosts after PZQ administration, thus underlying a relaxation of the density-dependent fecundity inhibition among S. mansoni populations (103). However, comparison of cross-sectional levels of the adult worm derived cationic anodic antigen (an indirect measure of worm burden), against egg counts have shown a diversion from the linear between the measurement, particularly in older individuals, for S. haematobium (104, 105) but not S. mansoni for which a linear relationship has been reported (104). These observations raise fundamental questions on schistosome population biology and strongly suggests that, despite a reduction in the adult worm population after treatment, such parasites factors may contribute to population persistence and resilience by producing characteristic epidemiological patterns maintaining the global infection intensities and morbidity to unexpectedly high levels (106, 107). Importantly, increasing the reproduction rates of parasites that survive treatment and potentially harbor drug-resistant or virulence related alleles may be expected to increase the spread of such traits in the populations (106, 107). Finally, by shaping the transmission dynamics of the parasite and its potential response or resilience to control measures, such processes may complicate both the monitoring and implementation of chemotherapy (103, 107, 108).

Another critical biological parasite factor for consideration is that, whilst disease control programmes, at least in terms of their monitoring and evaluation, tend to consider schistosome-specific morbidity in isolation, parasites under natural situations do not exist in isolation. Inter-genera, inter-specific and even intra-specific interactions are likely and, in many cases, may be predicted to differentially impact the morbidity inflicted upon their hosts via antagonistic or synergistic effects (109, 110). For example, across much of SSA, mixed species infections of both S. mansoni and S. haematobium are common (111–115). Such co-infections may lead to co-morbidities with pathological symptoms being a combination between those of the parasite species. A series of studies across Cameroon, Niger, Kenya and Senegal have found that mixed S. mansoni and S. haematobium infections decrease hepato-splenic morbidity compared to single S. mansoni infections and increase urogenital morbidity compared to single S. haematobium infections (111, 116, 117). The lowering effect observed on liver morbidity is believed to be because dominant S. haematobium males divert S. mansoni females from the portal vein to the vesical plexus, resulting in more eggs being passed through the urogenital tract and less eggs being delivered to the liver tissues. Similarly, in their recent study Huyse and colleagues showed an intriguing association between S. mansoni genetic variation and bladder morbidity (118), again potentially explicable through S. mansoni females being paired with S. haematobium males that guide females towards the urogenital system (118). In Senegal, ectopic elimination of eggs is also common (39, 89, 119–121). Distinct studies undertaken there showed that urine samples from people with mixed infections of S. mansoni and S. haematobium contained 31% (119) and 13% (121) of S. mansoni eggs. In the latter study people infected with both species and eliminating S. mansoni eggs both via urine and via stool had the highest risk of bladder morbidity (121). Likewise, on a same note, Ernould and Sellin found cure rates to be much lower in the Senegalese village with mixed infection compared to villages with single infections (119). The authors found that after treatment S. haematobium infection remained low, whereas egg excretion by S. mansoni was seven times higher than at the start of the study. The authors argued that in addition to the possibility of PZQ resistance, or as more likely, potentially higher force of infection/rapid re-infection of S. mansoni from the environment at this point, relative to S. haematobium, the elimination of S. haematobium after treatment and heterologous pairings allowed remaining S. mansoni females to pair with S. mansoni males that survived treatment.

Furthermore, with gathering development in molecular typing, and potentially in line with ongoing major anthropogenic changes in the environment, people across large expanses of, particularly Western, Eastern and Southern SSA, have been found to be infected with viable hybridized schistosomes involving the human urogenital S. haematobium with the intestinal schistosome species of livestock S. bovis, S. curassoni, S. mattehii and beyond (21, 122–127). Given the pairings of urogenital with intestinal schistosome species here, we may well predict similarly differential morbidity profiles as that observed for the aforementioned S. mansoni with S. haematobium (114, 128). Indeed, given that these Haematobium group hybrids produce viable eggs, in contrast to the more phylogenetically distant S. mansoni with S. haematobium pairings, one may predict exacerbated differentiating morbidity profiles in relation to infection status (129). Hybridization between genetically distinct species raises the possibility of promoting genetic admixture and diversity, introducing novel genes across species boundaries, but also lead to the emergence of novel hybrid zoonotic strains with an increased transmission potential that could have serious implications for the control of the disease (124, 129–131). The differential impact of such inter-specific interactions on the host morbidity profiles observed are pertinent in terms of highlighting the need to, wherever possible, measure both hepatic and urogenital morbidity indicators during MDA monitoring and evaluation where co-infections and zoonotic species are known or suspected to exist.

The role of intra-specific differences and interactions on the host morbidity profile must also be considered (132, 133). Although the role of the parasite genetic diversity in differential host response is well known for microparasites (134, 135), there is comparably less known regarding the potential importance of macroparasite genetic heterogeneities in general, and schistosomes in particular, on disease epidemiology (136). Laboratory studies, however, have shown that schistosomes strains or populations from the same or different geographical locations can show a number of differences in biological traits related to transmission and virulence such as infectivity, egg production, pathogenicity and response to chemotherapy (11, 137–146). For example, some S. haematobium strains studied in the laboratory show different levels of mortality and worm recovery in hamsters as well as differences in snail infectivity (147), while different S. mansoni strains have been shown to induce disparate rates of hepatomegaly and splenomegaly despite comparable fecal egg counts (137). Moreover, alternative transmission strategies with the occurrence of trade-offs between parasite transmission and host survival have been observed in genetically different schistosome populations (148). Hence, this shows that schistosomes’ virulence occurs with significant variation for both intermediate and definitive hosts on a genotype-dependent basis, demonstrating that virulence and transmission may vary across individuals of a population and/or between populations (66, 140, 148).

Species–specific microsatellite markers developed for S. mansoni (149–152) and S. haematobium (103, 153) have also provided a better understanding of schistosomes epidemiology and transmission patterns through investigation of genotypic associations at the population level in the field (154). Such studies have revealed considerable variation in schistosome populations with high levels of genetic diversity mainly finding its origin at the infrapopulation level (41, 152, 155–163). Schistosomes are mostly structured according to distance between transmission sites with limited gene flow at both a regional and continental scale (65, 157, 164). However, patterns of population structure vary between different regions and epidemiological settings (165) and while some studies show that the parasite’s genetic variation is usually randomly distributed at relatively small scales with high levels of gene flow within and between hosts and sites (89, 154, 156, 163, 166, 167), others show that some populations may be significantly differentiated even among relatively close geographic locations (41, 160, 168, 169). In Uganda, for example, evidence suggests that parasite population genetics are potentially playing a role in the variations in morbidity found between Lake Albert and Lake Victoria. In addition to disparate levels of morbidity with higher levels of PPF in Lake Albert communities, previous barcoding of S. mansoni collected from both definitive human hosts and intermediate snail hosts on the shores of Lake Albert in Uganda and Lake Victoria in Kenya, Tanzania and Uganda revealed that the population genetic structure of S. mansoni is not uniform across the endemic area. Whilst both populations are extensively diverse, studies showed that in Lake Victoria non-synonymous mutations were more diverse than in Lake Albert and that there was a strong genetic differentiation between the two parasite populations (167, 169–173). Interestingly, other studies have shown that parasites from Lake Victoria area present different local strains (173), with the relatively highest levels of genetic diversity across several markers (22, 155, 157, 174). The epidemiological heterogeneity of intestinal schistosomiasis between these lake environments could thus be due to parasite diversity itself (117, 172) and the lack of gene flow strongly suggests that any locally evolved traits, such as virulence or putative drug resistance would likely stay restricted to the focal population, leading, at least in part, to differential host morbidity. Previous studies conducted in Mali, Senegal and Uganda have, however, found no associations between infection intensity and parasites genetic diversity when comparing allelic richness, heterozygosity, nor parental genotypes to various levels of infection intensity (103, 156, 167). Nonetheless, the parasite’s virulence measured through its fecundity could in part be linked to the parasite’s genetic diversity or associated to a particular genotype. Although few potential direct links between parasite genetics and host induced pathology are to yet be made, various authors have suggested that schistosomes infection intensity and the parasite populations’ genetics in different African countries may be responsible for such discrepancies in clinical outcomes by acting on several parasite features including their fecundity and immunogenicity (53, 132, 166, 175, 176). Nevertheless, our knowledge on the role of parasite genetic variation in host disease phenotype in human schistosomiasis is currently limited and only few studies have directly investigated the relationship between morbidity and the genetic variation.

Brouwer and colleagues (133) gave the first insight in this delicate host-morbidity/parasite-genetics association by focusing on S. haematobium, the species responsible for urogenital schistosomiasis. Using randomly amplified polymorphic DNA (RAPD) between S. haematobium populations from children with varying pathology of urinary tract in Zimbabwe the authors compared the distribution of S. haematobium genotypes in the definitive host in relation to that of the clinical outcome (133). They showed that the allelic frequencies at eight loci differed significantly between the mild and severe groups and that three clusters were significantly over-represented in schoolchildren with severe urogenital lesions. Inspection of allelic distributions for clusters revealed that cluster 1 (severe) and cluster 7 (mild) had inverse genotypes at loci that differed significantly between groups, supporting the notion that particular parasite strains or genetic factors may be associated with clinical outcome. However, they could not robustly link pathology to parasite genotypes or genes due to the limitations of the RAPD technique. Further studies were therefore conducted on S. haematobium with the aim of elucidating any potential relationship between host morbidity and parasites genetic variation. In a second study, while the authors found high levels of genetic diversity among the three isolates studied (Egypt, Zimbabwe, and South Africa) they did not identify a role of parasites genetic diversity in the difference in morbidity observed (132). Finally, in a third study, the same authors used the RAPD based-approach in Sudan, but found no association between abnormal ultrasound urinary tract scans and intensity of infection (177) nor could they identify any significant difference when comparing the three different genotypes identified with the severity of the disease (178). However, the authors suggested that differences in parasite strains, such as infection intensity, could partially explain why they failed to retrieve similar results to those previously observed by Brouwer in Zimbabwe (133), together with the small number of variable alleles recorded in their study largely hampering their ability to detect associations between diversity and host morbidity.

In S. mansoni, at least three studies have been conducted on host characteristics and putative parasite genetic variation. In the first one, Barbosa and colleagues (179) used 15 microsatellite markers and found geographic clustering in S. mansoni over a scale of 8 km. However, the authors could not link this with demographic or epidemiological host characteristics (179). A second study using 11 microsatellite markers (41), suggested the existence of a link between parasite genetic diversity and prevalence and intensity of infection between three settings. The authors observed that the gradient they found in genetic diversity was the same as the gradient they previously observed when focusing on the parasite prevalence and intensities of infection. However, because only three populations were sampled, they could not statistically validate this link between parasite genetic diversity and parasite virulence (41). Finally, Huyse and colleagues are to date the only ones to have formally demonstrated a potential link between the parasite genetic variation and host disease phenotype in humans (118). Using nine microsatellite markers on 1561 S. mansoni larvae collected from 44 human hosts in Senegal they were able to link host characteristics such as age, sex, infection intensity, liver and bladder morbidity to the parasites genotypes. They showed a significant association between allelic variation at the parasite locus L46951 and host infection intensity and morbidity. This locus is located near a gene (cGMP-dependent protein kinase) linked to schistosomes egg production. Furthermore, by reconstructing the parental genotypes the authors suggest that adult parasite populations with the allele L46951 have a higher fecundity and therefore produce more eggs and offspring than those without this allele, thus potentially inducing higher levels of morbidity (118).

Despite scarce studies and some contradictory results, or at least issues in the methodology and detection power hampering the authors’ ability to link parasites genotypes with host characteristics, these studies clearly highlight the importance of genetic variation as an additional factor to schistosomiasis host disease phenotypes, including a potential association with persistent hotspots. It is necessary to take into consideration parasite genetics and population diversity in future epidemiological studies to make a clear relation between transmission and morbidity in different geographical zones where particular parasite genotypes may be predicted to interact differentially with their host and lead to differences in morbidity. One of our greatest limitations to date is the absence of genetic markers sufficiently powerful to accurately allow us to identify and link regions involved in the parasite’s virulence or fecundity with host morbidity indicators. Such data may be valuable in monitoring relationships between the parasite’s transmission (prevalence and intensity) and virulence with particular parasite genotypes or degrees of genetic diversity in clinical phenotypes. Nevertheless, since microsatellites are neutral markers, they are not expected to identify such parasites traits unless they are physically close to such genes. One potential first step would thus be to properly define and find a consensus on what should be considered as parasite virulence factors in schistosomes and other macroparasites of medical and/or veterinary interest, while a second fundamental step would be the development of specific virulence/fecundity markers or whole genome Single Nucleotides Polymorphism (SNP) markers allowing us to address the challenges at the interface between parasite genetic factors and host induced morbidity.



The Role of the Host in Morbidity Hotspots

As stated above, a key epidemiological feature of schistosome infection is that the parasite prevalence, infection intensity and associated morbidity are not uniform across space and time, with substantial heterogeneity among different geographic areas and individual hosts even within relatively close locations of the same region (40, 41). In addition, familial aggregation suggests that host-intrinsic and not just behavioral factors can be involved in development of severe morbidity in humans (180, 181). There have been a number of studies convincingly demonstrating that genetic factors are important within intermediate snail hosts in terms of their susceptibility and/or subsequent morbidity to schistosomiasis and in promoting heterogeneity in patterns of infection (see (71) and (182, 183) for review). In Uganda, for example, a fundamental factor of differing snail host populations could drive differing transmission dynamics of S. mansoni between Lake Albert and Lake Victoria, with prevalence levels and reinfection rates higher at Lake Albert (170, 184). Indeed Biomphalaria stanleyi is found only in Lake Albert, and B. choanomphala is present only in Lake Victoria, while B. sudanica and B. pfeifferi are present in both lakes (185–189). Such intermediate host–specific factors could have influenced the evolutionary history of the parasites, playing an important role shaping the genetic composition of schistosome populations (156, 174, 190, 191) and selecting for particular parasite genotypes of varying virulence.

Direct evidence from the definitive hosts, and the human host in particular, is in contrast less available due, in part, to an inherent inability to perform controlled studies. Our knowledge of the host intrinsic (rather than behavioral factors) underlying disease dynamics and mechanism are therefore accumulated from autopsy and observational epidemiological studies that are clinical, genetic or immunological in design; combined with animal experimental models for which the evidence is heavily skewed towards S. mansoni due to the existence of a well-established murine model for this infection. The mouse is not permissive to S. haematobium, with hamsters being utilized for lifecycle maintenance. This, coupled with a differing S. haematobium predilection site within the hamster (the blood supply of the intestine, rather than of the venus-plexus of the pelvis as in humans) has resulted, until the introduction of a murine egg micro-injection experimental model (192, 193), in a relative scarcity of evidence for the immunopathological mechanism in S. haematobium infection. Without knowledge of the underlying mechanisms of severe morbidity, relating variation in host factors across a geographical scale to indicate the presence of morbidity hotspots is not possible.

Our early understanding of much of the clinical syndrome of human intestinal schistosomiasis was gained through the ground breaking autopsy work conducted by Alan Cheever and colleagues in the 1960s in Brazil. Due to the host blood flow, in S. mansoni infection a large proportion of the eggs laid by the female worms get trapped in the distal site of the liver. In all cases of liver PPF observed by Cheever (n=105), infection with S. mansoni was present, and amongst the cases 85% had varices, and hematemesis through rupturing of esophageal varices was the main cause of death (14); thus establishing S. mansoni as the causative agent of PPF and its consequences. In addition, after perfusion of the cadavers he concluded that worm burden was positively associated with presentation with PPF and its complications (15). Cheever did, however, warn that any observations made within his autopsy studies may not reflect the epidemiological patterns observed within populations of endemic areas as the demographic profile of autopsy cohorts are by their inherent nature skewed towards the older sections of the human population and/or those with severe disease who died young. Repeat autopsy studies conducted in Egypt where S. mansoni and S. haematobium are endemic confirmed the linkage between PPF and intestinal schistosomiasis through presence of S. mansoni eggs within macroscopic PPF lesions of the liver, and discounted a link with S. haematobium (194).

At the time of the autopsy studies, clinical palpation of the liver and spleen were the standard method of assessing whether an individual had severe schistosomiasis. It was therefore not until the 1980s and the introduction of portable ultrasound machines that researchers were able to establish the true relationship between presentation with PPF and demographic and infection related parameters. A dissociation between peak infection levels and peak prevalence of PPF was observed, with fibrosis more apparent in adults than in adolescents, the age group who carry the greatest infection burden (53, 195, 196). Duration of ongoing infection, as well as high transmission levels, are now known to be important in the development of PPF and its severity upon assessment (33). As adults, particularly males, are more likely to have severe PPF (53), and this is linked more to past exposure than current infection, treatment studies with PZQ, which reduces infection burden but does not directly treat the fibrosis, have shown that regression of PPF is less likely to be observed amongst this demographic (197–199). In children, on the other hand, PPF is often mild, but clearly observable by ultrasound, and can respond well to treatment. Amongst children regression of PPF can be observed through a reduction in severity score at 7-months post-treatment (200), with full resolution being observable by 2-years post-treatment (201). However, the success of treatment of PPF is also dependent on the force of transmission, with the rapid re-infection that can occur in high transmission areas impeding the success of treatment (199).

In contrast to S. mansoni where severe morbidity occurs in tissues distal to the site of predilection, in S. haematobium the immediate sites of egg deposition are those associated with severe morbidity. S. haematobium worms pairs are believed to be relatively sedentary, so the resulting tissue inflammation is very focal, leading to bladder wall thickening in areas where eggs are deposited regularly (97, 202). It has been proposed that there is no pattern to where in the bladder the lesions occur (203). Interaction between responding immune cells and the neighboring urothelial cells causes urothelial hyperplasia (202), which, with time, can result in the development of ultrasound detectable masses (defined as >1cm thickening of the bladder wall) and pseudopolyps (204). Younger children mostly have what has been defined as milder bladder pathology, characterized by wall thickening or irregularities (205). These irregularities are likely to represent early polypoid lesions, which in autopsy studies were observed around live eggs so indicative of active infections prior to the death of the younger cadavers (202). In epidemiological studies, a strong predictor (though not a conclusive marker) of bladder morbidity, particularly in children, is infection intensity (206–208). These bladder wall irregularities therefore resolve in a manner similar to, but more readily than the resolution of mild PPF after treatment with PZQ, with full resolution observable within 6-months (205, 209, 210). However, again similar to S. mansoni associated morbidity, in high transmission areas the success of a single round of treatment is impeded by rapid re-infection and the associated re-emergence of ultrasound detectable morbidity within a year (205, 209, 210). In contrast, upper urinary tract morbidity resolution post treatment is less successful (205).

The immuno-pathology secondary to schistosome infection is thought to be as a result of host immune responses to egg antigens rather than direct damage to the tissues by the eggs. It is thought in S. mansoni infection that the arising tight granuloma formation, characterized by concentric rings of encapsulating immune cells around the eggs and subsequent collagen deposition, may lead to advanced hepatosplenic schistosomiasis (1, 11, 143, 211). Murine studies show that granulomas formed during S. mansoni infection are as a result of T helper (Th) 2 cytokines produced by CD4+ T cells (212). This results in the recruitment of immune cells including eosinophils, monocytes, alternatively activated macrophages, basophils, T and B cells to the site of inflammation (213), and is aimed at containing the eggs and their hepatotoxic products (214–216). How these early granuloma responses relate to the long-term consequence of PPF observed within humans with intestinal schistosomiasis remains largely unknown. In addition, despite the egg micro-injection murine model of S. haematobium morbidity indicating similar granuloma formation in response to the eggs of this species, there are very significant biological differences between S. haematobium and S. mansoni, including the absence of a S. haematobium Ω-1 homologue (216), a major immunogenic glycoprotein secreted by S. mansoni eggs that drives Th2 polarization by dendritic cells (217, 218). The experimental data from S. mansoni egg immuno-biology is therefore not directly transferable to S. haematobium eggs.

At the human host genetic level, polymorphisms in the interleukin (IL) -13 gene have been associated with susceptibility to S. haematobium infection (219) and the loci of the IL-13 gene, 5q31-q33, has been associated with susceptibility to S. mansoni infection (220). However, care must be taken in differentiating a type-2 response associated with protection from infection per se, which is more significantly linked with immune responses to adult worm derived antigens ( (221) for review), from those responses that arise to egg antigens and cause morbidity. That said, in line with the evidence from murine studies that Th2 cytokines produced by CD4+ T cells induce granuloma formation, human clinical-immunological studies have found PPF to be associated with sustained Th2 responses (222). One suggested mechanism for fibrosis from non-schistosome human studies is the Th2 cytokine-induced differentiation of CD14+ monocytes into fibrocytes (223). Whether this is occurring in the context of schistosome infection is not known. In humans, we have shown that Th2 responses to S. mansoni egg antigens in adults from a fishing village in Uganda (224) and school-aged children in Kenya (225) are generally suppressed during active S. mansoni infection. A study by Colley et al. (226) suggests that dysregulation of T-cell responses may be causative of PPF. However, this study was based on T cell expansion assays and does not mention the type of CD4+ T cells that is involved. In support of the “dysregulated Th2” hypothesis, several human studies in Brazil where PPF was defined using ultrasound have indicated an important role for interleukin (IL)-13 in its development with elevated IL-13 levels in response to S. mansoni soluble egg antigen (SEA) observed amongst individuals with PPF (227–229). The association of Th2 cytokines with fibrosis and much of the pathology following S. mansoni infection has also been shown in murine studies of schistosomiasis (230–232). IL-13 is thought to induce its fibrogenic effects through the activation and production of transforming growth factor (TGF)-β (233), though TGF-β-independent mechanisms have also been suggested by studies using murine models (233). Experiments using the S. mansoni murine model have also shown that these type-2 immune responses are under epigenetic control with modulation of dendritic cells towards those that polarize T cells to type 2 (234), polarization of the T cells themselves (235), and alternative activation of macrophages (236) all being controlled by epigenetic modification. For macrophages, prior exposure to S. mansoni increased the expression of the demethylase that promoted alternative activation of macrophages (236), suggesting this response may be exacerbated when infection is prolonged.

Information from an autopsy study conducted in Ibadan, Nigeria also implicates a type-2 response in S. haematobium morbidity, though histologically a stage progression in lesion is found between children and adults (202). The early polypoid lesions, representing active infections in younger cadavers (mean age of 13-years), are characterized by loose granuloma formation around clusters of eggs with mass eosinophil infiltration, a cell type commonly associated with type 2 responses, particularly IL-5. In older individuals, lesions have more distinct mature granulomas, concentric circles of fibrosis and collagen deposition, more in line with the histological appearance of granulomas in the egg micro-injection model. When dissected these lesions have a “gritty” sensation, leading to the term “sandy-patch”. They appear to be a chronic manifestation often being associated with calcified eggs. A similar progression from loose eosinophilic lesions, in this case termed rubbery papules, to sandy-patches is observed in female genital schistosomiasis (237). Epidemiologically, leukocyturia, a symptom of S. haematobium infection, is highly correlated with egg counts (238, 239) and amongst a cross-sectional Sudanese cohort, 59% of individuals had eosinophiluria (defined as >=5% of urinary leukocytes). A disparity between urinary and circulating cell differential counts, with a mean of 42% of urinary cells being eosinophils, indicates that urinary eosinophils were tissue eosinophils shed into the urine. Eosinophiluria, but not other leukocyte counts or micro-hematuria prevalence, mirrored infection intensity (240), again emphasizing the role of the eosinophil within active S. haematobium bladder lesions. Eosinophil effector mechanisms include release of the toxic substances eosinophil cationic protein (ECP), eosinophil derived neurotoxin and major basic protein from granules. Urinary ECP levels in schoolchildren can differentiate between severity of bladder morbidity with a greater sensitivity than egg counts and as ECP levels are higher in infected schoolchildren without ultrasound detectable morbidity, than non-infected school-aged children, ECP is also a marker of early bladder wall inflammation (210). In addition ECP levels reflect resolution and re-emergence of bladder morbidity after treatment (210). Finally, ECP detection in vaginal lavage fluid is indicative of female genital schistosomiasis (FGS), with levels being higher for individuals with rubbery papules (241). The role of eosinophils in FGS is also indicated through decreasing vaginal lavage levels of ECP after treatment (242). In school-children low ECP levels prior to cell lysis, in comparison with potential cellular release as measured after lysis (243), suggest that eosinophils may not solely play traditional effector roles in response to S. haematobium eggs. Eosinophils are multi-functional immune cells, capable of antigen presentation and immune skewing and regulation by selective release of cytokines (244). Eosinophils are also a key component of the S. mansoni granuloma, and a significant association between a polymorphism within the ECP gene and presentation with PPF amongst the inhabitants of a Lake Albert fishing village has been observed, but this observation was dependent on the ethnic group of the human host (245).

In competing theory to the type-2 responses discussed above, a role for the pro-inflammatory cytokine tumor necrosis factor (TNF) in hepatic fibrosis and severe schistosomiasis disease in humans has been demonstrated by several studies. The first study to show a link between TNF (early studies do not clarify the member of the TNF family measured) and hepatic fibrosis was in Brazil (246). This was a hospital-based study and adult patients were categorized as hepatosplenic using clinical definition, rather than ultrasound. Further studies of community research subjects affirmed the association between elevated levels of TNF and increased risk of hepatosplenic disease (247–249). However, how the mechanisms behind PPF can differ between the sexes as reported in the Booth et al. study (247), with high TNF levels being associated with PPF in adult females but not males, is currently not clear. While the study of Mwatha and colleagues (248) was based on clinically rather than ultrasound classified school-aged children in Kambu region of Kenya, where a later study demonstrated hepatosplenomegaly in school-aged children in the absence of PPF (250). When immune responses of the children participating in the later study were examined, there was also high measurable TNF in response to SEA stimulation. When re-infection was abrogated through annual treatment and mollusciding of the river where transmission occurred, the TNF response to SEA diminished significantly (251). This raises the question as to whether TNF is a response to infection per se as opposed to part of the immuno-pathological disease process that leads to the development of PPF. We cannot know if the Kenyan children in the study of Mwatha and colleagues or the later study would have gone onto develop ultrasound detectable PPF. That said, studies in murine models have shown TNF to be an important mediator of granuloma formation and hepatic fibrosis (252), however, clear distinction between granuloma formation and PPF has to be drawn as we do not know how the two relate. Host genetic studies are contradictory regarding SNPs within the TNF loci; with no observable association between HLA-TNF polymorphisms and presentation with PPF in two Sudanese populations (253), but an association between a TNF gene SNP and PPF being reported for a Brazilian population (254). High TNF-alpha levels in response to SEA stimulation have also been shown to be associated with ultrasound detectable bladder morbidity due to S. haematobium infection in Kenyan case-control (255) and cross-sectional studies (256).

In stark contrast to the role for type-2 cytokines and TNF in fibrosis, community-based studies in Sudan (249) and Uganda (57) have associated high levels of interferon (IFN)-γ with reduced risk for fibrosis. In addition linkage between polymorphisms in loci closely linked to IFN-γ receptor genes (57) and in the IFN-γ gene itself (249) with PPF have been reported. Non-schistosome experimental murine studies support this anti-fibrotic activity of IFN-γ (257) and have associated it with modulatory effects of IFN-γ on TGF-β-induced immunopathology (258). Murine studies of schistosomiasis have associated IFN-γ with reduced infiltration of cells into the granulomatous sites and thus modulating the size of the granuloma (259). However, a further murine study of schistosomiasis has associated high IFN-γ levels with severe liver pathology during S. mansoni infection (260). In this study, mice that lacked IL-10 and IL-4 manifested mortality within few weeks of infection with S. mansoni, demonstrating that a balanced immune response, that is appropriately regulated, is what is required to limit pathology. In humans, Schistosoma haematobium infection has been shown to lead to hypermethylation of immune system genes within CD4+ T cells, with inhibition of genes in the Th1 and IFNγ signaling pathways being observed, indicating a role for epigenetic control of the IFNγ response. This inhibition was shown to persist 6-months after treatment (261).

Granuloma size in schistosome-infected animal models has been shown to peak between 6-9 weeks after infection, after which time they spontaneously regress in size (262, 263). In experiments where spleen, lymph node and T cells were adoptively transferred from chronically infected mice, granuloma size was shown to be reduced in the recipient animals (264, 265). From these experiments, it is apparent that the spleen and lymph node cells play an important role in the immunoregulation of granuloma formation. A role for B cells and their FcγR (IgG receptor) in the immunoregulation of the granuloma has been previously reported (266–268). Chronic schistosomiasis has also been associated with increased frequencies of FOXP3+ T regulatory (Treg) cells, and a role for Tregs in the control of morbidity during S. mansoni infection has been reported in both human and murine studies. A study of community members in Kisumu, Kenya reported increased frequencies of Treg cells in adults infected with S. mansoni (269) while treatment of S. haematobium infection amongst Gabonese children resulted in a decrease in Treg cells indicating that their numbers are supported during active infection (270). In another Kenyan study, the removal of Tregs from PBMCs donated by S. mansoni-infected individuals was associated with reduced levels of the key regulatory cytokine IL-10 (271), supporting the notion that Tregs are one of the sources of IL-10 and their immunoregulatory function is partly mediated by this cytokine. The removal of Tregs from SEA stimulated PBMC cultures of S. haematobium infected children increased the production of type-2 and pro-inflammatory cytokines (270). In a further study of S. haematobium infected school-children, B regulatory cells were shown to be important in inducing the expansion of IL-10 producing T cells (272). Booth et al. reported an association between low IL-10 scores following stimulation of blood with schistosome antigens and PPF in children from a community at Lake Albert in Uganda (247). While Kenyan study participants with high levels of TNF-alpha associated with bladder morbidity also had low levels of IL-10 (255, 256). Studies in murine models of schistosomiasis have supported these observations by demonstrating increased proportions of Tregs following infection of mice with S. mansoni or injection with SEA (273–276). The importance of Tregs in the control of immunopathology during S. mansoni infection has further been demonstrated by adoptive transfer of purified CD25-depleted T CD4+ T cells into mice without mature T and B cells. This depletion of CD25 CD4+ T cell (including Treg cells which express high levels of CD25) resulted in severe disease in these animals (275). The Tregs perform their immunoregulatory functions through IL-10-dependent and IL-10-independent mechanisms. The suppression of CD4+ T cell expansion and egg-induced Th1 responses by IL-10-producing Tregs has been reported in murine models of schistosomiasis (276). However, IL-10-independent mechanism of down-regulation of Th2 responses has also be reported (277).

Another aspect of the host that may be pertinent to the persistence of disease despite multiple rounds of treatment are variations in the pharmokinetics (PK) of PZQ; the subject of a recent systematic review (278). The authors of the review note that, whilst no pharmacogenetics studies have apparently yet been carried out for PZQ, SNPs in cytochrome P540 enzymes have been hypothesized to result in differing PK of PZQ. In the context of morbidity hotspots, differences in PK will not directly lead to development of morbidity, only indirectly acting through persistent infection, so parasite and other host factors will still be of the utmost importance. Regarding whether or not PK can change with increasing number of treatment rounds of PC impacting on its effectiveness, the authors of the systematic review make no note of acquired changes to the PK of PZQ. They do, however, raise the impact of liver morbidity on PZQ metabolism. The source paper (279) showed decreased metabolism of PZQ with increasing Child-Pugh scores of liver function (based on laboratory and clinical criteria, rather than ultrasound), though no difference in the cure rates between individuals with varying liver pathology were found. As ultrasound for PPF was not undertaken and a significant number of the cohort had positive makers for co-infection with viral hepatitis (85% for Hepatitis B and 99% for Hepatitis C), the impact of schistosomiasis mansoni morbidity on PK of PZQ remains largely unknown, but it certainly raises the question of whether co-infection with active viral hepatitis impacts on schistosomiasis treatment efficacy.

Overall, regarding host intrinsic factors, one may suspect that for genetic predisposition to result in a morbidity hotspot would require greater carriage of the predisposing profile within the population not just at the individual level. To date, human genetic studies have been conducted within populations, with some repeat association studies conducted in other populations, but to our knowledge no widescale genetics studies comparing susceptibility across populations has been conducted. We do know that within Lake Albert fishing communities that had high prevalence of PPF prior to MDA, that the Bugungu (ethnic-linguistically Bantu) and Alur (ethnic-linguistically Nilotic) people, despite differing ECP polymorphism linkage with morbidity (245), did not appear to have differing overall susceptibility to morbidity (33). This suggests no population level differences in susceptibility between these two ethnically diverse groups within this morbidity hotspot and perhaps indicates that genetic predisposition of the host may be more important in the manifest outcome of a morbidity hotspot i.e. who within the hotspot develops morbidity rather than being the underlying cause of the hotspot itself. The same would be true of genetic influences on PK of PZQ, with an influence on who within the population responds best to treatment, with greater potential for resolution of morbidity, rather than on the maintenance of the morbidity hotspot itself. Epigenetically, perhaps there could be some argument that past exposure/exposure of previous generations could predispose a population to mounting responses that are associated with the development of morbidity. However, contrary to supporting long-term epigenetic modifications passing from mother to child that result in increased morbidity within a population, murine in utero exposure to S. mansoni leads to a significant decrease in acetylation of the IL-4 promotor, reducing type-2 responsiveness of naive T cells of the offspring (280). There are not, to our knowledge, any published studies examining the potential relationship between epigenetics and schistosomiasis-associated morbidity in the human host.



The Role of Host-Parasite-Environmental Interactions in Morbidity

From the combined knowledge derived from autopsy and epidemiological studies it is clear, for both S. mansoni and S. haematobium infections, that longevity of exposure to the egg antigens results in progression of fibrotic morbidity and that particularly amongst adults this can result in chronic, extensive fibrosis that is hard to treat through PZQ alone. It is also clear that key to the development of severe disease, particularly for PPF, is the breakdown of the regulation of the immune responses elicited against the egg antigens of the schistosomes. This regulation is imperative in protecting host tissue but also allows the parasite to sustain chronic infection by limiting damage to their host, and thus passage of its genetic material to future generations. It is therefore important to note that besides direct damage induced by the worms and their eggs, an aspect of helminths virulence is that they have evolved sophisticated mechanisms allowing them to evade or manipulate their hosts’ immune response and thus sustain a chronic infection. Helminths’ masterful manipulation of the immune system has mostly been characterized from murine experimental models of nematode infections and is mainly attributed to their secretomes and the variety of immunomodulatory products interacting with host tissues at every phase of the host immune response (281). This ability/inability to induce immunomodulation could thus be assimilated to virulence factors as defined in microparasites. As discussed, it is clear that regulatory immune cells and cytokines are induced during schistosome infection. Although not necessarily as well characterized as some of the immunomodulatory molecules secreted by nematodes, it is known that schistosome egg derived molecules, such as S. mansoni antigen IPSE/alpha-1, can induce expansion of regulatory B-cells, though this was concluded not to be the sole molecule within SEA that has this capability (276, 282). Although much work is needed to further characterize such factors in macroparasites in general and in particular for schistosomes, an interesting open question is to know whether such immunomodulatory molecules may vary at the parasite population level and across geographical zones, hence playing a role in persistent hotspots of infection and morbidity.

The complexity and multifactorial dimension of schistosomes transmission including host factors (behavior and water usage, genetics, age, sex and susceptibility, compliance to taking the drug); site-specific factors (sanitation, and type of water contact, or locations) as well as intermediate host factors (abundance, strain, species); but also differences in parasites factors (species and strains, parasites genotype and diversity, parasites ecology) and parasites interaction (co-infection, competition and hybridization), are all fundamental to our comprehension of schistosomiasis disparities in morbidity and persistent hotspots identified across the African continent (Figure 1). In these times of global changes and extensive human induced selective pressure, it is worthwhile considering that the parasite’s evolutionary history may be undergoing substantial modifications affecting their genetic diversity, transmission dynamics, virulence, and drug resistance development across Africa (59), with some potential implications for schistosomiasis clinical outcome and control. In this context, persistent biological hotspots and the failure of control strategies in several endemic areas is likely to be affected by host-parasite-environmental interactions and associated trade-offs such as increased virulence in parasites. To date we cannot rule out variable drug effectiveness, reduced efficacy and drug resistance, nor an increase in any specific genotypes/genotype combinations that are associated with increased virulence and persistent morbidity. Although such modifications can be monitored through the integration of clinical and parasitological measures with population genetic analyses using microsatellite markers, it is also important to point out that the small number of neutral genetic markers used in most studies and the fact that they do not span the entire genome may be poorly resolutive in comparison to whole-genome sequencing approaches. Therefore, if only a few alleles were to be involved in the parasite’s life history changes, there is a strong possibility that changes in allele frequency at the population level would not be detected by such methods. Indeed, although some parasite individuals may contain a few alleles responsible for resistance or other virulence related traits they may not cluster together because the majority of other alleles may vary at the individual level in the infrapopulation or component population. Furthermore, because cure rates are not 100% effective (85), it is worth considering that not only resistant parasite may be found after treatment, bringing some additional background noise into the genetic analyses. The continuous gene flow between human and animal parasite populations that undergo different selective pressures, in particular in relation to drug treatment, certainly also has an important role to play here in the persistence of these biological hotspots, together with intensive transmission and rapid re-infection of the hosts. It is thus important to implement a One-health framework in further control programs where humans at the community level (e.g., both children and adults), but also the parasites remaining in the (relatively) “drug free” environment (e.g., in snails, and in animals), would be targeted for reduction in schistosomiasis. The current lack of specific genetic markers for PZQ resistance and virulence, but also the fact that we mostly rely on neutral markers is a crux limitation in our ability to understand the role of parasite genetic variation in host disease phenotype in human schistosomiasis, including the wide-scale effect of drug treatment on parasite population genetic response. Thus, the development of more powerful non-neutral molecular markers (i.e., SNPs) at a genome wide level is warranted if we are willing to assess the strength of the genetic bottleneck after treatment, dissect re-infection from persistent infections, but also genetic changes that may be associated with the parasite’s fecundity, virulence and associated host induced morbidity.




Figure 1 | Potential drivers of persistent transmission and morbidity hotspots. Within the center of the transmission triangle are three elements known to be directly linked (solid arrows): force of transmission from the snail to human host is directly related to accumulation of infections over time and thus an increase in intensity of infection as measured by egg excretion; in turn high infection intensity is a known (but not sole) factor in the development of morbidity. Force of transmission of Schistosoma species is influenced by interactions (dotted arrows) between environmental, parasite and host factors. Once within the human host further interactions between parasite and host will determine the successful accumulative establishment of adult worm pairs and the fecundity of those worm pairs. Further interactions between the parasite and host will influence whether the host will develop severe morbidity. While interactions between environmental, parasite and host factors combine to drive up the force of transmission resulting in hotspots, these factors do not exist in isolation of each other, with direct influences from one corner of the transmission triangle to another occurring.



Once SNPs are identified, elucidating their role thus confirming them as markers of virulence within the parasite population will only be possible if, at the same time, we obtain a greater understanding of the dysregulated immune response that leads to the development of liver PPF and severe bladder, upper urinary tract and genital tract fibrosis in humans. This includes the dissection of the similarities and differences observed in the immuno-pathology seen in S. mansoni and S. haematobium infections, as virulence factors may differ between the two species and indeed within species across their geographical range. Of note, the newly released WHO NTD Roadmap 2021 to 2030 (19), explicitly highlights the need for defined indicators of host morbidity. Without this linkage between parasite factors and host response, our certainty that we are monitoring for parasite SNPs that are indicative of potential resurgent hotspots of morbidity if the environmental factors are not controlled will be impacted.



Case Study: Ugandan Albertine Region and the FibroScHot Project

Working with the Schistosomiasis Control Initiative, Uganda was at the forefront of establishment of the MDA-based control programmes within SSA with the first communities there being treated in 2003. These communities were based upon the shores of Lake Albert, an area that had historically been shown to have high infection intensities and a high prevalence of severe schistosomiasis (78, 172, 283). Success of the annual PC approach was established both empirically through measurements (172) and via anthropological investigations (284). However, in recent years reports of a high incidence of individuals presenting with portal hypertension at health clinics has indicated that severe schistosomiasis is currently prevalent within these areas (285). Given the age-association and long-term exposure that can lead to PPF, one explanation is that those presenting at the clinics with PPF are individuals who were not treated as children. However, high reported programme coverage rates from the districts indicate that the situation on Lake Albert is representative of a biological hotspot, where local factors in the ecology and host behavior of transmission have resulted in poor control of infection. Biological hotspots also occur in Ugandan communities resident in the fishing villages of Lake Victoria, with equally poor resolution of infection prevalence through the control programme (17). However, while those living on the shores of Lake Albert harbor high prevalence and strong intensities of infection with high rates of PPF (33, 35, 77–79, 283), in Lake Victoria communities, even prior to the implementation of the control programmes when infection levels were very high, observation of PPF was rare despite the infection levels of a comparable level to those in Lake Albert communities (36). These findings are indicative that not only is Lake Albert a biological hotspot of transmission, but that factors at the parasite-host interface lead to this being a morbidity hotspot. As PPF in children has been shown to generally be mild (277) and the observed association with infection intensities indicating that they are in an active phase of developing PPF there is some hope that the PPF observed can be reversed with PZQ treatment, but that the current annual administration is insufficient. From this the FibroScHot trial, which aims to determine whether treatment of schoolchildren twice or four times per year provides morbidity control was devised.

The primary objective of the trial at the center of the FibroScHot project is to compare the impact of twice and four times treatments annually with PZQ, relative to the standard once annual treatment, on the prevalence of S. mansoni-associated PPF of the liver. A secondary objective is to compare the effect of the same treatment strategies on the mean infection intensity of S. mansoni. In addition to the traditional statistical analysis of results, the consortium includes mathematical modelling expertise to allow impact of the strategies on a term longer than the 2-year duration of the trial to be examined. Predictive mathematical models will initially be built using historical data from the village of Booma for which behavioral aspects of human host exposure are well defined (286), though FibroScHot itself will be conducted in the neighboring district of Hoima. Data from the FibroScHot trial will be used to validate these models. Crucially, exploratory studies will run alongside the main clinical trial to determine any significant limitations to this solely PC approach to disease control. Medical anthropological analyses will examine the social and cultural influences on treatment uptake, while in context of this review both parasite and host factors will be studied. While we are cognizant of the potential role of co-infection, particularly viral hepatitis (B and C) and Plasmodium, in exacerbating morbidity within these communities, as the individual randomized trial design assumes co-infection will be comparable across the study arms, the study design is not optimal for research into this and it will not be explored further within FibroScHot.

The fact that PPF is more prevalent in Lake Albert region than the Lake Victoria region may be predicted to be due, at least in part, to parasite factors that prevent the successful down-regulation of immuno-pathological responses, which over time could lead to expansive fibrosis. The FibroScHot study aims to make some progress on the above by integrating examination of the childhood responses to schistosome egg stimulation with examination of parasite population genetics and genome sequences. As discussed in the main article, due to the epidemiological patterns of PPF, many human studies that have investigated immuno-pathological mechanisms of PPF report results biased towards the responses observed amongst adults. Exploring the immune responses of children in the active phase of developing PPF could give us insight into the mechanisms that drive the development of severe schistosomiasis. The childhood PPF observed in Lake Albert region of Uganda gives us an opportunity to do this. While the project is not powered to provide clear evidence of “pathogenicity” related regions within the parasites, it will allow us to identify changes in parasite populations through time. Examining gene flow within the parasite population will identify specific isolates associated with reduced egg reduction rates or persistent morbidity. This population genetics approach will be combined with genome wide sequencing of selected parasite isolates, allowing us to elucidate both potential indicators of reduced PZQ efficacy and/or specific novel genotypes relating to increased PPF within these populations. This will constitute the initial steps required for fully integrated research into the interactions between parasite and host factors that may contribute to Lake Albert being a morbidity hotspot.



Conclusions

Schistosomiasis is a multifactorial disease in which several host and parasite factors including their interaction with the environment may act at each step of the parasite’s life cycle (287, 288). While the reasons behind discrepancies in clinical outcome remain ambiguous and the relationship between infection intensity and organ-related morbidity is complex, cumulative evidence is now showing that as well as host-specific factors shaping the genetic composition of schistosome populations (156, 190, 191), parasite genetic differences may indeed be important in the development of human host morbidity (53, 133, 175, 176, 289), and the characteristics of morbidity responses to them (150). Regardless of whether or not morbidity hotspots are driven by intrinsic host factors, parasite factors, or a combination of both in complex interplay with the environment, the fact that these hotspots exist does mean that the use of infection parameters to define morbidity control, and in the context of the new Roadmap, elimination of schistosomiasis as a public health problem in all 78 endemic countries by 2030, is likely insufficient. Given particularly that severe morbidity in these hotspots may develop at lower infection levels, or in a greater proportion of individuals, if the host-parasite relationship allows, the current use of an infection parameter alone to define success could well be misleading, leaving a significant number of individuals in further need without appropriate treatment. There are of course financial and logistical problems to overcome if morbidity screenings, in the absence of easily measurable markers of morbidity, were to become routine in control programmes, not least the requirement for the skilled personnel to conduct the ultrasonographic investigations. One approach would be for morbidity screens to be integrated into the verification of elimination as a public health problem within countries. Ultimately, understanding how the morbidity profiles of schistosomiasis differ and change across different endemic areas will prove to be of ever-increasing critical importance to the monitoring and evaluation of control programs in reaching the goal of elimination of schistosomiasis as a public health problem in all endemic countries.
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Near Infrared Spectroscopy (NIRS) is a spectroscopic technique that evaluates the vibrational energy levels of the chemical bonds of molecules within a wavelength range of 750–2,500 nm. This simple method acquires spectra that provide qualitative and quantitative data on the chemical components of the biomass of living organisms through the interaction between the electromagnetic waves and the sample. NIRS is an innovative, rapid, and non-destructive technique that can contribute to the differentiation of species based on their chemical phenotypes. Chemical profiles were obtained by NIRS from three snail species (Biomphalaria glabrata, Biomphalaria straminea, and Biomphalaria tenagophila) that are intermediate hosts of Schistosoma mansoni in Brazil. The correct identification of these species is important from an epidemiological viewpoint, given that each species has distinct biological and physiological characteristics. The present study aimed to develop a chemometric model for the interspecific and intra-specific classification of the three species, focusing on laboratory and field populations. The data were obtained from 271 live animals, including 150 snails recently collected from the field, with the remainder being raised in the laboratory. Populations were sampled at three localities in the Brazilian state of Rio de Janeiro, in the municipalities of Sumidouro (B. glabrata) and Paracambi (B. straminea), and the borough of Jacarepaguá in the Rio de Janeiro city (B. tenagophila). The chemometric analysis was run in the Unscrambler® software. The intra-specific classification of the field and laboratory populations obtained accuracy rates of 72.5% (B. tenagophila), 77.5% (B. straminea), and 85.0% (B. glabrata). The interspecific differentiation had a hit rate of 75% for the field populations and 80% for the laboratory populations. The results indicate chemical and metabolic differences between populations of the same species from the field and the laboratory. The chemical phenotype, which is closely related to the metabolic profile of the snails, varied between environments. Overall, the NIRS technique proved to be a potentially valuable tool for medical malacology, enabling the systematic discrimination of the Biomphalaria snails that are the intermediate hosts of S. mansoni in Brazil.

Keywords: near infrared spectroscopy, innovative technique, mollusk, freshwater snails, chemical phenotype, schistosomiasis


INTRODUCTION

The planorbid snails Biomphalaria glabrata, Biomphalaria tenagophila, and Biomphalaria straminea are intermediate hosts of Schistosoma mansoni in Brazil. However, the identification of these species in the field is currently impossible without the dissection of specimens for the examination of the diagnostic morphological traits of the three species. The correct diagnosis of the predominant Biomphalaria species found in a given area is extremely important for the adoption of adequate measures for the prevention of schistosomiasis, given the epidemiology of transmission of the parasite. B. glabrata is considered to be the principal threat to public health of the three Schistosoma mansoni transmitting species found in Brazil (1), given that it is the most susceptible of the three species. In addition, that, once infected, this snail eliminates cercariae of the parasite throughout the rest of its lifetime. The three Biomphalaria species can usually only be distinguished by specialists based on diagnostic morphological traits, although in some cases, even these criteria may be inadequate, with reliable species identification required genetic data, using destructive procedures. Given this, more modern techniques, such as spectroscopy, may provide an important complementary approach that contributes to the identification of the species without damaging the specimen (2).

Near Infrared Spectroscopy (NIRS) is considered a simple procedure for the acquisition of spectra and both qualitative and quantitative data on the chemical components of the biomass of living organisms through the interaction between the sample and electromagnetic waves within a wavelength range of 750–2,500 nm (3–5). This treatment does not require any prior processing of the samples, does not produce dangerous residues, and it is “ecofriendly.” The species are differentiated based on the chemical phenotype of the sample. Each species has a characteristic metabolic profile determined by its role in the ecosystem, which can be detected by NIRS. Mello-Silva et al. (6) applied NIRS to the analysis of these mollusk vectors, determining the potential for the identification of the species based on the shells of specimens maintained in a controlled laboratory environment.

As the correct identification of the snails intermediate hosts of S. mansoni in Brazil is essential for the application of effective measures for the control and prevention of schistosomiasis, the present study evaluated a chemometric model for the inter- and intraspecific classification of these mollusks based on the comparison of spectrophotometric data on populations of the three species, both collected in the field and raised in the laboratory.



MATERIALS AND METHODS


Snail Strain

A total of 271 live mollusks were collected from three populations in the Brazilian state of Rio de Janeiro. The B. glabrata specimens were collected in the municipality of Sumidouro and the B. straminea specimens in the municipality of Paracambi, while B. tenagophila was collected in Jacarepaguá, a borough of the state capital, Rio de Janeiro. These populations were selected based on Thiengo et al. (7, 8) survey of the distribution of freshwater mollusks in the state of Rio de Janeiro.

In the laboratory, 150 of the specimens collected in the field were raised in the laboratory, using water obtained from the collecting sites in which the snails were found. These individuals were exposed to a light source once a week over 30 days to verify possible natural infection by S. mansoni, as described in Brasil (9). None of the mollusks elected for the study were considered to be positive (infected), given that they did not eliminate any kind of cercariae. Mollusks from the same populations were maintained in aquaria in the mollusk vivarium of the Brazilian National Reference Schistosomiasis Laboratory (LRNEM) at FIOCRUZ in Rio de Janeiro, Brazil. These specimens were separated by species and population, under the same temperature conditions and provisioned ad libitum with fresh washed lettuce. The laboratory analyses were conducted on specimens collected recently in the field with the local water and from the snails collected from the same populations that had been raised in the laboratory. All the specimens in this study were analyzed after sexual maturity and with a shell diameter of 8–12 mm, varying according to the species.



Near Infrared Spectrophotometry

An ABB Boomem MB 3600 near-infrared spectrophotometer with the Fourier transformation (FT-NIR) was used to collect the spectra of the live specimens of the three Biomphalaria species from the field and the laboratory. The mollusks were separated by species and dried externally using paper towels. The specimens were analyzed individually and randomly in transparent glass vial of 20 mL from Thermo Fisher Scientific. Each specimen was positioned at the bottom of the vial with the left side of the shell facing down and placed at the window of the apparatus for the collection of 50 spectra from each live animal, with a resolution of 16 cm−1. A glass vial, of the same specifications, contained spectralon was used as the spectroscopic reference for all the analyses, with the apparatus being calibrated prior to each group of samples. All the mollusks were still alive after the collection of the spectra and, in a complementary way, 20% of the animals of each group were dissected to confirm the species.



Chemometric Analyses

The chemometric analyses were run in the Unscrambler® software, in which the raw spectra were pre-processed to reduce possible noise that may have influenced the final results. It was also necessary to create a specific spectral model for each set of samples prior to their validation. A exploratory Principal Components Analysis (PCA) was used to verify the existence of distinct clusters of samples that corresponded to the different species. Following this procedure, the results were classified using a Linear Discriminant Analysis (LDA), which is a tool that uses information from the categories associated with each standard to extract the most discriminating characteristics linearly, allowing the samples to belong to a single class (10). The table of classification produced by the LDA was used to classify the percentage of hits, that is, the number of correct classifications divided by the number of samples used for the validation (multiplied by 100 to give a percentage value).




RESULTS


Intraspecific Classification

Three models of classification were compiled based on the intraspecific relationships found in B. glabrata, B. tenagophila, and B. straminea, derived from the live specimens of the same populations collected in the field and raised in the laboratory. The Principal Components Analysis (PCA) of the B. glabrata samples (field and laboratory) is shown in Figure 1. The plot shows the clear separation of the two samples on the PC-2 axis.


[image: Figure 1]
FIGURE 1. Principal Components Analysis (PCA) of the live specimens of Biomphalaria glabrata collected in the field in the municipality of Sumidouro (Rio de Janeiro state, Brazil) and raised in the laboratory.


In the case of the B. tenagophila population from Jacarepaguá, the analysis (Figure 2) indicated the possible separation of the two groups (field vs. laboratory). In this case, the scores separate the groups on the PC-1 axis. The PCA of the B. straminea samples (Figure 3) separated the two samples (field vs. laboratory) clearly on the PC-2 axis. The external validation of these classification models revealed different hit rates for each species (Table 1).


[image: Figure 2]
FIGURE 2. Principal Components Analysis (PCA) of the live specimens of Biomphalaria tenagophilacollected in the field in the borough of Jacarepaguá in the city of Rio de Janeiro (Brazil) and raised in the laboratory.



[image: Figure 3]
FIGURE 3. Principal Components Analysis (PCA) of the live specimens of Biomphalaria straminea collected in the field in the municipality of Paracambi (Rio de Janeiro state, Brazil) and raised in the laboratory.



Table 1. Classification of the hits of the Biomphalaria species, based on a Linear Discriminant Analysis (LDA).
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Interspecific Classification

Two models were used to classify the interspecific relationships of the three Biomphalaria species that act as intermediate hosts of S. mansoni, based on the analysis of live specimens collected in the field and raised in the laboratory. The PCA of the animals collected in the field (Figure 4) presented a clear tendency for the separation of the species, albeit with some mixed scores. The external validation of the spectra of this group had a 75% hit rate, with most errors being recorded between B. glabrata and B. tenagophila.


[image: Figure 4]
FIGURE 4. Principal Components Analysis (PCA) of the live specimens of Biomphalaria spp. collected in the field in Rio de Janeiro state, Brazil.


The PCA of the mollusk population raised in the laboratory (Figure 5) also revealed a tendency for the separation of species, with a hit rate of 80% for the classification of the species, as confirmed by the external validation. An interspecific analysis that included all the spectra recorded for the field and laboratory animals was also conducted to double-check the results, although in this case, there was no clear separation of the species.


[image: Figure 5]
FIGURE 5. Principal Components Analysis (PCA) of the live specimens of ram's horn snail (Biomphalaria spp.) raised in the laboratory.





DISCUSSION

The results of the present study indicate that the vibrational NIR spectroscopy was able to discriminate intra- and interspecific differences among the Biomphalaria species that are intermediate hosts of S. mansoni, based on the metabolic profiles presented by these snails in response to their immediate environment. The NIRS procedure provides differentiated chemical phenotypes of the specimens of the same species and different species, related to the metabolic configuration associated with the different environments, that is, the field and laboratory. As far as is known, this is the first study that has applied this approach to mollusk vectors, although Sikulu et al. (11, 12), Sikulu-Lord et al. (13), and Fernandes et al. (14) used NIRS to investigate the taxonomic, ecological, biochemical, and parasitological characteristics of mosquito vectors. Together with these analyses, the findings of the present study should contribute to the establishment of an area of research based on the application of the chemical or spectrophotometric diagnosis of the taxonomy of parasitic disease vectors. This approach should provide a valuable tool for the integrated analysis of taxonomic relationships, which complements classic taxonomic and molecular approaches.

The results of the intraspecific analyses applied in the present study emphasize the influence of the environment on the metabolism on aquatic organisms. A range of factors may have influenced the differentiation of the specimens of the same species collected in the field or raised in the laboratory.

In the wild, the snails are exposed to a wide range of contaminants and environmental impacts, which results in constant and unavoidable contact with the chemical elements dissolved in the water. Biomphalaria species are considered to be good indicators of environmental contamination, and have been analyzed to determine the bioaccumulation of heavy metals and metabolic shifts provoked by contact with herbicides and molluscicides (15–17). In particular, the herbicide oxyfluorfen can damage the reproductive and antioxidant systems of Biomphalaria species, as well as having cytotoxic and genotoxic effects (18, 19). The results of the present study demonstrated a more pronounced intraspecific pattern in B. glabrata (85%), when individuals from the same population collected in the field and raised in the laboratory were compared. This indicates clear differences in the metabolism of the two groups, which are possibly related to environmental factors. Mitta et al. (20) found that environmental factors had a direct impact on the relationship between Biomphalaria and Schistosoma, creating a mosaic of possible interactions. In the present study, although B. glabrata specimens were collected in Sumidouro, an endemic region for schistosomiasis in the state of Rio de Janeiro, none of the animals were found infected, as well as specimens of B. tenagophila and B. straminea. Pesticides are widely used on the farms in this municipality, where agriculture is a mainstay of the local economy (21), and the intoxication of local farm laborers has been reported by Oswaldo Cruz Foundation (22). Despite the evidence, complementary techniques to the NIRS, such as metabolomics and chemical analysis, are necessary to deepen the analysis in relation to environmental contamination.

The results of the present study also demonstrated the potential of NIRS for the separation and diagnosis of the three snail species without the need for the dissection of the specimens, in animals obtained from both the field and the laboratory. The identification errors found between B. glabrata and B. tenagophila indicate that the chemical phenotypes of the two species are the most similar. This may be related to the morphological and biological similarities of these two species, and their possible potential for hybridization (9, 23). However, Vidigal et al. (24) found that B. glabrata and B. tenagophila belonged to distinct clades in a phylogenetic analysis of the ITS2 molecular marker, which indicates that there is a considerable genetic distance between the two species.

Experimental metabolic studies of the three Biomphalaria species infected by S. mansoni or Angiostrongylus cantonensis have shown that the three species adopt distinct metabolic strategies to avoid infection. This may have contributed to the differentiation of the NIRS profiles of the three species (16, 25).

The potential for the use of NIRS to analyze the glycogen content of different types of tissue has already been evaluated in other mollusks, such as bivalves. This study (26) focused on the quality of the mollusk diet, showing variation in the glycogen content related to the condition of the mass of the viscera in different individuals of the same species. This study applied calibration models to predict the glycogen concentrations, analyzed using standard methods.

Clearly, then, NIRS has potential for use as a complementary approach for the analysis of the differentiation of the Biomphalaria species that are intermediate hosts of S. mansoni in Brazil, providing an important tool for an integrated taxonomic analysis. The potential for the differentiation of specimens at an intraspecific level nevertheless demonstrates the need to establish separate interspecific spectrophotometric models (distinguishing specimens from the field and the laboratory, for example) that guarantee the most effective and reliable diagnosis of the B. glabrata, B. tenagophila, and B. straminea specimens by NIRS.
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The laboratorial diagnosis of the intestinal schistosomiasis is always performed using Kato-Katz technique. However, this technique presents low sensitivity for diagnosis of individuals with low parasite burden, which constitutes the majority in low endemicity Brazilian locations for the disease. The objective of this study was developed and to validate a real-time PCR assay (qPCR) targeting 121 bp sequence to detect Schistosoma spp. DNA for the diagnosis of intestinal schistosomiasis and a sequence of the human β-actin gene as internal control. Firstly, the qPCR was standardized and next it was evaluated for diagnosis and cure assessment of intestinal schistosomiasis in the resident individuals in Tabuas and Estreito de Miralta, two locations in Brazil endemic for intestinal schistosomiasis. The qPCR assay results were compared with those of the Kato-Katz (KK) test, examining 2 or 24 slides, Saline Gradient (SG) and “reference test” (24 KK slides + SG). The cure assessment was measured by these diagnostic techniques at 30, 90, and 180 days post-treatment. In Tabuas, the positivity rates obtained by the qPCR was 30.4% (45/148) and by “reference test” was of 31.0% (46/148), with no statistical difference (p = 0.91). The presumed cure rates at 30, 90, and 180 days post-treatment were 100, 94.4, and 78.4% by the analysis of 24 KK slides, 100, 94.4, and 78.4% by the SG, and 100, 83.3, and 62.1% by the qPCR assay. In Estreito de Miralta, the positivity obtained by qPCR was 18.3% (26/142) and with “reference test” was 24.6% (35/142), with no statistical difference (p = 0.20). The presumed cure rates were 93.3, 96.9, and 96.5% by the KK, 93.3, 96.9, and 100% by the SG, and 93.3, 93.9, and 96.5% by the qPCR at 30, 90, and 180 days post-treatment, respectively. This study showed that the diagnostic techniques presented different performance in the populations from the two districts (Tabuas and Estreito de Miralta) and reinforces the need of combining techniques to improve diagnosis accuracy, increasing the detection of individuals with low parasite burden. This combination of techniques consists an important strategy for controlling the disease transmission.




Keywords: intestinal schistosomiasis, laboratory diagnosis, Kato–Katz technique, saline gradient technique, real-time PCR



Introduction

In Brazil, intestinal schistosomiasis is caused by Schistosoma mansoni, the only species with established transmission. Despite the prevalence and parasite burden having decreased over the years after implanting the preventive measurements of the Schistosomiasis Control Program, in 1975, the disease still occurs in Brazil. Intestinal schistosomiasis is currently found in low, moderate, and high endemicity areas of 19 Brazilian federal units (1). The last national prevalence survey (INPEG 2010–2015) estimated 1,500,000 positive individuals for intestinal schistosomiasis in Brazil, which remains an important public health issue (2).

This situation could be partly attributed to the lack of accurate diagnostic techniques to detect intestinal schistosomiasis in endemic areas. The use of the Kato-Katz technique to detect S. mansoni eggs (3) with one or two slides from a single fecal sample per individual is extensively employed in prevalence surveys and individual diagnosis due to its practicability and low cost (4). This technique is sensitive to the diagnosis of S. mansoni infection when applied in fecal samples from individuals with moderate and high parasite burden. However, the lack of sensitivity presented by this technique occurs when it is used to diagnose individuals with low parasite burden, who are mostly present in low endemicity area (5–11). The S. mansoni infected individuals who were not diagnosed contribute to maintain the local transmission or to establish new outbreak when they migrate to a non-endemic area, hindering the efficacy of the control measures.

Serological assays have been used for schistosomiasis diagnosis by detecting antibodies against schistosomal antigens. However, they are unable to discriminate between active infections and past exposures, especially in individuals living in regions endemic for schistosomiasis (12). A lateral flow cassette assay was developed to overcome the limitation of parasitological and serological techniques to detect circulating cathodic antigen in urine from the Schistosoma infected individuals (POC-CCA®, Rapid Medical Diagnostics, Pretoria, South Africa). This test became available in 2003 and seems to be more sensitive than the Kato-Katz technique when applied in areas highly endemic for S. mansoni (13). However, there are controversies regarding the sensitivity of the POC-CCA when applied in individuals from low endemicity areas. In these cases, the POC-CCA has showed larger sensitivity only in patients with moderate or high parasite burden (14, 15).

Alternatively, the detection of schistosome DNA through DNA amplification techniques provides advantages compared to the many parasitological techniques and serological tests, due their high sensitivity, specificity, and accuracy. Furthermore, DNA amplification techniques can detect early pre-patent infections. Although the PCR assay is widely used for laboratory diagnosis of many infectious and parasitic diseases, its application for schistosomiasis was reported for the first time for our research group. We showed that PCR targeting 121 bp, described by Hamburger et al. (16) achieved a limit of detection (LOD) of 1 fg of S. mansoni egg template DNA and absence of amplification of the DNA from Ascaris lumbricoides, Ancylostoma duodenale, Taenia solium, and Trichiuris trichiuria, helminths commonly found in the same endemic areas.

Since then, we have extensively worked with this 121 bp sequence as a target in the PCR assays for diagnosing intestinal schistosomiasis. The 121 bp sequence was used successfully in conventional PCR (17, 18), PCR-ELISA (19, 20), obtaining consistent results. Furthermore, other studies show the 121 bp sequence as a target in a real-time PCR and oligochromatography-polymerase chain reaction with higher sensitivity than the Kato-Katz technique for diagnosing intestinal schistosomiasis (21, 22). Moreover, the 121 bp DNA sequence was targeted to detect Schistosoma DNA in plasma (23) and urine samples (24, 25) using conventional PCR.

Thus, the main goal of this study was to develop a qPCR assay targeting 121 bp sequence to detect S. mansoni DNA in fecal samples to diagnose intestinal schistosomiasis and assess the post-treatment cure for individuals with low parasite burden. In addition, a 92 bp sequence from the human β-actin gene too was amplified in the same reaction as internal control for ensure the efficiency of DNA extraction and PCR-amplification.



Material and Methods


qPCR Assay Standardization


Extraction of S. mansoni DNA

In this study we tried contaminate negative fecal samples with S. mansoni eggs and we did not have success. The S. mansoni eggs are relatively big ones and we had difficulties to count the S. mansoni eggs in Neubauer chamber and then recover it to contaminate negative fecal samples.

To contorn this limitation, genomic DNA was extracted from adult S. mansoni worms (BH strain) obtained from the liver of Swiss albino mice 60 days after infection with 150 cercariae using QlAamp DNA Mini and Blood Mini Handbook (QIAGEN, GmbH, Hilden, Germany), following the manufacturer`s protocol.

As negative controls we used DNA extracted from three negative S. mansoni fecal samples collected from children resident in non-endemic area who had negative results by Kato-Katz technique. The total DNA was extracted using the QIAamp DNA Stools Mini Kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer’s recommendations and following the protocols of DNA Isolation from Stool for Pathogen Detection and DNA Isolation from Large Amounts of Stool. The DNA concentration and A260/A280 absorbance ratio was measured in a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) to ensure the efficiency of the DNA extraction and to verify the purity of the DNA obtained.




Primers and Probes

A forward 5′-CCG ACC AAC CGT TCT ATG A-3′ and reverse 5′-CAC GCT CTC GCA AAT AAT CTA AA-3′ primers and a 5′-6[FAM]/TCG TTG TAT CTC CGA AACCAC TGG ACG/[3BHQ1] probe were designed to amplify and detect a 90 bp fragment of a highly repetitive 121 bp sequence of S. mansoni (GenBank: M61098). A forward 5’-CCA TCT ACG AGG GGT ATG-3’ and reverse 3’-GGT GAG GAT CTT CAT GAG GTA-5’ primers, and the 56-JOE/CCT GCG TCT GGA CCT GGC TG/[3BHQ1] probe were designed to amplify and detect a 92 pb of the human β-actin gene (GenBank: AY582799.1) as internal control (Figure 1). All primers and probes were designed in the Primer3-web program 0.4.0 (26) and submitted to homology searches on the National Center for Biotechnology Information website with nucleotide BLAST program using the Nucleotide collection and Megablast option database. The primers and probes were purchased from Integrated DNA Technologies Inc. (Coralville, IO, USA). Initially, we tried S. mansoni primers at 0.1, 0.2, 0.3 μM and S. mansoni probe at 0.1, 0.25, and 0.5 μM in different combinations in the simplex qPCR assay using 38 ng, 3.8 ng, 380 pg, 38 pg, 3.8 pg, 380 fg, 0.38 fg, and 0.038 fg genomic DNA of S. mansoni diluted 1:5 in linear acrylamide solution [30 μg/ml (w/v) in DEPC treat H2O]. Next, we tried the human β-actin gene primers at 0.1, 0.15, and 0.2 μM and human β-actin gene probe at 0.1, 0.25, and 0.5 μM in a simplex qPCR assay using DNA extracted from negative S. mansoni fecal samples diluted 1:5 in linear acrylamide solution. In this way, the best qPCR protocol was defined as:




Figure 1 | Diagram showing anneling positions of the primers and probes in the 121 bp and human β-actin gene sequences. SnapGene software (from Insightful Science; available at snapgene.com).



The reaction was performed with a final volume of 25 μl containing 12.5 μl of TaqMan® Universal PCR Master Mix (Life Technologies, Thermo Fisher Scientific Inc., USA), S. mansoni specific primers at 0.1 μM, 5′-6[FAM]—[3BHQ1] probe at 0.25 μM, β-actin specific primers at 0.15 μM and 56-JOE—[3BHQ1] probe at 0.25 μM, BSA 0.01 μg/μl, MgCl2 at 2 μM and 4 μl of DNA diluted 1:5 in linear acrylamide solution. Two controls were used for each reaction, a positive control (PCR mix plus DNA extracted from adult worms) and a negative control consisting of PCR mix (No Template Control). The assays were performed in duplicate using microplates (MicroAmp® Fast Optical/Applied Biosystems Foster City, CA, USA) sealed with adhesive film (Optical Adhesive Covers/Applied Biosystems) on the StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific Inc., USA) under the universal cycling program with 45 cycles and annealing temperature of 60 °C. Based on a standard curve produced with serial dilutions of S. mansoni DNA, samples presenting Ct ⩽ 42 were classified as positives. Samples that did not presented internal control JOE (β-actin Probe) amplification were retested and a new DNA sample was reextracted when necessary.

Extraction and amplification protocols were performed in different rooms to minimize the possibility of contamination. All experiments were performed in a laminar flow chamber, previously irradiated with ultraviolet light, and employing only sterile disposable products, including barrier tips.



Analytical Sensitivity (Limit of Detection)

The lower LOD of the qPCR was defined by the amplification curve of a positive control containing 38 ng, 3.8 ng, 380 pg, 38 pg, 3.8 pg, 380 fg, 0.38 fg, and 0.038 fg of genomic DNA of adult worms diluted 1:5 in linear acrylamide solution, in triplicate. The mean of Ct from the triplicates was used to define the point in the amplification curve. The amplification efficiency assay was analyzed according to the amplification efficiency (E), Slope, and R2, following recommendations of Johnson et al. (27).



Analytical Specificity

DNA from Ancylostoma duodenale, Ascaris lumbricoides, and Fasciola hepatica, ceded by professors from the Department of Parasitology, Biology Institute, of the Universidade Federal de Minas Gerais, was used in the qPCR assay to evaluate the analytical specificity. A. duodenale and A. lumbricoides are frequently found in S. mansoni co-infections and F. hepatica is a worm phylogenetically next to the S. mansoni.



Precision Tests

The repeatability test was carried out using six DNA samples extracted from human feces (three negatives and three positives for the presence of S. mansoni eggs), according to the Kato-Katz technique. The repeatability test was measured by the coefficient of variation (CV) by retesting four times the same samples in a single assay (intra-assay test). The reproducibility test was measured by the coefficient of variation (CV) of retesting positive control containing 38 ng, 3.8 ng, 380 pg, 38 pg, 3.8 pg, 380 fg and 0.38 fg of genomic DNA of adult worms diluted 1:5 in linear acrylamide solution in three different days.



qPCR Validation

The validation of the qPCR was performed through a cross-sectional-based study carried out in the Tabuas and Estreito de Miralta districts (Figure 2), two communities endemic for schistosomiasis from the rural area of ​​the municipality of Montes Claros, in the northern region of the state of Minas Gerais, Brazil. The prevalence in Tabuas in 2010 was estimated in 29.1% using two slides in the Kato-Katz technique in the Zoonozis Control Center of Montes Claros. There were no prevalence data from the Estreito de Miralta. However, this community was close to Tabuas and no control has been placed in these communities in the 2 years prior to the current study.




Figure 2 | STARD flow diagram followed to select the studied groups.



All residents of the mentioned locations with over 1 year of age, of both gender, and who agreed to participate in the study and signed the informed consent form were included. Furthermore, the diagnostic tests were applied to assess the cure after specific treatment of low parasite burden individuals.



Stool Samples

The stools samples were provided by the participants at day 0 and examined using the Kato-Katz and Saline Gradient techniques in both locations. The participants who presented S. mansoni eggs in their stools were treated with 60 mg/kg of praziquantel for children and 50 mg/kg for adults. New stools samples were collected at 30, 90, and 180 days post-treatment, totalizing four samples by participant until the study end. The participants who presented eggs or cyst of other parasites were treated with 400 mg of albendazole (single oral dose) as recommended by the Brazilian Ministry of Health.



Kato–Katz Technique

The fecal samples from the residents of Tabuas and Estreito de Miralta were submitted to the Kato-Katz technique using the Helm-Test® produced by BioManguinhos-Fiocruz (Rio de Janeiro, RJ, Brazil). Twenty-four slides of the same stools sample, which correspond to the 1,000 mg of feces, were examined to perform a quantitative comparison between the parasitological tests. Infection intensity was calculated by the number of S. mansoni eggs found in 24 slides, resulting in eggs per gram of feces (epg). According to WHO (4), the S. mansoni infection intensity is classified as light (1–100 epg), moderate (101–400 epg), and high (>400).



Saline Gradient Technique

The Saline Gradient technique was performed according to the protocol published by Coelho et al. (28). Fecal samples were filtered through nylon screen (150 µm) and two portions of 500 mg were quantified using a metal plate. The portions were subjected to a slow flow of a 3% saline solution for 1 h. Subsequently, the system was closed and all remaining material transferred to a Falcon® tube (15 ml), after which 20% formaldehyde was added to the sediment obtained (approximately 2 ml of sediment). The final solution was examined in an optical microscope. All sediment was examined, the helminth eggs were counted, and the S. mansoni eggs were separated in two preparations (500 mg + 500 mg) representing eggs per gram of feces (epg).



qPCR Assay

The DNA of 1,000 mg fecal samples obtained from residents of Tabuas and Estreito de Miralta was extracted using the QIAamp DNA Stools Mini Kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer’s recommendations and following the protocols of DNA Isolation from Stool for Pathogen Detection and DNA Isolation from Large Amounts of Stool. The DNA concentration was measured by absorbance at 260 nm in a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The A260/A280 absorbance ratio was analyzed to verify the purity of the DNA obtained.

The qPCR assay was performed using fecal samples according to the conditions standardized. The DNA samples that did not present amplification for the human β-actin gene were retested for ensure the efficiency of DNA extraction and PCR-amplification.



Data Analysis

The database was built in Microsoft Office Excel 2007 spreadsheets and analyzed using GraphPad Prism version 6.0 (San Diego, CA, USA) or Open Epi software version 3.0 (29). The positivity, sensitivity, specificity, and accuracy rates of the parasitological and molecular tests were calculated using the Open Epi software. The chi-square test was used for comparisons between proportions considering a 5% significance level (30). The degree of agreement between diagnostic tests was determined by the Kappa index and interpreted according to Landis & Koch (31). Correlations between epg from the KK and Ct from the qPCR test results were tested using the Spearman’s coefficiency of correlation.



Ethical Approval

The use of human samples was approved following the standards of the Ethical Review Committee of the IRR/FIOCRUZ, Brazil (CEPSH 03/2008) and National Committee of Ethical Research (784/2008, CONEP 14886) in accordance with the Brazilian legislation (RDC 466/2012). The written informed consent was obtained from all the participants/parents or guardians before collecting the samples.




Results


qPCR Assay Standardization

A standard curve was constructed and the analytical sensitivity assay showed that the S. mansoni DNA was detected up to the seventh dilution, which corresponds to 0.38 fg. Moreover, repeatability and linearity in the standard curve were obtained up to Ct 41 (CV ranging from 0.05 to 2.7%; Slope: −3.222; E: 104%, and R²: 0.98).

The analytical specificity was assessed using DNA from Ancylostoma duodenale, Ascaris lumbricoides, and Fasciola hepática adult worms. The results showed no unspecific amplifications when using genomic DNA in the qPCR assay. The repeatability test presented acceptable Ct variations in the four replicates of three S. mansoni negative and three S. mansoni positive samples. In this assay the coefficient of variation (CV) were 1.74, 2.18, and 2.33% for the target (FAM probe) and 0.69, 0.48, and 0.40% for internal control (JOE probe). Likewise, the reproducibility test presented Ct consistent, resulting CV ranging from 1.6 to 5.4%.




qPCR Validation in Tabuas


Positivity Rates for S. mansoni and Other Parasites

In Tabuas, 84.5% (148/175) of the population participated of this study. From these, 73 were females and 75 males, aged between 1 and 86 years. Ninety-six individuals were residents in the Tabuas district and 52 in the Ribeirão de Tabuas, an adjacent location. The reasons for non-participation in the study were: 1) refusal; 2) insufficient biological sample for performing all techniques, and 3) health reasons.

The Table 1 shows the positivity rates found in the population from Tabuas. The positivity rate of the KK technique was 12.1% (18/148), 15.5% (23/148), 16.9% (25/148), 19.6% (29/148), 19.6% (29/148), and 20.6% (31/148) for 1, 2, 3, 6, 12, and 24 slides examined, respectively. The higher positivity rates were found in individuals with 10 to 19 (47.6%) and 20–29 years of age (30%) (Figure 3). Of the 31 positive participants, 25 (80.7%) presented low parasite load (1–100), five (16.1%) presented moderate load (101–400), and one (3.2%) presented high parasite load (>400 epg).


Table 1 | Positivity rates of intestinal schistosomiasis found by parasitological techniques and qPCR in the population from Tabuas district, Minas Gerais state, Brazil.






Figure 3 | Positivity of intestinal schistosomiasis in the participants from Tabuas district, diagnosed by Kato-Katz (24 slides), Saline Gradient, and qPCR and distributed by age ranges.



The SG technique detected 43/148 participants with S. mansoni eggs in their stools, producing a positivity rate of 29.0%. Likewise, the SG technique showed higher positivity rates in the age range from 10 to 19 (57.1) followed by 20–29 years (50%) (Figure 3). Of the 43 positive participants, 40 had low parasite load and only three presented moderate loads.

To create a “reference test,” the results obtained by KK (24 slides) and SG were combined and the positivity increased to 31.0% (46/148), with a statistical difference regarding the previous KK positivity (p = 0.04), although without statistical difference compared to SG (p = 0.70). The positivity rate obtained by the qPCR assay was 30.4%, represented by 45/148 positive participants. All samples (148/148) presented amplification of the internal control. The highest positivity rates for this assay occurred in the age ranges from 10 to 19 (52%) and 30 to 39 years (50%) (Figure 3).

Besides S. mansoni, the two combined techniques detected 37 positive participants for other parasites, 16 (10.8%) positive for hookworms, eight (5.4%) for Enterobius vermicularis, eight (5.4%) for Ascaris lumbricoides, six (4%) for Giardia sp., 20 (13.5%) for Entamoeba coli, two (1.4%) for Trichuris trichiura, one (0.68%) for Taenia sp., and two (1.4%) for Hymenolepis nana. Of the participants infected with S. mansoni, six presented co-infection with hookworms and E. vermicularis.



qPCR Performance in Different Scenarios

Considering the results of the KK technique with two slides as a definitive diagnostic, the qPCR presented 95.7% sensitivity (95% CI: 79–99.2), 81.6% specificity (95% CI: 73.9–87.4), and 83.8% accuracy (95% CI: 77–88.9). Considering the results of the KK technique with 24 slides, the qPCR presented 96.7% sensitivity (95% CI: 83.8–99.4), 87.2% specificity (95% CI: 79.9–92.0), and 89.2% accuracy (95% CI: 83.2–93.2).

Considering the SG results, the qPCR presented 81.4% sensitivity (95% CI: 67.3–90.2), 90.5% specificity (95% CI: 83.3–94.7), and 87.8% accuracy (95% CI: 81.6–92.2). Based in the results from the “reference test,” the qPCR presented 82.6% (95% CI: 69.3–90.9), 93.1% (95% CI: 86.5–96.6), and 89.8% (95% CI: 83.9–93.7) of sensitivity, specificity, and accuracy rates, respectively (Table 2).


Table 2 | Performance of qPCR considering the parasitological techniques and “reference test” applied in the population from Tabuas district, Minas Gerais state, Brazil.



Table 3 shows the agreement ratios between the parasitological techniques and qPCR results. Among the 45 participants positive to S. mansoni by the qPCR assay, 22 were consistent with the KK technique (two slides), one presented positive KK and negative qPCR results (with positive amplification of human β-actin gene), and 23 were positive only by the qPCR (Kappa index: 0.56). On the other hand, 30 participants were consistent with the KK technique (24 slides), one presented positive KK and negative qPCR results (with positive amplification of human β-actin gene), and 15 were positive only by qPCR (Kappa índice: 0.72). Furthermore, there is a negative correlation between the microscopic egg counts (epg) and Ct (r: −0.404) obtained by the KK technique (24 slides) and qPCR assay, respectively.


Table 3 | Agreement analysis of the qPCR results in relation to the parasitological techniques and reference test in the population from Tabuas district, Minas Gerais state, Brazil.



In the crosstabulation between SG and qPCR, eight participants presented positive results with the SG technique and negative with the qPCR (with positive amplification of human β-actin gene). On the other hand, 10 participants presented negative results with the SG technique but were positive with the qPCR. Thirty-five positive and 95 negative results were consistent between the SG technique and qPCR assay (Kappa index: 0.71). Forty-five individuals were positive by the qPCR, of which seven cases were not detected by the “reference test.” In contrast, eight cases were positive by the “reference test” and were not detected by the qPCR (with positive amplification of human β-actin gene), resulting in a Kappa index of 0.76.



Cure Assessment in Tabuas

Table 4 shows the follow-up for cure assessment. Of the 46 positive participants treated with praziquantel, 39 participated of the follow-up for cure assessment at 30 days post-treatment. Of these individuals, all presented negative results by the parasitological techniques and qPCR assay, resulting in a presumed cure rate of 100%. At 90 days post-treatment, 36 participants were reexamined for cure assessment. Among these, three participants were positive for S. mansoni eggs, one of which was diagnosed by both techniques (KK and SG) and two identified separately by each parasitological technique. qPCR diagnosed six positive participants at 90 days. Therefore, the presumed cure rates at 90 days post-treatment were 94.4% for the KK and SG techniques and 83.3% for the qPCR assay. At 180 days post-treatment, new stool samples were collected from 37 participants for cure assessment, of which eight were positive for S. mansoni eggs by both parasitological techniques and 14 were positive for S. mansoni DNA by the qPCR. The presumed cure rates were 78.4% for the KK and SG techniques and 62.1% for the qPCR assay.


Table 4 | Presumed cure rates measured by parasitological techniques and qPCR 30, 90, and 180 days pos treatment of the S. mansoni positive participants from Tabuas district, Minas Gerais state, Brazil.





qPCR Validation in Estreito de Miralta Positivity Rates for S. mansoni and Other Parasites

In Estreito de Miralta, 87.1% (142/163) of the population was included in this study, of which 77 were females and 65 males, aged from 01 to 86 years, 96 residents of the Estreito de Miralta and 46 of Serra Verde, an adjacent location. The reasons for non-participation in the study were the same as those considered for the Tabuas location.

The positivity rates obtained by the KK technique were 9.2% (13/142), 10.5% (15/142), 11.3% (16/142), 12% (17/142), 16.2% (23/142), and 19.7% (28/142) using 1, 2, 3, 6, 12, and 24 slides, respectively (Table 5). The higher positivity rates of the KK (24 slides) technique occurred from 10 to 19 years (44.4%) and 50 to 59 years (30%) (Figure 4). All positive participants presented low parasitic load (1–100 epg). The SG technique detected 26/142 participants positive for S. mansoni eggs, with a positivity rate of 18.3% concentrated at ages from 10 to 19 (51.9%) and 20 to 29 years (50%) (Figure 4).


Table 5 | Positivity rates of intestinal schistosomiasis found by parasitological techniques and qPCR in the population from Estreito de Miralta district, Minas Gerais state, Brazil.






Figure 4 | Positivity of intestinal schistosomiasis in the participants from Estreito de Miralta district, diagnosed by Kato–Katz (24 slides), Saline Gradient, and qPCR and distributed by the age ranges.



Likewise, “reference test” was created with the results obtained by the KK (24 slides) and SG techniques. The positivity increased to 24.6% (35/142), with no statistical difference regarding the previous KK (p = 0.32) and SG (p = 0.20) positivity rates. The positivity rate obtained by the qPCR assay was equal to the one obtained with the SG technique (18.3%), represented by 26/142 positive participants. The higher positivity rates with qPCR occurred in the age ranges from 10 to 19 years (44.4%) (Figure 4).

Other intestinal parasites were also detected by both parasitological techniques. The KK and SG techniques detected 14 (9.9%) individuals positive for hookworms, eight (5.6%) for Enterobius vermicularis, one (0.7%) for Ascaris lumbricoides, and three (2.1%) for Hymenolepis nana. Five participants presented co-infection with S. mansoni and hookworms and two with S. mansoni and E. vermicularis.



qPCR Performance in Different Scenarios

Table 6 shows the sensitivity, specificity, and accuracy rates. Considering the results of the KK technique with two slides as a true diagnosis, the qPCR showed 80% sensitivity (95% CI: 54.8–93), 89% specificity (95% CI: 82.3–93.3), and 88% accuracy (95% CI: 81.7–92.4). On the other hand, considering the results of the KK technique with 24 slides as a true diagnosis, the qPCR assay presented 64.3% sensitivity (95% CI: 45.8–79.3), 92.9% specificity (95% CI: 86.7–96.4), and 87.3% accuracy (95% CI: 80.9–91.8). Considering the SG results as reference, the qPCR presented 69.2% sensitivity (95% CI: 50–83.5), 93.1% specificity (95% CI: 87–96.5), and 88.7% accuracy (95% CI: 82.5–92.9). However, if the “reference test” results are considered as a true diagnosis, the qPCR presented 57.1% sensitivity (95% CI: 40.8–72), 94.4% specificity (95% CI: 88.3–97.4), and 85.2% accuracy (95% CI: 78.4–90.1) (Table 6).


Table 6 | Performance of qPCR considering the parasitological techniques and “reference test” applied in the population from Estreito de Miralta district, Minas Gerais state, Brazil.



The qPCR results were crosstabulated with the parasitological techniques and the results are presented in the Table 7. Of the 142 participants, 12 were co-positive and 113 were co-negative with the KK technique (two slides) and qPCR assay, three were positive by the KK technique and negative by the qPCR assay (with positive amplification for the human β-actin gene), and 14 were positive only by the qPCR assay (Kappa index: 0.52). Twenty-six participants were positive for the qPCR assay, of which eight were not detected by the KK 24 slides. On other hand, there were 10 positive cases detected by the KK technique that the qPCR assay could not detect (Kappa index: 0.59). Moreover, is important highlight that the results of the Ct from the qPCR assay showed negative correlation (r: −0.427) with the microscopic egg counts (epg) obtained by KK technique (24 slides).


Table 7 | Agreement analysis of the qPCR results in relation to the parasitological techniques and “reference test” in the population from Estreito de Miralta district, Minas Gerais state, Brazil.



The crosstabulation of the SG and qPCR results showed that 126 were consistent and 16 discordants. Among the discordant results, eight were qPCR positive and SG negative and eight were qPCR negative (with positive amplification for the human β-actin gene) and SG positive (Kappa index: 0.62). There were 21/142 qPCR and “reference test” discordant results, of which six presented positive qPCR and negative “reference test” results. In contrast, 15 individuals presented negative qPCR (with positive amplification of human β-actin gene) and positive “reference test” results, resulting in a Kappa index of 0.56 (Table 7).



Cure Assessment in Estreito de Miralta

In the follow-up for cure assessment 30 days post-treatment, new stool samples were collected from 30/35 positive participants. This evaluation showed two participants diagnosed as positive for S. mansoni infection by the KK, SG techniques and qPCR assay, resulting in a presumed cure rate of 93.3%. In the evaluation 90 days post-treatment, of the 35 participants positive for S. mansoni who were treated with praziquantel, 33 were sampled to evaluate cure assessment. The KK and SG techniques detected two positive participants, one by each technique. The qPCR assay diagnosed both participants as positive for S. mansoni DNA. The presumed cure rates were 97% measured by the KK and SG techniques and 93.3% by the qPCR assay.

The follow-up at 180 days post-treatment consisted of 29/35 samples for new stool samples for the last cure assessment. This evaluation showed only one participant diagnosed with intestinal schistosomiasis by the KK technique and qPCR, resulting in a presumed cure rate of 96.5% (Table 8).


Table 8 | Presumed cure rates measured by parasitological techniques and qPCR 30, 90, and 180 days post treatment of the S. mansoni positive individuals from Estreito de Miralta district, Minas Gerais state, Brazil.






Discussion

Despite the parasitological technique presenting the best cost-benefit conditions, the assessment of more sensitive techniques is essential for an efficient diagnosis in endemic areas. Current scenarios show that molecular tests are a promising tool for diagnosis and cure assessment of intestinal schistosomiasis in individuals of low parasite burden (17–20, 32, 33). One of the advantages of the qPCR assay is its potential for high throughput, elimination of post-PCR handling, and possible quantification. Moreover, the qPCR can be multiplexed to detect other parasites in the feces using primers highly specific for each parasite of interest (33). In this study, the qPCR assay was duplexed to detect S. mansoni and the human β-actin gene to diagnose the intestinal schistosomiasis and to secure the optimal conditions of amplification, respectively.

In the conditions defined in this study, the qPCR was extremally sensitive and capable of detecting 0.38 fg of S. mansoni DNA, which corresponds to approximately 0.00065 times its genome, that contains ~580 fg of DNA (34). Thus, the LOD defined in this study (0.38 fg) corresponds to less than a single cell of this multi-cellular parasite. Among the PCR assays described in the literature, those targeting 121 bp have presented lower LOD, ranging from 1 to 3 fg of total DNA (18–20, 35).

The qPCR assay was highly specific for detecting S. mansoni DNA. The primers used in the qPCR are genus-specific and did not amplify the DNA of Ancylostoma duodenale, Ascaris lumbricoides, Fasciola hepatica, and Ancylostoma duodenale. Furthermore, there were no false-positive results in the stool samples collected from the participants infected with Enterobius vermicularis, Giardia sp., Entamoeba coli, Trichuris trichiura, Taenia sp., and Hymenolepis nana.

In Tabuas, the positivity rate presented by the KK technique increased until six slides and kept relatively constant from 6 to 24 slides examined of the same fecal sample (Table 1). This behavior was also observed by other authors, who emphasize that the positivity rate is directly proportional to the number of slides and fecal samples examined. Enk et al. (7) showed that the positivity rate of schistosomiasis in an experimental group of 305 participants increased from 13.8 to 19% when one and six KK slides were examined. Moreover, an increase of 20.7 to 27.2% in the prevalence of schistosomiasis occurred when these authors examined three stool samples. Likewise, Siqueira et al. (8) found an expressive increase of the positivity rate from 8 to 9.5% and from 12.4 to 14.8.9% when one, three, six, and 12 KK slides were examined in individuals from the Buriti Seco and Morro Grande communities from Pedra Preta, a small village located in the rural area of Montes Claros, state of Minas Gerais, Brazil. These findings demonstrate the importance of evaluating a larger number of samples and slides to reduce the number of false-negative results, given that there is consensus on the limitation of the parasitological technique in detecting individuals with low parasitic burden. Nevertheless, this approach is not applicable in the epidemiological inquiry due to the lack of operability in field.

The positivity of qPCR was higher than that of the KK (24 slides, p = 0.053) and SG techniques (p = 0.79) and like the “reference test,” with no statistical difference (p = 0.91). Espírito-Santo et al. (21) also reported a qPCR positivity rate 6.8 times greater than that obtained by the results of the Kato-Katz and Spontaneous Sedimentation (HPJ) techniques combined (0.9%), in a study performed with 572 residents of a low endemicity area. These discrepant positivity rates were also described in other studies using conventional PCR (17) and PCR-ELISA (19, 20), as well as LAMP targeting 121 bp (36).

The sensitivity of the qPCR was high (96.7%) but the specificity was low (87.2%) when the KK (24 slides) results were taken as reference. Only one participant positive with eggs diagnosed by the Kato-Katz technique was not identified by the qPCR assay, which can be explained by the absence of eggs in the sample examined. The qPCR detected 15 positive participants not identified by the Kato-Katz, by examining 24 slides. This discordance was probably due to the limitation of parasitological technique for detecting parasite eggs in stools samples from residents of low endemicity areas, where most of the carriers present low parasite burden (<100 epg). In these cases, the PCR assay detects more cases of infection than the evaluations of many slides by the Kato-Katz technique, suggesting that it can be a useful diagnostic tool. In contrast, the sensitivity rates were lower (81.4 and 82.6%) and the specificity rates were high (90.4 and 93.4%) when the SG or “reference test” were considered as a reference. Thus, the accuracy ranged from 87.8 to 89.8%, with no statistical difference (p = 0.59).

In a cross-sectional population-based study, the qPCR targeting 121 bp was compared with POC-CCA®, KK (18 slides), Saline Gradient, and Helmintex techniques. The qPCR assay presented sensitivity of 91.4%, specificity of 86.9%, and Kappa index of 0.71, when the results of the three parasitological techniques were considered as a “reference test.” Moreover, the qPCR assay diagnosed 86.9% of the participants with very low parasite burden (<12 epg) while the POC-CCA® diagnosed 50.8% (37). Other studies with qPCR targeting the Schistosoma cytochrome oxidase gene (38), internal transcriber-spacer-2 sequence (ITS2) (39), SSU rRNA from S. mansoni (34), and 28S ribosomal RNA (40) have showed better performance of the qPCR compared to the parasitological techniques. Schistosoma spp. 28S ribosomal RNA can be quantitatively detected in stool, serum, and urine (40) with higher sensitivity than the Kato-Katz technique.

Furthermore, retrotransposon (SjR2), a portion of a mitochondrial gene (nad1) and cell-free parasite DNA (cfDNA) detection by Droplet Digital PCR (ddPCR) has shown to be applicable to the diagnosis of schistosomiasis (41, 42). Also, the authors highlight that the capacity to measure infection intensity have important implications for schistosomiasis control.

It is difficult to obtain a valid comparison between parasitological techniques and PCR assays since they are methodologies with different principles. These discrepant results may be related to irregular distribution of eggs in the feces when the number of eggs per gram of feces (epg) is small (43). Although the Kato-Katz technique is considered the choice test to diagnose schistosomiasis in fecal samples, it is not characteristic of a “reference test.” A study showed that the qPCR targeting Schistosoma ITS2 applied in a population from Senegal (n = 197) and Kenia (n = 760), high and low endemicity areas, respectively, presented 13–15% more positivity regarding the KK technique (two slides) of a single stool sample (39). Moreover, the authors reported that the positivity of the qPCR assay was very similar in both areas.

The presumed cure rate of 100% post-treatment was expected. However, we observed that 5.6, 21.6 and 16.7, 37.9% of the individuals from Tabuas were positive for S. mansoni eggs in the stool or with qPCR at 90 and 180 days post-treatment. Similar data were found in a study performed in the residents from the Pedra Preta community, in the municipality of Montes Claros, Minas Gerais, Brazil (44). An explanation for these findings might be the possible reinfection by S. mansoni. Moreover, one must consider the possibility of therapeutic failure caused by an incomplete cure due the sub-curative effect of praziquantel when used at usual doses (45). In this study, the sequential qPCR assay from praziquantel-treated participants showed a long persistence of S. mansoni circulating DNA, with a negative correlation between the microscopic egg counts (epg) using the KK technique (24 slides) and Ct obtained by the qPCR assay. In contrast, a qPCR assay for the quantitative detection of S. mansoni and S. haematobium DNA in stool samples in the Senegal population showed significant correlation between the qPCR Ct values and microscopic eggs counts for both Schistosoma species (38). In this case, we believe that the high positivity rate of 79.5% found by the microscopic egg counts performed on duplicate stool samples favored the positive correlation.

There are insufficient data regarding the clearance of Schistosoma DNA post-treatment. However, is necessary to consider the possibility of unisexual Schistosome infection. In this case, male or female worms will be able to release antigens and DNA that could be detected by immunological and molecular techniques, respectively (46). It is possible that Schistosoma DNA could continue to be released from eggs or killed worms that are withheld in tissue granulomes. Thus, circulating DNA from schistosomiasis patients is not entirely cleared and might be detected by qPCR assays. Wichman et al. (23, 47) proposed that circulating free DNA may be detected in more than 1 year since inactive eggs may release DNA very slowly. In some patients with chronic schistosomiasis, presenting a higher number of Schistosoma eggs, circulating free DNA may remain for considerably longer (48). Moreover, the authors highlight that the decrease of Schistosoma circulating free DNA pre- and post-treatment may be useful for monitoring patients under therapy.

In Estreito de Miralta, the positivity obtained by the KK technique (24 slides) was high than the SG technique (p = 0.76) and qPCR assay (p = 0.76). In this district the positivity rate increases constantly according to number of slides examined, disagreeing with the behavior shown in Tabuas. In Estreito de Miralta all participants presented low parasite load and possibly this fact influenced the correlation between the number of slides and positivity rates (Table 5).

In both districts (Tabuas and Estreito de Miralta), the high positivity rates for schistosomiasis were found in participants aged from 10 to 19 years, followed by participants aged between 20 and 29 (Figures 3 and 4). Burlandy-Soares et al. (49) also found high positivity when using the KK technique in these age ranges for the population of Pedro de Toledo, a low endemicity area of the state of São Paulo, Brazil. These findings clearly show the relevance of these age groups for the disease epidemiology.

Despite the low parasite load presented by the infected participants in Estreito de Miralta, the qPCR presented a positivity rate of 18.3%, approximately twice as high as that obtained by the Kato-Katz technique (two slides), as is performed in the Brazilian Schistosomiasis Program Control. Thus, approximately 50% of the individuals infected with S. mansoni continue to eliminate eggs and contribute for maintaining the transmission of the disease in the area. This evidence emphasizes the urgent need for a more sensitive diagnostic method for surveilling schistosomiasis cases in low transmission areas (25).

Apparently, the sensitivity rates of the qPCR assay (64.3, 69.2, 57.1%) were impaired and the specificity (92.9, 93.1, 94.4%) were favored when considering the KK (24 slides) and SG techniques or “reference test” as true results. These data indicate the influence of individual parasite burden in the performance of the diagnostic techniques used. Some authors reported that false negative results obtained by PCR may be due to a few factors such as inhibition of the amplification reaction by fecal compounds or DNA degradation during transportation of the sample from the field (19, 43). However, all samples from Estreito de Miralta presented amplification of the human β-actin gene, ensuring that negative results correspond to true negative samples for the Schistosoma DNA obtained with the qPCR assay. It is a consensus that the specificity of any diagnostic test benefits when it is applied in individuals from low endemicity areas. Also, it is well established that the sensitivity of a diagnostic test benefits when it is applied in individuals from high endemicity areas.

In contrast to the presumed cure rate observed in the population from Tabuas, the presumed cure rates in Estreito de Miralta were high and more consistent in the follow up at 30, 90, and 180 days post-treatment, with no statistical difference (Table 8). Surprisingly, the presumed cure rate in the population of Estreito de Miralta district at 30 days post-treatment measured by parasitological techniques and qPCR was only 93.3%. It is opportune to highlight that none of these participants received treatment during the acute phase of the disease, where the juvenile schistosomes are less susceptible to praziquantel (50). Furthermore, an experimental study using the qPCR assay showed that adult schistosomes with 6 weeks post-infection were susceptible to the praziquantel and those juvenile schistosomes with 4 weeks post-infection were not (51).

In conclusion, the diagnostic techniques presented different performance in the populations from two districts (Tabuas and Estreito de Miralta). In Tabuas, the positivity rate was higher, with the participants presenting low, moderate, and high parasite burdens and a considerable percentage of participants positive with S. mansoni eggs evaluated by the qPCR assay after undergoing treatment with the recommended dose of praziquantel. In contrast, all participants in Estreito de Miralta were classified as low parasite burden carriers, with less therapeutic failure during the cure assessment performed in this study. Based in these data, we can to suggest that the transmission force of the parasite in Tabuas is higher than that in Estreito de Miralta.

The qPCR was an acceptable diagnostic tool, with added value to microscopy in low endemicity areas for the diagnosis of intestinal schistosomiasis in fecal samples, which makes it particularly useful in low transmission areas, and consequently, in post-treatment settings. Moreover, the qPCR can be multiplexed for the diagnosis of other intestinal parasites making the assay more useful. On other hand, because of the relative high costs, the qPCR assay is not cost-effective for the routine diagnosis of schistosomiasis in endemic countries. However, the qPCR assay has become less expensive over time, with increase of the number of research centers with qPCR infrastructure. Thus, the qPCR assay can be used in the routine diagnosis of helminth infections in countries of low economic power.
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Schistosomiasis remains one of the most important neglected tropical diseases in the world. It mainly affects developing countries, where it often coexists with malnutrition. Despite this, few studies have investigated the relationship between schistosomiasis and malnutrition. Herein, we evaluate the impact of malnutrition on experimental S. mansoni infection. Mice were divided into 5 groups: Control (Ctrl) diet (14% protein and 10% lipids), low-protein 3% (LP 3%), low-protein 8% (LP 8%), low-fat 2.5% (LF 2.5%), and low-fat 5% (LF 5%). Mice were fed with their respective diets and were infected when a difference of approximately 20% in the body weight between mice from any experimental group and mice from the control group was achieved. Nutritional, parasitological, and immunological parameters were assessed either just before infection and/or approximately 50 days later before mice were perfused. Our results showed that the 3% low-protein diet was the only one capable of establishing malnutrition in mice. Mice fed with this diet showed: (i) significant reduction in body weight and serum albumin levels before infection, (ii) decreased levels of all biochemical parameters evaluated before perfusion, (iii) decreased numbers of schistosome eggs trapped in intestines and impaired parasite fecundity, (iv) a delay in the granuloma development with a smaller granuloma area, and (v) reduced levels of IL-4 and IFN-γ in the liver. Our findings demonstrate that low protein supply leads to malnutrition in mice and impacts the cytokine milieu in the liver and granuloma formation. Additionally, the establishment of our murine malnutrition model will enable future studies aiming to better understand the complex relationships between nutrition, immune responses, and infection outcome.
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INTRODUCTION

Schistosomiasis is a neglected tropical disease caused by parasites of the genus Schistosoma that remains as a major public health problem worldwide, being considered a disease of poverty (Ross et al., 2002; Gryseels et al., 2006; Colley et al., 2014; McManus et al., 2018). Approximately 800 million people are at risk of infection and 250 million are affected with schistosomiasis in 78 countries around the world, especially in the Middle East, South America, Southeast Asia and sub-Saharan Africa (WHO, 2020). The disease results in considerable human morbidity and mortality, notably in sub-Saharan Africa where more than 90% of all infections occur. The Global Burden of Disease (GBD) study of 2016 attributed 1.9 million disability-adjusted life years (DALYs) due to schistosomiasis (Gbd 2016 DALYs Collaborators, 2017).

Similar to schistosomiasis, malnutrition remains an important public health problem in developing countries. Protein energy malnutrition is the most frequent form of malnutrition, and globally affects 820 million people, including over 150 million children under 5 years of age, mainly in developing countries (FAO, 2019). Malnutrition is considered to be an important cause of immunodeficiency, predisposing the malnourished to a variety of different infectious diseases (Katona and Katona-Apte, 2008; Rodriguez-Morales et al., 2016). While malnutrition increases susceptibility to infection, infections aggravate malnutrition by decreasing appetite and increasing demand for nutrients, causing a vicious cycle (Katona and Katona-Apte, 2008; Bapat et al., 2015).

Malnutrition and intestinal parasitism share a similar geographic distribution, with individuals possibly experiencing both conditions. Thereby, schistosomiasis is commonly found where malnutrition is also prevalent (Coutinho et al., 1997; Atinmo et al., 2009; Barros et al., 2014; Mekonnen et al., 2014; Papier et al., 2014). Although there is evidence that malnutrition is one of the major factors influencing the outcome of schistosomiasis and vice versa, few studies have assessed the relationship between both conditions (Magalhães et al., 1986; Stephenson, 1994; Parraga et al., 1996; Coutinho et al., 1997, 2010; Barros et al., 2014).

In this context, the use of laboratory animals has been employed to understand how different degrees of malnutrition affect the host immune response, the susceptibility to infections, and pathogenesis (Borelli et al., 2007; Komatsu et al., 2007; Fock et al., 2008; Malafaia et al., 2009; Taylor et al., 2013). Most experimental models of malnutrition are limited to protein restriction (2–8% protein) (Anstead et al., 2001; Fock et al., 2007; Malafaia et al., 2009). Furthermore, in the case of schistosomiasis, there are no studies using the diet formulation proposed by the American Institute of Nutrition (AIN) (Reeves et al., 1993), a widely used diet in experimental nutrition studies (Borelli et al., 2007; Komatsu et al., 2007; Fock et al., 2008; Malafaia et al., 2009; Taylor et al., 2013). The use of this formulation attempts to standardize the food offered to animals in order to ensure reproducibility of biological research (Reeves et al., 1993; Pellizzon, 2016). Moreover, there are no studies that evaluate the effects of a low-fat diet on S. mansoni infection, an important macronutrient that the parasite depends on from its host (Meyer et al., 1970).

In this work, we used a murine model to address the impact of malnutrition on S. mansoni infection. We evaluated the impact of two isocaloric diets supplying distinct levels of protein, and two diets supplying distinct levels of lipids, on the infection of C57BL/6 mice with S. mansoni. Our findings demonstrate that only the 3% low protein diet altered S. mansoni infection. Mice that received this diet showed reduced liver pathology with smaller granuloma size, a delay in granuloma development, and a reduced number of schistosome eggs trapped in the intestine, reflecting a reduction in parasite fecundity. Distinct from the other groups, infection in LP 3%-fed mice did not increase the levels of TNF, which may be associated with the changes observed in liver pathology in this experimental group.



MATERIALS AND METHODS


Mice and Diets

Female C57BL/6 mice (7–8 weeks old) were obtained from the Institute René Rachou (IRR)/FIOCRUZ (Fundação Oswaldo Cruz) animal facility. After weaning, mice were fed with the commercial diet CR1 (Nuvilab®, São Paulo, Brazil) until the beginning of the experiments. Mice were divided into 5 groups (12 animals/group) fed with the following experimental diets (Prag Soluções Biociências®, São Paulo, Brazil): Control (Ctrl): the standard diet AIN-93M (Reeves et al., 1993), containing 14 and 10% of protein and lipids, respectively; Low-protein (LP) 3 and 8%: a modified AIN-93M diet containing 3 or 8% protein, respectively; Low-fat (LF) 2.5 and 5%: a modified AIN-93M diet containing 2.5 or 5% lipids, respectively. All diets were isocaloric. The control and low-protein diets were identical, except that the casein removed from each of the formulations of the two low-protein diets was substituted by the same mass of corn starch. The soy oil removed from the low-fat diets was also replaced by corn starch. The energy value of both types of restricted diet (i.e., low-protein and low-fat) was slightly lower than that of the control diet. The daily food and protein consumption was determined by weighting the diets once a week. Mice body weights were assessed 3 times per week. Sample size calculation was performed using a 90% test power, a significance level of 0.05%, a standard deviation of 30 and a 40% expected difference between groups. All procedures on mice were authorized by the Ethics Committee of Animal Use of FIOCRUZ (LW2/18).



Experimental Infection

A difference of 20% in the body weight between any experimental group and the control group was used to determine the time of the infection. Schistosoma mansoni LE strain cercariae were obtained by exposing infected Biomphalaria glabrata snails to light for 1–2 h to induce shedding. The mice were challenged through percutaneous exposure of shaved abdominal skin for 1 h to water containing approximately 100 cercariae according to Smithers and Terry (1965).



Worm Burden Recovery and Number of Eggs in Gut and Liver

Mice were euthanized 50 days after infection and perfusion was performed to collect adult worms from the mesentery and liver as described by Pellegrino and Siqueira (1956). Intestine and liver were then harvested, weighed and digested with 10% KOH overnight at room temperature. The eggs were resuspended in 1 mL of saline after centrifugation at 900 g for 10 min. Three aliquots of 10 uL each from the suspension containing the parasite eggs was applied to glass slides, and the number of eggs per suspension was determined using a light microscope. Worm fecundity was evaluated as the ratio between the number of eggs per gram of intestine and the number of adult worm pairs. One centimeter of the terminal ileum was obtained from each mouse, the fecal content was removed, and then the intestine was pressed between plastic slides. Approximately 100 eggs were evaluated with regard to their stage of embryonic development (Pellegrinot and Faria, 1965). The percentage of immature eggs from the first, second, third and fourth stages, as well as those of mature and dead eggs, was determined.



Measurement of Hepatic Granuloma Area

Fifty days post-infection, liver samples were taken from the central part of the left lateral lobe to assess granuloma formation. Liver samples were fixed in 4% formaldehyde in phosphate buffered saline (PBS), embedded in paraffin, and the histological sections obtained using microtome were stained with hematoxylin-eosin (HE). For the measurement of the hepatic granuloma area, images of all the granulomas in the exudative-productive stage (57–100 granulomas) for each group (5–10 granuloma from each mouse, 10–12 mice per group) were obtained using a camera attached to a light microscope (10 × objective lens). Only granulomas containing a single well-defined egg at the exudative-productive stage were selected from each liver section. The granuloma area (μm2) was measured using the AxioVision version 4.8 image analysis software (Carl Zeiss MicroImaging GmbH, Germany).



Granuloma Classification

The developmental stages of S. mansoni granuloma formation were classified as previously described (Lenzi et al., 1998; Amaral et al., 2017). The following developmental stages of the granulomas were analyzed: exudative (E), the presence of an infiltrate of inflammatory cells in process of organization around the egg; exudative-productive (EP), characterized by organized infiltrate with circumferential aspect, showing a rich structure of collagen fibers and inflammatory cells concentrated in the periphery; and productive (P), with a thick layer of collagen fibers between the egg and a reduced number of inflammatory cells. A total of 100 granulomas from the Ctrl group, and 80 granulomas from the LP 3% group, were recorded (∼10 granulomas per mouse).



Biochemical Parameter Evaluation

Hemoglobin, total protein and albumin levels were measured in blood samples taken from mice on the day (i) on which they initiated their experimental dietary regimen (day zero), (ii) before infection with S. mansoni (BI; 7 weeks after starting their experimental diets), and (iii) before perfusion (BP; 7 weeks after infection). Hemoglobin concentration was determined immediately after collection of blood samples using a commercial kit (Labtest Kit, Cat. 43, Lagoa Santa, MG, Brazil). Serum was separated by blood centrifugation, and total protein and albumin levels were determined using a commercial kit (Labtest Kit, Cat. 99 and 19, Lagoa Santa, MG, Brazil, respectively).



Cytokine Analysis

The cytokine profile induced by different experimental diets was assessed using serum samples obtained from mice on the day they initiated their experimental dietary regimen (day zero), before infection (BI) and before perfusion (BP), and in the liver samples at BP only. One hundred milligrams of liver were homogenized in 1 mL PBS containing an antiprotease cocktail (0.1 mM phenylmethylsulfonyl fluoride, 0.1 mM benzethonium chloride, 10 mM EDTA, and 20 KI aprotinin A) and 0.05% Tween 20. Samples were then centrifuged for 10 min at 3,000 g and cytokine levels were determined using 25 μL of each supernatant. Cytokine measurement was performed using Cytometric Bead Array anti-mouse CBA Th1/Th2/Th17 Kit (BD Pharmingen, United States) according to the manufacturer’s protocol. Data acquisition was performed using a FACSVerse flow cytometer (BD, United States), and analyzed using the FCAP Array Software (Becton Dickinson).



Statistical Analysis

GraphPad Prism 8.0 (Graph-Pad Software, San Diego, CA, United States) was used to perform the statistical analysis. Initially, the data were submitted to the Shapiro-Wilk normality test, followed by the Brown-Forsythe test to assess equality of variance. The results were analyzed using the non-parametric Mann-Whitney test, pair-by-pair, when the values of each group did not show equality of variance. In these cases, the alpha value was adjusted according to the number of comparisons made between the groups, and a 99% confidence level was applied. When the values presented equality of variance, statistical analysis was performed using either one-way ANOVA or the Kruskal-Wallis test, followed by either Tukey or Dunn’s multiple comparison tests, for parametric and non-parametric data, respectively. In these cases, a confidence level of 95% was applied. GraphPad Prism 8.0, taking into account the entire family of comparisons, automatically adjusted the p values.



RESULTS


Low Protein 3% Diet Caused Malnutrition in Mice

Body weight, concentration of hemoglobin in whole blood, and concentration of total protein and albumin in serum, were measured in animals from Control (Ctrl) and experimental groups (LP 3% and LP 8%, LF 2.5% and 5%) to verify malnutrition status. One week after initiation of the experimental diets, LP 3% mice exhibited significant decrease in body weight compared to Ctrl mice (Figure 1A). Significant differences in body weight were maintained between these two groups up to the end of the experimental period. In contrast, animals fed with other experimental diets showed no significant difference in body mass, in comparison to the Ctrl group. Seven weeks after initiation of the experimental diets, mice were infected with ∼100 cercariae of S. mansoni, as indicated by the dashed line in Figure 1A. Body mass was not further changed by infection (Figure 1A). However, after infection, LP 3%-fed mice showed reduced consumption of food (Figure 1B) and lower protein intake (Figure 1C), compared to the Ctrl group. LP 8%-fed mice did not show any change in food intake, but presented a significant reduction in protein intake that reflects the protein deficiency of the diet. Furthermore, before infection, a significant reduction in albumin concentration was observed in LP 3% mice (Figure 2). Significant differences were not observed before infection in total protein and hemoglobin levels among mice from the different experimental groups. However, infection with S. mansoni triggered a decrease in albumin, total protein and hemoglobin levels in LP 3% mice compared to control mice, and in all groups when compared to the levels observed before infection (Figure 2). An additional experiment was performed including uninfected control groups (4 different groups of mice in total: uninfected Ctrl and LP 3%, and infected Ctrl and LP 3%), in order to evaluate whether the infection and/or the diet affect systemic levels of these biomarkers. Before infection, seventy days after initiating the experimental diet, both the uninfected and infected LP 3% groups showed a significant reduction in the albumin concentration in relation to mice fed with the control diets (Supplementary Figure 1). The impact of the LP 3% on the hemoglobin levels was observed 120 days after starting the diets. Lower levels of albumin and hemoglobin were observed in infected mice regardless of the diet. Infection only reduced total serum protein levels in LP 3%-fed mice. These data demonstrate that the diet with 3% protein in its composition alone caused malnutrition in mice, which is then aggravated by infection with S. mansoni.
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FIGURE 1. Alterations in the body weight of mice fed with different experimental diets. Mice received different restricted diets: Control (Ctrl), Low protein 3 and 8% (LP 3% and LP 8%, respectively) and Low fat 2.5 and 5% (LF 2.5% and LF 5%, respectively). Body weights (A) were measured three times a week. Dotted line indicates the time point when the mice were infected with ∼100 cercariae of S. mansoni. Food (B) and protein intake (C) were measured daily, and are represented as per day/per mouse in grams. Values are presented as mean ± SD in each graph. Results are representative of two independent experiments (n = 12 mice per group). Significant differences were determined by Two-way ANOVA followed by Tukey’s multiple comparison test (A) or one-way ANOVA followed by Holm-Sidak’s (B,C) (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001).
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FIGURE 2. Serum concentrations of albumin, hemoglobin and total protein in mice fed with different experimental diets. Mice received different restricted diets: Control (Ctrl), Low protein 3 and 8% (LP 3% and LP 8%, respectively) and Low fat 2.5 and 5% (LF 2.5% and LF 5%, respectively). Albumin, hemoglobin and total protein levels (from top to bottom) were measured on the first day of the experiment (day 0), before infection with ∼100 cercariae of S. mansoni (∼day 50) and before perfusion of the hepatic portal system (∼day 100). The median is shown on each graph. Results are representative of two independent experiments (n = 10–12 mice per group). Significant differences were determined by Kruskal-Wallis test followed by Dunn’s multiple comparison test. “*” denote differences between LP 3% and Ctrl groups (*p ≤ 0.05; **p ≤ 0.01); “a” denote differences between before infection and before perfusion in each group.




Low Protein 3% Diet Impacts S. mansoni Infection With Reductions in Eggs Trapped in the Liver and Parasite Fecundity

In order to evaluate the impact of the different diets on S. mansoni infection, mice from all experimental groups were challenged with ∼100 cercariae and the parasite burden was determined 50 days later. No differences were observed in the adult worm burden (Figure 3A) recovered, and in the number of eggs trapped in the liver, of mice fed with different experimental diets and those from the control group (Figure 3B). However, the number of eggs trapped in the intestine was significantly lower in LP 3% mice than in control mice (Figure 3C). To assess whether this reduction occurred due to changes in parasite fecundity, the ratio between the number of eggs per gram of intestine and the number of adult worm pairs was calculated. As expected, LP 3% mice exhibited a significant reduction in parasite fecundity in comparison to the control group (Figure 3D).
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FIGURE 3. Parasitological parameters of mice fed with different experimental diets. Mice received different restricted diets: Control (Ctrl), Low protein 3 and 8% (LP 3% and LP 8%, respectively) and Low fat 2.5 and 5% (LF 2.5% and LF 5%, respectively). Adult worms were recovered approximately 50 days post-infection (A). The numbers of eggs per gram of liver (B) and intestine (C) were determined by optical microscopy after digestion of both tissues with 10% KOH. Fecundity was determined by the ratio between the number of eggs per gram of intestine and the number S. mansoni couples recovered by perfusion (D). Bars represent the median number of worms recovered or eggs per gram of organ. Results are representative of two independent experiments (n = 10–12 mice per group). Significant differences were determined by Kruskal-Wallis test followed by Dunn’s multiple comparison test (***p ≤ 0.001; ****p ≤ 0.0001).




Low Protein 3% Diet Affects Liver Pathology Induced by S. mansoni Infection

LP 3% mice showed a significant reduction in the hepatic granuloma area in comparison the Ctrl group (Figures 4A,B). In order to explore the impact of malnutrition on granuloma development, we examined the developmental stages of hepatic granulomas. At 50 days after infection, the liver of the S. mansoni infected Ctrl and LP 3% groups exhibited the expected occurrence of granulomas in different stages of maturation: Exudative (E), Exudative-productive (EP) and Productive (P). However, LP 3% mice showed an increase in the frequency of the E and decrease in the EP stages compared to the Ctrl group (Figures 4C,D). In order to assess whether S. mansoni egg maturation was impairing granuloma formation an oogram analysis was performed, but no significant difference in the percentage of the eggs in different maturation stages was observed between Ctrl and LP 3% groups (Figure 4E).
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FIGURE 4. Hepatic granuloma area in mice fed with different experimental diets. Mice received different restricted diets: Control (Ctrl), Low protein 3 and 8% (LP 3% and LP 8%, respectively) and Low fat 2.5 and 5% (LF 2.5% and LF 5%, respectively). At 50 days post-infection, sections of liver from each mouse were obtained and slides were prepared and stained with hematoxyline-eosine. Approximately 100 granulomas containing a single well-defined egg at the exudative-productive stage were randomly selected and measured from the livers of mice from each experimental group. The total area of the granulomas was expressed in square micrometers (μm2) and represented as the median (A). Representative histological sections of liver granulomas from each experimental group (B). Frequencies of granulomas in Ctrl and LP 3% groups (C) and representative types of granulomas: E, exudative; EP, exudative-productive; P, productive (D). Percentage of S. mansoni eggs in different stages of development in the ileum: immature (first, second, third or fourth stages), mature and dead (E). Results are representative of two independent experiments (n = 10–12 mice per group). Significant differences were determined by Kruskal-Wallis test followed by Dunn’s multiple comparison test (A), Student’s t-tests (C) or Two-way ANOVA followed by Sidak’s multiple comparison test (E) (*p ≤ 0.05; ****p ≤ 0.0001). Scale bar = 100 μm (100x).




Cytokine Levels Triggered by S. mansoni Were Affected by Nutrient Composition of the Diet

The levels of circulating cytokines in serum from the mice of all experimental groups were determined on day zero (before starting the experimental diets) (Supplementary Figure 2), before S. mansoni infection (BI) and before perfusion (BP) (Figure 5). Levels of cytokines were similar among groups at all time points evaluated (Supplementary Figure 2 and Figure 5). The levels of IL-2, IL-4, IL10, and IL-17 were also not significantly altered by infection (Figures 5D–G). Regardless of the diet, increased levels of IFN-γ and IL-6 were observed in mice BP when compared to BI (Figures 5A,C). On the other hand, induction of TNF upon infection was observed in Ctrl and LP 8% animals, but the same was not noticed in LP 3%-fed mice (Figure 5B). In addition, LP 3% mice showed decreased levels of cytokines IL-4 and IFN-γ in liver homogenate 50 days after infection by S. mansoni compared to the Ctrl group (Figure 6).
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FIGURE 5. Cytokine profile of mice fed with different experimental diets. Mice received different restricted diets: Control (Ctrl), Low protein 3 and 8% (LP 3% and LP 8%, respectively). Serum samples were obtained before infection (∼day 50), and before perfusion (∼day 100) for cytokine measurement. Levels of IFN-γ (A), TNF (B), IL-6 (C), IL-2 (D), IL-4 (E), IL-10 (F), and IL-17 (G) production were measured using the CBA Th1/Th2/Th17 kit. BI: before infection; BP: before perfusion. Results are representative of two independent experiments (n = 6–11 mice per group) and significant differences were determined by one-way ANOVA followed by Holm-Sidak’s multiple comparison test (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001).
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FIGURE 6. Cytokine profile in the liver of mice fed with different experimental diets. Mice received Control (Ctrl) or Low protein 3% (LP 3%) diet and liver homogenates were obtained 50 days after infection (before perfusion) for cytokine measurement. Levels of IFN-γ (A), TNF (B), IL-6 (C), IL-2 (D), IL-4 (E), IL-10 (F), and IL-17 (G) were measured using the CBA Th1/Th2/Th17 kit, n = 8–11 mice per group. Significant differences were determined by Student’s t-tests or Mann-Whitney test (*p ≤ 0.05; **p ≤ 0.01).




DISCUSSION

The relationship between nutrition, specifically protein deficiency, and infections has been evaluated previously (Magalhães et al., 1986; Rezende et al., 1997a; Anstead et al., 2003; Taylor et al., 2013; Losada-Barragán et al., 2019). However, the impact of malnutrition on susceptibility to S. mansoni infection is not well understood. In this study, we established a murine model of malnutrition to study the impact of this condition on experimental S. mansoni infection. We used diets with restricted protein (3 or 8%) or lipid (2.5 or 5%) content based on the formulations proposed by American Institute of Nutrition (AIN) (Reeves et al., 1993). AIN formulations are widely used in a variety of studies with different types of approaches (Malafaia et al., 2009; Lemes et al., 2016; Souza et al., 2020). These formulations provide researchers a definition for maintaining consistency between studies, as well as enabling specific individual nutrient adjustment to meet different goals (Pellizzon and Ricci, 2020).

In our model, we employed the most widely used protein concentration range (2–8%) (12, 23, 24). Mice fed with LP 3% diet, in contrast to those fed with LP 8%, exhibited weight loss and, therefore, malnutrition. Data published by others demonstrate malnutrition even in mice fed with diets containing 8% protein. The different outcome observed in our study can be attributed to differences in the food composition, as previous studies used more restricted diets with multi-deficiency in macronutrients (mainly proteins and lipids), as well as minerals and vitamins (Teodósio et al., 1990; Coutinho et al., 1992; Rezende et al., 1997a; Barros et al., 2014; Santos et al., 2020).

As previously reported, in our study, besides presenting weight loss, animals fed with the LP 3% diet consumed less food, and, therefore, less protein than control mice (Borelli et al., 2007; Fock et al., 2010). Possible mechanisms related to anorexia may be explained by hypothalamic modifications or alterations in the serum concentration of branched amino acids, which may modulate the effects of neurotransmitters, leading to a possible adaptive process in order to prevent important changes in nitrogen balance (Gietzen, 1993; Fock et al., 2007).

In addition, mice fed with the LP 3% diet showed a significant reduction in serum albumin levels in the period before infection and in all biochemical biomarkers assessed before perfusion. Although there are many factors that influence levels of serum proteins in plasma (Cabrerizo et al., 2015), albumin, hemoglobin and total protein are commonly used as biochemical indicators of the nutritional status (Barros et al., 2014; Nakajima et al., 2014; Oliveira et al., 2014; Santos et al., 2016; Zhang et al., 2017). Serum proteins, such as albumin, are characterized as negative acute-phase proteins, and their levels are affected by a number of inflammatory illnesses, mainly those associated with liver function (Fleck, 1989; Bharadwaj et al., 2016). Thus, in our model, both malnutrition and infection by S. mansoni affected serum albumin levels. Another parameter altered by the infection of animals fed with the LP 3% diet was the hemoglobin concentration. Among the possible mechanisms responsible for the anemia reported in hosts infected by parasites of the genus Schistosoma, the most common cause is iron deficiency due to extra-corporeal loss (elimination of gastrointestinal blood and feces) (Mahmood, 1966; Farid et al., 1967), splenic sequestration (Mahmoud and Woodruff, 1973; Friis et al., 2003) or anemia developing upon inflammation (Mwatha et al., 1998; Abdel-Aaty et al., 1999; Means, 2000). It is worth mentioning that long periods of LP 3% diet also decrease the levels of hemoglobin. Together, these data demonstrate that only the LP 3% diet was able to induce malnutrition in mice characterized by the decrease in body mass, serum albumin, hemoglobin levels and food consumption, all indicators of a nutritional deficiency.

Previous studies have demonstrated the impact of host malnutrition on the biology and differentiation of S. mansoni, inducing phenotypic modifications in adult worms of both sexes (Neves et al., 2002; Oliveira et al., 2003). We did not find a significant difference in the number of adult worms recovered in malnourished animals compared to controls. However, there is no consensus in the literature regarding the impact of malnutrition on the establishment of infection (Simões et al., 2002; Coutinho et al., 2007; Barros et al., 2014). These divergences may be due to experimental approaches, such as mouse lineage, diet compositions and/or time of infection.

Mice fed with LP 3% diet have lower numbers of eggs trapped in the intestine. A high metabolism appears to be necessary for an adequate oogenesis by S. mansoni adult females (Davies et al., 2001). In this regard, animals fed with LP 3% showed a reduction in parasite fecundity, but no impact on egg maturation. Morphological alterations of the schistosome reproductive system may explain the lower oviposition of worms recovered from malnourished experimental hosts (Oliveira et al., 2003; Blank et al., 2006). Moreover, these changes have been attributed to the reduced availability of essential nutrients necessary for adequate growth and development of the parasite in the blood vessels (Neves et al., 2002). Parasite growth and development are also dependent on immune factors (Amiri et al., 1992; Davies et al., 2001; Blank et al., 2006). TNF is required for oviposition in vivo and in vitro (Amiri et al., 1992). Our data showed that at day 50 of infection with S. mansoni increased circulating IFN-γ, IL-6 and TNF levels were observed in mice with adequate nutritional status. In contrast, mice fed with LP 3% diet did not display increased production of TNF after S. mansoni infection, suggesting that the different cytokine profile observed in malnourished mice in response to S. mansoni infection influence oviposition. However, further experiments are necessary to clarify the mechanisms responsible for the reduced parasite fecundity observed in these mice.

In our study, mice fed with low fat diets showed no changes in adult worm burden and in the number of eggs trapped in tissues. Previous studies have shown that S. mansoni cannot synthesize lipids de novo, and, therefore, the incorporation by the parasites of lipids from their environment is intense (Meyer et al., 1970; Brouwers et al., 1997). In vitro experiments have shown that several classes of lipids are incorporated more-or-less efficiently by adult worms, and there is interconversion from one class of lipid to another (Rumjanek and Simpson, 1980). Furthermore, the absence of fatty acid and cholesterol synthesis by S. mansoni indicate that there are efficient mechanisms for capturing host lipids (Rumjanek et al., 1988). In fact, when exposed to human serum, the parasites increase the expression of lipoprotein (LDL) receptors on the surface of their tegument (Rumjanek et al., 1988; Xu and Caulfield, 1992).

Hepatic granulomas are dynamic structures that show variable morphology depending on several factors, such as immune cells, cytokine patterns (Silva et al., 2000) and host nutritional status (Coutinho et al., 2007; Rezende et al., 1997a). Previous investigations on the relationships between schistosomiasis and host nutritional status have demonstrated that mice infected by S. mansoni and fed with a low-protein diet develop, in the acute phase of the disease, smaller peri-ovular granulomas with reduced hepatic collagen deposition (Coutinho et al., 2007; Barros et al., 2014).

Studies assessing the pathogenesis of schistosomiasis demonstrate the role of CD4+ T cells in the formation of hepatic granulomas. The Th1 response triggered by schistosomula and adult worm antigens play a role in the initial stage of granuloma formation (Pearce and MacDonald, 2002; Wynn et al., 2004; Wilson et al., 2007). IFN-γ is important in the protective mechanism against hepatic fibrosis, while TNF can aggravate the pathogenesis (Henri et al., 2002; Booth et al., 2004), due to its roles in activating hepatic stellate cells and collagen deposition (Pradere et al., 2013; Yang and Seki, 2015). Th2 cytokines also have an important role in fibrogenesis, as demonstrated by the fact that mice deficient in STAT6 have granulomas with smaller area and less collagen content (Kaplan et al., 1998). Furthermore, IL-4 and IL-13 promote the differentiation of alternatively activated macrophages, which are known to enhance collagen production through an arginase-1-dependent mechanism (Hesse et al., 2001). On the other hand, IL-10 has a regulatory role in schistosomiasis, preventing the development of excessive pathologies mediated by both Th1 and Th2 responses (Hoffmann et al., 2000).

At the tissue level, LP 3% mice show significantly reduced levels of IFN-γ and IL-4 in the liver. Moreover, LP 3% mice had smaller granulomas when compared with the Ctrl group. Studies demonstrated that in the absence of IFN-γ signaling and Th2 cytokines smaller hepatic granulomas are observed during S. mansoni infection (Rezende et al., 1997b; Kaplan et al., 1998; Jankovid et al., 1999). Thus, the reduced levels of these cytokines could have influenced granuloma size in malnourished mice. Additionally, TNF and IL-13 have been associated with fibrosis (Tarrats et al., 2012; Schwartz et al., 2014). Our data showed no increase in circulating TNF levels in LP 3% mice upon infection, and, although we have not measured IL-13 levels, studies demonstrated that the level of this cytokine is lower in the absence of IL-4 (Cheever et al., 1994). Our data also showed, for the first time, a delay in granuloma development due to nutritional status, in which in the livers of LP 3%-fed mice there is an increased percentage of granulomas in the exudative phase and a decreased percentage in the exudative-productive phase. This delay in the granuloma development, and their reduced area, observed in the LP 3% mice, cannot be attributed to an impairment of egg maturation. However, further studies are still needed to investigate if protein-deficient diets impact the expression and secretion of egg antigens, such as IPSE and Omega-1 (Schramm et al., 2007; Everts et al., 2009), which are described to be involved in driving the Th2 response.

Overall, our results demonstrate that the 3% low-protein diet was able to establish malnutrition in mice that influenced the outcome of experimental S. mansoni infection, reducing egg burden in the intestine, parasite fecundity and granuloma size. Additionally, malnutrition leads to a delay in granuloma development. These parameters may be associated with the cytokine milieu found in the liver. The establishment of this murine malnutrition model will enable future studies aiming to better understand the complex relationship between malnutrition, infection, and immunity. Additionally, this model could be used to test the effectiveness of any vaccine against diseases which affect populations living with food insecurity.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics Committee of Animal Use of FIOCRUZ. Licence number: LW2/18.



AUTHOR CONTRIBUTIONS

CF, LA, and PM designed the research, performed the data analysis, and wrote the manuscript. CF, LA, PM, and RG performed the experiments and discussed the data. All authors contributed to the article and approved the submitted version.



FUNDING

This study was financed in part by the Coordination for the Improvement of Higher Education Personnel (Coordenação de Aperfeiçoamento de Pessoal de Nível Superior-CAPES) – Finance Code 001, Conselho Nacional de Desenvolvimento Científico e Tecnológico–Brasil (Grant Nos. 303131/2018-7 and 303152/2019-2), Instituto René Rachou – Fiocruz-MG, Programa CAPES/Print/Fiocruz and Rede De Pesquisa em Doenças Infecciosas Humanas e Animais do Estado de Minas Gerais – FAPEMIG (RED00313-16). Fellowships: Capes (PM); Pq-CNPq (CF and LA).



ACKNOWLEDGMENTS

We acknowledge the Program for Technological Development in Tools for Health-PDTIS-FIOCRUZ for the use of its Flow Cytometry and Microscopy and Image Microanalysis facilities. We thank the Lobato Paraense Mollusk facility at IRR for providing the S. mansoni cercariae and the Animal Facilities of the IRR for the provision and maintenance of experimental animals. We thank the IRR’s project support service for project management and the GIPB Research group for the use of its laboratory infrastructure. We thank Sueleny Silva Ferreira Teixeira, Patrícia Martins Parreiras, Gardênia Braz Figueiredo de Carvalho, and Rafaela Donadoni de Souza for their assistance with the experiments, and Luara Isabela dos Santos for scientific discussions and technical help.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.635843/full#supplementary-material



REFERENCES

Abdel-Aaty, H. E., Selim, M. M., and Abdel-Rehim, H. A. (1999). Study of gamma-interferon in schistosomiasis mansoni, autoimmune diseases and schistosomal arthropathy. J. Egypt. Soc. Parasitol. 29, 721–734.

Amaral, K. B., Silva, T. P., Dias, F. F., Malta, K. K., Rosa, F. M., Costa-Neto, S. F., et al. (2017). Histological assessment of granulomas in natural and experimental Schistosoma mansoni infections using whole slide imaging. PLoS One 12, 1–20. doi: 10.1371/journal.pone.0184696

Amiri, P., Locksley, R. M., Parslow, T. G., Sadick, M., and Rector, E. (1992). Tumour necrosis factor alpha restores granulomas and induces parasite egg-laying in schistosome-infected SCID mice. Nature 356, 604–607. doi: 10.1038/356604a0

Anstead, G. M., Chandrasekar, B., Zhang, Q., and Melby, P. C. (2003). Multinutrient undernutrition dysregulates the resident macrophage proinflammatory cytokine network, nuclear factor-kappa B activation, and nitric oxide production. J. Leukoc. Biol 74, 982–991. doi: 10.1189/jlb.0203064

Anstead, G. M., Chandrasekar, B., Zhao, W., Yang, J., Perez, L. E., and Melby, P. C. (2001). Malnutrition alters the innate immune response and increases early visceralization following Leishmania donovani infection. Infect. Immun. 69, 4709–4718. doi: 10.1128/IAI.69.8.4709-4718.2001

Atinmo, T., Mirmiran, P., Oyewole, O. E., Belahsen, R., and Serra-Majem, L. (2009). Breaking the poverty/malnutrition cycle in Africa and the Middle East. Nutr. Rev 67, S40–S46. doi: 10.1111/j.1753-4887.2009.00158.x

Bapat, P. R., Satav, A. R., Husain, A. A., Shekhawat, S. D., Kawle, A. P., Chu, J. J., et al. (2015). Differential levels of alpha-2-macroglobulin, haptoglobin and sero-transferrin as adjunct markers for TB diagnosis and disease progression in the malnourished tribal population of Melghat. India. PLoS One 10, 1–17. doi: 10.1371/journal.pone.0133928

Barros, A. F., Oliveira, S. A., Carvalho, C. L., Silva, F. L., de Souza, V. C. A., da Silva, A. L., et al. (2014). Low transformation growth factor-β1 production and collagen synthesis correlate with the lack of hepatic periportal fibrosis development in undernourished mice infected with Schistosoma mansoni. Mem. Inst. Oswaldo Cruz 109, 210–219. doi: 10.1590/0074-0276140266

Bharadwaj, S., Ginoya, S., Tandon, P., Gohel, T. D., Guirguis, J., Vallabh, H., et al. (2016). Malnutrition: Laboratory markers vs nutritional assessment. Gastroenterol. Rep. 4, 272–280. doi: 10.1093/gastro/gow013

Blank, R. B., Lamb, E. W., Tocheva, A. A., Crow, E. T., Lim, K. C., McKerrow, J. H., et al. (2006). The Common γ Chain Cytokines Interleukin (IL)–2 and IL-7 Indirectly Modulate Blood Fluke Development via Effects on CD4+ T Cells. J. Infect. Dis. 194, 1609–1616. doi: 10.1086/508896

Booth, M., Mwatha, J. K., Joseph, S., Jones, F. M., Kadzo, H., Ireri, E., et al. (2004). Periportal fibrosis in human Schistosoma mansoni infection is associated with low IL-10, kow IFN-γ, high TNF-α, or low RANTES, depending on age and gender. J. Immunol. 172, 1295–1303. doi: 10.4049/jimmunol.172.2.1295

Borelli, P., Blatt, S., Pereira, J., de Maurino, B. B., Tsujita, M., de Souza, A. C., et al. (2007). Reduction of erythroid progenitors in protein-energy malnutrition. Br. J. Nutr. 97, 307–314. doi: 10.1017/S0007114507172731

Brouwers, J. F. H. M., Smeenk, I. M. B., Van Golde, L. M. G., and Tielens, A. G. M. (1997). The incorporation, modification and turnover of fatty acids in adult Schistosoma mansoni. Mol. Biochem. Parasitol. 88, 175–185. doi: 10.1016/S0166-6851(97)00091-1

Cabrerizo, S., Cuadras, D., Gomez-Busto, F., Artaza-Artabe, I., Marín-Ciancas, F., and Malafarina, V. (2015). Serum albumin and health in older people: Review and meta analysis. Maturitas 81, 17–27. doi: 10.1016/j.maturitas.2015.02.009

Cheever, A. W., Williams, M. E., Wynn, T. A., Finkelman, F. D., Seder, R. A., Cox, T. M., et al. (1994). Anti-IL-4 treatment of Schistosoma mansoni-infected mice inhibits development of T cells and non-B, non-T cells expressing Th2 cytokines while decreasing egg-induced hepatic fibrosis. J. Immunol. 153, 753–759.

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

Coutinho, E. M., Abath, F. G. C., Barbosa, C. S., Domingues, A. L. C., Melo, M. C. V., Montenegro, S. M. L., et al. (1997). Factors Involved in Schistosoma mansoni Infection in Rural Areas of Northeast Brazil. Mem. Inst. Oswaldo Cruz 92, 707–715. doi: 10.1590/S0074-02761997000500027

Coutinho, E. M., de Freitas, L. P., and Abath, F. G. (1992). The influence of the regional basic diet from northeast Brazil on health and nutritional conditions of mice infected with Schistosoma mansoni. Rev. Soc. Bras. Med. Trop 25, 13–20. doi: 10.1590/S0037-86821992000100003

Coutinho, E. M., de Oliveira, S. A., de Barros, A. F., Silva, F. L., and Ramos, R. P. (2010). Manson’s schistosomiasis in the undernourished mouse: Some recent findings. Memorias Do Inst. Oswaldo Cruz 105, 359–366. doi: 10.1590/S0074-02762010000400002

Coutinho, E. M., Silva, F. L., Barros, A. F., and Ara, R. E. (2007). Repeated infections with Schistosoma mansoni and liver fibrosis in undernourished mice. Acta Trop. 101, 15–24. doi: 10.1016/j.actatropica.2006.03.006

Davies, S. J., Grogan, J. L., Blank, R. B., Lim, K. C., Locksley, R. M., and McKerrow, J. H. (2001). Modulation of blood fluke development in the liver by hepatic CD4+ lymphocytes. Science 294, 1358x–1361x. doi: 10.1126/science.1064462

Everts, B., Perona-Wright, G., Smits, H. H., Hokke, C. H., Van Der Ham, A. J., Fitzsimmons, C. M., et al. (2009). Omega-1, a glycoprotein secreted by Schistosoma mansoni eggs, drives Th2 responses. J. Exp. Med. 206, 1673–1680. doi: 10.1084/jem.20082460

FAO (2019). The State of food security and nutrition in the world. Available online sat: http://www.fao.org/3/ca5162en/ca5162en.pdf [accessed August 10, 2020]

Farid, Z., Bassily, S., Schulert, A. R., Raasch, F., Zeind, A. S., Rooby, A. S. E. L., et al. (1967). Blood loss in chronic Schistosoma mansoni infection in Egyptian farmers. Trans. R. Soc. Trop. Med. Hyg. 61, 621–625. doi: 10.1016/0035-9203(67)90124-1

Fleck, A. (1989). Clinical and nutritional aspects of changes in acute-phase proteins during inflammation. Proc. Nutr. Soc. 48, 347–354. doi: 10.1079/pns19890050

Fock, R. A., Blatt, S. L., Beutler, B., Pereira, J., Tsujita, M., de Barros, F. E. V., et al. (2010). Study of lymphocyte subpopulations in bone marrow in a model of protein-energy malnutrition. Nutrition 26, 1021–1028. doi: 10.1016/j.nut.2009.08.026

Fock, R. A., Vinolo, M. A. R., Crisma, A. R., Nakajima, K., Rogero, M. M., and Borelli, P. (2008). Protein-energy malnutrition modifies the production of interleukin-10 in response to lipopolysaccharide (LPS) in a murine model. J. Nutr. Sci. Vitaminol. 54, 371–377. doi: 10.3177/jnsv.54.371

Fock, R. A., Vinolo, M. A. R., de Moura Sá Rocha, V., de Sá Rocha, L. C., and Borelli, P. (2007). Protein-energy malnutrition decreases the expression of TLR-4/MD-2 and CD14 receptors in peritoneal macrophages and reduces the synthesis of TNF-α in response to lipopolysaccharide (LPS) in mice. Cytokine 40, 105–114. doi: 10.1016/j.cyto.2007.08.007

Friis, H., Mwaniki, D., Omondi, B., Muniu, E., Thiong’o, F., Ouma, J., et al. (2003). Effects on haemoglobin of multi-micronutrient supplementation and multi-helminth chemotherapy: A randomized, controlled trial in Kenyan school children. Eur. J. Clin. Nutr. 57, 573–579. doi: 10.1038/sj.ejcn.1601568

Gbd 2016 DALYs Collaborators, H. (2017). Global, regional, and national disability-adjusted life-years (DALYs) for 333 diseases and injuries and healthy life expectancy (HALE) for 195 countries and territories, 1990-2016: A systematic analysis for the Global Burden of Disease Study 2016. Lancet 390, 1260–1344. doi: 10.1016/S0140-6736(17)32130-X

Gietzen, D. W. (1993). Neural mechanisms in the responses to amino acid deficiency. J. Nutr. 123, 610–625. doi: 10.1093/jn/123.4.610

Gryseels, B., Polman, K., Clerinx, J., and Kestens, L. (2006). Human schistosomiasis. Lancet 368, 1106–1118. doi: 10.1016/S0140-6736(06)69440-3

Henri, S., Chevillard, C., Mergani, A., Paris, P., Gaudart, J., Camilla, C., et al. (2002). Cytokine regulation of periportal fibrosis in humans infected with Schistosoma mansoni: IFN-γ Is associated with Protection Against fibrosis and TNF-α with aggravation of disease. J. Immunol. 169, 929–936. doi: 10.4049/jimmunol.169.2.929

Hesse, M., Modolell, M., La Flamme, A. C., Schito, M., Fuentes, J. M., Cheever, A. W., et al. (2001). Differential Regulation of Nitric Oxide Synthase-2 and Arginase-1 by Type 1/Type 2 Cytokines In Vivo: Granulomatous Pathology Is Shaped by the Pattern of l-Arginine Metabolism. J. Immunol. 167, 6533–6544. doi: 10.4049/jimmunol.167.11.6533

Hoffmann, K. F., Cheever, A. W., and Wynn, T. A. I. L. - (2000). 10 and the Dangers of Immune Polarization: Excessive Type 1 and Type 2 Cytokine Responses Induce Distinct Forms of Lethal Immunopathology in Murine Schistosomiasis. J. Immunol. 164, 6406–6416. doi: 10.4049/jimmunol.164.12.6406

Jankovid, D., Kullberg, M. C., Noben-Trauth, N., Caspar, P., Ward, JjM, Cheever, A. W., et al. (1999). Schistosome-Infected IL-4 Receptor Knockout (KO) Mice, in Contrast to IL-4 KO Mice, Fail to Develop Granulomatous Pathology While Maintaining the Same Lymphokine Expression Profile. J. Immunol. 163, 337–342.

Kaplan, M. H., Whitfield, J. R., Boros, D. L., and Grusby, M. J. (1998). Th2 cells are required for the Schistosoma mansoni egg-induced granulomatous response. J. Immunol. 160, 1850–1856.

Katona, P., and Katona-Apte, J. (2008). The interaction between nutrition and infection. Clin. Infect. Dis. 46, 1582–1588. doi: 10.1086/587658

Komatsu, W., Mawatari, K., Miura, Y., and Yagasaki, K. (2007). Restoration by dietary glutamine of reduced tumor necrosis factor production in a low-protein-diet-fed rat model. Biosci. Biotechnol. Biochem. 71, 352–357. doi: 10.1271/bbb.60271

Lemes, C. G., de, C., Tiago, B. G. A., da Silva, W., de Oliveira, M. B., da Costa, E. D., et al. (2016). The Association of Malnutrition and Chronic Stress Models Does Not Present Overlay Effects in Male Wistar Rats. Open Access J. Sci. Technol. 4, 1–12. doi: 10.11131/2016/101222

Lenzi, H. L., Kimmel, E., Schechtman, H., Pelajo-Machado, M., Romanha, W. S., Pacheco, R. G., et al. (1998). Histoarchitecture of Schistosomal Granuloma Development and Involution: Morphogenetic and Biomechanical Approaches. Memorias Do Inst. Oswaldo Cruz 93, 141–151. doi: 10.1590/S0074-02761998000700020

Losada-Barragán, M., Umaña-Pérez, A., Durães, J., Cuervo-Escobar, S., Rodríguez-Vega, A., Ribeiro-Gomes, F. L., et al. (2019). Thymic microenvironment is modified by malnutrition and Leishmania infantum infection. Front. Cell Infect. Microbiol. 9, 1–19. doi: 10.3389/fcimb.2019.00252

Magalhães, L. A., Guaraldo, A. M., Zanotti-Magalhães, E. M., de Carvalho, J. F., Sgarbieri, V. C., and de Alcântara, F. G. (1986). Schistosomiasis mansoni in experimentally malnourished mice. Rev. Saúde Pública 20, 362–368. doi: 10.1590/s0034-89101986000500005

Mahmood, A. (1966). Blood loss caused by helminthic infections. Trans. R. Soc. Trop. Med. Hyg. 60, 766–769. doi: 10.1016/0035-9203(66)90226-4

Mahmoud, A. A. F., and Woodruff, A. W. (1973). The contribution of adult worms to the development of anaemia in schistosomiasis. Trans. R. Soc. Trop. Med. Hyg. 67, 171–173. doi: 10.1016/0035-9203(73)90141-7

Malafaia, G., Serafim, T. D., Silva, M. E., Pedrosa, M. L., and Rezende, S. A. (2009). Protein-energy malnutrition decreases immune response to Leishmania chagasi vaccine in BALB/c mice. Parasite Immunol. 31, 41–49. doi: 10.1111/j.1365-3024.2008.01069.x

McManus, D. P., Dunne, D. W., Sacko, M., Utzinger, J., Vennervald, B. J., and Zhou, X. N. (2018). Schistosomiasis. Nat. Rev. Dis. Prim. 4, 1–19. doi: 10.1038/s41572-018-0013-8

Means, R. T. (2000). The anaemia of infection. Bailliere’s Best Pract. Res. Clin. Haematol. 13, 151–162. doi: 10.1053/beha.1999.0065

Mekonnen, Z., Meka, S., Zeynudin, A., and Suleman, S. (2014). Schistosoma mansoni infection and undernutrition among school age children in Fincha’a sugar estate, rural part of West Ethiopia. BMC Res. 7, 1–8. doi: 10.1186/1756-0500-7-763

Meyer, F., Meyer, H., and Bueding, E. (1970). Lipid metabolism in the parasitic and free-living flatworms, Schistosoma mansoni and Dugesia dorotocephala. Biochim. Biophys. Acta 210, 257–266. doi: 10.1016/0005-2760(70)90170-0

Mwatha, J. K., Kimani, G., Kamau, T., Mbugua, G. G., Ouma, J. H., Mumo, J., et al. (1998). High levels of TNF, soluble TNF receptors, soluble ICAM-1, and IFN-gamma, but low levels of IL-5, are associated with hepatosplenic disease in human schistosomiasis mansoni. J. Immunol. 160, 1992–1999.

Nakajima, K., Crisma, A. R., Silva, G. B., Rogero, M. M., Fock, R. A., and Borelli, P. (2014). Malnutrition suppresses cell cycle progression of hematopoietic progenitor cells in mice via cyclin D1 down-regulation. Nutrition 30, 82–89. doi: 10.1016/j.nut.2013.05.029

Neves, R. H., De Oliveira, S. A., Machado-Silva, J. R., Coutinho, E., and Gomes, D. C. (2002). Phenotypic characterization of Schistosoma mansoni adult worms recovered from undernourished mice: A morphometric study focusing on the reproductive system. Rev. Soc. Bras. Med. Trop. 35, 405–407. doi: 10.1590/S0037-86822002000400019

Oliveira, D., Hastreiter, A. A., Mello, A. S., de Oliveira Beltran, J. S., Oliveira Santos, E. W. C., Borelli, P., et al. (2014). The effects of protein malnutrition on the TNF-RI and NF-κB expression via the TNF-α signaling pathway. Cytokine 69, 218–225. doi: 10.1016/j.cyto.2014.06.004

Oliveira, S. A., Barbosa, A. A., Gomes, D. C., Machado-Silva, J. R., Barros, A. F., Neves, R. H., et al. (2003). Morphometric Study of Schistosoma mansoni Adult Worms Recovered from Undernourished Infected Mice. Mem. Inst. Oswaldo Cruz 98, 623–627. doi: 10.1590/S0074-02762003000500007

Papier, K., Williams, G. M., Luceres-Catubig, R., Ahmed, F., Olveda, R. M., McManus, D. P., et al. (2014). Childhood malnutrition and parasitic helminth interactions. Clin. Infect. Dis. 59, 234–243. doi: 10.1093/cid/ciu211

Parraga, I. M., Assis, A. M. O., Prado, M. S., Barreto, M. L., Reis, M. G., King, C. H., et al. (1996). Gender differences in growth of school-aged children with schistosomiasis and geohelminth infection. Am. J. Trop Med. Hyg. 55, 150–156. doi: 10.4269/ajtmh.1996.55.150

Pearce, E. J., and MacDonald, A. S. (2002). The immunobiology of schistosomiasis. Nat. Rev. Immunol. 2, 499–511. doi: 10.1038/nri843

Pellegrino, J., and Siqueira, A. F. (1956). for recovery of Schistosoma mansoni from experimentally infected guinea pigs. Rev. Bras. Malariol. Doenças. Trop 8, 589–597.

Pellegrinot, J., and Faria, J. (1965). The oogram method for the screening of drugs in Schistosomiasis mansoni. Am. J. Trop. Med. Hyg. 14, 363–369.

Pellizzon, M. (2016). Choice of laboratory animal diet influences intestinal health. Nat. Publ. Gr. 45, 238–239. doi: 10.1038/laban.1014

Pellizzon, M. A., and Ricci, M. R. (2020). Choice of laboratory rodent diet may confound data interpretation and reproducibility. Curr. Dev. Nutr. 4, 1–9. doi: 10.1093/cdn/nzaa031

Pradere, J. P., Kluwe, J., De Minicis, S., Jiao, J. J., Gwak, G. Y., Dapito, D. H., et al. (2013). Hepatic macrophages but not dendritic cells contribute to liver fibrosis by promoting the survival of activated hepatic stellate cells in mice. Hepatology 58, 1–17. doi: 10.1002/hep.26429

Reeves, P. G., Nielsen, F. H., and Fahey, G. C. (1993). AIN-93 purified diets for laboratory rodents: final report of the American Institute of Nutrition ad hoc writing committee on the reformulation of the AIN-76A rodent diet. J. Nutr. 123, 1939–1951. doi: 10.1093/jn/123.11.1939

Rezende, S. A., Oliveira, V. R., Silva, A. M., Alves, J. B., and Reis, L. F. (1997a). Mice Lacking the Gamma Interferon Receptor Have an Impaired Granulomatous Reaction to Schistosoma mansoni Infection. Infect. Immun. 65, 3457–3461.

Rezende, S. A., Oliveira, V. R., Silva, A. M., Alves, J. B., Goes, A. M., and Reis, L. F. L. (1997b). Mice lacking the gamma interferon receptor have an impaired granulomatous reaction to Schistosoma mansoni infection. Infect. Immun. 65, 3457–3461. doi: 10.1128/iai.65.8.3457-3461.1997

Rodriguez-Morales, A. J., Bolivar-Mejía, A., Alarcón-Olave, C., and Calvo-Betancourt, L. S. (2016). Nutrition and Infection in Encyclopedia of Food and Health. Amsterdam: Elsevier Ltd, 98–103. doi: 10.1016/B978-0-12-384947-2.00491-8

Ross, A. G. P., Bartley, P. B., Sleigh, A. C., Olds, G. R., Li, Y., Williams, G. M., et al. (2002). Schistosomasis. N. Engl. J. Med. 346, 1212–1220. doi: 10.1056/NEJMra012396

Rumjanek, F. D., and Simpson, A. J. G. (1980). The incorporation and utilization of radiolabelled lipids by adult Schistosoma mansoni in vitro. Mol. Biochem. Parasitol. 1, 31–44. doi: 10.1016/0166-6851(80)90039-0

Rumjanek, F. D., Campos, E. G., and Crocco Afonso, L. C. (1988). Evidence for the occurrence of LDL receptors in extracts of schistosomula of Schistosoma mansoni. Mol. Biochem. Parasitol. 28, 145–152. doi: 10.1016/0166-6851(88)90062-X

Santos, G. G., Batool, S., Hastreiter, A., Sartori, T., Nogueira-Pedro, A., Borelli, P., et al. (2016). The influence of protein malnutrition on biological and immunomodulatory aspects of bone marrow mesenchymal stem cells. Clin. Nutr. 36, 1149–1157. doi: 10.1016/j.clnu.2016.08.005

Santos, M. J. S., Canuto, K. M., de Aquino, C. C., Martins, C. S., Brito, G. A. C., Pessoa, T. M. R. P., et al. (2020). A Brazilian regional basic diet-induced chronic malnutrition drives liver inflammation with higher apoa-i activity in C57BL6J mice. Brazilian J. Med. Biol. Res. 53, 1–9. doi: 10.1590/1414-431x20209031

Schramm, G., Mohrs, K., Wodrich, M., Doenhoff, M. J., Pearce, E. J., Haas, H., et al. (2007). Cutting Edge: IPSE/alpha-1, a Glycoprotein from Schistosoma mansoni Eggs, Induces IgE-Dependent, Antigen-Independent IL-4 Production by Murine Basophils In Vivo. J. Immunol. 178, 6023–6027. doi: 10.4049/jimmunol.178.10.6023

Schwartz, C., Oeser, K., da Costa, C., Layland, L. E., and Voehringer, D. (2014). T Cell–Derived IL-4/IL-13 Protects Mice against Fatal Schistosoma mansoni Infection Independently of Basophils. J. Immunol. 193, 3590–3599. doi: 10.4049/jimmunol.1401155

Silva, L. M., Fernandes, A. L. M., Barbosa, A., Oliveira, I. R., and Andrade, Z. A. (2000). Significance of Schistosomal Granuloma Modulation. Mem. Inst. Oswaldo Cruz 95, 353–361. doi: 10.1590/S0074-02762000000300010

Simões, C., Neves, R. H., De Andrade Barros, L., Brito, P. D., Cravo, C. O., De Moura, E. G., et al. (2002). Parasitological characteristics of Schistosoma mansoni infection in Swiss mice with underlying malnutrition. Mem. Inst. Oswaldo Cruz 97, 143–147. doi: 10.1590/S0074-02762002000900027

Smithers, S. R., and Terry, R. J. (1965). The infection of laboratory hosts with cercariae of Schistosoma mansoni and the recovery of the adult worms. Parasitology 55, 695–700. doi: 10.1017/S0031182000086248

Souza, D. M. S., Costa, G. P., Leite, A. L. J., Oliveira, D. S., Farias, S. E. B., Silva, C. A. M., et al. (2020). A high-fat diet exacerbates the course of experimental Trypanosoma cruzi infection that can be mitigated by treatment with Simvastatin. BioMed. Res. Int. 2020, 1–14. doi: 10.1155/2020/1230461

Stephenson, L. S. (1994). Helminth parasites, a major facotr in malnutrition. World Health Forum. 15, 169–172.

Tarrats, N., Moles, A., Morales, A., García-Ruiz, C., Fernández-Checa, J. C., and Marí, M. (2012). Critical role of tumor necrosis factor receptor 1, but not 2, in hepatic stellate cell proliferation, extracellular matrix remodeling, and liver fibrogenesis. HepatolCogy 54, 319–327. doi: 10.1002/hep.24388

Taylor, A. K., Cao, W., Vora, K. P., De La Cruz, J., Shieh, W. J., Zaki, S. R., et al. (2013). Protein energy malnutrition decreases immunity and increases susceptibility to influenza infection in mice. J. Infect. Dis. 207, 501–510. doi: 10.1093/infdis/jis527

Teodósio, N. R., Lago, E. S., Romani, S. A., and Guedes, R. C. A. (1990). regional basic diet from northeast Brazil as a dietary model of experimental malnutrition. Arch. Latinoam Nutr. 40, 533–547.

WHO (2020). Schistosomiasis. Key facts. Available online at: https://www.who.int/news-room/fact-sheets/detail/schistosomiasis [accessed September 10, 2020]

Wilson, M. S., Mentink-Kane, M. M., Pesce, J. T., Ramalingam, T. R., Thompson, R., and Wynn, T. A. (2007). Immunopathology of schistosomiasis. Immunol. Cell Biol. 85, 148–154. doi: 10.1038/sj.icb.7100014

Wynn, T. A., Thompson, R. W., Cheever, A. W., and Mentink-Kane, M. M. (2004). Immunopathogenesis of schistosomiasis. Immunol. Rev. 201, 156–167. doi: 10.1111/j.0105-2896.2004.00176.x

Xu, X., and Caulfield, J. P. (1992). Characterization of human low density lipoprotein binding proteins on the surface of schistosomula of Schistosoma mansoni. Eur. J. Cell Biol. 57, 229–235.

Yang, Y. M., and Seki, E. (2015). TNFα in liver fibrosis. Phys. Behav. 3, 253–261. doi: 10.1007/s40139-015-0093-z

Zhang, Z., Pereira, S. L., Luo, M., and Matheson, E. M. (2017). Evaluation of blood biomarkers associated with risk of malnutrition in older adults: A systematic review and meta-analysis. Nutrients 9:nu9080829. doi: 10.3390/nu9080829

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Maciel, Gonçalves, Antonelli and Fonseca. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



ORIGINAL RESEARCH

published: 01 April 2021

doi: 10.3389/fimmu.2021.635131

[image: image2]


New Insights Into Biomphalysin Gene Family Diversification in the Vector Snail Biomphalaria glabrata


Silvain Pinaud 1,2†‡, Guillaume Tetreau 1,2‡, Pierre Poteaux 1,2, Richard Galinier 1,2, Cristian Chaparro 1,2, Damien Lassalle 1,2, Anaïs Portet 1,2†, Elodie Simphor 1,2, Benjamin Gourbal 1,2 and David Duval 1,2*


1 IHPE, Univ Montpellier, CNRS, IFREMER, Univ Perpignan Via Domitia, Perpignan, France, 2 CNRS, IFREMER, University of Montpellier, Perpignan, France




Edited by: 
Roberta Lima Caldeira, Oswaldo Cruz Foundation (Fiocruz), Brazil

Reviewed by: 
Coenraad Adema, University of New Mexico, United States

Maria G. Castillo, New Mexico State University, United States

*Correspondence: 
David Duval
 david.duval@univ-perp.fr


†Present address: 
Silvain Pinaud, Cambridge Institute, CRUK, Cambridge, United Kingdom Anaïs Portet, Molecular Immunity Unit, University of Cambridge, Cambridge, United Kingdom; Department of Medicine, MRC Laboratory of Molecular Biology, Cambridge, United Kingdom






‡These authors have contributed equally to this work


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



Received: 29 November 2020

Accepted: 08 March 2021

Published: 01 April 2021

Citation:
Pinaud S, Tetreau G, Poteaux P, Galinier R, Chaparro C, Lassalle D, Portet A, Simphor E, Gourbal B and Duval D (2021) New Insights Into Biomphalysin Gene Family Diversification in the Vector Snail Biomphalaria glabrata. Front. Immunol. 12:635131. doi: 10.3389/fimmu.2021.635131



Aerolysins initially characterized as virulence factors in bacteria are increasingly found in massive genome and transcriptome sequencing data from metazoans. Horizontal gene transfer has been demonstrated as the main way of aerolysin-related toxins acquisition in metazoans. However, only few studies have focused on their potential biological functions in such organisms. Herein, we present an extensive characterization of a multigene family encoding aerolysins - named biomphalysin - in Biomphalaria glabrata snail, the intermediate host of the trematode Schistosoma mansoni. Our results highlight that duplication and domestication of an acquired bacterial toxin gene in the snail genome result in the acquisition of a novel and diversified toxin family. Twenty-three biomphalysin genes were identified. All are expressed and exhibited a tissue-specific expression pattern. An in silico structural analysis was performed to highlight the central role played by two distinct domains i) a large lobe involved in the lytic function of these snail toxins which constrained their evolution and ii) a small lobe which is structurally variable between biomphalysin toxins and that matched to various functional domains involved in moiety recognition of targets cells. A functional approach suggests that the repertoire of biomphalysins that bind to pathogens, depends on the type of pathogen encountered. These results underline a neo-and sub-functionalization of the biomphalysin toxins, which have the potential to increase the range of effectors in the snail’s immune arsenal.
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Introduction

A diverse array of toxins widely distributed among organisms has emerged as a key factor involved in virulence or defense factors of host/pathogen interactions (1–6). Accordingly, toxins can be found in a wide variety of organisms from bacteria to metazoans and exhibit a highly specific role on a broad range of cellular pathways, thereby triggering a wide variety of physiological effects such as neurotoxicity or cytolysis/necrosis (7–11). Selective pressures operating in host-pathogen interactions have generated a large repertoire of specific toxins that harbor a distinct selectivity (12–16). Among the most common toxins present in all kingdoms, Pore-Forming Toxins (PFT) are a large class of biological weapons used by prokaryotes as virulence factors and by eukaryotes in defense responses or predation functions (17, 18). Overall, these toxins are secreted as soluble protoxins and undergo a conformational change to form oligomeric pores in membranes subsequent to the interaction with specific receptors located at the membrane surface of targeted cells (19–21). In some cases, proteolytic cleavages are required in order to form the active toxin (22–25). Many studies have highlighted the extensive range of residues recognized by PFTs, which include: i) lipids, ii) sugars or iii) membrane proteins (20, 26–29). However, only a few targets have been identified so far for PFTs. Proteins present on immune cell membranes like CCR and CXR (chemokine receptors) or the C5a receptor, the LPS-induced TNF-α factor (LITAF), the CD59 or HAVCR1 (hepatitis A virus cellular receptor) targeted by leukocidins (30, 31), intermedilysin (32), ε-toxin (33) or hemolysin BL (34) respectively, are well-established.

Among PFTs, several members of the aerolysin family, which derive their name from the bacterium genus Aeromonas, have been identified in many metazoan genomes as inherited by horizontal gene transfer (HGT) (18, 35). In plants, production of cytolytic enterolobin in seeds seems to provide protection from herbivore grazing and/or insect attack (36). In Cnidaria, hydralysin and nylysin-1b are thought to play a role in host defense against predators and for killing prey (35, 37). In vertebrates, Dln1/Aep1 which shows a high affinity for mannose glycans is proposed to be an immune defense molecule for the zebrafish Danio rerio (38, 39) and βγ-CAT protects the frog Bombina maxima against the pathogenic bacterium, Comamonas sp. (40). Interestingly, this aerolysin-like toxin harbors other non-immune functions such as that involved in tissue repair (41), highlighting the diversified functions that these toxins may have. Another aerolysin-related protein, named biomphalysin, characterized in the Schistosomiasis vector snail Biomphalaria glabrata was proposed to have been acquired by HGT (42). Phylogenetic incongruence between aerolysin-related gene trees and species phylogeny revealed that intronless biomphalysin gene clustered with genes from a cnidarian N. vectensis and Gram-negative bacteria (42, 43). When produced recombinantly, this toxin was shown to bind to the membranes of the metazoan parasite Schistosoma mansoni and to participate in its elimination through cytolysis (42). In addition, a genome-wide study revealed that the biomphalysin locus was strongly correlated with resistance to S. mansoni (44) and a transcriptomic analysis indicated that re-exposure to S. mansoni triggered an increased representation of biomphalysin transcripts and protein release in the hemolymph of B. glabrata snails (45).

In this study, we report the expansion of this Biomphalysin family. Interestingly, data from the released genome of B. glabrata provide evidence for the presence of multiple loci coding for biomphalysins in the snail (45, 46). We have focused on the comprehensive characterization of the expansion of this β-PFT biomphalysin family by combining genomic, transcriptomic, structural and functional analyses in B. glabrata. Together, our results provide evidence that these toxin genes were diversified and used as potential weapons in the snail’s immune defense arsenal.



Methods


Phylogenetic Analysis

The 23 biomphalysin protein sequences were retrieved from the genome of B. glabrata. To rule out eventual errors in genome assembly, PCRs were performed on snail genomic DNA using specific primer pairs of the predicted coding DNA sequence of each biomphalysin gene (Table S2). The protein sequence (GenBank ACC Number: P09167) corresponding to the crystallized aerolysin from Aeromonas hydrophila was used as outgroup. Sequences were aligned using Clustal Omega from the Seaview software version 5.0.4 (47, 48). The alignment was then subjected to Gblocks program (49) with the less stringent parameters to trim the non-aligned amino acids. Then we used IQ-TREE v1.6.12 (50), an online phylogenetic tool (http://www.iqtree.org/) to determine the best model for a maximum likelihood analysis using the Bayesian information criterion (BIC). The phylogenetic tree was further generated using the Maximum Likelihood method from PhyML v3.0 software (51), with the following parameters (model: WAG/Amino acid equilibrium frequencies: empirical/Proportion of Invariable site: estimated/Gamma distribution parameter: estimated/Number of substitution rate categories: 4/Tree topology search: NNIs/Starting tree: BioNJ). Approximate Likelihood-Ratio Test (aLRT) was carried out to assess the robustness of the branches on the trees inferred from the maximum likelihood method. Values are shown on each branch of the trees generated. Tree is only presented in topology format (Figure 1).




Figure 1 | Phylogenetic analysis of the protein sequences from the 23 biomphalysins from Biomphalaria glabrata. The three clusters identified in this analysis are highlighted in orange, green and blue for the clusters I, II and III that contain biomphalysins 1 to 8, 11 to 18 and 19 to 23, respectively. Biomphalysin 9 in purple and 10 in red do not group within biomphalysin clusters. The aerolysin sequence from Aeromonas hydrophila (GenBank P09167) was used as an outgroup. aLRT was carried out on the tree inferred from the Maximum Likelihood method. Ratio test values multiplied by 100 are shown at each branch of the trees. The accession number of each gene and protein used is listed in Table S1.



A second phylogenetic analysis was conducted including the 23 biomphalysin protein sequences together with 52 proteins presenting sequence similarities from other organisms. The aerolysin and MTX2 domains (IPR005830 and IPR004991) were identified in each of the biomphalysin protein sequences by searching against the Conserved Domains Database (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (52). These sequences were used as a query for a BLAST search against the NCBI database to identify similar sequences in other species. A total of 85 sequences were used for the phylogenetic analysis performed as described previously. These included 53 sequences from Gastropoda, 22 from Anthozoa and 10 from bacteria (Figure 2). The accession numbers and corresponding names of each sequence used in phylogenetic analysis are indicated in Table S9 for all phylogenetic trees performed.




Figure 2 | Phylogenetic tree of biomphalysins with other proteins bearing ETX/MTX2 domain. Phylogenetic analysis was conducted from 87 ETX/MTX2 protein domain sequences from biomphalysins and related sequences from other organisms. Protein sequences were aligned using Clustal Omega. Multiple alignment was trimmed using Gblocks, and tree was constructed by Maximum likelihood analysis using PhyML. Values on the branches indicate the robustness of the branches of the tree inferred by ML method. Biomphalysins (red) clustered together with other Gastropoda sequences (blue). Sequences from Anthozoa (green) and Bacteria (gray) formed two other distinct clusters. The accession number of each gene and protein used is listed in Table S9.





Bioinformatic Analysis

Whole genome and transcriptome screening by use of the Interproscan software were performed with the Interproscan database to find IPR005830 and IPR004991 signature characteristic to aerolysin and aerolysin-like toxins. The genome of B. glabrata (preliminary assembly v4.3) and the RNA-seq data from naïve and infected snails were used as data sources (45, 53).

The presence of a signal peptide was determined by a primary structure analysis performed using SignalP 3.0. Protein domain searches were performed using SMART (http://smart.embl-heidelberg.de/) and Motif Scan (http://hits.isb-sib.ch/cgi-bin/PFSCAN) software. α-Helical and β-sheet regions were identified by secondary structure prediction using Jpred3 and HHpred servers (http://toolkit.tuebingen.mpg.de/hhpred). Sequences were searched for putative transmembrane domains (TMDs) using the PRED-TMBB server.

3D Prediction of biomphalysin and their isolated small lobe structures were performed using the I-Tasser V5.1 (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) and TM align https://zhanglab.ccmb.med.umich.edu/TM-align/) servers (54, 55). The 3D structure was obtained by multiple threading using the I-Tasser server, which combines two protein structure prediction methods: threading and ab initio prediction (56). Structural similarities between bacterial aerolysin and biomphalysin proteins were determined by calculating a TM-score (Table S5). A TM-score greater than 0.5 reveals significant alignment, whereas a TM-score less than 0.17 indicates a random similarity.

Multiple structural alignment were performed using the ConSurfWeb from the predicted structure of different biomphalysins. The conservation scores are projected onto the protein sequence of biomphalysin 1 (Figure 5).



Search for Transposable Elements (TE)

Up to 20Kb region surrounding each biomphalysin (when size and position on the scaffold allowed) was screened for the presence of TEs through a similarity search using BLAST with the Biomphalaria specific database of repeat elements as well as using RepeatMasker. We performed a visual inspection for conserved sequences in these 10Kb regions surrounding the biomphalysin genes by producing a dotplot using gepard v. 1.4 (57).



Transcription Factor Motif Search

Transcription factor motifs were searched using the 2016 version of the JASPAR (58) database of transcription factors (Table S8) and the Motif Occurrence Detection Suite MOODS v. 1.9.2 (59) by using the provided script (moods_dna.py) (Table S7) and the data was parsed, filtered and summarized by in house developed scripts. The search for conserved domains was carried out by using MEME (60) and searching for motifs between 12 and 50 bases long. Shorter motifs did not produce significant results except for TATA boxes and a poly-C stretch.



Relative Transcript Abundance in Whole Snails Using RNAseq Experiment

High quality reads were recovered from previously published RNA-seq data (45) and they were aligned on nucleic sequences of the 23 biomphalysins. Briefly, two pools of 20 uninfected snails originating from Brazil (BgBRE) were sampled and RNA was extracted from their whole body using Trizol® Reagent (Sigma Aldrich) prior to Illumina sequencing. Best quality reads (Phred >29) from both libraries (uninfected 1 & uninfected 2) were aligned as previously described (45) on each of the 23 biomphalysins using Bowtie2 (v2.2.4) and samtools (v0.1.18), which were run on a local Galaxy Project server. Raw counts were normalized with upper-quartile division per libraries (61).



Tissue Representation of Biomphalysin Transcripts

Seven organs (mantel, head-foot, hemocytes, albumen gland, stomach, hepatopancreas and ovotestis) from 5 individual B. glabrata snails (BgBRE2) (± 8 mm) were dissected and immediately transferred in liquid nitrogen for mRNA total extraction using Norgen Biotek (Ontario, Canada) RNA extraction kit following the manufacturer’s protocol. DNAse treatment (ThermoFischer, USA) was carried on to eliminate potential traces of contaminant genomic DNA. Total RNA (500 ng) was reverse transcribed (RT) using Maxima H Minus First Strand cDNA synthesis kit (ThermoFischer, USA) following the manufacturer’s protocol. Equimolar random hexamer primer and oligo (dT)18 primer were used. Absence of genomic DNA and quality of cDNA synthesis was verified by using myoglobin primers (forward: 5’-GAT GTT CGC CAA TGT TCC C-3’ and reverse: 5’-AGC GAT CAA GTT TCC CCA G-3’) targeting intron/exon junctions. All primer couples targeting biomphalysin genes were designed with perlprimer software (Table S2). Specificity of amplification was validated by Sanger sequencing of amplicons. For tissue-specific expression, PCR amplifications were performed on the 7 organs in biological quintuplicate on cDNAs (diluted 5-fold with nuclease-free water). PCR reactions were performed with GoTaq® G2 Hot Start Polymerase kit (Promega, Madison, USA) and performed on a thermocycler (Eppendorf, Hamburg, Germany). PCR protocol was as follows: 4 min at 95°C for initial polymerase activation then 35 cycles constituted of 20s denaturation at 95°C, 30s annealing at 48°C and 30s extension at 72°C with 5 min at 72°C of final extension. PCR products were separated by electrophoresis on 1.5% agarose gels and sequenced.



Immune Challenge Experiments

Snail (BgBRE2) exposed to Gram-positive, Gram-negative bacteria or yeast were conducted according to previously described procedures (62). Briefly, snails were bathed with 108/mL of each microorganisms for 1 h. Then, snails were washed extensively. For S. mansoni infection, each snail was exposed for 6 h to 10 miracidia from Guadeloupe (SmGH2) in 5 mL of pond water. In this snail/parasite interaction, SmGH2 is totally incompatible with BgBRE2. For each immune challenge, 12 replicates of a pool of three snails were performed at 6, 12, 24 and 48 h after exposition. Non-exposed snails (8 replicates of a pool of three snails) were used as control for the evaluation of the basal expression level of tested biomphalysins.



Quantitative Real Time PCR Assay for Biomphalysins Expression Analysis Upon Immune Challenge

RNA extractions were performed according to the Trizol™ Reagent procedure (ThermoFisher Scientific, Paris, France). DNase treatment and reverse transcription of RNA (4µg) into cDNA were performed with Maxima H minus first strand cDNA synthesis kit (ThermoFisher Scientific, Waltham, MA, USA) using random hexamer according to the manufacturer’s instructions. Real-time RT-PCR analyses were performed using the LightCycler 480 System (Roche) performed in the same way as described in (63). Only primer couples (Table S2) with amplification efficiency of 2 were retained. The cycling program is as follows: denaturation step at 95°C for 2 min, 40 cycles of amplification (denaturation at 95°C for 10 s, annealing at 60°C for 15 s, and elongation at 72°C for 22 s). QPCR was ended by a melting curve step from 65 to 97°C with a heating rate of 0.11°C/s and continuous fluorescence measurement. For each reaction, the cycle threshold (Ct) was determined using the second derivative method of the LightCycler 480 Software release 1.5 (Roche). A mean value of Ct was calculated. The relative expression of biomphalysins was normalized to the housekeeping gene S19 ribosomal protein gene used as reference gene. Then, normalized expression of biomphalysins was compared with non-exposed snails (used as control) with the ΔΔCt method. The normality of the dataset was tested using Shapiro Wilk test, and significant differences were analyzed by pairwise Mann Whitney U test. Differences were considered significant and robust when p<0.005.



Codon Usage and GC Content

Codon usage were compared between sequences from the 23 biomphalysins, 13 aerolysins/Pertussis Toxin for bacteria and 25 randomly selected B. glabrata predicted transcript (1600-1800 pb) (Table S10). The size of B. glabrata transcripts was chosen to be in the range of biomphalysin genes (1600-1800 pb) to avoid biases due to differences in gene length. Nucleotide sequences were compared using codon usage tools of CAIcal server (http://genomes.urv.es/CAIcal/) (64). Mean codon usage was compared for each triplet between biomphalysin transcripts, Biomphalaria transcripts and bacteria transcripts by PCA (Principal Component Analysis) using ClustVis web tool (http://biit.cs.ut.ee/clustvis/) (65). Local transcriptome of B. glabrata (45), the 23 nucleic sequences of biomphalysins and 13 aerolysin-like sequences were used to calculate the GC content using geecee tools (v5.0.0) on local Galaxy server.



Biomphalysins Identification in an Interactome Approach Between Pathogens and Snail Hemolymph

Interactome experiments were conducted to determine which snail plasma proteins are capable of binding to the surface of pathogens. Experimental procedure was previously described (66). Briefly, hemolymph was collected from the head–foot region of unexposed snails. Hemolymph was centrifugated to keep only the free-cell compartment which was incubated during 20 min at 26°C with living organisms such as E. coli, M. luteus, S. cerevisiae, S. mansoni and E. caproni. Then, organisms were washed twice with CBSS (Chernin’s balanced salt solution) and resuspended in a lysate buffer (urea, 7 M; thiourea, 2 M; Tris, 30 mM; CHAPS, 4%; pH 8.5) to extract proteins from organisms but also snail plasma proteins associated with their membrane. Extracted proteins were subjected to 2D electrophoresis and silver staining. Extracted proteins from living organisms exposed to CBSS were used as control. Five independent experiments were performed. Then, a comparative analysis between 2D gels from non-exposed and exposed organisms to snail cell-free hemolymph was performed. Only additional spots present in all the three replicates of “organisms exposed to cell-free hemolymph” samples and absent from all the profiles of pathogens alone were collected and submitted to mass spectrometry analysis for identification. To identify biomphalysin proteins present in these additional spots, the obtained peptides by mass spectrometry analysis (nano LCMS/MS, nano-LC1200 system coupled to a Q-TOF 6550 mass spectrometer) were matched to all translated transcripts encoding the different biomphalysin proteins.




Results


From One Biomphalysin to a Family of 23 Genes

To identify all of the gene encoding analogues of aerolysin toxins in B. glabrata, we conducted an exhaustive sequence search of the genome and transcriptomes of B. glabrata. Using the gene sequence from the previously identified biomphalysin 1 (42), only a single partial sequence of 395 bases (Locus_25218_Transcript_19/20) was identified from a local BLAST search of RNA-seq data from uninfected snails (53). However, a tBLASTn search using the same query and database allowed 10 additional hits to be found, with potential homologies to biomphalysin 1 with an E-value score ranging from 1e-79 to 5e-38. As most of these hits harbored an aerolysin or epsilon toxin signature in their sequence (InterPro accession: IPR005830 and IPR004991, respectively), InterProScan and sequence similarity searches were conducted to investigate the presence of additional aerolysin-like genes in the genome of B. glabrata (preliminary assembly v4.3) (46) and the RNA-seq data from S. mansoni infected snails (45). A total of 23 unique loci were identified on 20 different genomic scaffolds (Table S1), including the biomphalysin gene named biomphalysin 1 as well as others, named from biomphalysin 2 to 23. Interestingly, all of the biomphalysin genes identified were devoid of introns, which represents an evolutionary conserved characteristic of this gene family in B. glabrata.

Several biomphalysins were found in the same scaffold. Biomphalysins 1 & 2, 11 & 22 and 20 & 21 were located in tandem in large scaffolds, scaffold 10 (1 Mb), 2594 (72 kb) and 2201 (88 kb), respectively. This suggests that these gene pairs could result from duplication events. Interestingly, although present on different scaffolds, biomphalysins 5 and 6 exhibited a high sequence homology of the two gene parts located in the 5’ and 3’ regions of the genes, as evidenced by comparative sequence dot blot analyses performed with Gepard (Figure S1). A similar observation was made for biomphalysins 11 and 22 in the 5’ part of the sequence. No other highly conserved regions were detected by Gepard analysis including signature of transposable elements in the 20 Kb vicinity of biomphalysin genes, which was also investigated by using RepeatMasker software and by performing BLAST searches against the repeat database (Dfam and Repbase).



Biomphalysins Represent a Highly Diverse Family in B. glabrata

To rule out potential errors in genome sequencing and assembly, each biomphalysin gene was amplified and sequenced by Sanger sequencing. PCRs were performed on snail genomic DNA using specific primer pairs to amplify the predicted coding DNA sequence of each biomphalysin gene (Table S2). The putative translated regions were 1725 bp long on average (1698 -1758 bp). The newly identified biomphalysins exhibited a 46.8 to 94.7% and 33.1 to 95.1% identity as compared to biomphalysin 1 based on the nucleic and deduced amino acid sequences, respectively (Tables S3 and S4). Moreover, protein sequence similarities to aerolysin toxin (Accession number: AAA21938) ranged from 23.6 to 30.2% (Table S4). The lowest identity was found between biomphalysins 9 and 23 (28.7%), while the highest was observed for biomphalysins 1 and 2 (95.1%). Their level of pairwise similarity was also very dissimilar, ranging from 43.1% between biomphalysins 9 and 23 to 97.7% between biomphalysins 1 and 2 (Table S4).

The deduced amino-acid sequences of the 23 biomphalysins were compared by performing a phylogenetic analysis. At least three clusters of biomphalysins could be observed and they were supported by high bootstrap values (Figure 1). The first cluster included biomphalysins 1 to 8, the second biomphalysins 11 to 18 and the third included biomphalysins 19 to 23. Biomphalysins 9 and 10 were isolated from the others and biomphalysin 9 was the closest to the aerolysin sequence of Aeromonas hydrophila used as an outgroup (Figure 1).



Biomphalysins Exhibit Shared Domains and Cluster-Specific Features

Biomphalysin proteins are composed of an average of 575 residues (from 565 to 585 amino acids) and all harbored a predicted N-terminal signal peptide for secretion composed of 17-23 amino acids that adopted an alpha-helical conformation (Figure S2). A structural feature shared by all aerolysin-like toxins is the presence of many β-sheet elements that represent approximately 40% of the total sequence. Most of them are present in the common core, also called aerolysin domain, consisting of five β-strands with an insertion loop corresponding to the pore-forming transmembrane domain (TMD) (Figure S2). This TMD is found in all biomphalysins and is shared by members of the β-PFTs as it plays a crucial role in the formation of amphipathic barrels by oligomerization for membrane insertion (67, 68). This predicted membrane spanning domain flanked by two polar residue regions is found in all biomphalysin sequences (Figure S3A). Moreover, an alternating pattern of hydrophobic and hydrophilic residues located in this beta-hairpin loop is conserved in all biomphalysins, highlighting their ability to perforate the lipid layer of targeted organisms (Figures S3B, C) (69). Interestingly, the amino acids involved in oligomerization and cytolytic activity were highly conserved in all biomphalysin genes (Figure S2). By analogy with site-directed mutagenesis performed on aerolysin proteins, amino acids Asp235 and Cys255 of biomphalysin 1 could fulfill a crucial role in the oligomeric assembly into a ring-like structure (70, 71). While Tryp466 and Tryp468 mutations may modify the ability of the aerolysin toxin to oligomerize (72) Tryp420 and His428 could be involved in binding to membrane target moieties (72, 73). The C terminal part of the protein tends to be divergent between some biomphalysins and could be associated to a differential lytic activation (74).



Species-Specific Diversity of Aerolysin-Like Proteins Among Invertebrates

To determine whether such an expansion and/or diversification of the aerolysin-like genes occurred in other invertebrates, we also searched in several Sequence Databases of NCBI (Nucleotide, Protein, EST). Next, a phylogenetic analysis was performed using sequences of the aerolysin domain of aerolysin-like proteins from two bacteria genera Firmicutes and Gammaproteobacteria and different invertebrates, including the Gastropoda B. glabrata, Aplysia californica, Physella acuta, Bradybaena similaris, Lymnaea stagnalis and Arion vulgaris, and the Anthozoa Nematostella vectensis, Exaiptasia pallida, Pocillopora damicornis, Stylophora pistillata, Acropora millepora, Acropora digitifera, Orbicella faveolata and Actina tenebrosa (Figure 2). Bacterial toxins all clustered together, with two different sub-clusters corresponding to the two bacterial genera used, and they were clearly separated from invertebrate aerolysin-like sequences (Figure 2).

For invertebrate sequences, the phylogenetic analysis segregates aerolysin-like proteins from Gastropoda and Anthozoa. Interestingly, the phylogenetic closeness of species did induce a higher phylogenetic similarity in the sequences of aerolysin-like proteins. Main branches present relatively good support values (ranging from 79 to 100%) (Figure 2). Aerolysin-like proteins from the Gastropoda A. californica were more similar to those from C. Limacina as they both belonged to Opistobranchs class. At the opposite, the five others gastropod species which belong to Panpulmonata clade present higher phylogenetic similarities of their aerolysin-like proteins. On the same way in Anthozoa class, aerolysin-like sequences from hard corals species (Scleractinia) and from soft coral ones (Actinaria) formed two different clusters. Aerolysin-like proteins cluster according to the taxonomic classification of the organism from which they have been identified. This suggests that the multiple toxins of each species could result from a species-specific diversification. However in B. glabrata, biomphalysin 9 was not clustered with the 22 other biomphalysins and instead, positioned at a basal node of all the other aerolysin-related proteins from panpulmonata species, suggesting a markedly different evolutionary process between the biomphalysin genes. Also, aerolysin-like proteins from A. californica are separated into two different clusters for which one is more basal than aerolysin-like proteins from all other invertebrate species used in this study.



Biomphalysins Result From an Old Domestication of Aerolysin-Like Genes

GC content and the codon usage are genus-specific signatures and common features used to detect recent horizontal transfer events by comparing the sequences of the gene supposedly acquired by HGT (here, biomphalysins) (42) and gene sequences from the recipient species (here, other genes from B. glabrata). The GC content of biomphalysin genes (41.0%) was similar to B. glabrata transcripts but was significantly lower than the GC% of bacterial toxin nucleic sequences (55.8%, Fisher’s exact test, p-value = 0.0232) (Figure 3A). Concerning the codon composition, most of the variance (78.1%) was explained by the first axis of the principal component analysis (PCA), which opposed bacterial sequences to snail ones, while the second axis which explained 21.9% of variance, separated the biomphalysins from other genes of B. glabrata (Figure 3B). GC% and codon usage of biomphalysin and bacterial toxin genes have distinct signatures and their analysis indicates that biomphalysins are more closely related to endogenous Biomphalaria transcripts than to bacterial toxin genes, which suggests an old domestication of biomphalysin genes by the snail.




Figure 3 | Nucleotide support for domestication. (A) Box-plot representation of GC content and (B) principal component analysis on codon usage comparing nucleotide sequences of biomphalysins (N = 23) with other Biomphalaria glabrata sequences (± 1700 bp; N = 25) and bacterial toxin sequences (N = 13). Distribution of GC% was indicated for Biomphalaria glabrata transcripts while only the mean and standard deviation were indicated for biomphalysin and bacterial toxin sequences.





Highly Conserved Three-Dimensional Structures Despite a High Variation in Sequence Conservation

Despite the apparent divergence and the low sequence homology between the 23 biomphalysins, their structures exhibit high levels of similarity (Figure 4). We previously reported that the anti-parasitic biomphalysin 1 displayed the same structural features as the bacterial aerolysin toxin (42). A structural modeling for each biomphalysin protein was performed using the best alignment template against the Protein Data Bank (PDB) database (http://rcsb.org/) using the I-Tasser server (54, 75). Structural similarities are indicated by a TM score ranging from 0 (totally dissimilar proteins) to 1 (exactly similar structure). All biomphalysins exhibited a structure close to the aerolysin with a TM score ranging from 0.64 to 0.80 (Table S5). The analysis allowed for the prediction of two distinct lobes like for the aerolysin toxin from Aeromonas hydrophila: a small lobe named Domain I and a large lobe constituted of three structural domains (Domain II, III and IV) (Figures S2, 4). Despite differences in the primary structure, highly similar conformations were observed between the different members, with an average pairwise TM score of 0.77 (Table S5). An analysis of the conservation of residue positions among the biomphalysin family was performed with the Consurf software (Figure 5) (76). Conservation scores mapped onto the 3D structure of biomphalysin 1 revealed that most conserved residues are located in Domain II, which is involved in oligomerization (70) and moiety binding in aerolysin (77, 78), and in Domain III, which is necessary for the stabilization of the channel (79) and for toxin insertion into lipid bilayers via the transmembrane α-hairpin loop (67). Conserved residues are strategically located to maintain the highly organized typical topological arrangement of a β-PFT. Indeed, the most conserved residues shape the two α-helices and the different β-strands from Domains II and III (Figures S2, 5). The structure of this large lobe appears to be conserved despite a divergent sequence with an average TM score of 0.93 ± 0.02 (Table S6). Interestingly, many variable amino acids were found in loop regions and particularly in the loop from TMD (Figure 5). Nevertheless, the stretches of alternating hydrophobic and hydrophilic residues, which are key elements for the transmembrane feature, are also conserved (Figure S3B).




Figure 4 | Structural schematic representation of biomphalysins. Images of 3D structure of aerolysin (PDB accession code: 1PRE) and predicted biomphalysin 1 were generated using PyMOL in sphere style. The small domain of both proteins is colored in red, the large domain in green and the TMD in blue. Amino acid residues involved in glycan recognition are symbolized by black spheres. “?” means that no motif has been detected using motif prediction software such as the SMART and MotifScan programs.






Figure 5 | ConSurf sequence conservation score of biomphalysin proteins. ConSurf image was generated using alignment of all 23 biomphalysin proteins and by plotting alignment scores on the predicted structure of biomphalysin 1. Variable residues are shown in cyan while the most conserved ones are in dark red. Images are rotated 90° around the y axis.



Considering that structural information revealed the presence of variable loops mostly located in Domain II, which could contribute to the specificity of interaction with its target, protein-ligand binding sites were predicted based on biomphalysin three-dimensional structures. In addition, a mannose-6-phosphate binding domain was identified in Domain II of all biomphalysins (Figure S4). This carbohydrate binding pocket is located in the vicinity of the two α-helices, a well-characterized site in aerolysin toxin involved in the binding of the mannose residue from glycosyl phosphatidylinositol (GPI)-anchored receptors (78). It contains several key residues for its binding activity, such as arginine, glycine and tryptophan (Figures S2, S4) (68, 80, 81).



Small Lobe Shares High Structure Similarity With Immune Recognition Domains

The small lobe (Domain I) of the aerolysin toxin presents a binding site similar to the carbohydrate-binding domain of C-type lectins, also called Aerolysin Pertussis Toxin (APT) domain (IPR005138) (26). For all biomphalysin proteins, no lectin motif was found in the amino acid sequence. As most residues were variables in the small lobe of biomphalysin proteins, a similarity structural search was performed using the I-TASSER software against proteins whose tridimensional structures were resolved by crystallography (54). TM scores for the isolated small lobe ranged from 0.45 to 0.87 and were therefore much lower than those of the large lobe (0.89 to 0.97) (Table S6). No significant predictions were obtained for four of the small lobes as their similarity score was below the threshold of 0.5, considered as the limit of prediction significance (54). The analysis of the small lobes of the nineteen other biomphalysins gave relevant structural alignments to five different crystallized proteins or domains of crystallized proteins (Table 1).


Table 1 | Best predicted hit for the structure of the small lobes of each biomphalysin.



Despite an overall similar architecture, the small lobe of the different biomphalysins was predicted to fold into different states (Figure 6). For example, the small lobes of the biomphalysin 3 and 20 were respectively similar to a capsid protein and a kinase domain of the PDK1 (phosphoinositide-dependent protein kinase 1), that shaped a protein substrate docking site (82, 83). Eleven of the small lobes matched with a high TM score (higher than 0.6) to members of the complement system, especially complement factor B, which is part of the innate immune system that enhances the immune response against pathogens through their interacting features (84). Interestingly, the best hit of structural prediction for four of the remaining biomphalysins corresponded to a crystal of a protein complex composed of the complement fragment C3b, Factors B and D. In this complex, the small lobes of biomphalysins 6, 12, 15 and 22 are structured in the same way as the domain Ba of Factor B, characterized to interact with the terminal end of C3b, mainly with the MG7 (MacroGlobulin) and the CUB (complement C1r/C1s, Uegf, Bmp1) domains (85). This indicates that the structural diversification of the small lobe might have led to a functional diversification of biomphalysins. This small lobe presents the highest variability of folding units that are independent from the large lobe, leading to a potential broad spectrum of targeted organisms. This unit module could be considered as a diversified moiety-binding domain associated with the aerolysin domain that is involved in the lytic function.




Figure 6 | Structural prediction of the biomphalysin small lobes. Three-dimensional structure prediction of small lobe of biomphalysin proteins 2, 5 and 20 was performed using I-Tasser server. A C-score was determined for each prediction (see Table S7). The small lobe of biomphalysin proteins 2, 5 and 20 were investigated against RCSB Protein Data Bank (PDB). A TM-score was calculated between the small lobes and the best hit found by I-Tasser server. A score greater than 0.5 reveals significant alignment. 3D superposition of each small lobe of biomphalysin 2, 5 and 20 and the respective best hit were performed by TM align and visualized with PyMOL. The best structural alignment was reported between the predicted isolated structure of the small lobe in red and the significant template hit identified in yellow.





Each Biomphalysin Is Expressed and Exhibits a Specific Tissue-Expression Pattern

High quality reads from a previous RNA-seq experiment that included two pools of 20 uninfected snails were used (45). They were aligned with high-stringency to the 23 biomphalysin genes using Bowtie2, counted and normalized by upper-quartile for each library. Every biomphalysin was detected in uninfected snails with different levels of expression (Figure 7A). Biomphalysins 1, 2, 4, 20 and 21 were the most represented whereas biomphalysins 5, 14 and 16 were the least expressed. Transcription of all biomphalysins highlights that none of them are pseudogenes.




Figure 7 | Expression analysis of the biomphalysin family. (A) Constitutive expression of biomphalysins members in whole snails rnaseq dataset (Pinaud et al., 2016). Transcripts abundance for all 23 biomphalysins retrieved from RNAseq experiment performed on two pools of 20 uninfected snails. Libraries from uninfected snails 1 and 2 are highlighted in light-green and pink, respectively. Counts were normalized by upper-quartile (UQ) division for each library. (B) Patterns of expression of biomphalysins in different snail tissues. Each table represents the presence of the 23 biomphalysin transcripts in each tissue by RT-PCR, from biomphalysin 1 in the upper left case to biomphalysin 23 in the lower right case of each table. A code color was used and corresponds to the number of snails for which the tested biomphalysin was detected in a given tissue. As example, an uncolored case indicates that the biomphalysin studied was not expressed in any snail.



To further explore the patterns of expression of the biomphalysin genes, we analyzed their transcript representation by RT-PCR in seven different tissues (stomach, albumen gland, ovotestis, hepatopancreas, hemocytes, mantel, head-foot). This revealed a mosaic pattern of expression of these genes in naïve snails at tissue and individual levels (Figure 7B). While some biomphalysins, such as biomphalysins 2, 10, 14, 18 and 23, were ubiquitously expressed in all tested tissues, others were specifically expressed in some tissues, such as biomphalysin 7, that was restricted to the hepatopancreas and stomach or the biomphalysin 17, which was only located in the mantel and stomach (Figure 7B). Moreover, a high variation in the number of biomphalysins expressed could be observed between the tissues. The highest number of biomphalysins expressed was observed in the stomach, which contained transcripts for 22 out of the 23 biomphalysins, while albumen gland and hemocytes solely displayed 11 and 12 biomphalysins expressed, respectively. Such high variability in tissue expression suggests that the different biomphalysins might have different functions. Many transcriptional factor binding sites were identified in the promoter regions of the biomphalysins but none were found conserved for all the 23 biomphalysins (Tables S7, S8). The diversity of the cis regulatory elements found in the promoter regions suggests that each biomphalysin gene could be regulated spatially and temporally by specific transcription factors, supporting the hypothesis of a functional divergence in this family (Table S8). Consequently, we suggest that each biomphalysin gene could be associated with a functional diversification and sub-functionalization of the snail’s innate immune system to mount an efficient response to different pathogens or to regulate host–commensal bacteria communities or may even be involved in non-immune functions, such as cellular turn-over or nutrition.



Effect of Immune Challenge on Biomphalysin Gene Expression

To explore the role of biomphalysins in immunity against different pathogens, snails were exposed to either bacteria, yeasts or Schistosoma parasites to investigate the effects of immune challenges on the expression of different members of the biomphalysin family. We focused on the most expressed biomphalysins in uninfected snails (Figure 7A) and measured their relative expression ratio by RT-qPCR in response to an exposure of potential pathogens (Figure 8). Expressions of biomphalysins 2, 4, 20 and 21 are significantly up-regulated at 6h post-microbial exposure. Among the biomphalysins monitored, microorganism-induced expression of biomphalysin 4 is the highest from 3 to 4 fold (p< 0.005). When compared to the control, after 6 hours of exposure, their expression tends to decrease with a significant reduction at 48h post-exposure with E. coli and S. cerevisiae challenges for biomphalysins 2, 20 and 21 (from 2.5 to 7.8 fold). Interestingly, the expression of biomphalysin 4 and 21 are induced significantly 6h after S. mansoni exposure, 2.3- and 4.2-fold respectively. Their level remains elevated compared to the control for up to 48h, with a significance for biomphalysin 4 overexpression (3.3- to 2.6- fold at 24 and 48h, respectively). Unlike to biomphalysin 1 expression which is not modulated by Schistosoma exposure (42), biomphalysins 4 and 21 may play a role in the response to parasite infection by forming a homo- or heteromultimeric pore complex to sustain a lytic response. Taken together, our findings suggest that biomphalysins repertoire may be crucial to mount an efficient and specific immune response against various pathogens.




Figure 8 | Expression of Biomphalysin 2, 4, 20 and 21 Expression of biomphalysins was monitored 6, 12, 24 and 48 h after immune challenge with Schistosoma mansoni (gray), Saccharomyces cerevisiae (orange), Micrococcus luteus (purple) and Escherichia coli (pink). Expression normalization was done using the S19 housekeeping gene for each experimental point. Data are represented as mean 2- ΔΔCt in challenged snails relative to unexposed snails. Values of 2- ΔΔCt less than 1 were transformed for a better visualization as follow: -1/(2- ΔΔCt). * indicates a significant over- or under-expression in challenged condition compared to control (Mann-Whitney U test, p < 0.005).





Different Biomphalysins Are Involved in the Recognition of a Large Diversity of Pathogens

As changes in gene expression do not always correlate with changes at the protein level, investigations of the interaction of biomphalysins with pathogen proteins during infection are required. A recent interactome approach was performed by confronting soluble proteins from the snail cell-free hemolymph with outer membrane proteins of living pathogens (66). This approach allowed for the identification of biomphalysin as a pathogen-interacting protein (66). Biomphalysins interact in vivo with gram-negative (Escherichia coli) and gram-positive bacteria (Micrococcus luteus), yeast (Saccharomyces cerevisiae) and two metazoan parasites, Echinostoma caproni and S. mansoni) (66). Using peptide MS/MS spectra recovered from the 2D-gels spots identified as biomphalysin, we sought to identify the biomphalysins that were associated with the different pathogen tested, by mapping them onto the deduced amino acid sequences of the 23 biomphalysins (Table 2). Some peptides were identified in 4 out of 5 interactions, and others were only present in a single interaction. Next, we calculated the number of biomphalysins potentially involved in the interaction with each pathogen tested. E. coli and E. caproni were recognized by at least one biomphalysin, and a minimum of two biomphalysins were required to sense the presence of M. luteus, S. cerevisiae and S. mansoni (Table 2). This is consistent with the fact that three different spots were identified in the gels for these three pathogens; thus, in contrast with what we initially thought, this suggests that two different biomphalysin members - and not different isoforms of the same biomphalysin - are involved in binding to different pathogens (66).


Table 2 | Biomphalysin identification revealed by an interactome approach between pathogens and cell-free hemolymph.






Discussion

In natural environments, Biomphalaria glabrata snails face complex communities of pathogens. It has been extensively demonstrated that B. glabrata are confronted with metazoan parasites (nematodes or trematodes) and play the role of the intermediate vector in the human Schistosoma life cycle (86–89). Albeit rare, crustacean infection has been experimentally demonstrated too (90). Despite being pulmonated, Biomphalaria snails are dependent on wetland ecosystems and must also be confronted with fungal (91) or microbial infections (92). Finally, it has also been demonstrated that B. glabrata may be associated with complex endosymbiotic bacterial microbiota (93–97) or numerous endosymbiotic viruses (98). Since Biomphalaria is one of the main intermediate hosts of Schistosoma, significant efforts have been made to decipher the interaction between the host’s defense mechanisms and the parasite’s infective strategies. Genome sequencing and annotation have made it possible to predict which genes are potentially responsible for the encoding factors involved in snail immune defense (46, 99). Based on comparative approaches between susceptible and resistant snail strains, several candidate genes were proposed as those involved in parasite recognition or elimination (100–104). In addition, small RNA-mediated gene silencing approaches have made substantial advances in functional characterization of key genes involved in host/parasite interaction (45, 105–110). Combined with biochemical approaches such as immunoprecipitation and binding assays, the trimeric protein complex composed of FREPs (Fibrinogen-Related Proteins), TEP (ThioEster-containing Protein) and Biomphalysin appears to be crucial in the recognition and elimination of the parasites (111–113), but these different proteins are not the only pieces in the complex molecular interaction between B. glabrata and S. mansoni (103). Depending on the parasite and snail strains, several other genetic factors have been demonstrated to influence the probability of success in infection, known as compatibility polymorphism (44, 114–117) characterized by a reciprocal arms race between host immune weapons and parasite countermeasures. Concerning the snail’s immune response against other pathogens and intruders, functional data remain scattered despite several transcriptomic approaches conducted to decipher the signaling pathways and to identify key genes (43, 62, 118–120). However, the exposure of snail recombinant proteins or cell-free plasma against some pathogens revealed that some FREPs, biomphalysins, BgTEP1 and LBP/BPI are able to coat the microbial surface suggesting a major role in opsonization and/or in targeted lysis (66, 121–123). Faced with a wide variety of pathogens, the diversification of immune molecules appears to be the evolutionary path considered in invertebrates to mount a specific and effective defense response (99, 124–126). In Biomphalaria, some large repertoires of genes that encode immune receptors such as FREPs, Toll-like receptor (TLR) or TEPs have been reported with more than 30, 50 or 11 genes respectively (46, 63, 99, 127), while the number of effector genes identified may appear more restricted (128).

In this work, we report the characterization of 23 aerolysin-like genes in the snail B. glabrata after the initial discovery of biomphalysin 1 (42). The diversification of this family to 23 members likely occurred through multiple gene duplication events from at least one horizontally transferred ancestral gene. However, the phylogenetic analysis performed on aerolysin-related proteins revealed that biomphalysin sequences are not all distributed in a single monophyletic cluster. Since all biomphalysins except for biomphalysin 9 are distributed in a clade that includes other gastropods, we hypothesize that at least two HGT events potentially occurred without excluding the possibility of a different evolutionary history from a single horizontally acquired ancestral gene, which contributed to a high sequence diversity within the biomphalysin family (Figure 2). Considering the phylogenetic incongruence between biomphalysin 1 and aerolysin-related proteins and that biomphalysin genes are intron-less (42), it was proposed that biomphalysins were acquired from bacteria. This HGT of bacterial toxins was previously reported between species belonging to the different kingdoms (18, 35). The higher similarity in GC content and codon usage between the biomphalysins and other genes from B. glabrata compared to bacterium relatives, further support an ancient transfer followed by host domestication. HGT-derived genes gradually adapt the compositional traits of their host genome (GC content and codon usage) so that they are suitable for the host transcriptional and translational machineries, which lead to the functional integration into the host biological pathways (129, 130). Diversification of aerolysin-like families by gene duplication seems to be a shared feature among all invertebrates including toxins. This species-specific diversity of aerolysin-related toxins observed among different invertebrates strongly highlights that these acquired genes must confer an adaptive advantage for each recipient organism. In cnidaria, hydralysins are suspected to play a major role in protecting against predators or for killing prey (35, 37). In Gastropoda such as Aplysia, Physella or Lymnaea, the presence of toxin-related proteins could be used to escape predators as a defensive mechanism in Physella acuta and Lymnaea stagnalis (131–133). The success for aerolysin-related gene retention by various metazoan organisms could be linked to the absence of a similar preexisting metabolic network in the recipient organisms (134–136). Thus, the acquisition of new functions can easily be integrated into the recipient’s metabolome to provide an immediate benefit (137, 138) since they can be described as self-contained units (35). Aerolysin-related proteins are composed of two structurally independent lobes, with one involved in substrate interaction and the other in lytic activity (Figure 4). Notably, biomphalysin 1 has been shown to directly interact with the surface of Schistosoma sporocysts and its lytic activity was promoted by additional plasmatic factors (42). In the snail, all biomphalysins are expressed and all exhibited a tissue-specific pattern of expression. Some tissues such as the stomach expressed almost all biomphalysin genes while others, like the albumen gland, only expressed half of these genes (Figure 7). Together, this highlights that biomphalysin transcription and/or translation is successfully regulated by the recipient and suggests that each biomphalysin might have suffered a different selection pressure leading to different biological functions in the snail, including the sensing or elimination of pathogenic invaders.

The structure of the large lobe is highly conserved in all biomphalysins, which supports the conservation of their lytic activity (Figure 5). Conversely, structural predictions revealed high divergence between the (isolated) small lobes of biomphalysins and bacterial aerolysin (Table S5). While the small lobe of bacterial aerolysin is a carbohydrate-binding site (APT domain) (26), those of biomphalysins matched to different domains involved in moiety recognition or protein interaction. Interestingly, for about half of biomphalysins, the small lobe is structurally close to the Factor B (Figure 6), a key component of the activate complement of the alternative pathway in vertebrates (139). The interaction between Factor B and the cleaved complement component C3b to form and induce the stability of the C3 convertase is mediated by the Ba domain composed by three N-terminal CCP (Complement Control Protein) modules for which some small lobes of biomphalysins have close structural similarities (85, 140, 141). The CCP module, also known as the sushi domain, is harbored by many proteins involved in cell adhesion, in blood coagulation or in innate immunity (142). For example, human ApoH and Decay-Accelerating Factor (DAF), two CCP-containing proteins, have been shown to interact with pathogens such plasmodium and E. coli, respectively (143, 144). Together, this suggests that ligand-binding specificity of biomphalysins could be related to the structural nature of their small lobes. The interactome results showed that the repertoire of biomphalysins that bind to pathogens depends on the nature of the pathogen considered (66). A recent remarkable work based on recombinant proteins revealed the association between FREPs and BgTEP1 (113), thus confirming the previous results obtained by Mone and collaborators (111). In addition, biomphalysins can interact directly with the surface of S. mansoni without plasmatic cofactors (42) and have been shown to be associated with FREPs and BgTEP1 (113). This may suggest a double recognition of pathogens by at least FREP3 and biomphalysin (s) to induce an efficient lytic response since each protein component considered separately is unable to kill parasites (42, 113). Thus, we speculate that BgTEP1 and 2 might serve as the missing pieces of the puzzle between biomphalysin and FREP3, that are required to induce the lytic-pore formation. The biomphalysin-dependent recognition pathway can be achieved by single or multiple toxins, since tryptic peptides collected and analyzed by mass spectrometry identified in the present or previous study (113) could match to biomphalysins 1, 2, 3, 4 and 7. Since interactions between biomphalysins, C3-like proteins and FREPs are increasingly reported (111–113), their functional association could represent the proto-complement present in protostome invertebrates, and particularly in the Lophotrochozoa phylum. This proto-complement complex defined in a phylogenetic approach based on transcriptomic data from multiple invertebrates contains at least a C3 like-TEP, a serine protease C2/factor B and complement receptors (145, 146), to induce an activated complement cascade on the pathogen surface leading to the non-self opsonization and elimination. Some molecules of this proto-complement have been characterized from several mollusk species like Complement factor C2/B from Bivalvia such as Ruditapes decussates (147) or Sinonovacula constricta (148), C3-like factors from mussels (149) or clams (150), but few studies led to the characterization of the whole system (145, 151). While a diversity of C3-like proteins within the TEP superfamily has been reported (63, 99) as well as a large repertoire of carbohydrate-binding proteins such as FREPs (46, 152) and VIgL domain-containing proteins in B. glabrata (53, 112), no complement factor C2/B-like protein has yet been identified. As the small lobe from several biomphalysins is structurally close to the CCP domain of Factor B, we speculated that biomphalysins could be involved in the activation of the proto-complement system by binding with TEPs.

In conclusion, it appears that biomphalysin acquisition from a proto-aerolysin and expansion underline a neo- and sub-functionalization to supplement the snail immune system’s arsenal. The diverse biomphalysins appear to be key players in the immune repertoires as they harbor two essential functions: one in pathogen recognition and the second in pathogen elimination through their cytolytic activity. Therefore, a systematic molecular investigation on each biomphalysin member is expected to further unravel their specific functions in response to different pathogens.
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Supplementary Figure 1 | Dot plot of the different biomphalysins and their surrounding genomic regions. The first row and column represent all the biomphalysins ordered from 1 to 23, followed by the (up to 20 kbp) genomic regions surrounding and including the biomphalysin. Blue circle, conserved structure between biomphalysins 5 and 6. Green circle, similarity region near biomphalysins 11 and 22.

Supplementary Figure 2 | Sequence alignment and predicted topology of biomphalysin proteins. Multiple alignment of the biomphalysin proteins was performed using CLUSTALO. Conserved amino acid residues identified in 75% of all sequences are highlighted with a black box. Amino acids containing similar chemical properties are shown in a gray box. Key amino acids whose roles are described as important for oligomerization and lytic activity are indicated in white on a red background. The positions of secondary structure elements were predicted using the server PROMALS3D. α-helices and β-strands are indicated by “h” and “e”, respectively. The putative peptide signal indicated in brown were predicted on SignalP 4.1 server (153). The Transmembrane Domain boxed with a blue dashed line was predicted using the PRED –TMBB server. The signal peptide is in brown, the small lobe in red and the large lobe containing the aerolysin motif (IPR005830) in green. Structural domains according to the predicted structure of biomphalysin 1 are colored coded with domain 1 in red, domain 2 in green, domain 3 in blue and domain 4 in purple. The predicted residues involved in mannose binding are shown in a yellow box.

Supplementary Figure 3 | TMD characterization in biomphalysin proteins. (A) Multiple alignment of the region surrounding the transmembrane domain of all biomphalysin proteins was performed using the HHpred server. The Transmembrane Domain boxed in blue was predicted using the PRED –TMBB server and confronted to the TMD of aerolysin protein (AFP82959) from Aeromonas hydrophyla. Hydrophylics (Ser and Thr) and Hydrophobics (Val, Ile, Leu and Ala) are shown in red and blue respectively. (B) A hydropathy plot of the predicted TMD from all biomphalysin proteins was done by the method of Kyte and DooLittle (1982). An alternation of hydrophilic and hydrophobic residues was observed for all predicted TMD. For example, TMD sequence of biomphalysin 2 is given in this plot. (C). Structure of the TMD of biomphalysin 2 was predicted by the I Tasser server from the complete sequence of the protein. Close view on TMD was generated by PyMOLWin. Beta sheets represented by arrows forms a beta hairpin similar to the loop region in domain III of aerolysin toxin. All biomphalysins contains a transmembrane beta hairpin required to drive membrane insertion.

Supplementary Figure 4 | Carbohydrate binding site prediction on biomphalysin proteins. (A) Surface representation of biomphalysin16 protein interacting with alpha-D mannose-6-phosphate (PDB: M6P). M6P are shown as spherical structures with gray carbon, phosphate and oxygen atoms. Ribbon representation of biomphalysin 16 was superimposed on a transparent surface map. (B) Close-up of the binding site. Alpha-D mannose-6-phosphate bound to the predicted pocket is located in the domain II of biomphalysin protein. The predicted residues involved in mannose binding are shown.
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Schistosome infection is a major cause of global morbidity, particularly in sub-Saharan Africa. However, there is no effective vaccine for this major neglected tropical disease, and re-infection routinely occurs after chemotherapeutic treatment. Following invasion through the skin, larval schistosomula enter the circulatory system and migrate through the lung before maturing to adulthood in the mesenteric or urogenital vasculature. Eggs released from adult worms can become trapped in various tissues, with resultant inflammatory responses leading to hepato-splenic, intestinal, or urogenital disease – processes that have been extensively studied in recent years. In contrast, although lung pathology can occur in both the acute and chronic phases of schistosomiasis, the mechanisms underlying pulmonary disease are particularly poorly understood. In chronic infection, egg-mediated fibrosis and vascular destruction can lead to the formation of portosystemic shunts through which eggs can embolise to the lungs, where they can trigger granulomatous disease. Acute schistosomiasis, or Katayama syndrome, which is primarily evident in non-endemic individuals, occurs during pulmonary larval migration, maturation, and initial egg-production, often involving fever and a cough with an accompanying immune cell infiltrate into the lung. Importantly, lung migrating larvae are not just a cause of inflammation and pathology but are a key target for future vaccine design. However, vaccine efforts are hindered by a limited understanding of what constitutes a protective immune response to larvae. In this review, we explore the current understanding of pulmonary immune responses and inflammatory pathology in schistosomiasis, highlighting important unanswered questions and areas for future research.
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Introduction

Schistosomiasis is a neglected tropical disease, with over 200 million people infected by trematodes of the Schistosoma genus – S. mansoni, S. haematobium and S. japonicum (1). Infection occurs when individuals come into contact with water containing cercariae, which infect humans via the skin (2–4). After skin penetration, cercariae transform into larval schistosomula which enter the bloodstream, passing through the lungs before maturing in the hepatic portal veins, where males and females pair and move to either the mesenteric (S. mansoni and S. japonicum) or urogenital (S. haematobium) vasculature to lay eggs (5). Schistosomiasis can be categorised into acute and chronic phases. The acute phase encompasses larval migration, maturation and initial egg production (6). Symptoms of the acute phase, most commonly observed in travellers to endemic regions, include cercarial dermatitis in the days following infection, and Katayama syndrome, characterised by fever, cough and myalgia, from week 2 post infection (7). The chronic stage of schistosomiasis has been proposed to begin, somewhat arbitrarily, at 12 weeks post infection, with egg-deposition driving symptoms in multiple organs including the liver, bladder, and lung (8). Approximately 60% of endemically infected individuals experience schistosomiasis associated morbidity, predominantly anaemia and malnutrition, with 10% severely ill (5, 9, 10). Upon closer inspection, severely ill individuals often harbour high intensity infections and appear immunologically inept at regulating the persistent, egg-driven pathology (11).

Although lung symptoms can occur in both acute and chronic schistosomiasis, as shown in Figure 1, the aetiology of pulmonary pathology in acute schistosomiasis is not well understood (12). Pulmonary symptoms – shortness of breath, wheezing and dry cough (13) – can begin before larvae develop to adulthood and patency (egg production), as early as 2 weeks post infection, and therefore may be attributable to immune responses to lung migrating schistosomula (14, 15). Alternatively, at the post-patent acute stage these same symptoms may be caused by a systemic immune response to worms or eggs in the mesenteric or urogenital vasculature (13). In these cases, eosinophils, induced in response to parasite antigens, may be sequestered in the lungs, observable as lesions on lung radiographs (15, 16). In chronic schistosomiasis, potentially years post infection, pulmonary symptoms are better understood. Eggs, or even adult worms, were identified in the lungs of patients with chronic disease over 80 years ago (17). Further, pulmonary egg deposition due to advanced hepatosplenic disease can lead to potentially fatal pulmonary hypertension (17–23).




Figure 1 | Overview of lung immune responses during S. mansoni infection. Lung immune responses differ depending on the life cycle stage of the parasite, broadly characterised into acute (pre-patent and post-patent) and chronic phases. (A) Pulmonary symptoms vary, with cough and breathlessness during the acute phase in response to larval migration, maturation, and initial egg production. In chronic disease pulmonary hypertension is the key pulmonary pathology. Lesions may be observed in lung radiographs in all stages, although with differing aetiology in response to migrating larvae, worms, or eggs. (B) Human immune responses can be split into acute and chronic infection, often assayed systemically. Broadly, an early eosinophilic response with mixed type-1/type-2 cytokines makes way for a type-2/regulatory response to schistosome eggs, with tissue granulomas. (C) Murine immune responses can be more accurately demarcated into stage-specific responses, with a muted type-1/type-2 response to lung migrating larvae making way to a systemically driven dominant type-2 response upon egg production. In response to pulmonary egg deposition, chronic responses in the lung display type-1/type-2 cytokine production and granulomatous inflammation.



The immune response to schistosomiasis changes over the course of infection, dictated both by developmental changes in the parasite and tissue location, as well as host immune adaption to long-term infection (24). A classic example of this would be the onset of patency which, in murine models, provokes a dramatic increase in Th2 (IL-4 and IL-5) cytokine production (25). Despite ongoing infection, schistosome antigen responsiveness (26), and Th2 cytokine production is thought to peak around week 8-10 post infection, then reduce (27), with a concurrent increase in regulatory T and B cells, and T cell hyporesponsiveness (28–31). This shift to an increasingly regulatory phenotype from about week 12 post infection is thought to underlie the transition between acute and chronic schistosomiasis (27). Therefore, where possible, we will use ‘pre-patent acute’ (0 to 5 weeks post infection), ‘post-patent acute’ (5 to 12 weeks post infection), and ‘chronic’ (>12 weeks post infection) terminology to refer to the different phases of infection in this review.

Murine studies have provided valuable insight into the pulmonary immunological response to acute and chronic schistosomiasis. During the pre-patent lung migrating stage, there is some evidence that a pulmonary Th2 response is initiated (32), with eosinophilic pulmonary infiltrates (14), and a low-level systemic Th1 response (25, 32). In the patent stage of infection, pulmonary inflammation is thought to reflect the exaggerated systemic Th2 responses driven by schistosome eggs in organs such as the liver (25) until eggs translocate to the lungs via portal shunts (peaking around week 17), leading to a similarly Th2 dominated granulomatous response directly in the lung tissue (33, 34). Since schistosome larvae migrate through the lungs early in infection (35), a deeper mechanistic understanding of pulmonary immune responses will be critical for development of vaccines (36, 37), as well as treatments against schistosomiasis associated pulmonary hypertension (38).


Schistosomula Migration

The precise timing of schistosomula lung migration in humans is not well understood. In a human model of S. mansoni skin infection, transformed cercariae were seen in the epidermis 4 hours after exposure, remaining there for over 24 hours, before moving through the dermis and hypodermis to the blood vessels by 48-72 hours post infection (39). The timing of human skin migration by S. haematobium is comparable to S. mansoni, entering the dermis at around 48 hours post infection. In comparison, S. japonicum human skin migration occurs much faster, with the majority of schistosomula reaching the dermis by 9 hours post infection (39). Schistosomula lung migration, larval maturation and pairing then occurs over a number of weeks, with initial egg production evident in faeces or urine by 5-7 weeks post infection in humans (6). Understanding what occurs in these weeks can be informed by primate models, in which tracking studies are possible. In baboon primary infection, S. mansoni larvae remain in the skin at day 2 post infection, moving to the lungs by day 5, with the majority having left the lungs and detectable in the liver by day 9 (40). To our knowledge, primate tracking studies of larval migration have not been performed for S. japonicum or S. haematobium infection.

Murine models have also been used to study larval migration, with skin migration in mice following a similar timeline to humans. In primary infection studies, S. mansoni penetrates the epidermis in minutes (2, 41, 42), but then takes approximately 72 hours to migrate, first to sebaceous glands or epidermal ‘migration channels’, then to the connective tissue of the dermis and hypodermis, before penetration of blood vessels as confirmed by histological analysis of skin sections (43). Schistosomula are then swept in the blood system to the heart, where they travel into the pulmonary circulation (44). Utilising histological analysis as well as autoradiography of infected mice, S. mansoni has been found in the lungs from day 4, peaking at day 10-12, and steadily declining until approximately day 20, when they start to be detectable in the mesenteric vessels and liver (43, 45). Larvae may make multiple circuits of the vasculature before reaching the portal system (35). Timing in other species differs, with S. japonicum arriving in the lungs earlier, peaking at day 3 (46), and S. haematobium migrating more slowly, arriving in the lungs at day 7 (47).



Symptoms and Immunology of Acute Schistosomiasis

Acute schistosomiasis, or Katayama syndrome, can occur any time between 2 to 12 weeks post infection, which encompasses larval migration and initial egg deposition (7). Katayama syndrome has been reported to occur in the majority (over 50%) of travellers infected with Schistosoma spp., but is rare in endemic individuals in schistosomiasis affected countries (15, 48). One explanation for this striking disparity is that endemic locals are exposed to schistosome antigens and/or antibodies in utero, causing a subsequent modulated immune response (49).

The predominant pulmonary symptoms observed in Katayama syndrome are cough and lesions observed on lung radiographs (15, 23). Radiographically observed lung lesions have the capacity to self-resolve, or can be treated with the anthelmintic praziquantel (50). These lesions, caused by immune cell infiltrates, take on a variety of different forms, from a diffuse interstitial pattern to nodular ‘ground glass’ presentations (12). The variety in lesion presentation has been proposed to be related to the stage of the disease (12). For instance, early, diffuse infiltrates may result from a systemic hypersensitivity response to migrating and maturing larvae, with morphological features of eosinophilic pneumonia, as seen in other parasitic lung infections (15, 51). These lesions have been observed in patients as early as 4 weeks post infection, and can occur prior to eggs being detectable in stool (15, 52). Nodular lesions have been shown to occur in response to clusters of schistosome eggs, with histological analysis of lung biopsies revealing eosinophilic granulomas surrounding these eggs (53). However, recent studies have supported the idea that egg deposition is not required for Katayama syndrome (54, 55).

In travellers infected with an unusual S. haematobium/S. mattheei hybrid, shown to be infertile, symptoms of acute schistosomiasis developed 16-41 days post exposure, with fever, muscle ache and cough the most common symptoms (present in 50-69% of patients). Notably, schistosome eggs were not detected in stool or urine (via PCR or microscopy), although parasite infection was confirmed by PCR on serum (55). Katayama syndrome also occurred in a pioneering study of human experimental schistosome infection with male parasites alone (preventing egg production) (54), although only 1 out of 17 (6%) of the volunteers experienced pulmonary symptoms (cough) (56). These cases are supported by multiple reports documenting acute schistosomiasis as early as 2 weeks post infection, when egg production has not yet begun (57, 58). Chest radiographs were not performed in these studies, and so the presence of lung lesions could not be determined.

Post-patent acute schistosomiasis displays characteristic immunological features, with the majority of patients presenting with significantly increased blood eosinophilia, peaking in the initial stages of egg production, at 4-6 weeks post infection (57, 59). Eosinophils are known to produce a number of substances, including prostaglandin E2 and substance P, that may induce coughing, potentially explaining this symptom (60). Notably, in human infection with single sex parasites, peripheral blood eosinophilia was also observed in 65% of volunteers, peaking between weeks 4-8, suggesting adult worms are sufficient to drive eosinophilia even in the absence of egg production (54, 56). Observational studies have also shown increased total blood leukocyte levels towards the end of the acute phase (8-12 weeks post exposure) (59). In addition to this, immune complexes (formed by multiple antibodies binding antigen) have been observed from 8 weeks post exposure in 55-93% of people with acute schistosomiasis, but are absent in non-infected controls (61). S. mansoni egg antigens may be critical for these immune complexes, as supported by work showing immune complex levels are correlated with stool egg counts, and first appear in murine models at day 35 post infection, when initial egg production is expected (62, 63). Circulating immune complexes during post-patent acute schistosomiasis have been shown to be positively associated with the pulmonary symptoms of cough, dyspnoea and interstitial infiltrates observed in chest radiographs (64), suggesting a potential causative link. A strong correlation was observed between S. mansoni faecal egg counts and severity of symptoms of acute schistosomiasis, suggesting that infection load is a key influencer of the condition (57).

Immunologically, acute human schistosomiasis has traditionally been proposed to be a type-1 dominated response (24). Key evidence for this is a study showing secretion of the type-1 associated cytokines IL-1, IL-6 and TNFα elevated in unstimulated PBMCs from patients with post-patent acute schistosomiasis (4-9 weeks post exposure), in comparison to patients with chronic disease (64). However, Th2 responses were not thoroughly investigated in this paper, with only one Th2 cytokine (IL-5) assessed, detectable in PBMCs from acute schistosomiasis patients stimulated with schistosome egg antigen (SEA) or schistosome worm antigen (SWA). Without healthy controls reported, it is impossible to know if the levels of IL-5 were increased compared to baseline (64). Further studies, with a broader range of Th2 cytokines, are required before the immunological bias of acute human schistosomiasis can be confidently stated.

Evidence for a mixed pro-inflammatory/type-1 and Th2 immune response in pre-patent acute schistosomiasis comes from experimental human infection with single sex parasites. In this study, serum levels of inflammatory and type-1 associated chemokines macrophage inflammatory protein 1β (MIP-1β) and interferon gamma induced protein 10 (IP-10) were increased at week 4 post infection, with an increase in MIP-1β correlated to symptoms of acute schistosomiasis (56). However, this study also provided evidence for the importance of the Th2 response in acute schistosomiasis, with antigen-specific Th2 (IL-4, IL-5 and IL-13), but not Th1 (IFNγ), CD4+ T cells at week 4 post infection, significantly correlated to acute symptoms (56). This prominence of the Th2 response is consistent with multiple previous reports of eosinophilia during pre-patent acute human schistosomiasis, with eosinophils often regarded as a type-2 effector cell (57, 59, 65).

Much less is known about immune responses to migrating and maturing larvae at 0-3 weeks post infection, perhaps due to the difficulty of identifying individuals so soon after exposure. Symptomatic acute schistosomiasis can first occur from 2 weeks post exposure (66), suggesting immune responses may begin at this early stage. Some insight into the human response to schistosomula may be gained from a study of infected endemic individuals where PBMC responses were measured to recombinant schistosomula antigens. These antigens provoked type-1 and proinflammatory (including IFNγ, IL-1β, TNFα), as well regulatory (IL-10, IL-1Ra) cytokine responses (67). Although informative, it is not clear whether the response to these antigens, chosen due to their identification as vaccine targets, is representative of the overall response to migrating larvae in natural infection. Moreover, responses to these antigens may be altered by their continued expression in adult stage worms (68). Further studies of immune responses during human pre-patent acute schistosomiasis are required to better understand this phase of the disease.



Immunology of Acute Schistosomiasis in Murine Models

Although most murine studies have focused on primary infection, repeat or “trickle” infections beginning in childhood are more likely to represent human schistosome interactions in endemic populations (69). However, one issue with studying repeat infections over a long time period in mouse models is that egg-induced responses can modify the hepatic vasculature, impairing the ability of schistosomula from subsequent infections to lodge and mature in the liver. This means that parasites can instead end up in the lung vasculature, where they are eliminated, presumably mediated by the immune response (70). This “leaky liver” model of resistance to reinfection is not thought to be replicating the state observed in chronic human infections, which has perhaps discouraged the use of murine infection beyond primary infections or repeated infections over a shorter time period (71). In addition, there has been much debate on how to best mimic “natural” infectious doses in mouse models. Controlled infection studies of non-endemic individuals showed that infection with 10-30 cercariae was sufficient to lead to diagnosable infection in all volunteers and infection intensity levels comparable to those seen in a low burden endemic setting (56, 72). This compares favourably to infectious doses used in numerous murine studies, which tend to range from 20 – 80 cercariae (24). However, more caution is likely needed when interpreting reports that have used very high doses of parasites (up to 500), which may partially explain some previously highlighted immune response disparities between humans and murine models (73). Importantly, it should be emphasised that few reports (regardless of infection dose) have studied lung-stage immunity closely and that additional research is needed to understand how infectious dose alters early immune events in the lung. These considerations must therefore be met with pragmatism: “pushing the system” with an increased primary infectious dose may be required to observe, and therefore mechanistically interrogate, the fundamentals of the immune response to schistosome larvae.

One distinct advantage of murine models is the ability to dissect in vivo responses to the parasite at defined timepoints post infection. However, in comparison to the wide literature that exists addressing liver, spleen, and mesenteric lymph node immune responses during murine schistosomiasis, relatively few studies have investigated the lung stage of infection. Assessment of thoracic (lung draining) lymph node T cell responses during schistosomula lung migration revealed a significant increase in Th2 cell IL-4 expression, but not Th1 cell IFNγ, at days 14 and 21 post 70 cercariae infection (32). It has also been suggested that promotion of Th2 responses by larval antigens may prime the immune response in advance of egg deposition, aiding both host and parasite survival (74). Additional studies utilising state of the art techniques to expand this limited understanding of pulmonary inflammation during schistosome migration are sorely needed.

Older histological studies have, in high dose (450 cercariae) infections, observed inflammatory foci consisting of neutrophils, eosinophils, macrophages and lymphocytes around lung migrating S. mansoni larvae at days 7-31 post infection (14). Notably these foci were not seen surrounding intravascular parasites, but only those that had entered the alveolar space, supporting a model in which “failed” intra-alveolar larvae, which have burst out of the narrow lung capillaries, may be the main drivers of pulmonary inflammation against migrating parasites (14, 35).

Similar results were observed during high dose (400-500 cercariae) murine infection with S. japonicum, with leukocyte, macrophage and eosinophil infiltration observed in murine lungs from 3-5 days post infection (75). In addition to this, histopathological changes were observed in the lung parenchyma and vessels, with vasculitis, haemorrhage and parenchymal involvement from 5 days post infection (75). No direct association between intravascular larvae and immune infiltration was noted, potentially suggesting a non-specific damage response, a hypothesis supported by transcriptional data from lung tissue, in which upregulation of wound healing genes was observed (75). In addition to this, lung inflammatory gene signatures increased post infection, including chemokines CCL7, CCL17 and CCL2, as well as the gene Retnla (Resistin Like Molecule alpha, RELMα), which is commonly upregulated during type-2 inflammation (75). Further work is required to understand which pulmonary cell types are responsible for the upregulation of these mediators, and their potential functional roles, with our current understanding of innate cells particularly lacking in this context.

Finally, systemic immune parameters measured during murine lung migration have also been used to proxy pulmonary immune responses to schistosomula. 2-4 weeks post infection with 40 cercariae, S. mansoni antigen stimulated splenocytes show increased expression of IFNγ, as well as the Th2 cytokines IL-5 and IL-4, when compared to uninfected controls (25, 74). Looking slightly earlier, at day 9 of 100-150 cercariae S. mansoni infection, an increase in plasma levels of the Th17 associated cytokine IL-17, in addition to the Th2 cytokine IL-4 and the Th1 promoting cytokine IL-12p70, was observed (76). Although of reduced relevance to pulmonary responses, systemic measurements are more easily comparable with human studies, in which blood is often the most accessible sample.



Immune Evasion by Lung Migrating Schistosomula

When considering how schistosomula may evade the immune response while migrating through the lung, the anatomical structures of the airways and vasculature must be considered. It is unclear whether pulmonary migration is beneficial for the parasite, or instead an inconvenient obstacle to bypass. Both tissue resident and circulating immune cells patrol the lower airways and lung capillaries. However, in order for the lungs to constantly carry out their vital physiological role of respiration, immune responses in the lower airways are tightly controlled to maintain homeostasis (77). A wide array of pulmonary innate defences against common airborne pathogens are therefore instead concentrated on the upper airways (78). The regulatory bias of immunity in the lower airways may provide a relatively protected environment for larval development, proposed to explain why larval lung migration is a feature of multiple other helminth life cycles (78). Another important consideration is the constant movement of larvae within the vasculature, which may make localising a focal immune response by patrolling immune cells, such as neutrophils, more difficult (79). Thus, their intravascular niche, in combination with motility and relatively rare ‘rupturing’ into the airways, may together help limit inflammation around the migrating schistosome larvae.

On the other hand, the time taken for schistosomula to transit through murine lung capillary beds, 30-35 hours in comparison to 6-16 hours in systemic and intestinal capillary beds, suggests the lung may present a unique migratory obstacle (80). After arriving in the lung, 18μm wide schistosomula (81) must narrow and elongate to bypass thin walled and 6μm wide lung capillaries (82). Schistosomula must remain entirely intravascular for successful migration, as rupturing into the alveoli risks them being swept up the airways, swallowed and digested (83). Moreover, damage caused by rupturing into the alveolar space may invite immune attack (14).

Schistosomes employ numerous mechanisms in order to evade immune attack, as detailed below, and recently reviewed (84). Lung stage larvae have been shown to coat themselves in host antigens, including blood group antigens and major histocompatibility (MHC) proteins, in order to block binding of host anti-schistosomula antibodies (85–87). In adult worms this has been shown to be an active process, with coating of human low density lipoprotein (LDL) dependent upon specific binding to parasite receptors (88). However, unlike adult worms, when this defence is overcome via addition of anti-host antibody to lung stage schistosomula in vitro, larvae are still resistant to immune killing (85). This could be explained by an intrinsic resistance of lung stage schistosomula to antibody dependent killing, potentially due to ongoing breakdown and biosynthesis of schistosomula membrane sphingomyelin allowing access of small molecules, but not antibodies, to the parasite surface (89, 90). Intrinsic properties of the schistosomula outer coat (tegument) may allow it to resist immune attack, as they rapidly acquire a protective outer lipid bilayer, referred to as the membranocalyx, during development from cercariae (91–93). In addition, schistosomula are able to evade complement killing via the acquisition of host decay accelerating factor (DAF), which prevents assembly of complement convertases critical for both the alternative and classical pathway of complement activation (94).

As well as acquisition of host products, the parasites themselves produce molecules that may contribute to immune evasion. As schistosomula predominantly stay intravascular, they have been found to suppress immune activation of lung endothelial cells (95). Specifically, schistosomula can interfere with the NF-κB pathway in endothelial cells, reducing expression of the integrins e-selectin and vascular cell adhesion molecule 1 (VCAM-1), critical for immune cell migration, in response to TNFα (95). Additionally, a recent transcriptomics study reported upregulation of genes associated with immune evasion in in vivo isolated lung S. mansoni schistosomula, including genes involved in defence against oxidative stress, potentially minimizing inflammatory effects of reactive oxygen species (ROS) (68). The same study revealed that lung migrating larvae upregulate arginase expression, which can interfere with host nitric oxide (NO) production, thereby suppressing both macrophage and T cell activation (68, 96). Finally, lung stage S. mansoni schistosomula, in comparison to maturing larvae isolated at day 13-21, show increased expression of kunitz protease inhibitor, a molecule with putative anti-coagulation and anti-inflammatory ability that is also expressed in the adult worm tegument (68, 97). Further work is required to establish the location of these proteins within the schistosomula, with those expressed on the tegument, in contact with the host environment, of particular interest in relation to immune evasion.

Intriguingly, regulatory T cell (Treg) expansion does not appear to occur during schistosomula lung migration (32). This is in comparison to larval stages of nematode infections, where Tregs are induced to modulate the host’s immune system, aiding parasite survival (98–101). It is possible that immune modulation against schistosome larvae is instead mediated by the regulatory cytokine IL-10, which is increased in thoracic lymph node Th2 cells during larval migration of S. mansoni (32). Mechanistic experiments, for instance depleting IL-10 or Tregs, are required to directly address if they play any immunoregulatory role during S. mansoni larval lung migration.



Lung Stage Schistosomes as a Vaccine Target

The hope that immunity to schistosomes is possible is supported by the observation that intensity of infection decreases with age, suggesting a build-up of at least partial immunity over time (102). Moreover, correlates of natural immunity have been observed in humans, including type-2 immune factors such as IgE and eosinophils (103–105). It is possible such factors may mediate schistosome killing during their transit through the lung. Indeed IgE responses may be specific to antigens released from dying worms that may cross-react with antigens of invading larvae (106). However, induction of IgE based immunity is not an advisable route for vaccine induced protection, due to the risk of initiating generalised allergic responses, as has been observed in hookworm vaccine trials (107). Alternative strategies to induce protective immunity are therefore required.

Lung migrating larvae have been shown to be the target for protective immune response in mice vaccinated with radiation attenuated (RA) cercariae (14). Radiation treatment decreases larval motility whilst enhancing immunogenicity, allowing the host immune system to mount an immune response that is protective against subsequent infection (108, 109). In non-vaccinated mice parasite survival is around 30%, whereas in vaccinated mice parasite survival to adulthood can be as little as 4%, depending on a number of factors, including the number or vaccinations as well as radiation dose (110, 111). One study utilising a large infectious dose (450 cercariae), found that immune foci surrounding migrating larvae, in comparison to non-vaccinated mice, are larger and observed around both intra-vascular and intra-alveolar parasites, and are thought to block migration (14, 112, 113). Blocking migration may be a particularly effective strategy to inhibit parasite development, bypassing the innate ability of schistosomula to evade immune killing (37, 114).

Much of our understanding of protective immunity against lung migrating schistosomula has come from studies that undertake challenge re-infection post vaccination with RA cercariae (115). A number of non-redundant mechanisms are thought to be required for protection, including CD4+ T cell immunity, specifically Th1 cell secretion of IFNγ, pulmonary macrophage activation and NO production, which can result in up to 70% protection against challenge re-infection (116–119). However, it appears that it isn’t as simple as Th1 responses being most effective for vaccine protection, as repeat exposure to RA cercariae induces a Th2 dominated response, and promotes higher levels of protection (>80%) than the Th1-promoting single exposure (120, 121). Further, mice deficient in the IL-4 receptor subunit alpha (IL-4Rα) that develop elevated Th1 responses and impaired Th2 immunity, display reduced vaccine protection, likely due to a reduction in IgG1 antibody production (122). Together, this reflects the likelihood that both Th1 and Th2 responses are required for optimal protection in the RA vaccine model, further supported by the fact that protection is enhanced in IL-10 deficient mice, which exhibit elevated Th1 and Th2 responses (123). Mechanistically, what dictates Th1 versus Th2 immunity to RA parasites is not fully understood, but likely depends upon the influence of vaccination dose and frequency on the balance of the immune response that develops (120). Taken together, although the constituents of a protective immune response are still controversial, a robust, mixed Th2/Th1 response may be optimal.

The success of the RA vaccine has led to investigation of lung stage specific antigens in vaccine development (36, 37). Recent work has focused on targeting antibody-accessible schistosomula excretory secretory products, in combination with a Th2 adjuvant (IL-25 or IL-33), with around 70% protection elicited in murine models (124). However, this study had a very short timescale (14 days) between vaccination and challenge with vaccine candidates and so should be treated with caution, as an active immune response to the vaccine would likely still be present at time of challenge. Extending intervals between vaccination and challenge, as well as utilising models with more human-like lung capillary networks, such as non-human primates, are suggestions that have been made to improve the relevance of future tests of lung-stage antigens (111).



Lung Symptoms in Chronic Schistosomiasis

Pulmonary symptoms can also occur in individuals with chronic schistosomiasis, including lung lesions (observed in chest radiographs), and pulmonary hypertension (22, 23). Pulmonary hypertension is a potentially fatal complication of hepatosplenic disease, occurring in 6.3-13.5% of patients (21, 22). Strikingly, the five year survival rate of untreated individuals with schistosome associated pulmonary arterial hypertension is 69.2% (38). Liver fibrosis due to egg deposition causes portal hypertension that can directly cause pulmonary hypertension (18). Additionally, portal hypertension may lead to the formation of porto-systemic venous shunts, allowing eggs to pass to the lungs, observed both in mice (19) and humans (20). Eggs, or even adult worms, that translocate through these shunts to the lung may obstruct the pulmonary vasculature, either directly or as a result of the host inflammatory response (17, 125). These are thought to be responsible for lung lesions observed via chest radiograph, and have been found by histological examination of lung biopsies (23). The clinical importance of pulmonary symptoms in chronic schistosomiasis necessitates increased understanding of the underlying immune responses.



Lung Immunology of Chronic Schistosomiasis in Murine Models

Murine models of chronic pulmonary schistosomiasis have been developed, in order to better understand the condition and guide future treatments (33). Early studies used surgical ligation of the portal vein to create a shunt from the portal system to the lungs, in order to increase egg translocation to the lungs (126). Utilising this model, granulomas, macrophage and eosinophil rich structures enclosing the eggs, were found in the lungs 10-25 weeks after 50 cercariae S. mansoni infection (127). However, these granulomas remained similar in size and cellular constituents over the 10-25 week timescale (127). Immunological modulation (especially decreased granuloma size) is a characteristic feature of liver granulomas (128), and its absence in the surgical ligation model may therefore be a fundamental limitation.

It is possible to model pulmonary effects of chronic schistosomiasis without portal vein ligation. Substantial lung egg deposition peaks at week 17 in mice infected with 30 cercariae, with an average of 189 eggs per lung lobe (33). Notably, this is still vastly reduced in comparison to liver egg deposition, which contains over a million eggs at this timepoint (33). Lung inflammation was observed as an increase in immune cells (especially CD68+ macrophages) in granulomas and in perivascular regions (33). The degree of pulmonary vascular remodelling was associated with lung egg burden, supporting the hypothesis that egg deposition contributes to vascular changes seen in human schistosome induced pulmonary hypertension (22, 33). In chronically infected mice, at week 17 post infection, there was a significant positive correlation between numbers of lung eggs and expression of the Th2 cytokine IL-13, suggesting eggs are driving a pulmonary type-2 response (34). The type-2 cytokine IL-4 also increased in the lung in week 17 infected mice, in combination with the type-1 associated cytokines IL-12p70 and TNFα (34). How these different arms of the immune response contribute to the development of pulmonary hypertension in this model is still to be determined.

Pharmacological and genetic intervention studies have shown the importance of immunological processes in regulating pulmonary egg deposition in chronic schistosomiasis. In B cell deficient mice, or mice treated with IL-10R blockade, increased pulmonary egg deposition was observed at 16 weeks post infection, associated with extensive lung cellular infiltration (129). This indicates that immunoregulation mediated by IL-10 or B cells may reduce egg translocation to the lungs. In addition to this, mice that have impaired Th2 development, due to transgenic deletion of the costimulatory molecule CD154, display early egg translocation to the lung during S. mansoni infection, before week 8 (130). In this study, CD154-/- mice also displayed reduced iNOS expression, indicating that alterations in vascular mediators such as NO may underlie the increase in pulmonary egg deposition that was observed (130).

Increased definition of the impact of other infection associated immune mediators on the vasculature may be critical to help understand the importance of B cells, IL-10 and Th2 immunity in regulating pulmonary egg deposition. A central role for the vasculature in these processes was reinforced by a recent study, in which schistosome infected mice with heterozygous deletion of Bmrp2 (bone morphogenetic protein type-II receptor, BMPR-II), the most common genetic cause of pulmonary arterial hypertension (PAH), had enhanced pulmonary egg deposition. In this model, dilated hepatic veins and sinusoids in heterozygous deleted BMPR-II mice increased the ease of portal shunting, leading to elevated pulmonary egg deposition and lung IL-13 cytokine levels (34). Such data strongly indicate that development of novel treatments for schistosome induced pulmonary hypertension will require increased understanding of the critical mediators involved in the interplay between egg-driven inflammation and the vascular system.

The pulmonary immune response to S. mansoni eggs can also be modelled by experimental egg injection, where mice are injected intravenously (i.v.) with live or cryopreserved eggs, normally following pre-sensitization with eggs injected intraperitoneally (i.p.). In this model, following i.v. injection, schistosome eggs become lodged in the lungs where they initiate formation of granulomas and production of Th2-biased cytokines (131, 132). This reproducible model for Th2-driven lung inflammation, far quicker than the 16 week+ chronic models of infection, has greatly increased our understanding of Th2-mediated lung granuloma responses (118, 133–135). During chronic infection, pulmonary immune responses to schistosome eggs occur in the context of a pre-existing immune response to larval, adult and egg antigens, which cannot be replicated by experimental egg injection alone. However, comparison of both models may provide substantial insight into the regulation of type-2 immune responses by natural infection, potentially translating to therapeutic benefits in chronic schistosomiasis (136).



Schistosomiasis and Impact on Allergic Lung Inflammation

Finally, it has been shown that chronic schistosomiasis may regulate pulmonary inflammation during other conditions, such as allergy. Atopic diseases common in high income countries are relatively reduced in lower income countries that have the highest intensity of schistosome infections (1, 137). This inverse correlation between atopy, measured by skin prick test, and schistosome infection in endemic areas (138) has led to suggestions that schistosomiasis protects against lung allergic inflammation. The immunomodulatory properties of helminth infection have been extensively reviewed (139, 140). Murine models have shown chronic S. mansoni infection induces regulatory mechanisms that suppress allergic airway responses to model allergens (141). IL-10 producing regulatory B cells (Bregs) are proposed to be key mediators of immune regulation in chronic S. mansoni infection, with transfer of Bregs from schistosome infected mice sufficient to reduce allergic airway inflammation (31, 142–144). Expansion of IL-10 producing B cells has also been observed in human S. haematobium infection, reduced after praziquantel treatment (31). Notably, the influence of migratory larval stages of schistosomula on allergic conditions is not yet known.

This aspect of infection may be critical to consider in endemic areas, where regular exposure to infected water may make lung migrating schistosomula key influencers of the pulmonary immune responses.




Conclusions and Future Outlook

Despite the clear pathological consequences of schistosome infection on the lungs, there has been a relative scarcity of refined research into this area in recent years. In both acute and chronic phases, schistosomiasis has debilitating and even fatal pulmonary consequences (7, 22, 52). Immune responses are thought to be responsible for many of the symptoms of pulmonary schistosomiasis, for example the correlation of immune complexes to cough, dyspnoea and interstitial infiltrates observed in chest radiographs in acute schistosomiasis (64). Nonetheless, despite the groundwork being laid by formative older studies of pulmonary schistosomiasis, both in mouse and human (14, 17, 64), our knowledge on this subject is not up to date with the sophisticated and detailed view of the immune system held today.

Despite the many outstanding questions that remain regarding pulmonary schistosomiasis – see Box 1 – several recent studies that have increased our understanding in this area. For example, the older dogma of acute schistosomiasis as a Th1 dominated response is being questioned by more recent research showing early Th2 cytokine responses in thoracic lymph nodes (32). A focus on T cell responses, often systemic, has meant that there is a notably limited understanding of innate immune responses in lung tissue in both acute and chronic schistosomiasis. In terms of our understanding of human immune responses, controlled human schistosome infection studies have an enormous potential to reveal acute stage pulmonary responses (56). Understanding these responses will be critical to direct the development of novel vaccines or therapeutics for schistosomiasis, as well as the numerous other parasitic infections causing pulmonary pathology (51). Moreover, improved mechanistic understanding of how schistosomes promote or regulate pulmonary immunopathology could also help with rational design of future therapies against diverse lung diseases.


 Box 1: Outstanding questions



	Which specific aspect of infection (lung migrating larvae, maturing larvae, egg deposition) account for the varied symptoms that can be seen during acute schistosomiasis (e.g. cough, fever)?


	What are the precise kinetics of schistosome lung migration in humans? Increased understanding could be gained by combining experimental human infection studies with research into stage-specific antigens.


	How common is symptomatic acute schistosomiasis in endemic populations? Symptomatic acute schistosomiasis may be under-reported in endemic areas, an issue that could be clarified by more studies of initial exposure in childhood.


	What is the cause of radiographically observed pulmonary lesions in acute schistosomiasis?


	How is the switch between acute and chronic schistosomiasis defined immunologically and symptomatically?


	What are the immunological hallmarks of pulmonary schistosomiasis? Studies in this area have not kept up with either conceptual or technical developments in cellular immunology. For example pulmonary dendritic cell and macrophage cell subsets are thought to be critical for initiation and regulation of immunity, yet which promote or regulate tissue damage against lung stage infection?


	What constitutes a protective immune response in schistosomiasis, and how might we induce this in vaccine studies? Are lung migrating schistosomula suitable targets for vaccine responses?


	How might the immunoregulatory strategies of lung migrating schistosomula be overcome for vaccine or therapy development? On the other hand, might these mechanisms be harnessed to calm over-exaggerated immune responses in inflammatory pathologies?


	Are immunological responses centrally involved in the development of pulmonary hypertension in chronic schistosomiasis? If so, how might this be manipulated therapeutically?
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Introduction

Schistosomiasis is a neglected tropical disease (NTD) caused by blood-dwelling flatworms which develop from skin-penetrating cercariae, the freely swimming water-borne infective stage of Schistosoma mansoni, into adult worms. This natural course of infection can be mimicked in experimental mouse models of schistosomiasis. However, only a maximum of 20-30% of penetrated cercariae mature into fecund adults. The reasons for this are unknown but could potentially involve soluble factors of the innate immune system, such as complement factors and preexisting, natural antibodies.



Materials and Methods

Using our recently developed novel serum- and cell-free in vitro culture system for newly transformed schistosomula (NTS), which supports long-term larval survival, we investigated the effects of mouse serum and its major soluble complement factors C1q, C3, C4 as well as preexisting, natural IgM in vitro and assessed worm development in vivo by infecting complement and soluble (s)IgM-deficient animals.



Results

In contrast to sera from humans and a broad variety of mammalian species, serum from mice, surprisingly, killed parasites already at skin stage in vitro. Interestingly, the most efficient killing component(s) were heat-labile but did not include important members of the perhaps best known family of heat-labile serum factors, the complement system, nor consisted of complement-activating natural immunoglobulins. Infection of complement C1q and sIgM-deficient mice with S. mansoni as well as in vitro tests with sera from mice deficient in C3 and C4 revealed no major role for these soluble factors in vivo in regard to parasite maturation, fecundity and associated immunopathology. Rather, the reduction of parasite maturation from cercariae to adult worms was comparable to wild-type mice.



Conclusion

This study reveals that not yet identified heat-labile serum factors are major selective determinants of the host-specificity of schistosomiasis, by directly controlling schistosomal development and survival.
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Introduction

Schistosomiasis, caused by blood-vessel dwelling trematodes (blood flukes), is a common parasitic disease and considered a neglected tropical disease (NTD). Schistosoma mansoni, the pathogen causing devastating intestinal schistosomiasis, is prevalent in Africa, the Middle East and South America (1, 2). More than 250 million people are infected, especially in tropical and subtropical areas, and 700 million, mostly children, are at risk (3). Thousands of people die each year (4) and several hundred millions are struggling with post-treatment residual morbidity (5). In the regions with typical transmission pattern, 60-80% of school-aged children and 20-40% of adults can remain actively infected (6) despite mass drug administration (MDA) campaigns. Annual loss of disease-adjusted life years (DALYs) is estimated at 2.54 million, the second most devastating parasitic disease after malaria (7), and recently the overall disease burden has increased further (8). Although the main anthelmintic treatment, praziquantel, is widely available and its administration rather simple, development of resistances and high reinfection rates limit its overall effectiveness (9, 10). In fact, praziquantel targets the adult worm, but has little or no effect on its preceding larval stages. Neither does praziquantel target parasite eggs, the main drivers of the immunopathology, granuloma-formation, and fibrosis mainly in the liver and intestinal tract, which is the cause of schistosomiasis-associated mortality and morbidity (2). Still, for new drug discovery, only newly transformed schistosomula (NTS) or in vivo generated adult worms have so far been available. Therefore, we recently developed a novel in vitro method that enables the development of other stages (e.g., lung stage, early liver stage and late liver stage (juvenile worms)), allowing the study of more stage-specific effects and potentiating effective new drug discovery (11).

Infection of the human host starts when S. mansoni cercariae, the free-living larvae that are released into fresh water by infected snails infect humans by penetrating intact skin and transforming into the succeeding developmental stage, the schistosomulae. From the moment schistosomulae leave the skin to enter the vasculature, all subsequent developmental stages (lung-stage schistosomulae (LuS), early liver-stage schistosomulae (eLiS), juvenile/late liver-stage schistosomulae (lLiS) and adult worms) (11) of the parasite take place in intimate contact with the host blood. Thriving in this hostile environment is a remarkable feature, as besides cells of the innate and adaptive immune system, the blood contains a vast array of highly effective defensive humoral serum factors, including complement factors and polyreactive natural antibodies that are mostly of the IgM isotype. Indeed, during its co-evolutionary development with its host, the parasite developed strategies to purposefully counteract serum proteins (e.g. binding and inhibiting complement pathways and antibodies (12–14). In mice, widely used to investigate various aspects of schistosomiasis, closer scrutiny of results suggests that serum factors may dominate the apparent inborn resistance to schistosomiasis: first, only ~30% of penetrating cercariae mature in the mouse (15), and, second, full-body irradiation or genetic ablation of RAG1, suppressing cellular immunity, does not notably improve S. mansoni maturation in mice (16, 17). Such observations support the notion that not yet identified serum components, rather than cellular factors, dominate the early murine resistance to invading cercariae.

In this study, we explore to what extent host-serum factors influence and contribute to schistosome development and survival. We report here that, in contrast to human serum, which in fact promotes and supports NTS survival and development in vitro, mouse serum rapidly killed NTS, revealing the presence of strongly schistomicidal serum compound(s) in murine blood. Furthermore, although the highly efficient schistomicidal component(s) of mouse serum was clearly heat-labile, it could not be attributed to the complement system nor preexisting natural IgM immunoglobulins. In addition, in vivo infection experiments using mice lacking selected antibody isotypes or key complement factors did not proceed significantly different from experiments using wild-type mice, supporting the notion that the mouse-specific schistomicidal serum activity must be derived from distinct therapeutic candidate compounds other than antibodies and three of the most abundant complement proteins in the serum including the central factor C3.



Materials and Methods


S. mansoni Life Cycle Maintenance

A Brazilian strain of S. mansoni, maintained in Biomphalaria glabrata snails as previously described (18, 19), was used in all experiments.



Generation of NTS

NTS were generated as previously described (11). Briefly, cercariae were harvested from infected snails using the light induction method. After thorough washing, cercariae were resuspended in ice-cold HBSS medium (Cat. No. H6648, Sigma-Aldrich, Germany) supplemented with 200 U/ml Penicillin and 200 μg/ml Streptomycin (Cat. No. P4333, Sigma-Aldrich, Germany), pipetted vigorously 40 times, and then vortexed for three minutes at the highest speed to trigger tail loss, which was confirmed by microscopy (10x). Lost tails were removed by washing extensively with ice-cold HBSS. NTS were then re-suspended in culture media and counted.



Animals and Sera

C57BL/6 mice were purchased (Envigo, Germany) or bred in-house. C1q-/-, sIgM-/-, C3-/-, C4-/- or Rag1-/- (C57BL/6 background) were bred in-house as described (20–24). Animals of both sexes were used. In vivo experiments and serum collection from all animals were approved and conducted in accordance with local government authorities Bezirksregierung Oberbayern (license number AZ 55.2-1-54-2532-115-14). Sera from horses, swine, sheep, hamsters, rabbits and rats were prepared from blood collected by venipuncture in non-medicated Falcon tubes from well-restrained anaesthetized horses, swine, bovines, sheep or rabbits. Hamsters, rats and mice were euthanized before serum preparation.

Animals were maintained under specific pathogen-free conditions at the Institute for Medical Microbiology, Immunology and Hygiene (MIH) and at the Center for Preclinical Research (CPR) (Technical University of Munich (TUM)) in accordance with national and EU guidelines 86/809.



Origin and Preparation of Human and Non-human Primate Serum

Sera were prepared from fresh blood collected from S. mansoni-naïve non-human primates (NHP, rhesus macaques) (license number AZ 33.9-42502-04-12/0704, Deutsches Primatenzentrum, Göttingen, Germany) and from consenting healthy volunteers with no previous history of schistosomiasis as approved by the TUM ethical committee (license number AZ 215/18 S). Fresh blood was left to clot at room temperature for 30 min., then centrifuged at 1845 g for 20 min and serum was collected and stored at -20°C until further use. Sera were collected from both male and female individuals and pooled before further use. For bovine serum, commercially available FCS (Sigma, Germany) was used.



NTS Assays With Sera From Different Hosts

To compare the effects of the serum-specific factors of human and mouse, the main definitive and laboratory host, respectively, we cultured NTS (100 NTS in 150 µl) in a 96-well flat bottom tissue culture plate (Cat. No. 353075, Corning Incorporated, USA) in hybridoma medium (HM, HybridoMed Diff 1000, Biochrom GmbH, Germany) supplemented with 200 U/ml Penicillin and 200 μg/ml Streptomycin, adding their serum at different dilutions (0-40%) and scored at day seven. The NTS were incubated at 37°C in 5% CO2 and humidified air. Additionally, NTS were cultured following the same procedure in the presence or absence of 20% human or mouse sera and scored initially at day zero, one and three and then weekly up to four weeks. Medium was replaced weekly. To determine the host specificity and observe developmental changes, we cultured and maintained NTS in hybridoma medium (100 NTS in 150 µl) supplemented with 200 U/ml Penicillin and 200 μg/ml Streptomycin with or without 20% serum derived from NHP, horses, swine, bovines, sheep, hamsters, rabbits, or rats for four weeks. Stage determination was assessed visually using an inverted microscope (10x) (Zeiss, Germany). The skin stage (SkS) presented with a plump almost oval shape and irregular contractions, the lung stage (LuS) presented with an initial elongation and increase in activity/contractions, the early liver stage (eLiS) presented itself with a clearly visible bifurcated gut as well as a drastic increase in overall size. The juvenile worm stage (lLiS) showed a growing elongation of the aboral part of the body as well as further differentiation of the oral and ventral sucker. For heat inactivation, mouse serum was treated at 56°C for 30 min. NTS were maintained in hybridoma medium supplemented with 200 U/ml Penicillin and 200 μg/ml Streptomycin (100 NTS in 150 µl) adding 20% mouse serum with or without heat inactivation and scored accordingly. Furthermore, NTS were cultured and maintained in hybridoma medium supplemented with 200 U/ml Penicillin and 200 μg/ml Streptomycin (100 NTS in 150 µl) with 20% mouse serum derived from C1q-/-, sIgM-/-, C3-/-, C4-/-, Rag1-/- or wild-type C57BL/6 mice, and viability was scored at the indicated time points. Finally, NTS were cultured in media supplemented simultaneously with both human and mouse sera at different concentrations (10-20%). In all experiments, all conditions were carried out in technical triplicates. All experiments were repeated at least three times.



Viability Scoring of NTS

Viability scoring was performed visually using an inverted microscope (10x) (Zeiss, Germany) as previously described (11). Briefly, the scoring was assessed as an average across all parasites per well and ranged from zero (no movement, heavy granulation, blurred outline, rough outer tegument and blebs) to one (strongly reduced motility, rough outer tegument and blebs), to two (reduced motility or increased uncoordinated activity, slight granulation, intact tegument with slight deformations) to three (regular smooth contractions, no blebs and smooth outer surface, no granulation with clear view of internal structures) (Supplementary Table 1). After mechanical transformation and before adding serum, each well of parasites was scored microscopically based on the scoring system described in Supplementary Table 1. To ensure no excessive transformational damage, investigation was only continued if a score of two or higher was reached. Due to applying the score as an average it was applied in 0.25 steps per well. Experiments were repeated three times with technical triplicates for each condition. Each data point is presented here as mean ± SD with pooled data from all repeat experiments (n=3). For determination of larval development stage, morphological characteristics were used as described (11).



Infection of sIgM-/- or C1q-/- Mice and Assessment of Parasite Maturation and Fecundity

To assess the maturation and fecundity of parasites, wild-type (WT), sIgM-/- or C1q-/- mice were infected by injecting subcutaneously 200 viable cercariae. Each experiment was repeated at least four times (WT, n=28; sIgM-/-, n=12; C1q-/-, n=34). Survival of animals was monitored up to 11 weeks. At indicated time points, animals were euthanized, and mature worms were flushed out of the portal vein to determine worm burden, size and gender of the worms. Additionally, liver egg burden was analyzed as described before (18, 25). Briefly, livers were collected from infected, euthanized animals as mentioned above at indicated time points minced and digested with KOH for 2 h at 37°C temperature under continuous shaking. Digested tissue was centrifuged at 1500 rpm for 10 min and vortexed before counting under a microscope.



Histopathology

To estimate the size of granuloma, WT, sIgM-/- or C1q-/- mice were infected by injecting subcutaneously 200 viable cercariae as mentioned above and livers were collected. Livers were preserved in 10% buffer neutral formalin and washed with phosphate buffer saline (PBS) and embedded in paraffin. Thin sections (4 µm) were prepared and stained with Masson’s Blue. At least three sections from each sample were evaluated to estimate the size of granuloma. Average granuloma size from individual mice was calculated by assessing 30-40 granulomas/section. The experiment was repeated at least four times.



ELISA

WT or C1q-/- mice were infected by injecting subcutaneously 200 viable cercariae as mentioned above and lymphocytes from mesenteric lymph nodes (MLN) were collected. Bulk lymphocytes (2x105) from non-infected WT, infected WT or C1q-/- mice were cultured in RPMI medium at 37°C and 5% CO2 in humidified air and were stimulated in vitro with soluble egg antigen (SEA) (20 µg ml-1) or anti-CD3/28 (Miltenyibiotec.com, Germany) (1 µg ml-1) for 48 h. IFN-γ and IL-10 levels were analyzed in the culture supernatants by ELISA (Ready-SET-Go!, eBioscience, USA) following the manufacturer’s instructions. Each experiment was repeated at least three times (total mouse number WT, n=28; C1q-/-, n=34). Each condition was carried out as technical triplicates. SEA was prepared as described before (25, 26).



Quantification and Statistical Analysis

Data were presented as mean ± SD for multiple group comparisons. One-way ANOVA followed by post-hoc Bonferroni’s analysis was used for normally distributed data, otherwise it was followed by post-hoc Kruskal-Wallis’ analysis. For direct comparisons, unpaired two-tailed Student’s t-test was employed if normally distributed otherwise a Mann-Whitney-test was employed. A value of P < 0.05 was considered as significant.




Results


Murine Serum Rapidly Kills Whereas Human Serum Supports Larval Development

After entering their definite host, schistosomes migrate and develop in a hostile and immune defense-rich environment, including the skin, blood, lungs and lymphatic system, which all contain soluble serum factors to different extents. Human is the primary definitive host for S. mansoni, and mouse is the most widely used experimental laboratory host. Previous research suggests that in various mouse strains only a maximum of 30% of all penetrated cercariae mature to adult worms (15). It was proven that this is at least partly due to soluble (humoral) serum factors rather than cellular immunity (15–17). Our recently established in vitro serum- and cell- free long-term culture system allowed us to test the effect of host-specific serum factors (11). We observed that HM supplemented with 20% of human serum (HSe) supported the larval development and survival in vitro up to the juvenile worms (lLiS), the pre-pairing stage of S. mansoni (Figures 1A–C) from skin-stage schistosomulae (SkS) via lung stage (LuS) and early liver stage (eLiS). To our surprise, we found that mouse serum (MSe) efficiently killed all NTS in a concentration-dependent manner (Figure 1A). Specifically, MSe concentrations higher than 10% killed all NTS by day three (Figure 1B). In contrast, HSe did not kill NTS at any concentration tested (1-40%) but rather supported the larval survival and development in vitro throughout the entire culture period (minimum of four weeks) with a viability score nearing three (Figures 1A, B). In addition, although larval survival was supported in the presence of HM alone, the development of the NTS was halted at the lung stage (Figure 1C). Importantly, this developmental halt in the serum-free condition was overcome by adding 20% HSe, promoting development to the juvenile worms, the pre-pairing stage of S. mansoni (Figure 1C). Thus, in contrast to HSe, MSe harbors non-permissive factors for schistosomal development and survival.




Figure 1 | Mouse serum rapidly kills NTS whereas human serum promotes their development and survival. NTS were cultured and maintained in hybridoma medium (HM) with or without host sera at 37°C in 5% CO2 for four weeks. Medium was refreshed weekly. (A) Mouse serum (MSe) kills NTS in a concentration-dependent manner. NTS were cultured in the absence or presence of increasing concentrations of human serum (HSe) or MSe and the viability scored at day seven. (B) MSe kills NTS rapidly. NTS were cultured in HM in the absence or presence of 20% of HSe or MSe and viability scored at indicated time points. Results are representative of at least three individual experiments. Each data point has been shown as mean ± SD of at least three technical replicates. (C) Schematic presentation of development of schistosomula. NTS were cultured in HM in the presence or absence of HSe or MSe in the same manner and monitored as above and the development assessed. SkS, skin stage; LuS, lung stage; eLiS, early liver stage; lLiS, late liver stage; p.t., post transformation; s.p., scoring point.





Host Serum Dictates Larval Survival and Development

Since mouse and human sera influenced the survival and development of NTS in such a contrasting manner, we sought to unveil whether those effects were exclusive to humans and mice or if sera from other mammalian species also exert similar effects. To evaluate long-term survival and development of NTS, we cultured NTS in HM in presence or absence of serum from schistosome-naïve rhesus macaques as a non-human primate (NHPSe), horses (HoSe), swine (SwSe), bovines (FCS), sheep (ShSe), rabbits (RbSe), hamsters (HmSe) or rats (RtSe) at the same concentration (20%) as before. NTS survived well in the culture media supplemented with RbSe, with a viability score of 2.92 ± 0.14 after four weeks of culture comparable to that in HSe (Figures 2A, B). However, in the presence of RbSe, NTS developed only up to the eLiS and not to juvenile worms like in HSe (Figure 2C). NTS also survived well in both swine (2.25 ± 0.25) and horse (1.92 ± 0.14) sera (Figure 2A), but again never reached the eLiS (Figure 2C). In contrast, viability of NTS cultured in HM supplemented with serum from NHP, evolutionarily most related to human but not a natural host of S. mansoni, started to decline quickly within the first three days and very few NTS survived until week four (Figure 2B) and again their development stagnated in the lung stage similarly to ShSe, RtSe and HmSe, which, however, killed nearly all NTS by week two of culture (Figures 2B, C) but not as effectively as MSe. This prompted us to characterize the properties of the components with killing effect in mouse serum.




Figure 2 | Short- and long-term survival of NTS in serum is host specific. NTS were cultured and maintained in hybridoma medium (HM) with or without 20% mammalian sera at 37°C in 5% CO2 for four weeks. Medium supplemented with 20% of the corresponding serum was refreshed weekly. (A) Serum effects of mammalian species which ensured long-term survival of NTS. NTS were cultured in the absence (HM) or presence of 20% serum from swine (SwSe), horses (HoSe) or rabbits (RbSe) and viability was scored. All sera ensured survival of NTS for at least four weeks after transformation. (B) Serum effects of mammalian species that heavily impaired viability of NTS. NTS were cultured in the absence or presence of 20% serum from rhesus macaques (NHPSe), sheep (ShSe), rats (RtSe) or hamsters (HmSe) and viability was scored. Results are representative of at least three individual experiments. Each data point has been shown as mean ± SD of at least three technical replicates. (C) Schematic representation of stage-dependent development of schistosomula. NTS were cultured with sera of indicated species in the same manner as above and monitored microscopically. SkS, skin stage. LuS, lung stage. eLiS, early liver stage. lLiS, late liver stage. p.t., post transformation. s.p., scoring point.





Both Heat-Stable and Heat-Labile Mouse Serum Components Contribute to Killing of S. mansoni

Components of the complement system are crucial for innate and adaptive immunity (27). Therefore, we investigated whether the NTS killing capacity of MSe could be abrogated by heat inactivation since those components are sensitive to heat treatment. Interestingly, we observed that heat-inactivated MSe (MSe(HI)) abrogated the killing effect at day three as viability of NTS is clearly improved (2.10 ± 0.14) compared to non-inactivated MSe, in presence of which all NTS were already dead (0 ± 0) (Figure 3A). Within the first seven days of culture, NTS survived equally well in medium supplemented with MSe(HI) as in the control HM (Figures 3A, B). Still, even though NTS initially survived well in the presence of heat-inactivated serum within the first week of transformation, survival rapidly declined thereafter, with only few larvae surviving after two or four weeks (viability of 0.67 ± 0.14) (Figures 3A, B). Taken together, our results show that heat-labile MSe factors strongly contribute to rapid killing effects of MSe, and that heat-stable factors affect long-term survival of NTS.




Figure 3 | Rapid killing effects of mouse serum are mainly due to heat labile factors. NTS were cultured in hybridoma medium (HM) supplemented or not with 20% of native (MSe) or heat-inactivated (56°C for 30 min) (MSe(HI)) mouse sera at 37°C in 5% CO2 for four weeks. Supplemented medium was refreshed weekly. HM alone was used as a control. (A) Survival of NTS is prolonged by heat inactivation of serum. Viability scoring was performed at the indicated time points. Results are representative of at least three individual experiments. Each data point has been shown as mean ± SD of at least three technical replicates. (B) Morphological changes of NTS induced by MSe with and without heat inactivation. Representative photographs of NTS were taken from the NTS cultured using a digital camera fitted with an inverted microscope (10x). p.t., post transformation; s.p., scoring point.





Natural Murine Immunoglobulins Are Not Involved in Larval Killing

Besides a heat-labile murine serum component that induced rapid larval killing, we also identified the existence of a slower acting, heat-stable serum compound, which contributed to the killing effect of MSe. As outlined earlier, Schistosoma has been known to bind antibodies (14), presumably in a fashion that neutralizes their immune effector function. As antibodies are comparatively heat stable, we tested their contribution to the killing of NTS in vitro by using sera from completely antibody deficient Rag1-/- mice or soluble IgM deficient (sIgM-/-) mice. We observed that sIgM-/- and Rag1-/- sera already significantly affected NTS viability at day three and killed NTS in the same manner by day seven (sIgM-/- (0.25 ± 0), Rag1-/-(0 ± 0)) compared to wild-type (WT) (0 ± 0) serum, ruling out the possibility of lethal effects by natural IgM (Figure 4A) and immunoglobulins in general (Figure 4B and Supplementary Figure 1). We next sought to verify whether antibodies indeed have a subordinate role in the control of Schistosoma in an in vivo setting. We tested this in the sIgM-/- mouse for several reasons: first, IgM is the most potent complement activating antibody isotype. Second, it is the first antibody isotype to emerge upon B cell activation, before class switching to IgG and further isotypes. Third, “natural” IgM, with comparatively high avidity to conserved microbial compounds, is present even in naïve sera and has the potential to target NTS upon first contact with blood. Finally, unlike Rag1-/- mice, sIgM-/- mice have polyclonal B and T cell compartments that ensure a normal secondary lymphoid organ architecture (28). Still, we did not observe any significant difference between sIgM-/- and WT mice (Figures 4C–F). Infected sIgM-deficient mice tolerated the infection compared to WT mice, survived well up to euthanizing (ten weeks post infection) (Figure 4C) and showed comparable worm burden and male/female ratios (Figure 4D). Also, no significant difference in liver egg burden was observed (Figure 4E), implying that fecundity of the worm was not influenced by the loss of IgM. Finally, the development of liver granuloma was similar in sIgM-/- and WT mice (Figure 4F). Taken together, these data strongly indicate that antibodies present in MSe do not significantly influence the survival and maturation of Schistosoma.




Figure 4 | Unspecific immunoglobulins (Igs) have no impact on the viability of S. mansoni NTS. NTS were cultured and maintained using hybridoma medium (HM) supplemented with 20% sIgM-/-, Rag1-/-, or wild-type mouse (WT) sera at 37°C in 5% CO2 for four weeks. HM alone was used as a control. (A) Viability of NTS is not restored by the loss of soluble IgM (sIgM) or (B) Igs. Results are representative of at least three individual experiments. Each data point has been shown as mean ± SD of at least three technical replicates. (C) Loss of sIgM does not significantly influence the mortality of S. mansoni-infected mice. sIgM-deficient mice were infected by injecting 200 cercariae and survival of the animals was monitored on a weekly basis. (D) Worm maturation was not affected by the deficiency of sIgM. After ten weeks of infection, the animals were euthanized and mature worms from mesenteric veins were flushed out, enumerated and male/female ratio was determined. Shown data is the mean ± SD of worms per mouse. (E) Lack of sIgM does not affect the fecundity of the worm. Eggs from the liver were isolated and counted. (F) sIgM does not influence the egg-induced immunopathology of the worm. Liver sections (4 µm) from infected wild-type or sIgM-/- mice were stained with Masson’s Blue and the diameter of 30-40 granulomas/section was measured microscopically (10x). Data shown is pooled data from five individual experiments (WT, n=28; sIgM-/-, n=12). Each data point shows a single mouse. Mean ± SD is indicated with bars. p.t., post transformation. s.p., scoring point.





Complement C1q, C3 and C4 Proteins Have No Role in Larval Killing by Murine Serum

The complement system is a prototypic example of a heat-labile cascade of zymogens (29, 30). We, therefore, considered that the rapid, heat-labile killing of schistosomulae could be due to the complement system, a heterogeneous group of more than 20 proteins circulating in the blood, with C1q, C3 and C4 playing key roles in the initiation and/or sustenance of the three main complement activation pathways (classical, lectin, and alternative). We thus tested the role of murine C1q, C3 or C4 by comparing the effects of sera from C1q-/-, C3-/-, C4-/- or WT mice on the survival of NTS. Against our expectations, no obvious improvement in NTS viability was observed in the absence of C1q (Figure 5A), C3 (Figure 5B) or C4 (Figure 5C). Indeed, all NTS died at day seven in presence of complement-deficient sera as in WT serum, suggesting that the tested complement factors, which control all characterized complement activation pathways, are not directly or dominantly involved in the rapid killing of NTS by the heat-labile murine serum compound(s) that we observed in vitro. We further verified if these in vitro observations would be equally reflected in the in vivo infection setting. Indeed, C1q-deficient mice showed no significant difference in survival compared to WT mice (Figure 5D). C1q-/- and WT mice also displayed comparable adult worm burden and development, and male and female ratio (Figure 5E). Eventually, assessment of classical parameters of schistosome-induced immunopathology, such as liver egg count (Figure 5F) and granuloma size (Figure 5G), did not display significant differences. In addition, schistosome egg-specific immune response as determined by SEA-induced IFN-γ (Supplementary Figure 2A) and IL-10 (Supplementary Figure 2B) secretion by splenocytes was comparable between WT and C1q-deficient mice. These results imply that the most abundant heat-labile complement components, such as C1q, C3 and C4, affecting all three complement activation pathways are not the compound(s) displaying prominent schistomicidal activity in murine serum.




Figure 5 | Loss of C1q alters neither rapid killing of NTS nor in vivo maturation and immunopathology after S. mansoni infection. NTS were cultured and maintained using sera collected from (A) C1q-/-, (B) C3-/-, (C) C4-/- or wild-type (WT) mice and viability scoring was performed at the indicated time points. Hybridoma medium (HM) alone was used as a control. Results are representative of at least three individual experiments. Each data point has been shown as mean ± SD of at least three technical replicates. (D) Loss of C1q does not significantly influence the mortality of S. mansoni-infected mice. C1q-deficient mice were infected by injecting 200 cercariae subcutaneously and survival of the animals was monitored on a weekly basis. (E) Worm maturation was not affected by the deficiency of C1q. After nine to 11 weeks of infection, the animals were euthanized and mature worms from mesenteric veins were flushed out, enumerated and male/female ratio was determined. (F) Lack of C1q does not affect the fecundity of the worm. Animals were infected and euthanized, and eggs from a weighted liver were isolated and counted. (G) C1q does not influence the egg-induced immunopathology of the worm. Liver sections (4 µm) from infected wild-type or C1q-/- mice were stained with Masson’s Blue and the diameter of 30-40 granuloma/section was measured under microscope (10x). Data shown is pooled data from five individual experiments (WT, n=28; C1q-/-, n=34). Each data point shows a single mouse. Mean ± SD is indicated with bars. p. t., post transformation; s.p., scoring point.





Murine Schistosomicidal Activity Is Preserved in Human Serum

Given the lack of therapeutic agents that target the different larval developmental stages of Schistosoma, we tested whether the schistosomicidal activity of mouse serum is preserved in the presence of HSe, a prerequisite for any therapeutic potential. To do so, we incubated NTS in HM supplemented with 10-20% of mouse and 10-20% of human sera. Strikingly, even in the presence of HSe, which, previously, strongly promoted larval developmental and survival, addition of 10-20% MSe killed NTS overtime (Figure 6A). The killing effect is more pronounced in presence of 20% MSe. We observed that viability peaked at 1.50 ± 0.20 at day seven and afterwards gradually declined to 0.42 ± 0.10 at week four of culture. Morphologically, although the tegument of the NTS seems less affected, distinct vacuoles developed in the gut of the larvae within seven days of culture with increased cytoplasmic granularity in contrast to NTS maintained in HSe alone (Figure 6B), suggesting that internal organs may possibly be more vulnerable to the killing effects of MSe than the outer surface of the larvae. Importantly, the results indicate that murine schistosomicidal activity is retained in the presence of HSe, opening the door to further characterization and isolation of the compound(s) for potential therapeutic use in humans.




Figure 6 | Mouse serum factors can partially antagonize survival promoting effects of human serum. (A) NTS were cultured and maintained in the presence of 10% of mouse (MSe) or human (HSe) sera or adding both at 10-20% and scoring was performed at the indicated time points. Hybridoma medium (HM) alone was used as a control. Each data point has been shown as mean ± SD of at least three technical replicates. (B) Morphological changes of NTS in presence of 10% MSe, HSe or in combination (10-20%). Representative photographs of NTS were taken using a digital camera fitted with an inverted microscope (10x). Arrow indicates development of vacuoles. p.t., post transformation; s.p., scoring point.






Discussion

Despite decades-long MDA with anthelminthics, mostly praziquantel, the size of the schistosome infected population has not decreased substantially but has rather increased, resulting in severe socioeconomic problems in the endemic countries (1, 8, 31). Efforts to develop effective control strategies, such as a therapeutic agent targeting all mammalian, host-dwelling stages or a protective vaccine, have increased. But, to rapidly and efficiently screen a large number of new drugs, an easy, reliable and cost-effective in vitro culture technique is essential that supports long-term survival and development of the different stages of the parasite. We have developed a novel, reliable and highly standardized in vitro serum and cell-free method which ensure to test specific effects of potential candidate components on early and advanced larval stages, phenotypically comparable to most previously published works for ex vivo harvested parasites (11, 32).

Currently, the most widely used preclinical animal model for in vivo schistosome infection studies and for maintenance of the lifecycle under laboratory condition, is the mouse. It allows the establishment of patency and mimics most of the immunopathologies observed in humans. However, this is achieved at the cost of a surprisingly high loss of invading cercariae of up to 70%. In this line, we show here that mouse serum added to hybridoma medium killed NTS very rapidly within three days, even though hybridoma medium on its own supports NTS survival for at least four weeks. This finding clearly suggests that massive death of NTS in the presence of mouse serum is not merely due to nutrient deficiency present in mouse serum but rather argues for the presence of a component(s), which actively kill(s) the larvae. This notion of potentially harmful soluble factors contained within mice is further supported by the finding that, in vivo, death of a large number of penetrants still occurs in completely immunodeficient, whole-body irradiated mice (15, 16). In sharp contrast, hybridoma medium supplemented with human serum not only supported the prolonged survival of NTS but also promoted in vitro development of NTS up to juvenile worms, the pre-pairing adult stage. Up to recently, this has only been observed in vitro upon continuous feeding of larval stages with RBC (33–35), suggesting further the problematic nature of using mouse models as a ‘black-box test bed’ to study vaccine or therapeutic targets in schistosome-challenge infection or to test blood soluble factors such as complement factors.

The complement system has been shown to play a role in the killing of pathogens (36); however, hemoparasites, including schistosomes, have evolved diversified evasion strategies through co-evolutionary processes. These include shedding of the surface membrane glycocalyx by cercariae upon invasion, binding of antibodies and complement components or expression of molecules (e.g., paramyosin), which cleave complement factors (13, 36), indicating that complement and antibodies form a relevant challenge to the parasite to develop immune evasion strategies against them. Antibodies and complement are closely intertwined immune effector systems, with antibodies, especially antigen-bound IgM, being major initiators of the classical pathway of complement activation, providing a “docking point” for C1q, which then leads to C2, C4 and to C3 activation, the central component in which all three complement pathways, including the alternative pathway, converge for pathogen lysis (37–39). Although a study reported that C3-deficiency in schistosome-infected mice has no effect on worm development or liver pathology (40), the role of complement factors and antibodies in reducing the progression of schistosomes within the host remains elusive. Within our studies, we expand on these findings substantially and demonstrate, using gene-deficient mice, that upstream components like C1q or IgM did not affect the survival, development, fecundity or immunopathology of the worms. Furthermore, we show that neither C1q, C3, C4 nor antibodies were responsible for the killing effect of mouse serum on NTS. Furthermore, C2 and factor B, one of the most abundant serum complement proteins and key activators of the alternative pathway, are heat sensible (41, 42). Their influence as a major contributor to the killing effect could be ruled out by heat inactivation of serum. Additional investigations are required to fully elucidate the role of all the components of the complement system such as MBL-associated serine proteases (MASPs) (MBL/lectin pathway). Taken together, we conclude that the major complement proteins C1q, C3 and C4, key players in classical and alternative complement pathways, are not playing a major role in the immunological defense against penetrating S. mansoni and their development in mice.

To investigate further if the killing effect observed in mouse serum is unique, we applied our in vitro NTS culture system to study the effects of serum, harvested from a large number of mammalian species. The investigated species were phylogenetically diverse and included those which are commonly used in various laboratory procedures or models. Of these, surprisingly rabbit serum, which is phylogenetically closer to rodents, such as mice, rats and hamsters whose sera killed NTS, promoted NTS survival and development up to eLiS. Further development could not be observed, however. Interestingly though, rabbits are known to be non-permissive hosts in which development is stunted (43); furthermore, in rabbits, percentages of worms comparable to mice can be retrieved (44). Taken together, it seems that in schisto-naïve rabbits, soluble factors might only play a minor role. Interestingly, this could indicate two different selection time points for the determination of host specificity: Mice could be seen as an example for early mechanisms in defense whereas rabbits could be seen as an example for a later defense mechanism.

Another interesting finding within this study was the dramatic, detrimental effect on early NTS survival caused by serum from rhesus macaques, the closest relative to humans that we tested so far. In fact, we noticed that most NTS died rapidly but some single larvae survived until week four with a low viability score and reduced motility. Indeed, previous reports suggest that rhesus macaques have a strong ‘self-cure’ mechanism against both S. mansoni and S. japonicum (45, 46) whereby the exact mechanism driving this ‘self-cure’ mechanism is still unclear. About 43% of penetrated cercariae became mature in infected macaques (47) and the recovered parasites from infected macaques showed severe developmental defects with altered ultrastructural architecture (45). However, there still seems to be quite dramatic differences between different non-human primates; the rhesus macaque, for example, seems to be a rather poor host compared to the baboon (43). The only important naturally occurring final host for S. mansoni is the human (48, 49). This might explain why S. mansoni NTS not only survived but also developed to juvenile stage in vitro solely upon addition of serum from humans and not upon addition of sera from other tested species that supported long term survival and development. Importantly, the schistosomicidal activity of the killing component(s) in mouse serum is preserved in the presence of human serum at both lower and higher concentration, revealing a notable feature for any therapeutic potential. The schistosomulae-killing mechanism of mouse and other animal sera is yet to be revealed; however, the schistosomicidal component(s) present in the ‘killer group’ sera possibly inhibit lipid metabolism, thus preventing the synthesis of the cuticle of schistosomulae, which was evident by the development of blabbing and roughness of the tegument. Moreover, an important group of heat-labile factors in serum to focus on are enzymatic proteins and lipo-proteins, reported to exhibit anti-schistosome activity as well (50, 51). This may have relevance in our setting as the killing component(s) in mouse serum strongly affect the integrity of schistosome tegument, which is crucial for parasite survival. Additionally, massive granules (vacuoles) are developed in the severely devitalized or dead schistosomulae, indicating restriction of energy metabolism. However, our research is in progress to identify the killing component(s) present in the mouse sera as well as its mechanism.

Cumulatively, our data identify a new level of host-pathogen interaction in schistosome biology. We present here a contrasting effect of different host sera on schistosome survival and development. We reveal that not yet identified component(s) present in mouse, but not in human serum efficiently kill NTS. The component(s), which do not belong to the complement system or antibodies, are partially heat stable and heat labile. Revealing the identity of the culprit(s) responsible for the killing are important future tasks that will endorse our understanding of helminth-host crosstalk at the early developmental stage and might lead to the discovery of new drug candidates.
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Supplementary Figure 1 | Morphological effect of Rag1-/- serum on NTS. NTS were cultured in HM in the presence or absence of 20% WT or Rag1-/- serum. Microphotographs were taken at indicated time points with a digital camera fitted to an inverted microscope (10x).

Supplementary Figure 2 | Loss of C1q does not alter cytokine production by splenocytes. Lymphocytes (2x105) from wild-type or C1q-/- mice infected for 11 weeks with S. mansoni were re-stimulated in vitro with or without (Ctrl) SEA (20 µg/ml) or anti-CD3/28 (1µg/ml) for 48 h. Secreted levels of IFN-γ (A) or IL-10 (B) were analyzed in the culture supernatants by ELISA. Graph shows representative data from at least 3 independent infection experiments. Each data point has been shown as mean ± SD of at least three technical replicates. (*P <0.05, **P <0.01). Inf, infected.

Supplementary Table 1 | Viability scoring points description.
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Acute schistosomiasis (AS) manifests with a broad spectrum of clinical features in pediatric populations. Diagnosis may be difficult in the absence of detectable numbers of eggs. As a result, new approaches may be required to achieve an accurate diagnosis. Optimal praziquantel (PZQ) treatment regimen for young children is debatable. Also, the post-treatment response is still poorly evaluated due to the lack of reliable markers. A group of 6 children (a toddler and 5 pre-school children) and one pre-adolescent were investigated for AS clinical manifestations and followed-up for two years after treatment. Ova detection was performed by Kato-Katz (KK) and presence of Schistosoma mansoni DNA was assessed by real-time PCR (rt-PCR) in stool samples. IgG and IgE anti-Schistosoma levels and urinary antigen were detected by ELISA and point-of-care circulating cathodic antigen (POC-CCA) testing in serum and urine, respectively. AS clinical symptoms were present in 5/7 (71.4%) of the infected children, and hypereosinophilia was detected in all of them. Ova detection and serology were positive in only 3/7 (44.9%) and 4/7 (57.1%), respectively. However, real-time PCR (rt-PCR) showed the presence of Schistosoma DNA in 6/7 (85.7%) of the cases, and urinary antigen was detected in all infected children. The long-term follow-up after treatment with three doses of PZQ (80mg/kg/dose), showed high cure rates (CR) as demonstrated by the DNA-based assay as well as reduced levels of side effects. CR based on urinary antigen detection ranged from 28.6 to 100%, being the highest CR due to double testing the 2-year post-treatment samples. The results suggest that high dose and repeated treatment with PZQ might be effective for AS in young children. Also, new laboratory markers should be considered to diagnosis and monitor the drug response.
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Highlights

The study investigates AS in a group of young children exposed to Schistosoma in a low endemic area. Clinical and laboratory markers were used for long-term follow-up to assess the response to a regimen of high dose and repeated intakes of PZQ.



Introduction

Schistosomiasis is a water-borne disease that has a substantial public health impact in low income countries. Schistosoma infections present as acute and chronic forms. Acute schistosomiasis (AS) often occurs in non-immune individuals living in non-transmission areas, such as travelers (1–3). Outbreaks among travelers may have high infection rates, and AS signs and symptoms are reported in 73 to 100% of cercaria-exposed individuals (1, 4). Although up to 40% of infected individuals are asymptomatic, specific symptoms are found in 24 to 66.4% which may subside without treatment. Clinical outcomes are usually benign, but severe and atypical disease may occur (4–7). Eosinophilia is reported in up to 82% of the cases, and is considered an early laboratorial marker of the disease (3, 5, 8). S. mansoni infection may be classified as light to heavy based on the parasite burden or egg counts (9). Heavy infections are usually associated with increased clinical severity due to host allergic responses, although high morbidity can also be seen in light/mild infections. Therefore, laboratory-based diagnosis is fundamental for accurate identification of AS cases (2, 4, 10–14).

AS involves two distinct phases related to S. mansoni biological cycle. During early infection (prepatent phase: 3-7 weeks post exposure), immature forms migrate from the sites of skin penetration to several host systemic compartments, such as the lung, liver, gut, and visceral peritoneum until harboring mature bi-gender forms in the mesenteric veins (15). In this early phase, eggs are not detectable until ≅40 days post-exposure and alternative diagnostic approaches are usually applied other than parasitological tests (14, 16). Routinely, indirect diagnostic assays such as serology and other laboratory markers like eosinophil counts are mostly used (1, 2, 4, 17, 18). However, both diagnostic approaches have poor sensitivity during the early phase of infection (19). Seroconversion may be absent until 6 weeks post-exposure, depending on the antigen used. Also, serum reactivity may occur late in an acute infection (15, 20, 21). Eosinophil counting is another unreliable marker since eosinophilia may not occur, and its absence does not rule out acute infection (20). Occurrence of eosinophilia ranges from 73 to 100% among acutely infected individuals (4, 18). In the late acute phase (> 45 to 60 days post exposure), oviposition occurs, and eggs can be detected by parasitological methods. However, mild intensity infections with low parasite loads may not be detectable (12, 13, 15, 22). Studies in immigrant populations have shown that egg positivity is low among children living in non-endemic areas (23). Not only diagnosis is challenging, but the response to PZQ has also been poorly assessed by using reference methods and/or laboratory markers. For instance, serum reactivity may remain positive for long periods even after effective anti-helminthic therapy, leading to difficulties in distinguishing active and cleared infections (23–25). Alternative diagnostic tools, such as tests to detect Schistosoma antigens and DNA, are promising approaches for the diagnosis of schistosomiasis (2, 10, 13, 16). Studies on travelers and immigrant populations have shown that the detection of Schistosoma antigens and DNA has the potential to improve AS diagnosis, treatment response and determination of cure rates (2, 14, 24).

Although considered a safe and efficacious drug, PZQ has some important limitations when used for AS treatment. For instance, young immature parasite forms are usually resistant to PZQ, and clinical manifestations become exacerbated in about 50% of treated individuals (26–28). Also, since chronicity is not preventable, delayed PZQ administration is recommended by some investigators (17, 18, 20). Drug posology and dosage are still debatable since discrepant results in chronically infected under-aged children have been reported (29, 30). In fact, the ideal drug regimen to treat AS is still a challenge in any age group, which may contribute to treatment failure and progression to chronic disease (18). Scarce clinical information on PZQ pharmacokinetic-pharmacodynamics and the lack of a proper formulation suitable for young children may also contribute to drug response failure in this group of patients (29). Early treatment in chronically infected children living in endemic areas seems to be essential to decrease morbidity and the risk of chronic sequelae. However, early treatment of young children living in non-endemic areas is another not well-addressed issue (31). Hence, AS treatment needs urgent revision and improvement.

Here, we report the occurrence of AS in seven children exposed to Schistosoma-contaminated water in a low endemic area (LEA). Clinical and laboratory approaches were used to investigate their potential to base accurate diagnosis and to evaluate response to high dosage PZQ therapy.



Material and Methods


Ethical Statement

The population investigated was informed of the protocol and written informed consent was obtained from children legal guardians. The study was approved by the Hospital Clementino Fraga Filho, Universidade Federal do Rio de Janeiro (HUCFF/UFRJ) Ethics Committee (n°058/09).



Patients

From November to December 2015, six pre-school children and a teenager from the same family received a diagnosis of AS. In September, they (four boys and three girls) were exposed to cercaria-contaminated water in cement tanks that collected water from natural springs in Sumidouro city, Rio de Janeiro, Brazil. All of the children lived in a non-endemic area of Rio de Janeiro (Nova Friburgo city, RJ, Brazil). Fecal, blood and urine samples were obtained from all participants prior to and at three different periods after chemotherapy.



Parasitological and Immunological Diagnoses

S. mansoni infection was determined based on Kato-Katz tests on three independent fecal samples/individual (2 slides/sample). Specific IgG and IgE anti-adult worm membrane soluble antigen (SMMA) were measured in serum by using an ELISA (SMMA-ELISA) as described previously (6). The results were expressed in arbitrary units (A.U.) that were calculated by dividing the sample OD by the daily cut-off OD value. Values > 1.0 were considered positive.



Real-Time PCR for Schistosoma DNA Detection

Real-time PCR was used for DNA detection in fecal samples. Probes and primers targeting the cytochrome c oxidase subunit 1 (COX) gene in the mitochondrial genome of S. mansoni were designed as previously described (14). DNA was extracted from fecal samples by using the Fast Prep DNA kit (MP Biomedicals, CA, USA) according to the manufacturer’s instructions and purified using the QIAquick PCR purification kit (QIAGEN, Hilden, Germany). The reaction was composed by prepared using 5 μL of eluted DNA as a template, mixed with 2.0 pmoles/μL of each S. mansoni primer (SMCYT748F and SMCY847R), 2.5 pmoles/μL of SMCY785T detection probe, 11.0 μL of Platinum qPCR SuperMix Rox-UDG (Invitrogen) and 2.3 μL of deionized water to make a final volume of 20 μL. The amplification conditions were 15 min at 95°C followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Amplification, detection, and data analyzes were performed using the 7500 Real-Time PCR System (Applied Biosystems, CA, USA). DNA amplification was considered positive when Ct values were < 38.



Point-of-Care Circulating Cathodic Antigen (POC-CCA) Test

Urine samples obtained pre and post-praziquantel treatment were tested by a rapid test. POC-CCA test1 (batch 50173) were performed in all pre and post-PZQ treatment samples, according to the manufacturer’s instructions (Rapid Medical Diagnostics, Pretoria, South Africa). A second batch of POC-CCA test (POC-CCA test 2; batch 17522062), upgraded by the manufacturer in 2017 was also used, and conducted only on the last post-PZQ treatment urine sample obtained from each patient. Results were scored as: “0” if the result was negative, and positive tests were graded as “1+” or trace, “2+” and “3+” as described by Coelho et al. (16).



Schistosomiasis Diagnosis Criteria

Diagnosis of schistosomiasis was based on a positive result for egg, antibody, DNA and/or urinary antigen detection.



Praziquantel Treatment and Cure Assessment

Patients received orally, in 2 divided doses, 80 mg/kg/day of praziquantel (PZQ; Farmanguinhos, FIOCRUZ, Rio de Janeiro, Brazil). Children aged ≤ 5 years received PZQ tablets that were crushed and mixed with fruit juice and/or sweet snack of the child preference (32). The same treatment was repeated after 30 and 45 days, respectively, after the 1st dose. PZQ was administered by the parent/guardian under supervision of the assistant physician. Acceptability of the tablet was assessed directly during and up to one hour after PZQ administration. Parents/guardians were instructed to report eventual cases of intolerance (nausea, choking or vomiting within 24 hrs post-drug administration). The response to PZQ was evaluated after 4, 13 and 22 months post-treatment.




Results

Subject ages varied from 1.7 to 14 years old (mean: 5.8 ± 4.1). Symptoms onset and/or laboratory confirmation (asymptomatic case) ranged from 53 to 78 (mean ± std: 65.3 ± 9.4) days post-exposure (dpe; Table 1). Two five-year-old boys (cases 1 and 2) were the first to manifest moderate to severe symptoms. Case 1 developed vomiting and liquid diarrhea at 35dpe, followed by daily fever (38-39°C) on day 36. He also had a history of abdominal pain, occasional non-productive cough and wheezing that occurred from 48 to 54dpe in addition to liquid diarrhea accompanied by mucous and blood. Parents mentioned that generalized pruritus and erythematous rash on the torso were observed after water exposure. Leukocytosis (mean: 22.600 ± 5.188/mm3), eosinophilia (total: mean: 5.994 ± 4.197/mm3; relative, mean: 26.3 ± 19.6%) and thrombocytosis were observed 45 to 53 dpe. Both eggs and DNA were detectable in fecal samples at 53 dpe in addition to IgG anti-SMMA and Schistosoma cathodic antigens in serum and urine, respectively (Table 1). Case 2 had intense pruritus immediately after water exposure but no exanthema. At 19-20 dpe, intermittent fever (37.8-38.9°C) initially occurred for 9 days and liquid mucous diarrhea was observed in the following week (Table 1). Then, after a week without symptoms, the child had fever (39.5°C) again for another 8 days while being treated with amoxicillin, followed by another episode on 49 dpe. Leukocytosis, eosinophilia and thrombocytosis were detected on 52 dpe. Fecal samples showed eggs and DNA on 53 and 61 dpe, and urinary antigen on 53 dpe, without any detectable levels of IgG or IgE anti-SMMA (Table 1). Case 3, a four-year-old boy also presented with a febrile syndrome, and progressed with various episodes of vomiting and diarrhea, decreased appetite and dehydration, followed by non-productive cough. Because of his general condition and the severity of symptoms, he was hospitalized for 48 hours. Cases 4, 5 and 6 were girls under five years old who had mildly symptomatic disease, presenting with low fever, abdominal pain with/without vomiting and diarrhea (Table 1). One single case (Case 7) presented with no symptoms. Leukocytosis and eosinophilia were the major laboratory findings in mildly symptomatic children, and anemia and thrombocytosis were diagnosed in one child in this group. None of the mildly symptomatic/asymptomatic children (4/7) showed egg excretion different from moderate/severe cases. Schistosoma DNA was detectable in 6/7 children and all seven children presented CCA in urine (Table 1). During the period of 53 to 86 dpe, IgG anti SMMA reactivity was shown in 3 children presenting asymptomatic or mild/moderate disease. All four IgG negative children were mildly symptomatic (Table 1).


Table 1 | Baseline clinical characteristics of acute schistosomiasis cases in children, time of infection and results of laboratory testing.



All children complied with the treatment, although 2/7 manifested transient side effects like nausea and vomiting. Later, both patients received a supplementary single oral dose of PZQ (80 mg/kg/day) without manifesting any symptoms. Ceasing of clinical symptoms and absence of egg excretion were observed during the 2-year-follow-up. Schistosoma DNA remained undetectable in all but one child during the entire follow-up period, indicating a cure rate of 85.7% (6/7) (Table 2 and Supplementary Figure 1). This child had no egg excretion but remained reactive according to rt-PCR at 22 months post-therapy. There was no history of re-exposure. A single dose of PZQ (80 mg/kg) was indicated for re-treatment, but the child presented drug intolerance to a single oral dose (80 mg/kg/day) and missed the follow-up. Urinary antigen was not detectable in 3/7 children during the first four months of the post-treatment period. However, POC-CCA test remained positive in 4/7 children, being very weakly positive in 3/4 children (trace; Table 2 and Supplementary Figure 1). POC-CCA test became negative in 2/7 (28.6%) at 22 months post-PZQ therapy. Nonetheless, persistent POC-CCA reactivity was found with variable intensities in sequential samples in 3/7 and 5/7 children at 13 and 22 months post-treatment, respectively. In addition, when tested with a second batch of POC-CCA, no reactivity was detected in urine samples collected at 22 months post-PZQ, including previously reactive samples (Table 2 and Supplementary Figure 1). Also, 5/7 children presented a 3.9-fold increase in IgG levels when compared to pre-therapy baseline levels in the short-term follow-up. Most of the children maintained serum reactivity up to 22 months post-treatment (Table 2 and Supplementary Figure 1). At four months post-therapy, only one individual (1/7) showed increased IgE levels. Late seroconversion was detected in three children at 13 months after drug use (Table 2).


Table 2 | Diagnosis pre-treatment and response to treatment follow-up.





Discussion

The numbers of newly diagnosed schistosomiasis cases are increasing in non-endemic areas due to tourism and to immigration from transmission areas (2, 11). Nonetheless, clinical and laboratory diagnosis of AS caused by any Schistosoma species remains challenging for every age group, including the pediatric population (16, 19, 33, 34). Usually, clinical presentations of AS, along with severity and long-term disability in adult travelers are described in detail. In contrast, information on the characteristics of the disease in young children is scarce. Data show that 54-100% of infected adult travelers may present clinical manifestations of acute disease (1, 4). Amongst the most frequent manifestations, fever (68-100%), abdominal pain (96%), diarrhea (90%) and cough (78-86%) predominate, with small variations depending on the Schistosoma species involved (4, 7, 17, 18). In the present study, more than 70% of the children (ages: <2-5 years old) presented moderate to severe manifestations of AS over a period of 6-8 weeks post-exposure to S. mansoni cercaria acquired in a LEA. Acute asymptomatic infection was also detected in two children, one being a pre-school child. Although direct measurement of Schistosoma infection of the intermediate hosts failed to demonstrate active infection (personal communication), the area has been well-known for its low endemicity since 2000 with presumably low transmission rates (35). Despite that, most children exposed to low parasite burdens develop a broad range of manifestations, including severe disease. Fever, abdominal pain and diarrhea are the major symptoms reported. However, the presence of blood in stool indicates increased severity of disease amongst pre-school children. Although the clinical evolution required hospitalization in one case, fading of symptoms and lack of sequelae and/or chronicity occurred after a follow-up of over two years after treatment. These data suggest that clinical manifestations and outcomes might be independent of the parasite load.

Mostly, acute infection diagnosis relies on clinical/epidemiological data, parasitological tests and/or serology. However, since these methods present limitations, AS may be misdiagnosed (12, 13, 22). Unrecognized AS should not be underestimated, since it may result in high severity and chronicity with increased disability (5, 6, 36). Studies on pre-school children (<5 years of age) living in endemic areas show that early infection is associated with an increased risk of disease progression within three months of exposure (37). As a result, the assessment of active infection with more sensitive diagnostic approaches would be of paramount importance to allow early treatment and to prevent disease progression. In the present case series, time post-exposure exceeded 7 weeks, correlating with the oviposition phase. However, only moderate/severe cases had detectable egg excretion. Asymptomatic/mildly symptomatic subjects had no detectable eggs, probably as a result of low parasite load, undetectable by parasitological methods. Moreover, serology demonstrated reactivity to adult worms in almost half of the children investigated. On the other hand, molecular methods identified early acute infection induced by both mature and immature forms of Schistosoma in all or most of the cases. Our results demonstrate that both molecular tests, i.e. POC-CCA and the DNA assay, allowed diagnosis of early infection (<2 months post-exposure). Also, both urinary antigen and DNA detection overcome the positivity of the parasitological method and serology. The present data indicates that early detection of schistosomiasis by molecular assays may improve AS diagnosis in young children.

There is an increased risk of long-term complications in the pediatric, adolescent and adult population who have travelled to or lived in endemic areas exposed to Schistosoma-contaminated water, if left untreated. Nonetheless, these individuals usually respond well to drug therapy, including pre-school-aged children (6, 29, 38). Hence, early diagnosis, aggressive treatment and follow-up care should be the key management approaches for schistosomiasis (6). PZQ is the only choice for the prevention and treatment of schistosomiasis. The standard dose of 40 mg/kg body weight is used in a single application for school and adults at the community level through mass drug administration, as well as a therapy to reverse acute and early chronic schistosomiasis in travelers and migrant groups. However, PZQ only achieves 70 to 80% of drug effectiveness in school-children and adults; this is even lower in pre-school-aged children. Inadequate dose regimen, poor adherence due to the non-palatable characteristic of the drug, and scarce knowledge of the pharmacokinetics and pharmacodynamics of PZQ in young children may be important issues related to drug failure in this group (39). Recently, compelling data suggest that increasing the traditional dose may be beneficial in the chronically infected pre-school-aged children population living in transmission areas (29). Also, a new formulation such as orally dispersible tablets (ODT) of levo PZQ had its bioavailability determined in a phase I study. But results showed that there is still a need to determine an adequate dose for the pediatric group, considering that data on effective regimens and new drugs in acutely infected children remain limited (39). Herein, our results suggest that an anti-helminthic drug regimen including a high dose of PZQ (80 mg/kg) and more than a single oral dose might be efficient to treat acute schistosomiasis in the pediatric and adolescent group. Large clinical studies addressing effective drug posology during pre and post-patent AS are not available, and the lack of long post-therapy follow-up assays has compromised the establishment of recommendations for the management of the disease in all age groups, particularly in children (34). Nonetheless, further studies on new drug formulations and regimens are still necessary.

Assessment of the drug response in AS is usually based on traditional diagnostic approaches. In the group of egg excretors, no detection of eggs in a stool sample can occur very early post-treatment. However, in persistent infection or in cases of reinfection, the absence of egg detection does not rule out active schistosomiasis. Eventually, this will compromise decisions like the need for re-treatment. In the series investigated here, the evaluation of the therapy response based on KK showed no egg excretion in all three egg-positive individuals. Samples remained negative until 22 months, suggesting excellent drug efficacy. However, Schistosoma DNA was present in a fecal sample from an individual without egg excretion in the long-term follow-up. DNA late positivity in egg-negative individuals may occur post-PZQ administration as shown previously by our group (40). Detection of DNA persistence suggests an ongoing active infection, resulting from continuous DNA release from tissue-trapped eggs or single gender (female)-induced infection. Either way, DNA-reactive individuals that fail to respond to a single dose of therapy can achieve parasitological cure after re-treatment (40). Conversely, the assessment of the drug response by POC-CCA testing showed higher numbers of false positive results. Urinary antigen remained detectable in most of the treated children up until two years post-PZQ administration.

Assessment of Schistosoma infection diagnosis by urinary antigen detection proved to be less suitable to be used in low and non-endemic areas because of the low accuracy of POC-CCA testing. Antigen detection assays need standardization, evaluation of performance in community and institutional settings and of reproducibility between different batches (14, 41–43). In the present study, the findings showed false positive results and fluctuation of band intensity scores and discordant results for the same sample tested by using different POC-CCA batches. The data suggest that POC-CCA testing may not be reliable to be used as a marker for evaluation of drug response, in agreement with findings of other investigators (41–44).

Altogether, AS presents with a broad spectrum of manifestations with high morbidity and a potential risk of chronicity. In cases with no egg detection and the absence of seroconversion, alternative diagnostic approaches become essential. The present study demonstrates that molecular diagnosis improved the detection of AS in a group of young children. The findings also suggest that PZQ posology adjusted to a higher dose and more than one intake was effective in pre-school children, resulting in parasite-free status in a period of two years post-treatment, in most cases. After drug use, egg-negativity in the short-term and persistent serum reactivity in the long-term follow-up of schistosomiasis may hide treatment failure. Therefore, the use of more reliable markers of the drug response, such as the DNA assay, may result in improvements in the assessment of cure.
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Supplementary Figure 1 | Schematic representation of Schistosoma DNA, IgG and urinary antigen detection pre and post-treatment response during short and long-term follow up. Fecal samples from children treated with three sequential doses of PZQ (day 0, 30 and 45) were tested by real-time PCR (A). Serum (B) and urine (C) samples were analyzed by ELISA-IgG anti-SMMA and POC-CCA, respectively. Ct, Cycle Threshold (real-time PCR); Ct < 38, Reactive; Ct >38, Not Reactive; A.U., Arbitrary Units; ELISA IgG, Positive ≥ 1 AU. Negative < 1 AU; POC-CCA, 0, negative; 1, positive very weak (trace); 2, positive weak; 3, positive strong. Arrows indicate individuals with persistent reactivity post-drug use during long-term follow-up. In the 1st row, dashed lines represent the cut-off cycle threshold value. In the 2nd row, ELISA’s values > 1.0 were considered positive (dashed line). In the 3rd row, dashed lines correspond to results of the last urine sample (collected after 22 months of treatment) tested by POC-CCA test 2 (see Material and Methods).
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Male genital schistosomiasis (MGS) is an often-overlooked chronic consequence of urogenital schistosomiasis (UGS) associated with Schistosoma haematobium eggs and associated pathologies in the genital system of afflicted men. Despite the first formal description of MGS in 1911 by Madden, its epidemiology, diagnostic testing and case management of today are not well-described. However, since several interactions between MGS and the Human Immunodeficiency Virus (HIV) are known, there is renewed public health interest in MGS across sub-Saharan Africa (SSA). To shed new light upon MGS in Malawi, a longitudinal cohort study was set up among fishermen along the southern shoreline of Lake Malawi in Mangochi District, Malawi, to document its prevalence and assess mens' knowledge, attitudes and practices (KAP). After providing informed written consent, fishermen (n = 376) aged 18+ years (median age: 30 years, range: 18–70 years) were recruited and submitted urine and semen for point-of-care (POC) field and laboratory diagnostic parasitological tests. Individual questionnaires were administered to assess their KAP, with praziquantel (PZQ) treatment provided to all participants. Baseline prevalence of MGS (S. haematobium eggs in semen) was 10.4% (n = 114, median: 5.0 eggs per ml, range: 0.1–30.0) while for UGS (S. haematobium eggs in urine) was 17.1% (n = 210, median: 2.3 eggs per 10 ml, range: 0.1–186.0) and 3.8% were positive by POC circulating cathodic antigen (POC-CCA), indicative of a Schistosoma mansoni infection. Just under 10% of participants reported having experienced symptoms associated with MGS, namely genital or coital pain, or haemospermia. A total of 61.7% reported previous difficulties in accessing PZQ therapy, with 34.8% having received PZQ therapy before. There was a significant correlation between MGS infection and the frequency of fishing in a week (rho = −0.25, n = 100, p = 0.01). In conclusion, MGS is prevalent among local fishermen yet knowledge of the disease is poor. We therefore call for improved availability and accessibility to MGS diagnostics, PZQ treatment within ongoing control interventions. This will improve the lives and reproductive health of men, their partners and communities in this shoreline environment of Lake Malawi.

Keywords: MGS, S. haematobium, fishermen, semen, Lake Malawi


INTRODUCTION

Schistosomiasis is a prevalent parasitic, neglected tropical disease (NTD) affecting over 220 million people globally, especially in sub-Saharan Africa (SSA) (1, 2). The pathology of this disease in terms of intestinal, liver and urinary presentations is well-known, yet its chronic effect on host genitalia is often ignored or overlooked. Male genital schistosomiasis (MGS) is a gender-specific manifestation of urogenital schistosomiasis (UGS), associated with the presence of Schistosoma haematobium eggs and related pathologies in genitalia of men inhabiting or visiting endemic areas in SSA (3, 4). Despite the first reported by Madden (5), the epidemiology, diagnostic testing and case management of MGS are not well-described owing to limited research and diminishing focus over several decades.

Schistosome eggs evoke immunological responses causing granulomata formation and pathological consequences in genital organs from inflammation and fibrosis (6, 7). Men suffering from MGS in endemic areas experience pelvic, coital or ejaculatory pain, abnormal ejaculates, haemospermia, abnormal swelling of genital organs and infertility, which is generally underreported (8, 9). Schistosome eggs and pathologies have also been observed in seminal fluids and tissues of seminal vesicles, spermatic cord, vas deferens and prostrate during parasitological, histopathological and radiological tests (10–13).

By contrast recent global interest in female genital schistosomiasis (FGS) has grown substantially as epidemiological studies have shown increased risk of HIV infection in women having FGS due to characteristic genital mucosal breach, increased abnormal vasculature, inflammatory cells and mediators that facilitate Human Immunodeficiency Virus (HIV) acquisition and replication (14, 15). Similarly, but to a lesser extent, elevated inflammatory cells and mediators have been observed in male genital organs of those with MGS, highlighting similar potential risk for raised viral shedding and increased transmission of HIV (7, 16), both of which may be reduced after PZQ treatment, the mainstay anthelminthic for schistosomiasis (17).

Malawi is one of the SSA countries where both S. haematobium and Schistosoma mansoni are prevalent and highly focal around most water bodies, especially Lake Malawi (18–20). In addition, HIV prevalence among adult population (15–49 years) is considered high at 10.6% in SSA region, despite the control efforts including provision of antiretroviral treatment (ART) (21–23). Fishermen are one of the high-risk occupational groups in Malawi with higher HIV prevalence, and also with a plausible risk of increased HIV transmission to their sexual partners, if dually infected MGS.

With limited information about the burden of MGS on southern shoreline of Lake Malawi, we recruited a longitudinal study cohort to assess prevalence of MGS among local fishermen dwelling along the southern shoreline of Lake Malawi in Mangochi District. An integral part of this investigation was to assess their knowledge, attitudes and practices related to MGS and HIV infection.



MATERIALS AND METHODS


Study Area, Population, and Sampling

The research study was conducted among fishermen living in fishing communities (villages) identified and selected along southern shoreline of Lake Malawi in Mangochi District, the largest district in southern region of Malawi, from October 2017 to December 2018 (Figure 1). Most of the fishermen in the area live in specific fishing villages, closer to the lake to carry out their routine activities.


[image: Figure 1]
FIGURE 1. Schematic map of study area showing health facilities along Lake Malawi. (The study map was produced by Dr. Sekeleghe Kayuni (4th August 2019), while the maps of Africa and Malawi were reproduced from the maps at the Central Intelligence Agency (CIA) website, public domain: https://www.cia.gov/library/publications/the-world-factbook/attachments/locator-maps/MI-locator-map.gif and https://www.cia.gov/library/publications/the-world-factbook/attachments/maps/MI-map.gif).


Fishermen aged ≥18 years willing to provide written informed consent were eligible to participate in the study. They were asked about results of their recent HIV test within the last 12 months and reported accordingly. A minimum sample size of 275 fishermen was planned to be recruited into the study to measure the current prevalence of MGS, using a desired confidence interval (95%), expected prevalence (20%), and acceptable level of precision (0.05) (24, 25).



Study Data Collection and Analysis


Individual Questionnaires

Briefing about the study was conducted before obtaining written informed consent from the fishermen and recruiting them into the study. Individual questionnaires developed from a previous similar study (26) and piloted in the study area, were administered to the participants, collecting information on demographic, health, hygiene, sanitation, and socio-economic characteristics.



Parasitological Analyses

After the questionnaire interviews, the participants were invited to the nearby health facility where they submitted urine, semen and underwent an examination by ultrasonography.



Urine Analyses

Participants were provided with a clean 120 ml sample container to submit mid-morning urine. Urine was analyzed immediately for macrohematuria by visual inspection using a urine color card (scores 0, 1, 2, or 3; Figure 2), and then for microhaematuria, leukocytes and proteinuria using reagent strips (Siemens multistix 10G) and scores were recorded in the following categories: negative, trace or positive (graded as +, ++, and +++).


[image: Figure 2]
FIGURE 2. Urine color card for visualization of macrohaematuria.


Point-of-care urine circulating cathodic antigen (POC-CCA) test was conducted to assess for possible intestinal infection by Schistosoma mansoni, following manufacturer's instructions (Rapid Medical Diagnostics, South Africa; batch no. 171103130) and as described previously (27). Urine volume was measured and recorded accordingly, before conducting filtration following approved standard guidelines to detect schistosome eggs and confirm UGS (28, 29).

The entire volume of urine was filtered through a swinnex plastic holder containing a nylon mesh membrane with 20 μm pores to trap all S. haematobium eggs in the sample. The membrane was removed, placed on a standard glass slide and examined under the microscope at ×100 magnification. A drop of Lugol's iodine was added to visualize the eggs distinctly. The number of eggs was calculated by first dividing the total egg number observed by the total volume filtered and then multiplying by 10, to adjust the resultant egg count per 10 ml of urine. High infection intensity for UGS was defined as egg count of ≥50 eggs per 10 ml urine as widely described (29).



Semen Microscopic Analysis

Semen was submitted into a transparent, sealable plastic bag to examine at point-of-care for MGS, defined in the study as presence of schistosome eggs in semen. Participants were advised to abstain from coitus for at least 2 days before submitting a semen sample.

The semen bag was placed under ambient temperature on a clean bench surface to allow the semen to liquefy. Thereafter, the semen was pushed gently to one corner of the clear plastic bag before heat-sealing the bag to avoid leakage and to evenly concentrate the semen for easy visualization during microscopy as previously described (30). Direct examination of the semen bag was conducted under a microscope at ×100 magnification to check for schistosome eggs and the presence of leukocytes (31), with results recorded as per ml of ejaculate.

Afterwards, the semen volume was measured and thereafter centrifuged using a benchtop centrifuge with 11 cm radius rotor set at 5,000 rpm for 5 min to separate the seminal plasma (supernatant) from the sediment. The sediment, where schistosome eggs would collect if present, was re-dissolved in 0.5 ml normal saline for wet mount inspection using 2–3 drops and placed on a slide with a coverslip for microscopy, followed by recording of egg count.




Statistical Analyses

All data collected during the study were screened and quality-controlled before entry into Microsoft Excel and SSPS computer packages. No double data entry was conducted. Screening for errors using descriptive analyses and cleaning were conducted. Frequencies, proportions, medians and ranges of the variables of interest were calculated to define the prevalence of UGS and MGS. Thereafter, the data were explored to further assess the association of different variables related to MGS as well as explore any differences existing between the groups of participants in the study. Non-parametric statistics were used to analyse the data due to its lack of normal distribution.



Ethical Considerations

Ethical clearance to conduct the study was provided by the National Health Sciences Research Committee (NHSRC, approval number: 1805) of Malawi and Liverpool School of Tropical Medicine (LSTM) Research Ethics Committee (LSTM REC, approval number: 17–018). Utmost privacy and confidentiality were maintained in the study and where necessary, the information was anonymised to protect the identity of the participant. Since this was a test-to-treat study, participants were offered PZQ treatment at the end of each visit before inviting them to the next follow-up study.




RESULTS

After the briefing and sensitization about the study, 384 fishermen expressed interest in the study, with 376 recruited and interviewed with questionnaires (Figure 3). Fifty-six participants were HIV positive and taking anti-retroviral therapy (ART) for at least 6 months. The participants came from 39 villages located in two Traditional Authorities (T/A) of Mponda and Nankumba, along the shoreline within study area.


[image: Figure 3]
FIGURE 3. Consort diagram showing the outline of the study.



Demographic Information of the Study Participants

The median age of the participants was 30.0 years with a range of 18.0–70.0 years [Interquartile range (IQR): 13] and their median duration of stay in the fishing village was 20.0 years (IQR: 24.3; Table 1). There was a strong, positive correlation between the age and duration of stay (Spearman's coefficient rho = 0.44, n = 318, p < 0.001). The median weight of the participants was 58.3 kg (IQR: 8.7). For those HIV-positive participants, the median age was 39.5 years (IQR: 17.0), the duration of stay was 24.0 years (IQR: 24) and weight was 56.4 kg (IQR: 8.8) while for HIV-negative participants, the median age, duration of stay and weight were 28.0 years (IQR: 13.0), 19.0 years (IQR: 21.5), and 59.0 kg (IQR: 8.1), respectively. There was a significant difference in the median age between HIV-positive and HIV negative participants (independent samples Mann-Whitney test U = 10,917.5, z = 5.80, p < 0.001).


Table 1. Demographic information of the study participants.
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Regarding their education status, 11.4% never attended formal schooling, 48.4% did not completed primary school and only 7.7% completed secondary school (Table 2). Of the total participants, 65.7% were married and 67.3% had children regardless of their marital status (range: 1–16 children). There was a positive correlation between participants' age and number of children (rho = 0.70, n = 260, p < 0.001), but negative correlation with education status (rho = −0.24, n = 370, p < 0.001). Apart from fishing, 20% of participants were involved in other activities including farming, business, schooling, and household duties.


Table 2. Additional demographic information of the study participants.
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Prevalence of UGS and MGS in the Study Cohort

Out of the total recruited participants, 210 submitted urine after questionnaires (55.9%) and 114 submitted semen (30.3%). Forty-three participants on ART submitted urine while 26 submitted semen samples. The median age of participants who submitted urine was 30.0 years (IQR: 15) and for semen was 29.0 years (IQR: 15; Table 1). Urine examination for macrohaematuria using color-score card revealed that most of the urine was clear in appearance (97.1%) while a few samples were cloudy and visually opaque (2.9%).

Upon examination of urine by Siemens multistix showed that 82.4%, 72.9% and 63.8% were negative for leukocyturia, microhematuria, and proteinuria, respectively (Table 3). None of the urine was positive for glucose, suggestive of no glycosuria associated with other diseases.


Table 3. Proportion of 210 participants who submitted urine according to results of reagent strip.
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After urine filtration, 36 participants (17.1%) had S. haematobium eggs in urine (UGS), their median egg count was 0.9 eggs per 10 ml (IQR: 5.4; Table 4). Only three participants (1.4%) had the highest infection intensity, defined as 50+ eggs per 10 ml of urine (92, 137.8, and 186 eggs). The urine submitted by participants ranged from 10 to 240 ml.


Table 4. Parasitological analyses on urine and semen of the study participants.
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Eight (22.2%) of those 36 participants with UGS were on ART, representing 14.3% of HIV-positive participants who submitted urine in the study cohort. There was no significant difference in the urine egg count according to the participants' HIV infection status [median: 1.0 egg, n = 21 (Negative); median: 0.1 egg, n = 8 (Positive); Mann-Whitney test U = 85.0, z = 0.05, p = 0.96]. In addition, the age of participants did not correlate with UGS infection (rho = −0.16, n = 36, p = 0.35).

Eight participants of those who submitted urine (3.8%, n = 210) had a positive POC-CCA test, suggestive of possible S. mansoni intestinal schistosomiasis infection. There was a positive correlation between reagent strip scores for leukocytes, blood and proteins with urine egg count (rho = 0.23, p = 0.001; rho = 0.36, p < 0.001; and rho = 0.25, p = 0.001, respectively), while there was no correlation between urine color card with egg count (rho = 0.01, n = 210, p = 0.89).

For those who submitted semen, 12 (10.4%) had S. haematobium eggs in semen (MGS), with median egg count of 2.9 per ml of ejaculate (IQR: 6.3, range: 0.4–30.0 eggs) and seminal volume ranged from 0.1 to 4.5 mL (mean: 1.4 ml). None of the semen had visible blood (haemospermia), or was of abnormal color. The semen bag method identified 8 participants (66.7%) whose mean egg count was 1.7, while the centrifugation method identified 9 participants (75%) with mean of 5.3 eggs, and only five participants (41.7%) were observed to have MGS by both methods simultaneously (Figure 4). There was no statistical difference in the egg count between the methods. Eight participants (66.7%) with MGS had no eggs in urine.


[image: Figure 4]
FIGURE 4. Venn diagram showing positive results of the urine filtration, semen microscopy using bag and centrifugation methods on those participants who submitted semen at baseline (n = 114).


The median age of those with MGS was 46.0 years (IQR: 23.0, range: 18–54) while for those who were MGS negative, it was 29.0 years (IQR: 14, range: 18–67), with statistically significant differences (Mann-Whitney test U = 833.0, z = 2.04, p = 0.04). The ages of participants with MGS correlated significantly with their egg count (rho = 0.19, n = 114, p = 0.001). Furthermore, there was no correlation between semen egg count with urine card score, POC-CCA test results or urine egg count.

Twenty of those participants (17.5%) who submitted semen had leukocytes in their semen, with 13.2% (n = 15) had <50 leukocytes, 1.8% (n = 2) had 51–100 leukocytes and 2.6% over 100 leukocytes. None of the participants with leukocytes had schistosome eggs in their semen while only 5 participants with S. haematobium eggs in urine (UGS), with no correlation and statistical difference (urine: rho = 0.035, n = 98, p = 0.73, Mann-Whitney test U = 801.5, z = 0.27, p = 0.79; semen: rho = 0.09, n = 98, p = 0.37, Mann-Whitney test U = 581.5, z = 1.01, p = 0.31).



Symptoms and Diseases Reported by Study Participants and Their Spouses

Regarding symptoms related to schistosomiasis, participants reported in their questionnaire interviews among others, change in urine color (47.1%), dysuria (27.6%), frequency (24.9%), haematuria (19.6%), and blood in stool (7.3%) (Table 5).


Table 5. Proportion of all 376 participants who reported experiencing symptoms of schistosomiasis including MGS.
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Specifically, for MGS, fewer participants reported to have experienced pain in their genital organs (7.6%), during coitus (4.8%) and on ejaculation (3.2%), haemospermia (1%), with none of those with MGS reporting any of these classical symptoms. In addition, none except one participant with MGS reported having experienced classical symptoms of MGS compared with those with no MGS (Table 6).


Table 6. Comparison of 114 participants who reported experiencing symptoms of schistosomiasis according to the MGS infection status.
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On the diseases reported, 28.6% had schistosomiasis, malaria (32.1%), diarrhea (31.7%), worm infestation (7.2%) and sexually transmitted infections (STI, 6.4%) (Table 7). On their genital symptoms, two participants thought they were related to STIs (11.2%) and majority were not sure of the cause (66.7%). The participants said that their spouses thought they had STIs (15.4%) and schistosomiasis (7.7%) among others.


Table 7. Proportion of all 376 participants who reported the diseases and treatment received in the preceding months before the study.

[image: Table 7]

With regards to symptoms reported by the participants' spouses to them, 5.9% had a miscarriage, primary infertility (1.9%) and secondary infertility (2.7%), which have been previously described to be consequences of female genital schistosomiasis (FGS) (Table 8). Furthermore, 2.7 and 0.8% reported to experiencing pain during coitus and bleeding afterwards, respectively, which are also thought to be associated with FGS.


Table 8. Proportion of all 376 participants who reported the symptoms and conditions experienced by their spouses in the preceding months before the study.
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Regarding the spouses' symptoms, the majority of participants thought they were due to either normal body functioning (22.4%) or contraceptives from health facility (20.4%), while some thought it was unknown disease (14.3%), pregnancy (8.2%), schistosomiasis (2.0%), and other conditions, with one surprisingly saying, “I think her blood is bad, doesn't relate well with mine.” The spouses themselves had similar thoughts of normal body functioning (19.4%), contraceptives (19.4%), pregnancy (8.1%), unknown diseases (6.5%) among others, with one saying, “I think this is as a result of witchcraft.”

Most participants expressed their need for assistance with their symptoms and diseases (39.1%), diagnostic testing (13.0%) and treatment (8.7%) of schistosomiasis, and further information on the common diseases in the area (30.4%), namely schistosomiasis, malaria, HIV/AIDS, and contraceptives use. Of particular interest, one participant commented that, “do not use modern contraceptives from health facility, rather use traditional methods from the village.”

Praziquantel was accessed by 34.8% of participants in the last 12 months, 22.4% received albendazole, and 61.7% reported that they had difficulties to access treatment for schistosomiasis (PZQ), although there was no significant correlation with MGS in this study.



Water Contact, Fishing, and Sanitation Information of the Study Participants

The participants admitted to swimming or walking (92.5%), bathing and washing their bodies and clothes (94.1%) in the lake, at least four times in a week. The main reasons for using the lake were because of its convenience to their daily routine since they spend significant amounts of time in the lake (44.9%), and it is clear, fresh and free water (41.9%), which encourages them to be clean (6.4%), while a small proportion reported that the borehole water was salty (1.0%) or located at a far distance (3.7%).

With regards to their fishing, the median duration of fishing was 7.0 years (IQR: 9.3, range: 0.2–60 years) and participants spending an average of 4 days per week on fishing in the lake (IQR: 5, range: 1–7 days; Table 9). There was a strong, positive correlation between participant's age and number of years he has been fishing (rho = 0.51, n = 298, p < 0.001) as well as frequency of fishing in a week (rho = 0.14, n = 352, p = 0.008), highlighting the potential increased risk of exposure to schistosomiasis.


Table 9. Proportion of participants who reported on their water contact and fishing history in the Lake in the preceding months before the study.
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Close to two-thirds (66.2%) admitted to fish in other areas, more than 3 times in a year (IQR: 2, range: 1–20), mainly following larger fish catches at a particular time (91.6%), as well as increased availability of fishing boats in specific area (3.8%), following friends migrating to other areas (peer pressure, 3.4%) and better fish prices (1.3%).

Since the lake closes to fishing from December to January every year, in accordance to Malawi government regulations for fish breeding season, most of the participants do other activities including farming (50.4%), casual work, other skilled works (hair-cutting, tailoring, carpentry, building, welding: 7.7%), while some do nothing (22.2%). The duration of fishing was negatively correlated with education status of the participants, which was statistically significant (rho = −0.16, n = 295, p = 0.005).

Only 12.7% use protective wear during their water contact. The reasons for not using protective wear include lack of special wear (17.3%), inconveniencing as they have difficulties working with them (19.7%), fear of drowning due to heavy weight once soaked (26.5%), while some find them not necessary (7.1%) and 10% stated that there are rules against use of protective wear or any heavier clothing when fishing in the lake.

Half of study participants used their home toilet for urination (56.9%), followed by those using the lake (32.3%), both lake and home toilet (9.7%) and only 3 use the bush (0.8%). Similarly, more participants used their home toilet (60.8%) for defecation, some still use the lake (30.8%), both places (9.7%), and the same number used the bush. Thus, indicating the participants do increase the risk of being infected during frequent water contact and transmitting the disease due to their poor sanitary behavior.

Most have home toilet (92.4%), which they used on average 6.3 days in a week (95% C.I.: 6.2–6.5 days), contradicting to their earlier response. For those participants without, they report using the toilet of their parents (50%), neighbor (30%), or drinking bar (10%).



Multivariate Analysis of Reported Symptoms, Diseases, Water Contact, and Tests Results

Further statistical analyses were conducted to explore the relationship between the MGS infection status and reported symptoms, diseases, water contact and fishing history. There was a significant correlation between MGS infection and the frequency of fishing in a week (rho = −0.25, n = 100, p = 0.01) and fishing in other areas (rho = 0.23, n = 73, p = 0.05), while only the duration of stay in the study site was slightly significant correlated with UGS infection (rho = 0.16, n = 178, p = 0.03).

There was no correlation between infection status and number of days involved in swimming, walking, working, bathing, or washing in the lake per week, use of protective wear in the lake or use of home toilet. However, there was statistical difference in MGS infection status with regards to their use of the lake for bathing or washing (p = 0.01), explanation for their use of the lake (p = 0.008), and their village of stay (p = 0.001).

Furthermore, there was a significant statistical difference in the fishing weekly duration of participants, according to their MGS infection using the Mann-Whitney U test (median: 3 days, n = 93; median: 1 day, n = 7; U = 142, z = −2.54, p = 0.01, r = 0.03; respectively), suggesting that those with less number of fishing days were likely to have MGS. There was no difference in the frequency of water contact during swimming, bathing, washing, number of years fishing and frequency of fishing in other areas. All the variables were not statistically different with their UGS infection status. There was no statistical difference in the infection status with the response to the symptoms and diseases experienced by the participants, during and in the months preceding the study.

On the participants' response to PZQ access for schistosomiasis treatment, there was no significant difference in MGS and UGS infection status. Similarly, on the easy access to PZQ treatment for schistosomiasis was not significantly different between those participants with and without MGS, similarly to those who either or not received treatment in the last 12 months preceding the study.

One-way between groups analysis of variance (ANOVA) was conducted to explore the impact of participants' education status on the MGS and UGS infection, which were divided into four groups according to their responses: never went to school, primary education, secondary education, and college education. With no violation of homogeneity of variances, there was no statistically significant difference in UGS and MGS infection among the education status groups of the participants: F(2, 204) = 0.20, p = 0.82 (UGS), and F(2, 108) = 0.07, p = 0.92 (MGS). Of the MGS participants in the study, 9 (75%) attended primary education while the remaining 3 (25%) attended secondary education.



Multivariate Analyses of the Different Diagnostic Tests for Schistosomiasis

On the relationship between the tests conducted in the study, there was no statistical difference between the urine color-card scores and the urine egg counts using Kruskal-Wallis tests (n = 210, p = 0.89), while there was significant difference in the reagent strip scores and urine schistosome egg counts [n = 210, p = 0.012 (leukocytes), p < 0.001 (blood, protein)]. The reagent strip scores correlated with the semen egg count [rho = 0.23, p = 0.001 (leukocytes); rho = 0.36, p < 0.001 (blood); and rho = 0.25, p = 0.001 (protein)], while the color card scores were not correlated with semen egg counts.

Comparing the urine tests with semen egg results, there was statistical difference between the reagent strip scores for protein and semen egg counts (n = 114, p = 0.01), with no difference in reagent strip scores for leukocytes, blood and color card scores. When compared, the semen bag and centrifugation methods had a Kappa measure of agreement value was 0.56, with statistical significance (p < 0.001). Using semen centrifugation method as a reference test, the sensitivity of semen bag was 55.6% while specificity was 97.1%, illustrate the capability of bag method in MGS testing.




DISCUSSION

This is the first extensive research study investigating MGS among local inhabitants along the shoreline of Lake Malawi where urogenital schistosomiasis is endemic. Previous reports have been case descriptions of travelers or non-dwellers visiting the lake for recreation or business (32–34).

Despite its first description over a century ago by Madden (5), MGS remains little known, poorly recognized, misdiagnosed and underreported among men in endemic areas such as Lake Malawi shoreline, thereby suffering from its consequences ranging from persistent genital, coital and ejaculatory pain, abnormal ejaculates, haemospermia, swollen organs, and infertility. Coupled with the poor health-seeking behavior of men observed in endemic areas, certainly MGS impacts the male reproductive health negatively, making it an ignored aspect of an NTD and a public health concern in such endemic areas.

Our study population comprised young and middle-aged fishermen who had spent most of their life on the lake shoreline in the fishing communities, as observed from their median age of 30.0 years. This is similar to the national trend of the country population, pegged at 17.6 million in 2018 with over 230,000 men aged ≥18 years in the district and over 70,000 in the two T/A of the study area. In such endemic areas, people become infected as early in life as infants (35) and as they grow, repeated exposure through contact with infested lake water, results in re-infections and progressive development of chronic manifestations of schistosomiasis, including MGS in males (36, 37). Despite some case reports on MGS being in young male children (38, 39), most reports on MGS have been in adult males beyond adolescence, similar to our observation for the mean age of those with MGS being higher and significantly different to those without disease (34).

The prevalence of MGS observed in our study was similar to the assumed prevalence (10.4%), but lower from previous studies in other endemic countries (4, 7). As observed in this study, the majority of MGS participants (66.7%) had no eggs in urine (UGS) which also explains the non-correlation of both tests. Urine filtration has been used as a proxy to diagnosing MGS, due to challenges encountered in semen submission with individual perceptions and cultural myths around the sample (40). However, filtration is known to have low sensitivity and specificity especially when the prevalence starts declining (41), especially with the mass drug administration (MDA) campaigns with PZQ, which the national control programme in Malawi conducts annually. Interestingly, in the study, the scores of the urine reagent multistix strips correlated significantly with MGS, and suggests the need to develop more accessible, affordable, point-of-care sensitive and specific diagnostic tests for MGS (42).

The novel semen bag method described and used in the study showed reasonable sensitivity and specificity when compared to the standard semen examination technique (centrifugation method) which has been routinely used (31). This could serve as the first-line examination tool for semen in diagnosing MGS in endemic areas, owing to the simple availability of the tool, compared to most sample collection tools like non-spermicidal condoms or disposable containers.

In addition, the use of POC-CCA urine tests could assist in determination of intestinal schistosomiasis (27, 41, 43), which happen to be an emerging infections having autochthonous transmission on the shoreline (44). Further investigation of positive men on POC-CCA can elucidate this infection and explain the absence of S. mansoni eggs in semen unlike previous reports from other areas (45–47).

With regards to the symptoms, fewer participants reported having the classical symptoms of UGS and specifically MGS, as none of the symptoms here had a significant relationship with MGS infection status. This was similar to their perceptions of the symptoms not related to schistosomiasis but rather other diseases including STI, similarly observed in other studies (26, 48). In previous reports, such classical symptoms such as haemospermia and abnormal ejaculates were observed in naïve individuals visiting endemic areas and displaying early stages of schistosomiasis preceding diagnosis of MGS (33, 49, 50).

On their water contact during bathing, washing or swimming in the lake, there was no correlation observed with MGS infection status which was surprising. However, their frequency of fishing in the lake per week was noted to correlate with the infection, supporting the known fact that repeated exposure to infested water increases the risk of schistosome infection, its intensity and afterward development of MGS, coupled with their low usage of protective wear (37, 51). The mean frequency of fishing was significantly different between the infection statuses which suggest more days of fishing contribute to more exposure which subsequently result in MGS infection.

Furthermore, practices of some participants in using the lake for urination and defecation instead of toilets contribute to continuation of the life cycle because the intermediate snail hosts will be infected with miracidia from their hatched eggs. This does not appear surprising observing that the level of education had no impact on the infection status, since all the MGS participants attended primary and secondary education, although education is supposed to contribute toward modification and transformation of behavior with regards to schistosomiasis (52). There is need for comprehensive health education through diverse available channels like beach committee meetings which involves all fishermen, community radio programs, health meetings among others in order to engage the men on schistosomiasis and MGS in particular. Certainly, there is need to develop local tailor-made water, sanitation and health (WASH) interventions together with the men to address issues of poor hygiene and sanitation observed in the study.

The drop-out of participants in submitting samples, especially semen, limit the generalization of the study results to male populations in the country and endemic region. This could be explained by negative perceptions and myths associated with semen in rural communities, although a previous study examining semen in the district did not encounter such challenges (53). In addition, the rumors of “blood suckers” (vampires) visiting and terrorizing the local communities negatively affected the trust and confidence local men had to the study team, thus additional sensitization and discussions were conducted with local traditional and opinion leaders, health workers and police officers (54–57). Also, some participants could be reluctant to submit samples at the health centers, due to poor health-seeking behavior. Similarly, previous studies describing MGS had similar or even lower number of participants submitting semen, highlighting the sensitivities and challenges in such studies. Thus, these valuable results are important if we are to build on and contribute to the current knowledge of MGS in local inhabitants of a schistosomiasis endemic area. Lack of sperm assessment in this study for sperm count, motility and morphology among other andrological parameters which are potentially important aspects of MGS limited its further understanding in fishermen of this endemic area.

In conclusion, male genital schistosomiasis remains a prevalent, poorly recognized manifestation of schistosomiasis, especially UGS, commonly in men with frequent exposure to infested waters in endemic areas like Lake Malawi shoreline. This study illustrates the need for more education on schistosomiasis, specifically MGS among men, to seek timely medical assistance and access PZQ, which is known to have excellent egg-reduction and cure rates of up to 100% (58).
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Schistosomiasis is a parasitic disease caused by trematode worms of the genus Schistosoma and affects over 200 million people worldwide. The control and treatment of this neglected tropical disease is based on a single drug, praziquantel, which raises concerns about the development of drug resistance. This, and the lack of efficacy of praziquantel against juvenile worms, highlights the urgency for new antischistosomal therapies. In this review we focus on innovative approaches to the identification of antischistosomal drug candidates, including the use of automated assays, fragment-based screening, computer-aided and artificial intelligence-based computational methods. We highlight the current developments that may contribute to optimizing research outputs and lead to more effective drugs for this highly prevalent disease, in a more cost-effective drug discovery endeavor.
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Introduction

Schistosomiasis is a neglected tropical disease (NTD) caused by trematode parasites belonging to the genus Schistosoma. The most clinically-relevant species are S. mansoni, S. japonicum and S. haematobium while S. mekongi, S. guineensis and S. intercalatum have lower prevalence (1, 2). According to the World Health Organization (WHO), approximately 229 million people are infected worldwide, causing around 200,000 deaths annually (2). However, this is probably an underestimation, due to the low sensitivity of the available diagnostic methods to detect low intensity parasite infections (3, 4). It ranks second behind malaria in terms of prevalence and socioeconomic impact, causing the loss of more than 2.6 million disability-adjusted life years (DALYs) (5).

Humans become infected when the cercariae larvae, released by the snail intermediate hosts, penetrate through the skin during contact with contaminated freshwater (1, 6). Then, cercariae access the host circulation and develop into juvenile and adult worms (7). Paired female and male adult schistosomes live in the blood vessels where they produce eggs that are excreted in faeces (S. mansoni, S. japonicum, S. intercalatum, S. guineenses and S. mekongi) or urine (infections by S. haematobium) (6). Eggs become trapped in human tissues causing inflammatory immune reactions (including granulomata) that damage organs resulting in intestinal, hepatosplenic, or urogenital disease (8). The eggs that reach the environment, hatch in the water and release the larval stage miracidia. The Miracidia infect the intermediate hosts and continue the parasite’s life-cycle (9).

Because the development of a schistosomiasis vaccine has proved challenging (10, 11), the treatment and control of schistosomiasis continue to depend, on the almost 50-year-old drug, praziquantel (PZQ) (12, 13). PZQ is generally effective against adult and schistosomula stages of all schistosome species and is well tolerated, causing only mild and transient side effects (14, 15). However, PZQ is ineffective against juvenile schistosomes, which contributes to the failure of the drug to cure the disease and the need for new rounds of treatment (16, 17). Moreover, PZQ is administered as a racemic mixture, wherefore only half of PZQ dose (i.e., R-PZQ stereoisomer) is pharmacologically active. The S-PZQ, besides being pharmacologically inactive, contributes to the bitter taste and the large size of PQZ tablets, both of which decrease patient compliance and are not suitable for children (18, 19). Moreover, PZQ has been used in mass drug administration campaigns for many decades and this may account for a selection pressure that can promote the development of parasitic resistance (20). In fact, reduced PZQ efficacy has been demonstrated both in laboratory and field isolates (21–28). Consequently, there is an urgent need for new antischistosomal drugs.

One of the foremost challenges to the discovery of new anti-schistosomal drugs is the long and complex life cycle of the parasite, which makes screening campaigns technically difficult (29). The phenotypic screening of whole-organisms in vitro and/or in animal models is the approach that is most used for finding hit compounds (i.e., active compounds in vitro based on a defined activity threshold) (30–32), though animal models tend to be costly and time-consuming (33). These assays require the maintenance of the parasites’ life cycle – including both the intermediate (snails) and the definitive hosts (hamsters or mice) – in order to have regular access to parasites. However, these laboratory-based life cycles can only produce a restricted number of adult-stage schistosomes (34). As a consequence, most early compound screening efforts use newly transformed schistosomula (NTS), which are obtained from the mechanically transformed cercariae (35). This can limit the finding of new hits, as the sensitivity to compounds can vary between life cycle stage and gender of the parasite (36, 37).

Screening compounds for anti-schistosomal activity is typically carried out manually where an analyst identifies the 5presence of morphological or behavioral changes in the parasites by microscopy (29). A numerical scale (“severity score”), usually including four (38, 39) or five (29, 40) scores, is used to describe the phenotypes. However, this analysis is subjective, semi-quantitative, time-consuming and the results can vary largely from analyst to analyst (41–43). Nonetheless, severity scoring systems have been successful in identifying hits, defining SAR, and identifying compounds that translate with in vivo efficacy in the mouse model of S. mansoni infection (44).

In this review we focus on innovative approaches to the identification of antischistosomal drug candidates, including the use of automated assays, fragment-based screening, computer-aided and artificial intelligence-based computational methods. We also highlight the current developments that may contribute to optimizing research outputs and lead to more cost-effective drugs for this highly prevalent disease.



Phenotypic Screening

Phenotypic screening consists of testing substances that could possibly cause phenotypic changes considered relevant to a biological system. Phenotypic-based drug discovery (PDD), compared to target-based drug discovery (TDD), has the advantage of presenting a greater probability of identifying compounds which will be translated to in vivo tests since they better mimic the complex environment of living systems. For example, in a cellular assay, a test compound may have to cross cellular membranes and/or resist degradation by metabolic enzymes before interacting with its target(s). These factors may have a significant impact in a compound’s biological activity and are not taken into account in a target-based assay. Hence, a hit coming from a phenotypic screen has much more biological value than one coming from a target-based screen (45, 46). Nonetheless, an important consideration must be given to the higher cases of false negatives in PDD campaigns when compared to TDD. As discussed by Geary and colleagues (33), the false negatives result from the inability of some compounds to reach a proper concentration inside a whole organism, which may hinder the detection of potential schistosomicidal molecules.

PDD approach tends to be more time-consuming and costly to develop and run than TDD (47). This is mainly due to the implementation of higher complexity screening assays, and to other factors such as the parallel use of genetic and small molecules screens, as well as more complicated hit validation and target identification efforts (48). Furthermore, the establishment of structure-activity relationship (SAR) is more challenging due to other concurrent factors, such as membrane permeability and off-target binding, though there are several examples of successful SAR studies using schistosome phenotypic assays in the literature (49–51). Hence, PDD approach is limited in this sense due to unknown mechanism of action, potentially targeting different types of proteins, such as receptors, enzymes, transcription factors and even different signaling pathways (45). Additional assays may be necessary to support the SAR in PDD approaches. On the other hand, the multiplicity of potential targets in PDD can be a source of serendipity (33, 46). In contrast, the prior knowledge of the target in TDD helps to accelerate the interpretation of SAR data. In spite of their differences, it is increasingly known that PDD and TDD must be seen as complementary in the R&D of new drugs (48, 52, 53).

In the following topics we will address some of the main phenotypic assays that have been used for schistosomiasis drug discovery. They consist in labelled (employing fluorescent or luminescent dyes) and label-free assays that are able to detect drug-induced phenotypes in different stages of the parasite, such as schistosomula (NTS), juvenile (1-5 weeks post infection) and adult (6-7 weeks or over post infection) (38).


Luminescence- and Fluorescence-Based Phenotypic Assays

Some methodologies used in schistosome phenotypic screening are based on fluorescent or luminescent dyes commonly employed in cellular viability/cytotoxicity assays (Table 1). Propidium iodide (PI), a DNA intercalator, for instance, is a fluorescent dye that is not able to cross membrane cells and can only stain nucleic acids of cells that have lost their membrane integrity. For this reason, such fluorophore is used to differentiate living and dead cells. Unlike PI, fluorescein diacetate (FDA) can cross biological membranes, and is converted by healthy cells into fluorescein, another fluorescent dye. Peak et al. (54) developed a microplate-based assay to measure schistosomula viability using PI/FDA. In this method, the fluorescence emitted by FDA and PI stained parasites is quantified by a microplate reader and later converted into worm viability using the fluorescence ratio FDA/(PI + FDA). This assay was able to detect the effect of some known schistosomicidal drugs, namely auranofin, gambogic acid and amphotericin b, but failed in measuring the effect of praziquantel and other compounds previously identified as actives by microscopy (55). Braun et al. (56) also used PI and FDA probes in the development of a quantitative HTS (qHTS) fluorescent-based bioassay to identify schistosomula in water samples (56). The results obtained with this method showed no statistically significant differences when compared to visual inspections carried out by manual microscopy.


Table 1 | Summary of some luminescence and fluorescence schistosomal drug assay methodologies.



Mansour et al. (42) used a commercial solution of resazurin (Alamar Blue®), a redox-sensitive probe, to measure the viability of schistosomula in microplates. This assay is based on the principle that only metabolic active worms can reduce resazurin to resorufin, a fluorescent molecule. During validation, this assay proved to be useful in evaluating the effect of compounds that kill or provoke severe damage to the parasite (e.g., oltipraz), but showed less sensitivity towards those that elicited more subtle effects (e.g., praziquantel) detectable by conventional microscopy.

Lalli et al. (38) developed and validated a luminescence-based method for the evaluation of schistosomula viability by quantifying ATP (38). This assay is carried out using a commercial kit (CellTiter-Glo®) which contains luciferase and its substrate luciferin as the main components. In principle, metabolic active worms produce ATP which participates in the reaction catalysed by luciferase. As a result, a luminescence signal is produced and registered in a microplate reader. This medium-throughput method is suitable for semi-automated screening of chemical libraries and has several benefits such as speed in screening, reproducibility and non-subjectivity. Guidi et al. (57) used the same luminescence-based technique, combined with HTS, to search for molecules with schistosomicidal activity. As a result, a few compounds capable of impairing the viability of the larval, juvenile, and adult phases were identified, with potency against juveniles higher than PZQ. In addition, changes in egg formation and production are among the phenotypic modifications.

However, despite its success in generating dose-response curves for some known schistomicidal drugs (e.g., gambogic acid and oltipraz) this method was unable to detect the effect of praziquantel and oxamniquine on schistosomula viability. Maccesi et al. (44) also could not detect the biological effect of some schistomicidal compounds using another phenotypic assay. In their work, S. mansoni schistosomula were screened with the 400 compounds of the MMV Pathogen Box in three different institutions. Two of them employed visual scoring (microscopy) to describe drug-induced phenotypes while the other used a colorimetric assay based on the metabolic reduction of XTT to measure parasites viability. In nearly 74% of the cases, all three methods agreed on the classification of the compounds (active/inactive) after 72h of incubation. Nonetheless, unlike the visual methods, the XTT-based assay did not identify PZQ and other compounds (e.g., auranofin, nitazoxanide) as actives against schistosomula. This may be due to the fact that metabolic-based assays were originally designed to be used in cell and unicellular organisms. Its use in multicellular and more complex models are prone to missing important phenotypes (44) found in these organisms, like the dysregulation of the neuromuscular system, a mechanism attributed to PZQ (58).

Panic et al. (39) performed a review of fluorescent and luminescent markers used on S. mansoni drug assays and confirmed Lalli et al. (38) studies of development and validation of a luminescence-based assay (CellTiter-Glo®). In contrast to resazurin assays, which are also used to determine the viability of Schistosoma parasites, CellTiter-Glo® was able to determine the IC50 of mefloquine and to detect the schistomicidal activity of some FDA-approved compounds, showing results that correlate with microscopic findings.

The assays described in this topic represent a major advance in schistosomiasis drug discovery. Nonetheless, they show some limitations that must be taken into consideration. Compared to colorimetric methods, such as XTT-based assay, fluorescence/luminescence-based assays require black/white microplates which are more expensive (59). In some cases, a given method may not detect the schistomicidal effect of a compound recognized as active by other techniques, including conventional microscopy (39). Moreover, some test compounds may interfere with the assay (e.g., compounds auto-fluorescence), leading to a misinterpretation of the results (38). Therefore, it is advisable to be cautious when considering the results obtained from a single method, being recommended to corroborate the results using at least one orthogonal assay.



Label-Free Automated Phenotypic Assays for Schistosomiasis Drug Discovery

Label-free automated assays detect phenotypic alterations in schistosomes in the absence of any kind of label (e.g., fluorescent probe). In general, they can be divided into two main groups: image-based (most common) (60–63) and non-image-based methods (64, 65) (Figure 1A). The former use visual information, such as morphology and/or motility of the parasite, to describe a phenotype (Figures 1A, B). In contrast, non-image-based methods, herein exemplified by electrical impedance spectroscopy (65) and microcalorimetry (64), create phenotypic profiles based on worm’s metabolic activity and/or its motility (Figures 1A, C). Image-based and non-image-based assays have been largely employed in drug discovery campaigns to identify new schistosomicidal compounds and calculate their potencies. Some of these methods and their main characteristics (e.g., type of readout, assay format and the number of parasites required per assay) are shown in Table 2 and will be discussed in more detail in the following section.




Figure 1 | Label-free image-based and non-image-based automated methods used in schistosomiasis drug discovery. (A) Overall description of label-free methods, (B) image-based methods, (C) non-image-based methods.




Table 2 | Label-free automated assays used in schistosomiasis drug discovery.




Image-Based Methods

The automatic quantification of phenotypic features from schistosomes images has been addressed in several ways (60–63, 66, 69, 70, 72). Most assays rely on home-made (60) or commercial (63, 70) systems, equipped with digital cameras/camcorders to acquire images of unstained parasites in microplates. Image analysis is carried out, using either commercial (62, 69, 70) or custom-built (60, 68) software and generally consists of three main steps: image processing, parasite(s) detection and features extraction (Figure 1B). By the end of the analysis, a phenotypic profile, composed of a variable number of features, is created for one (63, 69, 70) or more (60) worms. These profiles can be used to identify schistosomicidal compounds, measure their effect and potency, as well compare their responses to those elicited by other compounds (60, 63, 69, 70).

One common strategy to acquire schistosome images is by video microscopy. Ribeiro and colleagues implemented two assays using this technique to measure the motility of NTS (62) and adult (66) forms of S. mansoni. In these assays, parasites are distributed in microplates and their videos recorded over a few minutes. Image frames are analyzed in ImageJ (73), an open-source software. For NTS analysis, worms are detected as ellipsoid objects and their body length are estimated by the size of the major axis of the ellipses. NTS movements (shortening and elongation of the body) are calculated by the frequency of length changes over time (62). For adult analysis, each image frame is submitted to a series of pre-processing steps (e.g., illumination correction and background removal) before representing the worms as binary objects. Then, the difference in pixels between pairs of consecutive images are measured throughout the entire video. The subtracted pixels represent a change in parasite position over time and are used as a metric to measure worm´ motility (66). These methods were employed to evaluate the effect of different compounds on schistosome NTS/adults worms, such as tyrosine-derived signaling agonists/antagonists (74), natural alkaloids (75–77) and analogs (77, 78), as well as others with biological activity in humans (e.g., NPS-2143, a calcium-sensing receptor antagonist) (77).

McCusker and colleagues (67, 72) also applied video microscopy to record morphological and motility aspects of adult schistosomes. In their assay, 1 min videos of adult worms, distributed in 6-well dishes, are acquired, and saved as images Z-stacks. During image analysis in ImageJ, maximum intensity projections are generated to each Z-stack resulting in a composite image for which pixel integrated pixel values are measured. This metric represents the total movement of the parasite over time and can be used to compare treated and non-treated parasites. This method detected the schistosomicidal effect of non-sedating benzodiazepines (72) and FPL-64176 (67), a human L-type Ca2+ channel agonist.

WormAssay is a home-made low-cost solution to screen compounds against adult schistosomes (and other macroscopic parasites) developed by Marcellino et al. (60). This system consists of two devices: an imaging apparatus and a Mac computer (image acquisition control and analysis). The former can be described as a light-tight box containing a high-definition video (HDV) camcorder mounted at the bottom and a hinge lid at the top harboring the microplate chamber. Inside the chamber a white LED strip is used to laterally illuminate the microplate. During acquisition, dark-field videos of 0.5 – 1 min length are recorded from the entire microplate. Image analysis is performed in real-time using a custom open-source free software (Mac application) installed in the computer. The overall motility of worms, measured for each well, is determined by two algorithms: one that calculates the average velocity of moving contours inside the well and another which detects changes in the occupation and vacancy of pixels between a group of frames. WormAssay quantified the effect of several compounds on worm motility, including neuromodulatory drugs (79), phenylpyrimidines (80) and inhibitors of S. mansoni cyclic nucleotide phosphodiesterase 4 (SmPDE4) (81) and proteasome (82). Recently, a modified version of WormAssay software, named WormAssayGP2, was released by Padalino and colleagues (83, 84) and contains minor modifications related to the source code and user interface (85). To date, WormAssayGP2 has been used to detect the schistomicidal activity of putative inhibitors of S. mansoni lysine specific demethylase 1 (SmLSD1) (86) and histone methyltransferase mixed lineage leukemia-1 (SmMLL-1) (84), as well as human ubiquitin-proteasome system (85) inhibitors.

One of the first attempts to describe complex phenotypes is schistosomes was carried out by Singh et al. (87). They developed an automated method to detect, track and classify individual NTS in microscopy videos. Since then, several modifications have been made regarding worms segmentation (88) and phenotypic analysis (63, 68, 89, 90). The algorithms developed in these studies have proved to be useful in quantifying the schistosomicidal activity of PZQ (63), chlorpromazine (63), statins (91) and inhibitors of human polo-like kinase 1 (PLK1) (89, 92). They have also been implemented in the “quantal dose-response calculator” (QDREC), a web server that automatically extracts quantal time- and dose-response information from bright-field images of schistosomes NTS (or other parasites) (68). QDREC quantifies 71 image-based features related to the appearance, shape and texture, of each segmented parasite. These features serve as inputs for supervised machine learning algorithms which classify parasites as “normal” or “degenerate”. The proportion of “degenerate” worms in a well is employed as a metric to estimate the schistosomicidal effect of a given compound and can be used to create dose-response curves. QDREC was validated with 12 schistosomicidal compounds (e.g., statins, PZQ, closantel, niclosamide and sorafenib) showing comparable results with visual annotation for both parasite classification and dose-response curves.

Paveley et al. (70) was a pioneer in implementing automated microscopy, also known as high content screening (HCS), to extract multivariate data from schistosomes. They created an HCS-based automated platform to identify active compounds on NTS of S. mansoni. In this assay, a HCS system collects bright-field images of each well of a 384-wells microplate through two distinct modes: a time-lapse image acquisition (5x6 s interval) using a 4x objective, for motility analysis, and one acquisition of four adjacent images using a 10x objective, for morphology measurements. Image analysis is performed in Pipeline Pilot 8.5 software (Accelrys Inc., San Diego, USA) and includes a series of sequential image operations, such as thresholding, filtering, detecting boundaries prior worm´s segmentation. Morphological (e.g., area, texture, pixel intensity) and motility-related features are quantified for each NTS and summarized into a phenotype (processed through Bayesian models) and a motility score, respectively. The final scores are obtained by averaging the scores of all parasites inside each well. Test compounds are declared “hits” (i.e., actives) if phenotype and motility scores exceed a defined threshold for each metric. This assay was able to detect the anti-worm effect of known schistosomicidal drugs (oltipraz and dihydroartemisinin) (70), several drug candidates from small (93, 94) and large (70, 95) chemical libraries, as well FDA-approved drugs (e.g., kinase inhibitors) (96). This analysis has also been employed by Hoffmann and colleagues (84, 86, 97–100) who measured the schistosomicidal activity of plant-derived compounds [e.g., diterpenoids (97, 99) and triterpenoids (100)] and of potential inhibitors of S. mansoni histone-modifying enzymes (40, 84, 86, 98).

Recently, Chen et al. (61) developed another HCS-based high-throughput assay to extract phenotypic features from treated and non-treated NTS. It consists of a fully integrated platform that can perform multiple automated operations ranging from liquid handling of NTS suspensions to image acquisition/analysis. The latter tasks are carried out as follows: time-lapse bright-field images (30 x 0.66 s interval) are acquired from each well of a U-bottom 96-wells microplate using a 10x objective in a HCS system. During image analysis, each NTS is segmented and classified as “clear” (normal) or “degenerate” (damaged/dying) using 15 phenotypic features based on the appearance of worms (e.g., pixel intensity, area, length). Motility measurements are inferred from the magnitude of a change in a feature over time or how often its sign or direction changes (e.g., when the worm becomes longer than shorter). Two statistical methods are employed to measure significant changes in phenotypes: glass effect size (monoparametric) and Mahalanobis distance (multiparametric). The results are analyzed in “SchistoView”, a graphic interface supported by MySQL database, which allows users to visualize, query and explore NTS data. This method shows several improvements in comparison to the HCS-based assay developed by Paveley et al. (70), including a higher NTS segmentation accuracy, it requires less parasites per assay and quantifies how parasites move instead of simply determine if the movement has occurred or not. In part, these improvements were achieved due to an innovative solution that allows the segmentation of touching objects in bright-field images, a challenging task for image analysis in general. In fact, many techniques implemented in this platform, such as automated liquid handling of 100 µm-sized organisms and statistical analysis of multiparametric data, can be useful to other screening projects. The HCS approach by Chen et al. (61) was successfully used to create the phenotypic profile of known schistosomicidal agents, as well of 1,323 human approved compounds, identifying new potential drug candidates.

HCS has also been applied to screen compounds against adult forms (male and females) of schistosomes. Neves et al. (69) described a HCS-based method to extract morphological and motility measurements from time-lapse bright-field images of S. mansoni. In this assay, schistosomes were distributed in 96-well microplates (1 worm per well) and their images acquired over time (100 x 0.3 s interval) using a 2x objective. Image analysis was carried out in a customized pipeline of the open-source software Cellprofiler (101) comprising a series of image processing modules, including those responsible for detection of wells, illumination correction, parasites segmentation and features extraction. More than 90 features were quantified during this analysis though only two, related to worm motility, were used to describe drug-induced phenotypes. So far, this method has been applied to detect the schistomicidal effect of antidepressant paroxetine (69) as well as putative inhibitors of S. mansoni thioredoxin glutathione reductase (SmTGR) (93, 94).



Non-Image-Based Methods


Electrical Impedance Spectroscopy

Electrical impedance spectroscopy (EIS) is noninvasive and label-free method that has been explored in schistosomiasis drug discovery (65, 71, 102, 103) (Figure 1C). In summary, ESI systems quantify dielectrical properties of samples while applying an alternative current (AC) electrical field using electrodes. EIS measurements can be used to detect phenotypic changes in cells/organisms induced by perturbagens, such as small molecules (104). Smout et al. (102) employed the xCELLigence real time cell analysis (RTCA) system to measure the effect of chemical compounds on the motility of helminths, including adult schistosomes. The experiments are carried out in E-plates, commercial microplates with gold electrodes embedded in the base of the wells that allow monitoring electrical resistance. Later, an improved version of this assay (xCELLigence worm real-time motility assay - xWORM) expanded its applications to detect alterations in the motility of schistosomes cercariae and egg hatching (71). xWORM is a sensitive method and was able to reveal the schistosomicidal effect of natural-derived [phytochemicals (105, 106) and puromycin (107)] and synthetic [forchlorfenuron (108) and polyridylruthenium(II) complexes (109)] compounds. Nonetheless, it is not sensitive enough to detect NTS small movements and requires a relativity larger number of samples compared to conventional microscopy (103). These limitations were addressed by Modena et al. (110) who developed a microfluid impedance-based platform to measure changes in NTS motility. Their system consisted of a microfluidic chip, made of polydimethylsiloxane (PDMS), attached to a glass substrate with patterned electrodes. This method showed high sensitivity towards both viable and non-viable parasites and required a lower number of worms per assay to operate in comparison to microscopy. Later, this concept evolved into a parallelized platform which was able to run four experiments simultaneously (103). More recently (65), the system was reformulated, becoming more automated, performing at a higher throughput (32 experiments run in parallel) and allowing long-term culturing of NTS. This assay was successful in determining the EC50 of mefloquine and oxethazaine which were of the same order of magnitude as those calculated by microscopy (65).



Isothermal Microcalorimetry

Isothermal microcalorimetry (IMC) is a very sensitive technique that measures the heat released or consumed by physical or chemical events under essentially isothermal conditions (111, 112). IMC has been used in different areas of biomedicine, such as in the detection of infection and tumors, antibiotic testing, parasitology and screening for new drugs (111, 113). Manneck et al. (64) developed an IMC-based assay to study the effect of chemical compounds on NTS and adult worms of S. mansoni. In this method, the overall heat production of a suspension of parasites is continuously recorded by the microcalorimeter. After the injection of a schistosomicidal compound it is expected that the heat-flow curves change their behavior indicating compounds effect on worm metabolism and/or motility (Figure 1C). This assay proved to be highly sensitive, capturing subtle effects that were not detected by conventional microscopy and was used to measure the schistosomicidal activity of known anti-schistosome agents (mefloquine, praziquantel) (64, 114), their isomers/racemates (115, 116), as well as mefloquine-related arylmethanols (117) and 3-alkoxy-1,2-dioxolanes (118)




Label-Free Methods: Concluding Remarks

In the previous topics we described the main label-free methods available today for schistosomiasis drug discovery. They represent more automated alternatives for conventional microscopy, overcoming some of its major limitations (e.g., visual phenotypic scoring). These methods vary according to several features, such as equipment/readout (e.g., microscope/image), assay cost (equipment and supplies), automation and screening throughput. They all have their pros and cons and the choice of one over another depends, in many cases, on equipment availability. In low-budget labs, video microscopy and WormAssay represent more affordable solutions for compound screening against schistosomula and/or adult schistosomes, since they require low-cost equipment, and the assays are carried out in regular microplates. On the other hand, HCS-based assays demand a high initial investment but use regular microplates as supplies, operate at a higher throughput and can be readily incorporated into automated platforms. Moreover, HCS systems can be easily coupled with a wide range of objective lens, allowing them to capture images of schistosomula, adults and potentially other parasites forms (e.g., eggs and juveniles). In contrast to image-based, non-image-based methods are less employed in screening campaigns. Overall, they demand expensive (microcalorimeter and RTCA systems) or customized (EIM platform) equipment, more costly supplies (e.g., E-plates), operate at a lower-throughput in comparison with automated microscopy and, in the case of xWORM, it is not able to detect phenotypic changes in schistosomula. Nonetheless, they are highly sensitive, may reveal drug-induced phenotypes which cannot be captured by image-based methods (e.g., metabolic activity), and xWORM already offers protocols for measuring the effect of compounds on schistosome eggs and cercariae. In conclusion, it is our understanding that HCS-based assays represent today the most advanced approaches to schistosomes phenotypic screening due to their ability to describe complex phenotypes of different forms of the parasite at a high throughput.





Target-Based Screening

Target-based drug discovery (TDD) consists of finding ligands for a known biological target, previously identified as having potential relevance in a disease. One of its main advantages is the possibility of knowing characteristics of the target binding site, which allows the optimization of ligands and the development of an efficient structure-activity relationship. Its emergence was made possible by advances in molecular biology and genetics, which allowed the identification of individual biological targets, as well as the possibility of developing compounds that interact with these targets. The genome project, the development of techniques such as RNA interference and gene knockout, advances in structural biology and the development of computational tools were of great importance for the emergence of this alternative to the phenotypic approach in drug discovery (47, 119–121).

Ligand-binding assays are at the core of TDD strategies. In the context of pharmacological screening, the classical assay provides, for example, affinity, potency, and maximum response data of the analyzed molecules. It is also possible to determine the intrinsic activity of ligands (122, 123), through functional binding assays, in addition to assessing the residence time of the ligand to its target molecule (124). In contrast to the classical binding assays, HTS is a strategy that allows for the testing of tens of thousands of compounds per day, for activity against biological targets. Considered one of the most used strategies in TDD, HTS can be performed using different approaches, that can be mainly divided into biochemical assays and cell-based assays (125–127).

Although in-solution assays are commonly used for in vitro screenings, immobilized enzyme reactors (IMER) systems have proved to be a valid alternative drug screening strategy. The immobilization of a target protein to a solid support has the advantage of longer maintenance of the stability of the molecule, and the possibility of extracting the protein from the reaction medium, allowing it to be reused. In addition, IMER can be coupled to different separation systems, such as high performance liquid chromatography (HPLC), which solve the possible problem of product and assayed compounds fluorescing at the same wavelength, since these analytes can be separated and analyzed individually (128). Active anti-cancer compounds (129), enzyme inhibitors (130–133) and G protein-coupled receptors (GPCR) (134) binders have recently been identified using this approach.

After the sequencing and decoding of the S. mansoni genome, several putative drug targets were identified (Table 3), and studies using a the target-based approach emerged (157).


Table 3 | Some classes of molecular targets in Schistosoma sp.



S. mansoni encodes 252 kinases, which have already been shown to have a relevant role in the biology of the parasite (158). S. mansoni polo-like kinase (SmPLK1) is mainly expressed in reproductive organs of the adult parasite, which suggests a contribution of this enzyme to cell division. The screening of a series of analogues compounds, derived from a human PLK1 inhibitor bioactive against S. mansoni parasites, yielded the identification of potent compounds against schistosomula and adults (92). Buskes et al. (49) reported the optimization of a compound, analogous to the tyrosine kinase inhibitor lapatinib which had initially been identified as a potent antitrypanosomal. From this optimization, analogues were selected for a repurposing approach, and screened against S. mansoni parasites. As a result, several potent compounds against the adult form of the parasite were identified and considered promising leads for further assessment as antischistosomal compounds. The main drawback to exploit kinases as drug targets is the difficulty to achieve selectivity among the vastness of homologues present both in schistosomes and humans. One promising route to achieve this selectivity is exploring allosteric binding sites as alternatives to the more conserved active sites.

Targeting histone-modifying enzymes (HMEs) has been a widely explored strategy for the discovery of new drugs to treat parasitic diseases. In S. mansoni, two classes of histone deacetylases (HDAC and sirtuins) have been identified and are considered potential drug targets for the treatment of schistosomiasis (159). Kalinin et al. (135) designed and synthesized a series of compounds, derived from weak human HDAC8 (hsHDAC8) inhibitors, which varied in the size and flexibility of their side chains. These molecules were screened on S. mansoni HDAC8 (SmHDAC8) to assess their ability to inhibit enzyme activity, and a potent and selective SmHDAC8 inhibitor was identified. Crystallographic and docking studies with SmHDAC8 and the compound revealed key interactions between them, which are not observed with the human orthologue hsHDAC8. Another study identified the first S. mansoni sirtuin 2 (SmSirt2) inhibitors with activity in the low micromolar range, potency against larval schistosome and adult worms, and no toxicity to human cells. These inhibitors were previously identified by an in vitro screening of a compound library, comprising potent and specific growth inhibitors of other parasites, such as Leishmania donovani and Trypanosoma cruzi (136).

Another drug target for schistosomiasis is thioredoxin glutathione reductase (TGR), an enzyme responsible for maintaining the redox homeostasis. A high-throughput screening against a compound library comprising 59,360 synthetic compounds was carried out, of which 74 inhibited SmTGR activity by more than 90% at 10 µM. Some of these had potent schistosomicidal activity against the larvae and adult worms (137). After the flood of date coming from the large q-HTS campaign, there was a feeling of certain disappointment since no major pre-clinical or clinical candidate arose from all this effort. However, the work with SmTGR as a drug target is slowly picking up pace again. A recent work selected the most active chemotypes from HTS plus analogues and re-tested against the enzyme. Ninety-seven had SmTGR inhibitory activity confirmed, and five of them killed S. japonicum, S. haematobium and S. mansoni (with LD50 ≤ 10 µM) adult worms, and all other development stages of S. mansoni (138). SmTGR has also been recently explored under the fragment-based drug discovery paradigm, as it will be discussed further ahead in this review.

3-oxoacyl-ACP reductase (OAR) is an enzyme involved in lipid biosynthesis that is absent in mammals. The cloning, expression, and purification of Schistosoma japonicum OAR (SjOAR) was performed by Liu et al. (139), as well as the elaboration of a homology model of the three-dimensional structure of this protein. A library consisting of more than 14,000 small molecules was chosen for an in silico screening against the model of SjOAR, and 30 initial hits were identified. Of these hits, two were shown to have schistosomicidal activity on both juvenile and adult forms, relatively low cytotoxicity, and could significantly inhibit the activity of the purified recombinant enzyme, confirming that SjOAR is the primary target of these compounds.

From a library focused on exploring phosphodiesterases (PDEs) as potential drug targets for several parasites, 265 compounds were obtained and had their antischistosomal activity evaluated (160). In vivo screening revealed that 171 of the compounds had activity against adult parasites. All these hits showed some level of activity in a mouse model, and two of them, when combined with PZQ, managed to a near complete eradication of viable eggs. Despite being structurally related to PDE10 inhibitors, further studies are needed to validate SmPDEs as the targets of these compounds (140). Another important work was carried out by Long and colleagues (81), which undertook considerable efforts to validate S. mansoni PDE4A as a target for a series of benzoxaboroles. From a library of 1085 benzoxaboroles, the authors identified some compounds which induced hypermotility and degeneration of S. mansoni worms. Employing phenotypic assays with transgenic C. elegans, chemical and functional characterization, it was possible to observe a positive correlation between the hypermotile phenotype of the parasite and the inhibition of SmPDE4A, suggesting that this enzyme is a target for the tested bezaxoboroles. In another recent study, inhibitors of SmPDE4A were discovered, using a virtual screening approach. Homology models of the enzyme structure were generated and used to screen a chemical library. 25 hits were selected and tested as inhibitors of the recombinant SmPDE4A, and five of them were able to inhibit its activity (141).

Schistosome aspartic proteases, as well as cysteine proteases, play a major role in life cycle of Schistosoma parasites by breaking down host hemoglobin an essential source of amino acids from the parasite. Studies have shown that reductions in transcript levels of SmCD1, an enzyme of S. mansoni similar to cathepsin D, lead to phenotypic changes in the parasite, such as growth retardation (161). Thus, SmCD1, as well as the orthologue from S. japonicumi (SjCD1), are considered validated targets in antischistosomal drug discovery. A homology modelling study and SAR analysis with peptidomimetic compounds designed against SjCD1 revealed unique structural features for achieving selectivity to this enzyme (144). Recombinant SmCD1 was recently expressed in HEK293 cells, characterized biophysically and biochemically (153). This is an important step towards further exploring this enzyme in TDD, since they can be considered promising druggable targets as demonstrated in the past with the development of HIV-1 protease inhibitors.

With over 10 years of publications, cysteine proteases are some of the oldest targets against schistosomiasis and S. mansoni cysteine protease cathepsin B1 (SmCB1) is one example. The SmCB1 has stood out as an important target for drug development. Some studies have described structural and functional characteristics (152, 162) of how SmCB1 is inhibited. Some of these applied scoring methods based on quantum mechanics (QM) to describe important interactions between vinyl sulfone chemotype inhibitors and SmCB1 (163). Furthermore, these inhibitors were important to map druggable hot spots in SmCB1 (150). The vinyl sulfones inhibitors also showed desirable properties such as activity in phenotypic assays, selectivity for SmCB1 over human cathepsin B and metabolic stability. Besides this new SmCB1 inhibitor class, in a recent publication Jiková et al. (149) showed that azanitriles chemotypes can act as potent covalent inhibitors of SmCB1. Using recombinantly expressed SmCB1, crystal structure determination, QM methods, phenotypic and target-based assays, these authors were able to identify azanitriles with nanomolar range potency. These studies trace an important path to the identification of new molecules with therapeutic potential to treat schistosomiasis, whilst reinforcing the importance of SmCB1 as a valuable S. mansoni drug target.

In addition to enzymes, receptors (164–166) and transporters (62, 166) are also targeted in schistosomiasis drug discovery. Serotonin (5-HT) GPCRs have already been identified in S. mansoni and related to worm movement regulation (66). Marchant et al. (78) characterized the pharmacological profile of the schistosome receptor Sm.5HTR, a GPCR involved in worm movement, and a screening of 143 previously studied compounds was performed, leading to the identification of scaffolds that regulate the activity of this receptor Similarly, a commercial GPCR compound library has been screened against Sm.5HTR, and 23 compounds identified as potential antagonists, with the majority showing selective inhibition of the parasite serotonin receptor (167).

In 2019, a paper published by Park et al. (58) presented important insights regarding the role of praziquantel on schistosome worms. This work showed that PZQ activates a S. mansoni transient receptor potential channel (SmTRPM) showing properties consistent with the observed responses on worms, like nanomolar sensitivity to PZQ, stereoselectivity and sustained Ca2+ entry response. The authors were able to identify nanomolar sensitive of SmTRPM to (R)-PZQ isomer (eutomer), which is approximately 50 times more sensitive to (S)-PZQ. Further screening campaigns will be necessary to assess the therapeutic potential of this target. Nevertheless, these findings elevate the SmTRPM as a promising clinical target to treat schistosomiasis.


Fragment-Based Drug Discovery (FBDD)

In the last decades, fragment-based drug discovery (FBDD) has been established as an efficient approach for the identification of new biologically active compounds (168–172). To date, four marketed drugs have been discovered by FBDD (173), including vemurafenib (174), venetoclax (175), erdafitinib (160), and pexidartinib (176), while over 40 fragment-based drug candidates are in different stages of clinical trials (177). In FBDD campaigns, small and less complex compounds, commonly with molecular weight (MW) <300 Da and <20 heavy atoms, are screened against therapeutic targets (178, 179). The use of very small molecules offers advantages over screening larger compounds, including a more efficient sampling of chemical space with fewer compounds (180), higher hit rates (181), and also better physicochemical properties (182, 183). Besides, lower investments are needed, and FBDD projects progress relatively faster between the research and development (R&D) phases (184). As an example, vemurafenib took only six years from hit identification to the approval by the US Food and Drug Association (FDA) in 2011 (171, 174). Therefore, incorporating FBBD into anti-schistosome drug discovery may help to accelerate the identification and development of drug candidates for schistosomiasis and other NTDs (185, 186). FBDD involves steps of library design, screening, and optimization and these steps are discussed in the subsequent sections.


Fragment Library Design

Most early fragment libraries were designed based on the Rule of Three (RO3), i.e. MW ≤300 Da, the number of hydrogen bond donors ≤3, the number of hydrogen bond acceptors is ≤3 and cLogP is ≤3 (178). However, this paradigm has been changing based on incremental experience in FBDD acquired in the last years and considering the facilitation of fragment screening and/or subsequent fragment optimization chemistry (187, 188). Nowadays, several strategies exist, which cover the use of labeled fragments for nuclear magnetic resonance (NMR) spectroscopy, covalent linkage for mass spectrometry, dynamic combinatorial chemistry, X‐ray crystallographic screening of specialized fragments and fragments optimized for easy elaboration (189).

The last two strategies are blended and available to the community through the XChem fragment screening facility at Diamond Light Source in the UK (190). For this facility, a library of chemical compounds poised for expansion called DSPL (191) was designed to allow rapid and low cost follow-up synthesis and to provide quick SAR data through X-ray crystallography. Poised fragments contain at least one functional group which can be synthesized using a robust, well-characterized reaction. Reactions include amide couplings, Suzuki-type aryl-aryl couplings and reductive aminations, amongst others. The library was designed by analyzing all commercially available fragment space (using the ZINC reference library), yielding nearly 30,000 compounds of which a chemically diverse subset of 800 compounds was selected for the poised library. In practice, the available chemical material shows bias towards the most commonly used chemical reactions (192), however, it still the case that the XChem program delivers between 2% and 10% fragment hit rates (soaks yielding bound fragments in the structure) for projects amenable to multi-crystal soaking and screening by crystallography. A remarkable result exemplified by the more than 100 projects screened since 2016, including the successful screening and follow-up of the SARS-CoV-2 Mpro protein, also released as an open science public service (193, 194).



Fragment Screening Strategies

Screening strategies rely on identifying and ranking chemical fragments that bind to the protein target. Methods need to be sufficiently sensitive to measure low affinity interactions and therefore do not typically rely on activity assays. The NMR, surface plasmon resonance (SPR), thermal shift assays (TSA) (also known as differential scanning fluorimetry (DSF) and X-ray crystallography are the most widely used techniques for high throughput fragment screening.


Nuclear Magnetic Resonance

The NMR spectroscopy is the most robust fragment screening method for detecting very weak binding (KDs in the µM to mM range). The NMR approach used to identify target-ligand interactions can be based on observation of the target (target-observed) or ligand (ligand-observed) (195). In the case of ligand-observed NMR methods, only the resonance of the nuclei present in the ligands is measured (196). This type of approach includes methods such as saturation-transfer difference (STD), water LOGSY, cross saturation (CS) and transferred-cross saturation (TCS), transferred nuclear Overhauser effect (trNOE), NOE editing/filtering diffusion editing, relaxation editing, use of paramagnetic tags and residual dipolar couplings (197, 198). On the other hand, the target-observed methods provide data on the target nuclei that are directly involved in the interaction with the ligand (197). Among the target-observed methods, there are chemical shift mapping using 15N-HSQC, backbone amide hydrogen exchange and solvent paramagnetic relaxation enhancement methods. In comparison with other methods, NMR spectroscopy has the advantage of being conducted in solution, which allows the protein to be as close as possible to its native conformation. In addition, NMR enables both the target and the ligand to be structurally characterized serving as quality control assay to verify the structural integrity of the ligand. However, compared to other methods, fragment screening by NMR is relatively slow (199).



Surface Plasmon Resonance

Screening by SPR involves immobilization of the target protein on a gold or silver sensor surface and measurement in the change in reflected light following ligand interaction (200, 201). The method is high throughput and very sensitive (µM to nM range) providing kinetic binding data (Kon and Koff rates), from which, KDs are calculated. The main disadvantage of the technique is the potential difficulty of immobilizing proteins in native conformation and therefore it is important to test a reference compound to assess correct binding behavior. The relatively high concentration of immobilized target and fragment affinities can lead to false positives through non-specific binding (202).



Thermal Shift Assays

In the thermal shift assay protein denaturation is monitored by fluorescence either intrinsic tryptophan fluorescence or using dyes that preferentially bind partially or completely denatured proteins (203). Ligand binding is measured indirectly as the increase in thermal stability resulting from interaction with the target protein in the native state (204). This method is easy, fast and inexpensive for fragment screening (185). However, could not be appropriate for all target proteins, because indirect readout of the protein’s denaturation, and chances to generate false positives. Thereby, it is necessary to confirm the identified hits with other methods (205).



X-ray Crystallography

Crystallography is the current method for delivering atomic resolution information and is arguably the method of choice for primary screening if a project is amenable to this approach, i.e., access to high quality purified protein that can be reproducibly crystallized (206). There are two strategies for obtaining protein-fragment complexes, namely, co-crystallization or soaking (207). Co-crystallization is the mixing of the free protein in solution with a ligand prior to crystallization, which allows the small molecule to bind to the protein prior to crystal lattice formation. This is the preferred method if a protein complex with a specific ligand is required. A potential downside is co-crystallization with different small molecules can lower the success rate for crystallization, or introduce changes in resolution and crystal form, burdening the downstream analysis and limiting high throughput. In crystal soaking, false negatives come from protein failing to crystallize, or protein crystals growing without bound compounds. A simpler approach is soaking, where the compound is added, (dissolved or pure), directly to the crystallization drop which already contains crystals. In this method, compounds diffuse through solvent channels in the crystal accessing binding pockets in the protein (208). However, false negatives can still arise through a lack of fragment binding. Compounds may also dissolve crystals by disrupting the crystal lattice. Both co-crystallization and soaking are sensitive to low compound solubility.




Fragment-to-Lead (F2L) Optimization

The fragment hits commonly have weak binding affinities (from mM to high µM range) as a consequence of the reduced number of heavy atoms to form attractive interactions with the target (209). Despite the low MW, the fragment hits form high-quality interactions, i.e., highly energetically favorable interactions that surpass the entropic penalties for binding (210, 211). Thus, fragments constitute starting points that can be optimized iteratively into larger higher-affinity compounds – a process known as fragment-to-lead (F2L) (205, 210). The F2L process is guided by the information of binding mode, growth vectors available, and ligand efficiency (LE) and its derivatives (212, 213). LE is a metric used to describe the average free energy of binding per heavy atom (Equation 1) (214), and LE ≥0.3 is frequently used to select the most promising fragment hits to F2L (183). Three main strategies are used to optimize fragments, including fragment growing, merging, and linking (Figure 2).




Figure 2 | A schematic illustration of fragment optimization strategies. (A) Fragment growing: initial fragment with low affinity is optimized by stepwise addition of functional groups to obtain a larger compound with high affinity. 3D and 2D schemes represents the growing evolution of navoximod, an indoleamine 2,3-deoxygenase 1 (IDO1) inhibitor with antineoplastic properties (solid tumors) (215); (B) Fragment merging: two or more fragments sharing the same pocket are covalently merged to obtain a larger compound with higher affinity. 3D and 2D schemes represent an example of fragment merging to the discovery of inhibitors of the Mycobacterium tuberculosis cytochrome P450 CYP121 (216). (C) Fragment linking: two or more fragments bound independently in proximity are covalently linked with suitable linkers to obtain a larger compound with higher affinity. 3D and 2D schemes represent an example of fragment linking to the discovery of inhibitors of M. tuberculosis pantothenate synthetase (217).



  (1)

where, ΔG is the free energy of binding and HAC is the heavy atoms count of a compound.

Fragment growing (Figure 2A) is the most commonly applied strategy in F2L (218). The effectiveness of this strategy is shown by its use in F2L process of three out of the four marketed drugs derived from FBDD (173), namely vemurafenib (174), erdafitinib (160), and pexidartinib (176). The fragment growing strategy involves a several steps. Firstly, potential growth vectors are identified in the chemical structure of the fragment hit (212, 219). Then, atoms or chemical groups are added to the fragment hit to explore additional interactions with the binding site and increase the potency (205). Structural information of the binding mode is essential during fragment growing to identify potential sub-pockets to explore and assess the maintenance of the fragment’s original binding mode and additional molecular interactions (198, 220). At each iteration of growing, synthesis and testing, success can be evaluated by LE, monitoring if the extra molecular mass added was beneficial (221).

Fragment merging (Figure 2B) can be applied when two fragments bind in an overlapping position of the binding site and can be merged into a unique and more potent hybrid compound (222, 223). As in fragment linking, both fragments can work additively when merged or even synergistically (224). Here, structural information is also crucial to understand the binding mode (198). Fragment merging is also difficult to achieve and less frequently used because of the challenging task of maintaining the original binding modes of the fragments after merge (225).

Fragment linking consists of the connection of fragments binding to different but adjacent sub-pockets in the binding site by a linker moiety (Figure 2C) (168, 177) and is the most powerful strategy for converting fragments into potent ligands (198). This is due to the potential super additivity effect, where the binding free energy of linked fragments is higher than the sum of binding free energy of the individual fragments (226, 227). The main challenge is the design of a linker group that does not affect the original binding mode of fragment hits (218). As a successful case, the marketed drug venetoclax was optimized by applying the fragment linking method (173, 177).

The SmTGR is a flavoenzyme expressed by schistosomes involved in the detoxification pathways that are pivotal for their survival in the host organism (228–230). Most SmTGR inhibitors are reactive electrophilic compounds, such as metal derivatives or Michael acceptors, presumably targeting the nucleophilic residues (selenocysteine and low pKa redox active cysteines), which may result in low selectivity and toxicity (231, 232). Attempts to obtain crystal structures of SmTGR in complex with such inhibitors have been unsuccessful, reflecting the problem of crystallizing non-homogenous protein preparations resulting from the presence of several redox and nucleophilic centers in the SmTGR, which are the sites of action for electrophilic inhibitor (233).

Given the challenges posed by the redox properties of the enzyme, allosteric and secondary binding sites could be explored, as they present less reactive amino acids which could lead to less toxic and more selective inhibitors. For this reason, Silvestri and coworkers (233) prioritized 1,000 fragment inhibitors of the SmTGR from a quantitative HTS campaign. Then, by X-ray crystallography identified two fragments (1,8-naphthyridine-2-carboxylate and 1-(2-hydroxyethyl)piperazine) that bound in a secondary pocket adjacent to the NADPH binding site (Figure 3), named as “doorstop pocket”. The pockets are separated by the Tyr296 residue, where the aromatic ring of Tyr296 could adopt the closed (Figures 3A, D) and open (Figures 3B, C) conformations. Small molecules bound at the doorstop pocket disturb the well-known and conserved conformational adjustments associated with NADPH binding and enzyme reduction (233). Subsequently, chimeric compounds blending the structural features of the initial fragments into single compounds were synthesized and showed improved SmTGR inhibition activity, ex vivo activity against larval and adult S. mansoni worms at low micromolar concentrations. In addition, the designed compounds tended to have selectivity for SmTGR, as the amino acid residues of the doorstop pocket are not conserved between members of the FAD/NAD-linked reductase family (233). Although strictly this work was not a FBDD campaign (at least not originally designed as one), it was an interesting effort that showed the potential of the fragment-based approach to disclose new binding sites that can be explored to develop novel potent ligands.




Figure 3 | Doorstop pocket of SmTGR adjacent to the NADPH binding site. The Tyr296 of the doorstop pocket is represented in (A) closed and (B) open conformation, as well as in the presence of (C) NADPH and (D) two fragments (1,8-naphthyridine-2-carboxylate and 1-(2-hydroxyethyl)piperazine).



Although FBDD has been established as an efficient approach for the identification of new biologically active compounds for several diseases, very few applications had been reported for schistosomiasis. Thus, FBDD has a great potential for anti-schistosomal drug discovery in the future.



In Silico Approaches for FBDD

In silico approaches have been used in several parts of FBDD pipelines as an alternative or complementary approach, with the benefits of speed and low cost (234, 235). Many fragment libraries are available in the literature (188) and computational methods can be used to design a fragment library with high chemical diversity, synthetically accessible to be easily optimized during F2L, and also select or exclude fragments based on physicochemical properties (236, 237). The biophysical techniques applied for fragment screening are low-to-medium throughput (188), limiting the number of fragments that can practically be screened, and therefore the coverage of chemical space (180, 238). To compensate for this, molecular docking and machine learning can be used to virtually screen a large number of fragments and prioritize the most promising for experimental testing (224, 239–242).

Several in silico methods are also used during the F2L process (243). When no structural information about the binding is available, molecular docking and molecular dynamics are used to predict the binding mode and inform the growing, linking, and merging strategies (244, 245). The fragment hits can also be optimized with the help of de novo, machine learning, and deep learning methods (209, 243). These methods will be discussed in more details in the next sections.





Computer Assisted- and Artificial Intelligence-Based Drug Design


Schistosome Post-Genomic Era


Genes and Proteins Functional Annotation

The “-omics” era for schistosomiasis drug discovery started when the first versions of the S. mansoni (157, 246), S. haematobium (247), and S. japonicum (248) genomes were published. Recently, revised versions of the S. japonicum (249) and S. haematobium (250) genomes were released, enhancing the quality of the available genomics data for these three main trematode responsible for the majority of schistosomiasis cases in the world. The latest genome versions of these trematode species, together with other parasitic worms species, are available online at (https://parasite.wormbase.org/species.html#Platyhelminthes).

Most of the genome of schistosomes (like many other organisms) has yet to be explored experimentally. Consequently, bioinformatic tools and resources have become pivotal for the functional annotation and analysis of genes and their products. There are a wide range of general resources available that host biological information (genomics sequences, transcription data, protein structures, metabolomic data and more, see Table 4) as well as bioinformatic tools to perform analysis to unveil useful information within the data. Databases and webservers such as (but not limited to) InterPro (251), CATH-Gene3D (252, 253), the Conserved Domains Database (CDD) (254), HAMAP (196), PANTHER (255), Pfam (256, 257), PROSITE Patterns and Profiles (258), ProDom (196), PIRSF (196), PRINTS (259), SMART (260), Structure-Function Linkage Database (SFLD) (261), SUPERFAMILY (262, 263), TIGRFAMs (264) are integrated to identify specific motifs and domains to classify the protein of interest. Other resources such as the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (265) provide functional annotation that encompasses molecular-level information about biological systems, integrating molecular datasets resulting from genome sequencing or other large-scale experimental technology. The KEGG website (https://www.genome.jp/kegg/) offers several tools to find data-oriented and organism-specific entry points, as well as analytical tools for diverse ends, such as genome and metagenome functional annotation (BlastKOALA and GhostKOALA respectively), pathway mapping tools (KEGG Mapper), sequence and chemical similarity search (BLAST/FASTA and SIMCOMP respectively).


Table 4 | Databases and webservers for gene and protein functional annotation.



Gene Ontology (GO) model (266) (http://www.geneontology.org) is commonly used for describing genes using a unified and common vocabulary applicable to any organism. GO is a hierarchical way of describing information gathered on genes and proteins at different levels of annotation and is used by many of the databases mentioned above as it provides the top three different categories of high-quality annotation: (i) biological process, (ii) molecular function, and (iii) cellular component; each one referring to the biological objective of the gene/gene product, biochemical activity of the gene/gene product, and place in the cell where the gene product is active respectively (267). The unified annotation/vocabulary provided by GO is dynamic and entirely based on the principle of shared orthology by all eukaryotic organisms. It can be updated as the ontologies become mature through the integration of more experimental results.

As an exemplar of how these tools and resources can be used in the context of Schistosoma is by Padalino and colleagues (40) who identified S. mansoni Lysine Specific Demethylase-1 (SmLSD1) as a druggable epigenetic target, as well as daunorubicin and pirarubicin as potential inhibitors. This was possible using bioinformatics tools, such as Uniprot, PROSITE, InterPro, and Pfam, BLAST in combination with homology modeling, molecular docking, and a whole-organism screening.

Likewise, the latest revised versions of S. haematobium and S. japonicum published by Stroehlein et al. (250) and Luo et al. (249) demonstrate the use of several tools in an extensive way. Luo and colleagues (249) combine tools whose functions range from genome evaluation to RNA, protein prediction and phylogenetic analysis and all of them converge to the evaluation and comparison of the revised genome and the previously published versions. Stroehlein and colleagues (250) used a lesser extent of tools, however a deep comparison between previously published versions of Schistosoma genomes was conducted and a careful data curation was carried out to ensure the quality of the assembled genome.

Since 2017, many efforts in terms of RNA-seq data have been reported in the context of Schistosoma (85, 269–272). A thorough protocol of how to gather, process, reconstruct the transcripts, and identify novel long non-coding RNA (lncRNAs), as well as their expression levels (273). In this protocol, Maciel and Verjovski-Almeida use a set of open-source Unix-based tools combined with several R (274) packages to support the analysis of differential expression of some lncRNAs. Wang and colleagues (85) reported a large RNAi screening against S. mansoni to uncover new therapeutic targets. The authors conducted a GO enrichment to better understand the roles of the essential genes to the parasite development and attachment to substrate. Furthermore, this study demonstrated the essentiality of SmTK25 kinase to maintain the muscular function of the parasite, thus representing a promising therapeutic target.



Phylogenetic Analysis – Computational Phylogenomic Inference Methods

One of the principal methods for integrating and inferring functional annotation is phylogenetics - the study of the evolutionary story of organisms and their relationships with other organisms or group of organisms. The relationships among the organisms are described in a detailed and hierarchical manner through phylogenomic inference methods, which will result in a phylogeny, represented by a phylogenetic tree (275). It is the best way for identifying and confirming whether two or more sequences are orthologs (276).

Phylogenomic inference methods are applied to assign a biological function to an unannotated gene or protein (277). Their overall accuracy is high and theoretically the topology of a generated phylogenetic tree is correct unless highly dissimilar sequences (identity <25%) are present among the aligned sequences (278). The methods are directly dependent on a multiple sequence alignment (MSA), whereby main objective is to align more than two sequences, allowing the identification of conserved motifs, domains and regions in the compared sequences (nucleic or amino acids) (277). Therefore, the quality of a final phylogenetic tree will strongly depend on the MSA quality and accuracy. The most popular tools for phylogenetic analysis are PhyML (279), RAxML/ExaML (280), FastTree (281), and IQ-TREE (281, 282).

There are many methods that can be used to build phylogenetic trees from an MSA. Distance-based methods such as neighbor-joining and Unweighted Pair Group Method with Arithmetic Mean (UPGMA) are the simplest examples which provide a genetic distance calculation between the multiple sequences aligned, but do not give evolutionary information (275, 282, 283). More complex methods, such as maximum parsimony, minimum evolution, and maximum likelihood can be employed considering the Bayes’ theorem for the estimation of an evolutionary model (284, 285).

Maximum parsimony’s principle relies on the sum of the number of minimum possible sites substitutions in each sequence. The sum will constitute the tree length for the investigated topology and the topology with the minimum length is called maximum parsimony tree (279). Minimum evolution is a distance-based method which generates a tree topology based on the lowest value among the values obtained from the sum of all branches (286). This method has a high time-cost mainly when dealing with too many sequences, e.g. protein superfamilies. The Maximum likelihood statistical method is known as the method which produces the most reliable phylogenetic trees in comparison with distance-based methods and the parsimony method (283). A phylogenetic tree is constructed through the maximum likelihood method accordingly to the following steps: (i) generate a starting tree; (ii) rearrange the starting tree through topological substitutions and evaluate the new tree; (iii) replace the starting tree and repeat the step ii if no better tree is identified; on the contrary, terminate the search (283).

For the cited methods, even for those based on distance, the robustness of the tree is assured by a bootstrap resampling technique (275, 282, 287) which is based on the replacement of nucleotides, codons or amino acids and the construction of a new tree with the new sequences. Next, each interior branch of the original tree is compared to the newly branches and, if the branches are different, a bootstrap score 0 is given while a score 1 is assigned to the other branches. The process is repeated a few hundred times, the percentage of times which the bootstrap score 1 was given is calculated, and the topology can be considered correct if the percentage is equal or greater than 95%. In the context of Schistosoma species and other helminths, these types of phylogenetic analysis have been boosted by the availability of a wide range of high quality genomes captured and analyzed within the 50 Helminth Genome Project (https://www.sanger.ac.uk/collaboration/50hgp/) and well as the other genomes and resources found in WormBase (268).




Cheminformatics

Despite all advances achieved in the field of automation of screens, FBDD, and also in the understanding of disease biology in the post-genomic era, delivering new drugs to the market remains a highly complex, expensive and time-consuming process (288, 289). Therefore, there is a need for innovative approaches that could bring new drugs for patients at a lower cost-to-market. In this context, computer-assisted drug design approaches (CADD) has been considered as a potential opportunity (290, 291). Cheminformatics is a field of CADD and has the objective of utilizing computer and information sciences to solve problems in the area of chemistry (292, 293). This involves the design, creation, retrieval, storage, management, organization, analysis, visualization, dissemination, and use of chemical information (294). Over the last few years, the advances in data processing power and the development of new artificial intelligence (AI) tools, has fueled the field of CADD and cheminformatics (295, 296). Moreover, AI tools abilities have increasingly been applied to a wide variety of chemical challenges, from improving computational chemistry to end-to-end drug discovery as well as to synthesis planning/prediction (297, 298).

The developments in phenotypic and target-based screening provide data essential for applying computational tools to accelerate the discovery of new drugs to treat schistosomiasis (299, 300). These advances coupled with data storage in public databases such as PubChem (301–303) and ChEMBL (304) have enabled the compilation, curation, analysis, and application of chemical and biological information to support antischistosomal lead generation and optimization (305–307). Thus, cheminformatics has an important role in schistosomiasis drug discovery through the conversion of data to information and information into knowledge (308, 309), supporting data-driven decisions in lead identification and optimization (310, 311).

In the last years, pivotal advances in cheminformatics-driven drug discovery have been achieved in three main sub-fields: molecular de novo design, virtual screening, and synthesis prediction. Machine learning approaches have also progressively been applied in these areas. Therefore, in the next sections, machine learning approaches will be described and important aspects to schistosomiasis drug discovery will be highlighted.


Machine Learning

Machine learning (ML), mainly supervised methods, is a growing field of AI that uses different algorithms to enable computers to learn from sample data, known as “training data”, without being explicitly programmed for this task (312). ML algorithms are capable of recognizing complex patterns in chemical structures that evade human rationales because of the enormous number of parallel variables that should be addressed in drug design (313). On the other hand, molecular modeling techniques (e.g., docking, molecular dynamics) are based on explicit physical equations derived from molecular mechanics and quantum mechanics theory (314). Consequently, ML techniques are considered to have higher predictive value than classic molecular modeling methods. Combining human and ML -derived models should enable medicinal chemists to make better decisions and move projects forward more quickly (315, 316).

ML has applications in several stages of drug discovery and development, accelerating the overall process (317), including automation of whole-organism assays (70, 94), lead identification and optimization (318), and clinical development, for example in patient recruitment, prediction of diagnosis, prognosis, treatment planning, and clinical trial outcomes (317, 319). ML provides robust methods such as random forest (RF) (320, 321) for learning from large and multi-dimensional chemical data to make predictions and select new chemical entities for experimental testing (322). The generation of ML models for drug design and discovery consists of a multi-step protocol (323). The first step is the data collection of chemical and biological information from the literature and/or databases, followed by preparation and curation of data employing standardized protocols (324–326). Then, descriptors are calculated from molecular representations varying from one-dimension to n-dimensions (327). These molecular descriptors are derived from a logical and mathematical method that converts the chemical information into a useful number (328). The third step is the model training (learning), where a ML technique is applied to establish Quantitative Structure-Activity Relationships (QSAR) between the molecular descriptors and continuous (e.g., pIC50, Ki, etc.) or categorical/binary (e.g., active, inactive, toxic, nontoxic, etc.) experimental bioactivities or properties (329, 330). The models that are developed need to be validated using appropriate metrics to assess their predictive value (331, 332), and then used to predict the biological activity of new compounds (318).

It is worth pointing out that the initial training data underpins ML models generation. The data should be high-quality and in sufficient quantity to lead in models with high performance (295). However, in the current scenario, the data of pharmaceutical industry is scarce, costly, and need substantial resources, which could limit the use of ML for drug discovery (329).

Some guidelines for model generation and validation should be followed to ensure the reliability of the model. In this context, some principles for assessing the validity of ML-based QSARs have been proposed by the Organization for Economic Cooperation and Development (OECD) (333) stating that they should have:

	A defined endpoint: Ensure clarity in the endpoint being predicted by a given model, since biological property could be determined by different protocols and under different experimental conditions;

	An unambiguous algorithm: ensure reproducibility in the ML algorithm that generates predictions of an endpoint from chemical structure.

	A defined applicability domain (AD): the AD is defined as the chemical space containing the features of the compounds used to train the ML-based QSAR models (334). The AD offers means to assess the confidence of prediction to unseen compounds (335). The most common methods to define AD use distance-based metrics to calculate the distance of the features between the training set and a new compound being predicted (335–337).

	Appropriate measures of goodness-of-fit, robustness, and predictivity: ensure the distinction between the internal performance of a model (as represented by goodness-of-fit and robustness) and the predictivity of a model (as determined by external validation);

	Mechanistic interpretation, if possible: ensure that some consideration is given to the possibility of a mechanistic association between the descriptors used in a model and the endpoint being predicted (333).



As an example of application of ML to schistosomiasis drug discovery, Zorn and coworkers (338) used data from phenotypic screens against the schistosomula and adult stages of S. mansoni to develop ML models. Firstly, the authors elaborated two rule books and associated scoring systems used to normalize 3,898 phenotypic data points and transform to categorical data. Then, using the Assay Central software, they generated eight Bayesian machine learning models based on each developmental stage of the parasite and four experimental time points (≤24, 48, 72, and >72 h). Subsequently, the generated models were used to predict the activity of compounds from several libraries of commercial vendors. Finally, 40 compounds predicted as active and 16 compounds predicted as inactive were selected and purchased for in vitro phenotypic assays against schistosomula and adult stages of S. mansoni. In this manner, the authors achieved a prediction accuracy for active and inactives of 61% and 56% for schistosomula and adults, respectively. Additionally, the hit rates achieved were 48% and 34% for schistosomula and adults, respectively (338).



Deep Learning

DL is a type of ML that uses a hierarchical recombination of features to extract pertinent information and then learn the patterns represented in the data. In other words, DL uses artificial neural networks (ANNs) with many layers of nonlinear processing units for learning data representations. DL has emerged to deal with the high volume and exponentially growth of sparse data, coming from different sources around the globe (339). Conceptually, DL was conceived in the 1980s, with the development of ANNs, which, at the time, could not out-perform ML algorithms due to the small amounts of data available. As soon as advances in hardware were achieved, in 2010s, with graphic processing units and cloud computing technologies, deep neural networks (DNNs) became more popular and able to be trained and accomplish complex tasks (340).

The basic structure of a classical ANN and DL representations are represented in Figure 4 and are inspired by the structure of the human brain. There are three basic layers in a neural network: the input layer, hidden layer and output layer. Depending on the type of ANN, the nodes, also called neurons, in neighboring layers are either fully connected or partially connected. The major difference between DL and traditional ANN is the complexity of the NNs. Traditional ANNs (Figure 4A) normally only have one hidden layer whereas DL architectures such as Deep Feed Forward Network (Figure 4B) uses larger numbers of hidden layers.




Figure 4 | Architecture of several popular neural networks. (A) classical Feed Forward Network; (B) Deep Feed Forward Network; (C) Convolutional Neural Network; (D) Recurrent Neural Network; (E) Variational Autoencoder Network; and (F) Generative Adversarial Network.



Since the advent of QSAR in the 1960s for drug discovery projects, and the use of so called “shallow methods” for the identification of new chemical entities with drug like properties (341), the application of DL methods has been increasing (276, 315, 317–323). The applications of DL can be as diverse as the creativity of those who applies and develops the methods. The possibilities are unlimited in terms of algorithms [see (342)] but are restricted in terms of data quality and chemical space coverage (325). However, DL has broadened even the ability of generating new chemical data, allowing the usage of autoencoders to interpret SMILES data and, within that chemical space, generate new scaffolds sharing a few physicochemical properties with their parental molecules (343). From virtual screening processes to synthesis prediction, DL has been largely used in the field of CADD, and its applications are exemplified in the next sections.


Artificial Intelligence-Assisted Virtual Screening (VS)

As a fundamental part of CADD strategies, virtual screening (VS) is an in silico screening alternative to the experimental HTS approach to search libraries of small molecules and identify those structures which are most likely to have biological activity (344, 345). VS represents a rapid and low-cost and method for screen promising compounds against pathogens, cells and/or specific biological targets (344, 346). A VS campaign is basically a funnel-like process (347) composed of different filters. A large chemical database can be submitted to those different filters and, throughout the process, the compounds presenting undesired properties will be filtered out. In the end of the process, virtual hits with drug-, lead- or even fragment-like properties are presented in a ranked list.

In the last few years, the success of machine and deep learning has enabled the development of VS methods that can extract task-specific features directly from chemical data (295, 296). Convolutional Neural Networks (CNN, Figure 4C) are a subclass of DL that search for recurring spatial patterns in data and compose them into complex features in a hierarchical manner (348, 349). Chemical descriptors have very high dimensionality, and hence training a standard Feedforward network to recognize chemical patterns would require hundreds of thousands of input cells. This can cause many problems associated with the “curse of dimensionality” in neural networks. The CNNs provide a solution to this (350) by utilizing convolutional and pooling layers to help reduce the dimensionality from compound graphs (351). As convolutional layers are trainable but have significantly fewer parameters than a standard hidden layer, they can highlight important parts of the chemical structure and pass each of them forward.

Although DL have important advantages, the most prominent demonstration of DL’s capability are in areas where large amount of data are available, which is not the reality of all drug discovery campaigns (297, 352). In addition, studies demonstrated that simpler ML methods can outperform DL for activity prediction (353).



Deep Generative Models

Regardless of the advances in cheminformatics, the conception of the large majority of new molecules in drug discovery campaigns comes from the inventiveness of medicinal chemists (354). Since the 1990s, de novo methods have been used to design new molecules from scratch, commonly using structure-based approaches and resulting in compounds that are sterically and electrostatically complementary to the binding site of a protein target (355). However, the molecules generated by early de novo design methods were usually synthetically challenging, with poor pharmacokinetic properties, and the generation process required long runtimes (356, 357).

With the progress in deep learning, a variation of the de novo design method called generative modeling has appeared as a promising approach (358). These methods model the underlying probability distribution of chemical features from a training dataset and, thus, learn the essential aspects that characterize molecules (296, 359). Then, new molecules are generated combining these features by sampling the learned distribution of chemical features (360). The most common deep learning architectures for generative models are Recurrent neural networks (RNNs) (361), generative adversary network (GAN) (362), and variational autoencoder (VAE) (Figure 4) (363).

The RNNs (Figure 4D) are commonly trained with a large number of Simplified Molecular Input Line-Entry System (SMILES) strings, which encode chemical structures (364). Then, the RNN predict the probability of the next SMILES character considering a sequence of preceding characters (365). Thereby, the new molecules are generated by RNN character by character until the required number of characters have been produced (360).

The VAEs (Figure 4E) are composed by an autoencoder model that contains an encoder and a decoder network. The encoder translate a higher-dimensional molecular representation (e.g., SMILES) into a lower-dimensional representation, called latent space (366). The decoder translate the latent-space representation back to the higher-dimensional representation to generate new molecules (295, 366, 367). In addition, this network uses probabilistic hidden cells, which applies a radial basis function to the difference between the test sample and the cells’ mean. In this sense, VAE learns the parameters of a probability distribution representing the chemical structure data. Instead of just learning a function representing the chemical space, it gains a more detailed and nuanced view of the chemical structures, sampling from the distribution and generating new chemical structures (359).

GANs (Figure 4F) consist of two specialized networks that “contest” with each other: a generative network and a discriminative network (367). With careful regulation, these two adversaries compete with each other, each’s drive to succeed improving the other. The end result is a well-trained generator that can spit out a new chemical structure with desired biological property. The generative network (usually a CNN) tries to generates new molecules, while discriminative network tries to discern generated molecules as artificial or real (296). Mechanistically, discriminating network receives either training data or generated content from the generative network. How well the discriminating network was able to correctly predict the biological property is then used as part of the error for the generating network. Both networks are trained alternatively aiming the generation of molecules that are indiscernible from the real data (319).

In addition to the deep learning architectures for generative modeling, it is possible to use techniques such as transfer learning and reinforcement learning to fine-tune the models to generate molecules with the desired properties (e.g., activity against a target and physicochemical properties) and also optimize compounds such as fragments (368, 369). The power of these methodologies is the design of new molecules with ideal properties in shorter periods and lower costs (370, 371).

Despite the innovation of generative models, the novelty and accessibility of generated molecules must be evaluated (372–374). Gao and Coley (375) observed that generative models can produce infeasible molecules even with good performance in benchmarks. On the other hand, in a work for the discovery of discoidin domain receptor family member 1 (DDR1) kinase inhibitors (370), Walters and Murcko (366) pointed out that the top inhibitor is very similar to a known DDR1 inhibitor (366, 371).




Synthesis Prediction

The synthetic feasibility of virtual compounds identified in VS campaigns is a key point when considering synthesizing and further optimizing their properties (376, 377). Efforts from several research groups to improve the evaluation of synthetic routes and their inherent accessibility have been published and well-known software has been produced, e.g. SYNCHEM (378), RASA (379), LHASA (376), CAMEO (380), SOPHIA (381), EROS (382), and Reaxys (295, 383). Their main goal is to assess synthetically accessible routes, reaction predictions, and start material selection. To achieve this goal, approaches based on basic rules for organic synthesis, data-driven intelligent systems, sequence-to-sequence, template-based models, knowledge-graph based, and retrosynthetic prediction models have been proposed and published (384–386). To list the main obstacles for reaching a good accuracy in predicting both accessible synthetic routes and retrosynthetic disconnections, we can point out (i) the low number of unsuccessful reactions reported, (ii) the extensive data curation process, which impacts on the data quality and, consequently the predicted outcomes (384, 385). The current state-of-the art relies on treating the task as a text processing problem. Natural Language Processing (NLP) algorithms have been tested, implemented, and shown to provide of promising outcomes. The IBM RXN platform (387) represents a successful application and example of how to deal with chemical reactions as text. The platform uses the simplified molecular-input line-entry system (SMILES) as the source of local and global features potentially involved in a chemical reaction (388).

As well as in FBDD, very few applications of cheminformatics have been reported for schistosomiasis. Thus, cheminformatics also has a great potential for anti-schistosomal drug discovery in the future.





Concluding Remarks and Future Directions

In conclusion, we would like to emphasize that the recent advances in automation of whole organism screening and target-based assays, as well as FBDD, CADD and AI tools integrated in drug design projects, represent a new era in anti-schistosomiasis drug discovery. The phenotypic assay methods described here are more sensitive and faster than traditional microscopy an have enabled the identification of several new antischistosomal candidates. In parallel, significant contributions are coming from the genomics to target-based screening approaches, especially with prospecting and prioritizing biological targets with key/essential roles in parasite survival and/or host-parasite interactions. The automated collection and processing of X-ray crystallography data at synchrotons has transformed fragment-based screening enabling the acquisition of structural data at atomic resolution. The generation of large datasets from advances in the automation of phenotypic screening and target-based approaches has created a fertile ground for drug discovery. These data have enabled the use of artificial intelligence tools, such as machine learning and deep learning, to generate predictive QSAR models for prioritization of VS hits or structural design of novel compounds. These tools can be also used for in silico multi-parameter optimization, for achieving a favorable balance between target potency, selectivity, physicochemical, pharmacokinetic and toxicological properties. Therefore, we see the use of AI tools and QSAR models as a time-, labor-, and cost-effective way to discover hit compounds and to optimize lead candidates in the early stages of drug discovery process. We hope that these new technologies collectively will empower schistosomiasis drug discovery and increase the efficiency of the various processes involved to deliver new drugs to the market.



Author Contributions

All authors contributed to the article and approved the submitted version.



Funding

The authors would like to thank Brazilian funding agencies, CNPq, CAPES, FAPERJ, FAPEG and FIOCRUZ for financial support and fellowships. JM-F, AS, and LS are supported by CAPES fellowship (Finance code 001). CA and FS-J are CNPq research fellows. AS thanks CAPES for PDSE fellowship to perform part of his Ph.D. studies in UK (#88881.131626/2016-01). NF is supported by the Medical Research Council (Grant No: MR/T000171/1). 



Acknowledgments

RO, NF, and JB-N thank Diamond Light Source UK for the XChem facility time and the use of beamline I04-1 (Proposal LB16978). We are grateful to ChemAxon and OpenEye Inc. for providing academic license of their software for our projects. We are also grateful to DataCamp for providing academic license for our students perform training courses.



References

1. Gryseels, B, Polman, K, Clerinx, J, and Kestens, L. Human Schistosomiasis. Lancet (2006) 368:1106–18. doi: 10.1016/S0140-6736(06)69440-3

2. WHO. Schistosomiasis. In: Schistosomiasis (2021). Available at: https://www.who.int/en/news-room/fact-sheets/detail/schistosomiasis (Accessed May 5, 2021).

3. Amoah, AS, Hoekstra, PT, Casacuberta-Partal, M, Coffeng, LE, Corstjens, PLAM, Greco, B, et al. Sensitive Diagnostic Tools and Targeted Drug Administration Strategies are Needed to Eliminate Schistosomiasis. Lancet Infect Dis (2020) 20:e165–72. doi: 10.1016/S1473-3099(20)30254-1

4. Hotez, PJ, Alvarado, M, Basáñez, MG, Bolliger, I, Bourne, R, Boussinesq, M, et al. The Global Burden of Disease Study 2010: Interpretation and Implications for the Neglected Tropical Diseases. PloS Negl Trop Dis (2014) 8:e2865. doi: 10.1371/journal.pntd.0002865

5. Kassebaum, NJ, Arora, M, Barber, RM, Bhutta, ZA, Brown, J, Carter, A, et al. Global, Regional, and National Disability-Adjusted Life-Years (DALYs) for 315 Diseases and Injuries and Healthy Life Expectancy (HALE), 1990–2015: A Systematic Analysis for the Global Burden of Disease Study 2015. Lancet (2016) 388:1603–58. doi: 10.1016/S0140-6736(16)31460-X

6. Colley, DG, Bustinduy, AL, Secor, WE, and King, CH. Human Schistosomiasis. Lancet (2014) 383:2253–64. doi: 10.1016/S0140-6736(13)61949-2

7. Nation, CS, Da’dara, AA, Marchant, JK, and Skelly, PJ. Schistosome Migration in the Definitive Host. PloS Negl Trop Dis (2020) 14:1–12. doi: 10.1371/journal.pntd.0007951

8. McManus, DP, Dunne, DW, Sacko, M, Utzinger, J, Vennervald, BJ, and Zhou, X-N. Schistosomiasis. Nat Rev Dis Primers (2018) 4:13. doi: 10.1038/s41572-018-0013-8

9. Castillo, MG, Humphries, JE, Mourão, MM, Marquez, J, Gonzalez, A, and Montelongo, CE. Biomphalaria Glabrata Immunity: Post-genome Advances. Dev Comp Immunol (2020) 104:103557. doi: 10.1016/j.dci.2019.103557

10. Eyayu, T, Zeleke, AJ, and Worku, L. Current Status and Future Prospects of Protein Vaccine Candidates Against Schistosoma Mansoni Infection. Parasite Epidemiol Control (2020) 11:e00176. doi: 10.1016/j.parepi.2020.e00176

11. Molehin, AJ. Schistosomiasis Vaccine Development: Update on Human Clinical Trials. J BioMed Sci (2020) 27:1–7. doi: 10.1186/s12929-020-0621-y

12. Cioli, D, Pica-Mattoccia, L, Basso, A, and Guidi, A. Schistosomiasis Control: Praziquantel Forever? Mol Biochem Parasitol (2014) 195:23–9. doi: 10.1016/j.molbiopara.2014.06.002

13. Mäder, P, Rennar, GA, Ventura, AMP, Grevelding, CG, and Schlitzer, M. Chemotherapy for Fighting Schistosomiasis: Past, Present and Future. ChemMedChem (2018) 13:2374–89. doi: 10.1002/cmdc.201800572

14. Gönnert, R, and Andrews, P. Praziquantel, a New Broad-Spectrum Antischistosomal Agent. Z Parasitenkd (1977) 52:129–50. doi: 10.1007/BF00389899

15. Zwang, J, and Olliaro, P. Efficacy and Safety of Praziquantel 40 mg/kg in Preschool-Aged and School-Aged Children: A Meta-Analysis. Parasit Vectors (2017) 10:47. doi: 10.1186/s13071-016-1958-7

16. Secor, WE, and Montgomery, SP. Something Old, Something New: Is Praziquantel Enough for Schistosomiasis Control? Future Med Chem (2015) 7:681–4. doi: 10.4155/fmc.15.9

17. Caffrey, CR. Chemotherapy of Schistosomiasis: Present and Future. Curr Opin Chem Biol (2007) 11:433–9. doi: 10.1016/j.cbpa.2007.05.031

18. Olliaro, P, Delgado-Romero, P, and Keiser, J. The Little We Know About the Pharmacokinetics and Pharmacodynamics of Praziquantel (Racemate and R-Enantiomer). J Antimicrob Chemother (2014) 69:863–70. doi: 10.1093/jac/dkt491

19. Meyer, T, Sekljic, H, Fuchs, S, Bothe, H, Schollmeyer, D, and Miculka, C. Taste, A New Incentive to Switch to (R)-Praziquantel in Schistosomiasis Treatment. PloS Negl Trop Dis (2009) 3:e357. doi: 10.1371/journal.pntd.0000357

20. Wang, W, Wang, L, and Liang, Y-S. Susceptibility or Resistance of Praziquantel in Human Schistosomiasis: A Review. Parasitol Res (2012) 111:1871–7. doi: 10.1007/s00436-012-3151-z

21. Fallon, PG, and Doenhoff, MJ. Drug-Resistant Schistosomiasis: Resistance to Praziquantel and Oxamniquine Induced in Schistosoma Mansoni in Mice is Drug Specific. Am J Trop Med Hyg (1994) 51:83–8. doi: 10.4269/ajtmh.1994.51.83

22. Ismail, MM, Taha, SA, Farghaly, AM, and El-Azony, AS. Laboratory Induced Resistance to Praziquantel in Experimental Schistosomiasis. J Egypt Soc Parasitol (1994) 24:685–95.

23. Couto, FF, Coelho, PMZ, Araújo, N, Kusel, JR, Katz, N, Jannotti-Passos, LK, et al. Schistosoma Mansoni: A Method for Inducing Resistance to Praziquantel Using Infected Biomphalaria Glabrata Snails. Mem Inst Oswaldo Cruz (2011) 106:153–7. doi: 10.1590/S0074-02762011000200006

24. Fallon, PG, Sturrock, RF, Niang, AC, and Doenhoff, MJ. Short Report: Diminished Susceptibility to Praziquantel in a Senegal Isolate of Schistosoma Mansoni. Am J Trop Med Hyg (1995) 53:61–2. doi: 10.4269/ajtmh.1995.53.61

25. Ismail, M, Bennett, JL, Tao, L-F, Farghaly, A, Bruce, J, and Metwally, A. Characterization of Isolates of Schistosoma Mansoni From Egyptian Villagers That Tolerate High Doses of Praziquantel. Am J Trop Med Hyg (1996) 55:214–8. doi: 10.4269/ajtmh.1996.55.214

26. Crellen, T, Walker, M, Lamberton, PHL, Kabatereine, NB, Tukahebwa, EM, Cotton, JA, et al. Reduced Efficacy of Praziquantel Against Schistosoma Mansoni Is Associated With Multiple Rounds of Mass Drug Administration. Clin Inf Dis (2016) 63:1151–9. doi: 10.1093/cid/ciw506

27. Kabuyaya, M, Chimbari, MJ, Manyangadze, T, and Mukaratirwa, S. Efficacy of Praziquantel on Schistosoma Haematobium and Re-Infection Rates Among School-Going Children in the Ndumo Area of uMkhanyakude District, KwaZulu-Natal, South Africa. Infect Dis Poverty (2017) 6:1–9. doi: 10.1186/s40249-017-0293-3

28. Melman, SD, Steinauer, ML, Cunningham, C, Kubatko, LS, Mwangi, IN, Wynn, NB, et al. Reduced Susceptibility to Praziquantel Among Naturally Occurring Kenyan Isolates of Schistosoma Mansoni. PloS Negl Trop Dis (2009) 3:e504. doi: 10.1371/journal.pntd.0000504

29. Ramirez, B, Bickle, Q, Yousif, F, Fakorede, F, Mouries, M-A, and Nwaka, S. Schistosomes: Challenges in Compound Screening. Expert Opin Drug Discov (2007) 2:S53–61. doi: 10.1517/17460441.2.S1.S53

30. Katsuno, K, Burrows, JN, Duncan, K, van Huijsduijnen, RH, Kaneko, T, Kita, K, et al. Hit and Lead Criteria in Drug Discovery for Infectious Diseases of the Developing World. Nat Rev Drug Discov (2015) 14:751–8. doi: 10.1038/nrd4683

31. Caffrey, CR, and Secor, WE. Schistosomiasis: From Drug Deployment to Drug Development. Curr Opin Infect Dis (2011) 24:410–7. doi: 10.1097/QCO.0b013e328349156f

32. Spangenberg, T. Alternatives to Praziquantel for the Prevention and Control of Schistosomiasis. ACS Infect Dis (2020). doi: 10.1021/acsinfecdis.0c00542

33. Geary, TG, Sakanari, JA, and Caffrey, CR. Anthelmintic Drug Discovery: Into the Future. J Parasitol (2015) 101:125–33. doi: 10.1645/14-703.1

34. Lombardo, FC, Pasche, V, Panic, G, Endriss, Y, and Keiser, J. Life Cycle Maintenance and Drug-Sensitivity Assays for Early Drug Discovery in Schistosoma Mansoni. Nat Protoc (2019) 14:461–81. doi: 10.1038/s41596-018-0101-y

35. Tekwu, EM, Anyan, WK, Boamah, D, Baffour-Awuah, KO, Tekwu, SK, Beng, VP, et al. Mechanically Produced Schistosomula as a Higher-Throughput Tools for Phenotypic Pre-Screening in Drug Sensitivity Assays: Current Research and Future Trends. Biomark Res (2016) 4:21. doi: 10.1186/s40364-016-0075-2

36. Pica-Mattoccia, L, and Cioli, D. Sex- and Stage-Related Sensitivity of Schistosoma Mansoni to In Vivo and In Vitro Praziquantel Treatment. Int J Parasitol (2004) 34:527–33. doi: 10.1016/j.ijpara.2003.12.003

37. Tavares, NC, de Aguiar, PHN, Gava, SG, Oliveira, G, and Mourão, MM. Schistosomiasis: Setting Routes for Drug Discovery. In: Special Topics in Drug Discovery. London, UK: InTech (2016). p. 116–24. doi: 10.5772/65386

38. Lalli, C, Guidi, A, Gennari, N, Altamura, S, Bresciani, A, and Ruberti, G. Development and Validation of a Luminescence-based, Medium-Throughput Assay for Drug Screening in Schistosoma Mansoni. PloS Negl Trop Dis (2015) 9:e0003484. doi: 10.1371/journal.pntd.0003484

39. Panic, G, Flores, D, Ingram-Sieber, K, and Keiser, J. Fluorescence/Luminescence-Based Markers for the Assessment of Schistosoma Mansoni Schistosomula Drug Assays. Parasit Vectors (2015) 8:624. doi: 10.1186/s13071-015-1233-3

40. Padalino, G, Ferla, S, Brancale, A, Chalmers, IW, and Hoffmann, KF. Combining Bioinformatics, Cheminformatics, Functional Genomics and Whole Organism Approaches for Identifying Epigenetic Drug Targets in Schistosoma Mansoni. Int J Parasitol Drugs Drug Resist (2018) 8:559–70. doi: 10.1016/j.ijpddr.2018.10.005

41. Keiser, J. In Vitro and In Vivo Trematode Models for Chemotherapeutic Studies. Parasitology (2010) 137:589–603. doi: 10.1017/S0031182009991739

42. Mansour, NR, and Bickle, QD. Comparison of Microscopy and Alamar Blue Reduction in a Larval Based Assay for Schistosome Drug Screening. PloS Negl Trop Dis (2010) 4:e795. doi: 10.1371/journal.pntd.0000795

43. Panic, G, Vargas, M, Scandale, I, and Keiser, J. Activity Profile of an FDA-Approved Compound Library Against Schistosoma Mansoni. PloS Negl Trop Dis (2015) 9:e0003962. doi: 10.1371/journal.pntd.0003962

44. Maccesi, M, Aguiar, PHN, Pasche, V, Padilla, M, Suzuki, BM, Montefusco, S, et al. Multi-Center Screening of the Pathogen Box Collection for Schistosomiasis Drug Discovery. Parasit Vectors (2019) 12:1–10. doi: 10.1186/s13071-019-3747-6

45. Zheng, W, Thorne, N, and McKew, JC. Phenotypic Screens as a Renewed Approach for Drug Discovery. Drug Discov Today (2013) 18:1067–73. doi: 10.1016/j.drudis.2013.07.001

46. Ban, TA. The Role of Serendipity in Drug Discovery. Dialogues Clin Neurosci (2006) 8:335–44. doi: 10.31887/dcns.2006.8.3/tban

47. Croston, GE. The Utility of Target-Based Discovery. Expert Opin Drug Discov (2017) 12:427–9. doi: 10.1080/17460441.2017.1308351

48. Moffat, JG, Vincent, F, Lee, JA, Eder, J, and Prunotto, M. Opportunities and Challenges in Phenotypic Drug Discovery: An Industry Perspective. Nat Rev Drug Discov (2017) 16:531–43. doi: 10.1038/nrd.2017.111

49. Buskes, MJ, Clements, M, Bachovchin, KA, Jalani, HB, Leonard, A, Bag, S, et al. Structure–Bioactivity Relationships of Lapatinib Derived Analogs Against Schistosoma Mansoni. ACS Med Chem Lett (2020) 11:258–65. doi: 10.1021/acsmedchemlett.9b00455

50. Miraj, CMAG, Fan, WH, Song, LJ, Yu, CX, and Feng, B. Synthesis and SAR Studies of New Oxadiazole-2-Oxide Derivatives With Remarkable In Vitro Activity Against Schistosoma Japonicum. J Microb Biochem Technol (2017) 09:535–43. doi: 10.4172/1948-5948.1000339

51. Wu, J, Wang, C, Leas, D, Vargas, M, White, KL, Shackleford, DM, et al. Progress in Antischistosomal N,N′-diaryl Urea SAR. Bioorg Med Chem Lett (2018) 28:244–8. doi: 10.1016/j.bmcl.2017.12.064

52. Aulner, N, Danckaert, A, Ihm, JE, Shum, D, and Shorte, SL. Next-Generation Phenotypic Screening in Early Drug Discovery for Infectious Diseases. Trends Parasitol (2019) 35:559–70. doi: 10.1016/j.pt.2019.05.004

53. Swinney, DC, and Lee, JA. Recent Advances in Phenotypic Drug Discovery. F1000Research (2020) 9:944. doi: 10.12688/f1000research.25813.1

54. Peak, E, Chalmers, IW, and Hoffmann, KF. Development and Validation of a Quantitative, High-Throughput, Fluorescent-Based Bioassay to Detect Schistosoma Viability. PloS Negl Trop Dis (2010) 4:e759. doi: 10.1371/journal.pntd.0000759

55. Abdulla, M-H, Ruelas, DS, Wolff, B, Snedecor, J, Lim, K-C, Xu, F, et al. Drug Discovery for Schistosomiasis: Hit and Lead Compounds Identified in a Library of Known Drugs by Medium-Throughput Phenotypic Screening. PloS Negl Trop Dis (2009) 3:e478. doi: 10.1371/journal.pntd.0000478

56. Braun, L, Hazell, L, Webb, AJ, Allan, F, Emery, AM, and Templeton, MR. Determining the Viability of Schistosoma Mansoni Cercariae Using Fluorescence Assays: An Application for Water Treatment. PloS Negl Trop Dis (2020) 14:e0008176. doi: 10.1371/journal.pntd.0008176

57. Guidi, A, Lalli, C, Gimmelli, R, Nizi, E, Andreini, M, Gennari, N, et al. Discovery by Organism Based High-Throughput Screening of New Multi-Stage Compounds Affecting Schistosoma Mansoni Viability, Egg Formation and Production. PloS Negl Trop Dis (2017) 11:e0005994. doi: 10.1371/journal.pntd.0005994

58. Park, SK, Gunaratne, GS, Chulkov, EG, Moehring, F, McCusker, P, Dosa, PI, et al. The Anthelmintic Drug Praziquantel Activates a Schistosome Transient Receptor Potential Channel. J Biol Chem (2019) 294:18873–80. doi: 10.1074/jbc.AC119.011093

59. Aguiar, PHN, Fernandes, NMGS, Zani, CL, and Mourão, MM. A High-Throughput Colorimetric Assay for Detection of Schistosoma Mansoni Viability Based on the Tetrazolium Salt XTT. Parasit Vectors (2017) 10:300. doi: 10.1186/s13071-017-2240-3

60. Marcellino, C, Gut, J, Lim, KC, Singh, R, McKerrow, J, and Sakanari, J. WormAssay: A Novel Computer Application for Whole-Plate Motion-Based Screening of Macroscopic Parasites. PloS Negl Trop Dis (2012) 6:e1494. doi: 10.1371/journal.pntd.0001494

61. Chen, S, Suzuki, BM, Dohrmann, J, Singh, R, Arkin, MR, and Caffrey, CR. A Multi-Dimensional, Time-Lapse, High Content Screening Platform Applied to Schistosomiasis Drug Discovery. Commun Biol (2020) 3:747. doi: 10.1038/s42003-020-01402-5

62. El-shehabi, F, Taman, A, Moali, LS, El-sakkary, N, and Ribeiro, P. A Novel G Protein-Coupled Receptor of Schistosoma Mansoni (SmGPR-3) Is Activated by Dopamine and Is Widely Expressed in the Nervous System. PloS Negl Trop Dis (2012) 6:e1523. doi: 10.1371/journal.pntd.0001523

63. Lee, H, Moody-Davis, A, Saha, U, Suzuki, BM, Asarnow, D, Chen, S, et al. Quantification and Clustering of Phenotypic Screening Data Using Time-Series Analysis for Chemotherapy of Schistosomiasis. BMC Genomics (2012) 13:1–24. doi: 10.1186/1471-2164-13-S1-S4

64. Manneck, T, Braissant, O, Haggenmuller, Y, and Keiser, J. Isothermal Microcalorimetry to Study Drugs Against Schistosoma Mansoni. J Clin Microbiol (2011) 49:1217–25. doi: 10.1128/JCM.02382-10

65. Ravaynia, PS, Lombardo, FC, Biendl, S, Dupuch, MA, Keiser, J, Hierlemann, A, et al. Parallelized Impedance-Based Platform for Continuous Dose-Response Characterization of Antischistosomal Drugs. Adv Biosyst (2020) 4:1900304. doi: 10.1002/adbi.201900304

66. Patocka, N, Sharma, N, Rashid, M, and Ribeiro, P. Serotonin Signaling in Schistosoma Mansoni: A Serotonin–Activated G Protein-Coupled Receptor Controls Parasite Movement. PloS Pathog (2014) 10:e1003878. doi: 10.1371/journal.ppat.1003878

67. McCusker, P, and Chan, JD. Anti-Schistosomal Action of the Calcium Channel Agonist FPL-64176. Int J Parasitol Drugs Drug Resist (2019) 11:30–8. doi: 10.1016/j.ijpddr.2019.08.006

68. Asarnow, D, Rojo-Arreola, L, Suzuki, BM, Caffrey, CR, and Singh, R. The QDREC Web Server: Determining Dose-Response Characteristics of Complex Macroparasites in Phenotypic Drug Screens. Bioinformatics (2015) 31:1515–8. doi: 10.1093/bioinformatics/btu831

69. Neves, BJ, Dantas, RF, Senger, MR, Valente, WCG, Rezende-Neto J de, M, Chaves, WT, et al. The Antidepressant Drug Paroxetine as a New Lead Candidate in Schistosome Drug Discovery. Med Chem Commun (2016) 7:1176–82. doi: 10.1039/C5MD00596E

70. Paveley, RA, Mansour, NR, Hallyburton, I, Bleicher, LS, Benn, AE, Mikic, I, et al. Whole Organism High-Content Screening by Label-Free, Image-Based Bayesian Classification for Parasitic Diseases. PloS Negl Trop Dis (2012) 6:e1762. doi: 10.1371/journal.pntd.0001762

71. Rinaldi, G, Loukas, A, Brindley, PJ, Irelan, JT, and Smout, MJ. Viability of Developmental Stages of Schistosoma Mansoni Quantified With xCELLigence Worm Real-Time Motility Assay (xWORM). Int J Parasitol Drugs Drug Resist (2015) 5:141–8. doi: 10.1016/j.ijpddr.2015.07.002

72. McCusker, P, Mian, MY, Li, G, Olp, MD, Tiruveedhula, VVNPB, Rashid, F, et al. Non-Sedating Benzodiazepines Cause Paralysis and Tissue Damage in the Parasitic Blood Fluke Schistosoma Mansoni. PloS Negl Trop Dis (2019) 13:e0007826. doi: 10.1371/journal.pntd.0007826

73. Schneider, CA, Rasband, WS, and Eliceiri, KW. NIH Image to ImageJ: 25 Years of Image Analysis. Nat Methods (2012) 9:671–5. doi: 10.1038/nmeth.2089

74. El-Sakkary, N, Chen, S, Arkin, MR, Caffrey, CR, and Ribeiro, P. Octopamine Signaling in the Metazoan Pathogen Schistosoma Mansoni: Localization, Small-Molecule Screening and Opportunities for Drug Development. Dis Model Mech (2018) 11:dmm033563. doi: 10.1242/dmm.033563

75. Chan, JD, Agbedanu, PN, Grab, T, Zamanian, M, Dosa, PI, Day, TA, et al. Ergot Alkaloids (Re)Generate New Leads as Antiparasitics. PloS Negl Trop Dis (2015) 9:e0004063. doi: 10.1371/journal.pntd.0004063

76. Chan, JD, Acharya, S, Day, TA, and Marchant, JS. Pharmacological Profiling an Abundantly Expressed Schistosome Serotonergic GPCR Identifies Nuciferine as a Potent Antagonist. Int J Parasitol Drugs Drug Resist (2016) 6:364–70. doi: 10.1016/j.ijpddr.2016.06.001

77. Duguet, TB, Glebov, A, Hussain, A, Kulkarni, S, Mochalkin, I, Geary, TG, et al. Identification of Annotated Bioactive Molecules That Impair Motility of the Blood Fluke Schistosoma Mansoni. Int J Parasitol Drugs Drug Resist (2020) 13:73–88. doi: 10.1016/j.ijpddr.2020.05.002

78. Marchant, JS, Harding, WW, and Chan, JD. Structure-Activity Profiling of Alkaloid Natural Product Pharmacophores Against a Schistosoma Serotonin Receptor. Int J Parasitol Drugs Drug Resist (2018) 8:550–8. doi: 10.1016/j.ijpddr.2018.09.001

79. Weeks, JC, Roberts, WM, Leasure, C, Suzuki, BM, Robinson, KJ, Currey, H, et al. Sertraline, Paroxetine, and Chlorpromazine are Rapidly Acting Anthelmintic Drugs Capable of Clinical Repurposing. Sci Rep (2018) 8:1–17. doi: 10.1038/s41598-017-18457-w

80. Monti, L, Cornec, A, Oukoloff, K, Kovalevich, J, Prijs, K, Alle, T, et al. Congeners Derived From Microtubule-Active Phenylpyrimidines Produce a Potent and Long-Lasting Paralysis of Schistosoma Mansoni In Vitro. ACS Infect Dis (2020). doi: 10.1021/acsinfecdis.0c00508

81. Long, T, Rojo-Arreola, L, Shi, D, El-Sakkary, N, Jarnagin, K, Rock, F, et al. Phenotypic, Chemical and Functional Characterization of Cyclic Nucleotide Phosphodiesterase 4 (PDE4) as a Potential Anthelmintic Drug Target. PloS Negl Trop Dis (2017) 11:e0005680. doi: 10.1371/journal.pntd.0005680

82. Bibo-Verdugo, B, Wang, SC, Almaliti, J, Ta, AP, Jiang, Z, Wong, DA, et al. The Proteasome as a Drug Target in the Metazoan Pathogen, Schistosoma Mansoni. ACS Infect Dis (2019) 5:1802–12. doi: 10.1021/acsinfecdis.9b00237

83. Padalino, G. WormassayGP2. doi: 10.5281/zenodo.3929417.

84. Padalino, G, Chalmers, IW, Brancale, A, and Hoffmann, KF. Identification of 6-(piperazin-1-yl)-1,3,5-triazine as a Chemical Scaffold With Broad Anti-Schistosomal Activities. Wellcome Open Res (2020) 5:169. doi: 10.12688/wellcomeopenres.16069.1

85. Wang, J, Paz, C, Padalino, G, Coghlan, A, Lu, Z, Gradinaru, I, et al. Large-Scale RNAi Screening Uncovers Therapeutic Targets in the Parasite Schistosoma Mansoni. Science (2020) 369:1649–53. doi: 10.1126/science.abb7699

86. Padalino, G, Celatka, CA, Kalin, JH, Cole, PA, Lassalle, D, Chalmers, IW, et al. Schistosoma Mansoni Lysine Specific Demethylase 1 (SmLSD1 ) is a Druggable Target Involved in Parasite Survival , Oviposition and Stem Cell Proliferation. (2020). doi: 10.1101/2020.09.17.301184

87. Singh, R, Pittas, M, Heskia, I, Xu, F, McKerrow, J, and Caffrey, CR. Automated Image-Based Phenotypic Screening for High-Throughput Drug Discovery. In: 2009 22nd IEEE International Symposium on Computer-Based Medical Systems. New Jersey, USA: IEEE (2009). p. 1–8. doi: 10.1109/CBMS.2009.5255338

88. Asarnow, DE, and Singh, R. Segmenting the Etiological Agent of Schistosomiasis for High-Content Screening. IEEE Trans Med Imaging (2013) 32:1007–18. doi: 10.1109/TMI.2013.2247412

89. Singh, R, Beasley, R, Long, T, and Caffrey, CR. Algorithmic Mapping and Characterization of the Drug-Induced Phenotypic-Response Space of Parasites Causing Schistosomiasis. IEEE/ACM Trans Comput Biol Bioinform (2018) 15:469–81. doi: 10.1109/TCBB.2016.2550444

90. Asarnow, D, and Singh, R. Determining Dose-Response Characteristics of Molecular Perturbations in Whole-Organism Assays Using Biological Imaging and Machine Learning. In: 2018 IEEE International Conference on Bioinformatics and Biomedicine (BIBM). New Jersey, USA: IEEE (2018). p. 283–90. doi: 10.1109/BIBM.2018.8621083

91. Rojo-Arreola, L, Long, T, Asarnow, D, Suzuki, BM, Singh, R, and Caffrey, CR. Chemical and Genetic Validation of the Statin Drug Target to Treat the Helminth Disease, Schistosomiasis. PloS One (2014) 9:e87594. doi: 10.1371/journal.pone.0087594

92. Long, T, Neitz, RJ, Beasley, R, Kalyanaraman, C, Suzuki, BM, Jacobson, MP, et al. Structure-Bioactivity Relationship for Benzimidazole Thiophene Inhibitors of Polo-Like Kinase 1 (PLK1), a Potential Drug Target in Schistosoma Mansoni. PloS Negl Trop Dis (2016) 10:e0004356. doi: 10.1371/journal.pntd.0004356

93. Melo-Filho, CC, Dantas, RF, Braga, RC, Neves, BJ, Senger, MR, Valente, WCG, et al. QSAR-Driven Discovery of Novel Chemical Scaffolds Active Against Schistosoma Mansoni. J Chem Inf Model (2016) 56:1357–72. doi: 10.1021/acs.jcim.6b00055

94. Neves, BJ, Dantas, RF, Senger, MR, Melo-Filho, CC, Valente, WCG, de Almeida, ACM, et al. Discovery of New Anti-Schistosomal Hits by Integration of QSAR-Based Virtual Screening and High Content Screening. J Med Chem (2016) 59:7075–88. doi: 10.1021/acs.jmedchem.5b02038

95. Mansour, NR, Paveley, R, Gardner, JMF, Bell, AS, Parkinson, T, and Bickle, Q. High Throughput Screening Identifies Novel Lead Compounds With Activity Against Larval, Juvenile and Adult Schistosoma Mansoni. PloS Negl Trop Dis (2016) 10:e0004659. doi: 10.1371/journal.pntd.0004659

96. Giuliani, S, Silva, AC, Borba, JVVB, Ramos, PIP, Paveley, RA, Muratov, EN, et al. Computationally-Guided Drug Repurposing Enables the Discovery of Kinase Targets and Inhibitors as New Schistosomicidal Agents. PloS Comput Biol (2018) 14:e1006515. doi: 10.1371/journal.pcbi.1006515

97. Crusco, A, Whiteland, H, Baptista, R, Forde-Thomas, JE, Beckmann, M, Mur, LAJ, et al. Antischistosomal Properties of Sclareol and Its Heck-Coupled Derivatives: Design, Synthesis, Biological Evaluation, and Untargeted Metabolomics. ACS Infect Dis (2019) 5:1188–99. doi: 10.1021/acsinfecdis.9b00034

98. Whatley, KCL, Padalino, G, Whiteland, H, Geyer, KK, Hulme, BJ, Chalmers, IW, et al. The Repositioning of Epigenetic Probes/Inhibitors Identifies New Anti-Schistosomal Lead Compounds and Chemotherapeutic Targets. PloS Negl Trop Dis (2019) 13:e0007693. doi: 10.1371/journal.pntd.0007693

99. Crusco, A, Bordoni, C, Chakroborty, A, Whatley, KCL, Whiteland, H, Westwell, AD, et al. Design, Synthesis and Anthelmintic Activity of 7-Keto-Sempervirol Analogues. Eur J Med Chem (2018) 152:87–100. doi: 10.1016/j.ejmech.2018.04.032

100. Whiteland, HL, Chakroborty, A, Forde-Thomas, JE, Crusco, A, Cookson, A, Hollinshead, J, et al. An Abies Procera-Derived Tetracyclic Triterpene Containing a Steroid-Like Nucleus Core and a Lactone Side Chain Attenuates In Vitro Survival of Both Fasciola Hepatica and Schistosoma Mansoni. Int J Parasitol Drugs Drug Resist (2018) 8:465–74. doi: 10.1016/j.ijpddr.2018.10.009

101. Lamprecht, MR, Sabatini, DM, and Carpenter, AE. CellProfilerTM: Free, Versatile Software for Automated Biological Image Analysis. Biotechniques (2007) 42:71–5. doi: 10.2144/000112257

102. Smout, MJ, Kotze, AC, McCarthy, JS, and Loukas, A. A Novel High Throughput Assay for Anthelmintic Drug Screening and Resistance Diagnosis by Real-Time Monitoring of Parasite Motility. PloS Negl Trop Dis (2010) 4:e885. doi: 10.1371/journal.pntd.0000885

103. Chawla, K, Modena, MM, Ravaynia, PS, Lombardo, FC, Leonhardt, M, Panic, G, et al. Impedance-Based Microfluidic Assay for Automated Antischistosomal Drug Screening. ACS Sens (2018) 3:2613–20. doi: 10.1021/acssensors.8b01027

104. Modena, MM, Chawla, K, Misun, PM, and Hierlemann, A. Smart Cell Culture Systems: Integration of Sensors and Actuators Into Microphysiological Systems. ACS Chem Biol (2018) 13:1767–84. doi: 10.1021/acschembio.7b01029

105. Wangchuk, P, Pearson, MS, Giacomin, PR, Becker, L, Sotillo, J, Pickering, D, et al. Compounds Derived From the Bhutanese Daisy, Ajania Nubigena, Demonstrate Dual Anthelmintic Activity Against Schistosoma Mansoni and Trichuris Muris. PloS Negl Trop Dis (2016) 10:e0004908. doi: 10.1371/journal.pntd.0004908

106. Wangchuk, P, Giacomin, PR, Pearson, MS, Smout, MJ, and Loukas, A. Identification of Lead Chemotherapeutic Agents From Medicinal Plants Against Blood Flukes and Whipworms. Sci Rep (2016) 6:32101. doi: 10.1038/srep32101

107. Yan, H-B, Smout, MJ, Ju, C, Folley, AE, Skinner, DE, Mann, VH, et al. Developmental Sensitivity in Schistosoma Mansoni to Puromycin to Establish Drug Selection of Transgenic Schistosomes. Antimicrob Agents Chemother (2018) 62:e02568–17. doi: 10.1128/AAC.02568-17

108. Zeraik, AE, Galkin, VE, Rinaldi, G, Garratt, RC, Smout, MJ, Loukas, A, et al. Reversible Paralysis of Schistosoma Mansoni by Forchlorfenuron, a Phenylurea Cytokinin That Affects Septins. Int J Parasitol (2014) 44:523–31. doi: 10.1016/j.ijpara.2014.03.010

109. Sundaraneedi, MK, Tedla, BA, Eichenberger, RM, Becker, L, Pickering, D, Smout, MJ, et al. Polypyridylruthenium(II) Complexes Exert Anti-Schistosome Activity and Inhibit Parasite Acetylcholinesterases. PloS Negl Trop Dis (2017) 11:e0006134. doi: 10.1371/journal.pntd.0006134

110. Modena, MM, Chawla, K, Lombardo, F, Burgel, SC, Panic, G, Keiser, J, et al. Impedance-Based Detection of Schistosoma Mansoni Larvae Viability for Drug Screening. In: 2017 IEEE Biomedical Circuits and Systems Conference (BioCAS). New Jersey, USA: IEEE (2017). p. 1–4. doi: 10.1109/BIOCAS.2017.8325227

111. Braissant, O, Keiser, J, Meister, I, Bachmann, A, Wirz, D, Göpfert, B, et al. Isothermal Microcalorimetry Accurately Detects Bacteria, Tumorous Microtissues, and Parasitic Worms in a Label-Free Well-Plate Assay. Biotechnol J (2015) 10:460–8. doi: 10.1002/biot.201400494

112. Braissant, O, Bachmann, A, and Bonkat, G. Microcalorimetric Assays for Measuring Cell Growth and Metabolic Activity: Methodology and Applications. Methods (2015) 76:27–34. doi: 10.1016/j.ymeth.2014.10.009

113. Braissant, O, Wirz, D, Göpfert, B, and Daniels, AU. Biomedical Use of Isothermal Microcalorimeters. Sensors (2010) 10:9369–83. doi: 10.3390/s101009369

114. Manneck, T, Keiser, J, and Müller, J. Mefloquine Interferes With Glycolysis in Schistosomula of Schistosoma Mansoni Via Inhibition of Enolase. Parasitology (2012) 139:497–505. doi: 10.1017/S0031182011002204

115. Manneck, T, Braissant, O, Ellis, W, and Keiser, J. Schistosoma Mansoni: Antischistosomal Activity of the Four Optical Isomers and the Two Racemates of Mefloquine on Schistosomula and Adult Worms In Vitro and In Vivo. Exp Parasitol (2011) 127:260–9. doi: 10.1016/j.exppara.2010.08.011

116. Meister, I, Ingram-Sieber, K, Cowan, N, Todd, M, Robertson, MN, Meli, C, et al. Activity of Praziquantel Enantiomers and Main Metabolites Against Schistosoma Mansoni. Antimicrob Agents Chemother (2014) 58:5466–72. doi: 10.1128/AAC.02741-14

117. Ingram, K, Ellis, W, and Keiser, J. Antischistosomal Activities of Mefloquine-Related Arylmethanols. Antimicrob Agents Chemother (2012) 56:3207–15. doi: 10.1128/AAC.06177-11

118. Ingram, K, Schiaffo, CE, Sittiwong, W, Benner, E, Dussault, PH, and Keiser, J. In Vitro and In Vivo Activity of 3-alkoxy-1,2-dioxolanes Against Schistosoma Mansoni. J Antimicrob Chemother (2012) 67:1979–86. doi: 10.1093/jac/dks141

119. Al-Ali, H. The Evolution of Drug Discovery: From Phenotypes to Targets, and Back. Medchemcomm (2016) 7:788–98. doi: 10.1039/c6md00129g

120. Heilker, R, Lessel, U, and Bischoff, D. The Power of Combining Phenotypic and Target-Focused Drug Discovery. Drug Discov Today (2019) 24:526–32. doi: 10.1016/j.drudis.2018.10.009

121. Lage, OM, Ramos, MC, Calisto, R, Almeida, E, Vasconcelos, V, and Vicente, F. Current Screening Methodologies in Drug Discovery for Selected Human Diseases. Mar Drugs (2018) 16:1–31. doi: 10.3390/md16080279

122. Noël, F, and do Monte, FM. Validation of a Na+-shift Binding Assay for Estimation of the Intrinsic Efficacy of Ligands at the A2A Adenosine Receptor. J Pharmacol Toxicol Methods (2017) 84:51–6. doi: 10.1016/j.vascn.2016.10.009

123. Noël, F, Pompeu, TET, and Moura, BC. Functional Binding Assays for Estimation of the Intrinsic Efficacy of Ligands at the 5-HT1A Receptor: Application for Screening Drug Candidates. J Pharmacol Toxicol Methods (2014) 70:12–8. doi: 10.1016/j.vascn.2014.03.002

124. De Jong, LAA, Uges, DRA, Franke, JP, and Bischoff, R. Receptor-Ligand Binding Assays: Technologies and Applications. J Chromatogr B Anal Technol BioMed Life Sci (2005) 829:1–25. doi: 10.1016/j.jchromb.2005.10.002

125. Ashok Hajare, A, Sachin Salunkhe, S, Sachin, MS, Sonali Gorde, S, Sammer Nadaf, J, and Sachi Pishawikar, A. Review on : High-throughput Screening is an Approach to Drug Discovery. Am J Pharmtech Res (2014) 4:113–29.

126. Rohman, M, and Wingfield, J. High-Throughput Screening Using Mass Spectrometry Within Drug Discovery. In: Methods in Molecular Biology. New York, NY, USA: Humana Press Inc (2016). p. 47–63. doi: 10.1007/978-1-4939-3673-1_3

127. Henderson, MJ, Holbert, MA, Simeonov, A, and Kallal, LA. High-Throughput Cellular Thermal Shift Assays in Research and Drug Discovery. SLAS Discov (2020) 25:137–47. doi: 10.1177/2472555219877183

128. De Simone, A, Naldi, M, Bartolini, M, Davani, L, and Andrisano, V. Immobilized Enzyme Reactors: An Overview of Applications in Drug Discovery From 2008 to 2018. Chromatographia (2019) 82:425–41. doi: 10.1007/s10337-018-3663-5

129. Moraes, MC, Cardoso, C, Seidl, C, Moaddel, R, and Cass, Q. Targeting Anti-Cancer Active Compounds: Affinity-Based Chromatographic Assays. Curr Pharm Des (2016) 22:5976–87. doi: 10.2174/1381612822666160614080506

130. Imaduwage, KP, Lakbub, J, Go, EP, and Desaire, H. Rapid LC-MS Based High-Throughput Screening Method, Affording No False Positives or False Negatives, Identifies a New Inhibitor for Carbonic Anhydrase. Sci Rep (2017) 7:1–10. doi: 10.1038/s41598-017-08602-w

131. Wang, L, Zhao, Y, Zhang, Y, Zhang, T, Kool, J, Somsen, GW, et al. Online Screening of Acetylcholinesterase Inhibitors in Natural Products Using Monolith-Based Immobilized Capillary Enzyme Reactors Combined With Liquid Chromatography-Mass Spectrometry. J Chromatogr A (2018) 1563:135–43. doi: 10.1016/j.chroma.2018.05.069

132. Ferreira Lopes Vilela, A, and Cardoso, CL. An on-Flow Assay for Screening of β-Secretase Ligands by Immobilised Capillary Reactor-Mass Spectrometry. Anal Methods (2017) 9:2189–96. doi: 10.1039/c7ay00284j

133. Rodrigues, MVN, Rodrigues-Silva, C, Boaventura, S, Oliveira, ASS, Rath, S, and Cass, QB. On-Flow LC-MS/MS Method for Screening of Xanthine Oxidase Inhibitors. J Pharm BioMed Anal (2020) 181:113097. doi: 10.1016/j.jpba.2020.113097

134. Zhuo, T, Zhou, S, Zhang, W, Lambertucci, C, and Volpini, R. Synthesis and Ability of New Ligands for G Protein-Coupled Receptors 17 (GPR17). Med Sci Monit (2017) 23:953–9. doi: 10.12659/MSM.902048

135. Kalinin, DV, Jana, SK, Pfafenrot, M, Chakrabarti, A, Melesina, J, Shaik, TB, et al. Structure-Based Design, Synthesis, and Biological Evaluation of Triazole-Based smHDAC8 Inhibitors. ChemMedChem (2020) 15:571–84. doi: 10.1002/cmdc.201900583

136. Monaldi, D, Rotili, D, Lancelot, J, Marek, M, Wössner, N, Lucidi, A, et al. Structure-Reactivity Relationships on Substrates and Inhibitors of the Lysine Deacylase Sirtuin 2 From Schistosoma Mansoni (SmSirt2). J Med Chem (2019) 62:8733–59. doi: 10.1021/acs.jmedchem.9b00638

137. Li, T, Ziniel, PD, He, P, Kommer, VP, Crowther, GJ, He, M, et al. High-Throughput Screening Against Thioredoxin Glutathione Reductase Identifies Novel Inhibitors With Potential Therapeutic Value for Schistosomiasis. Infect Dis Poverty (2015) 4:40. doi: 10.1186/s40249-015-0071-z

138. Lyu, H, Petukhov, PA, Banta, PR, Jadhav, A, Lea, WA, Cheng, Q, et al. Characterization of Lead Compounds Targeting the Selenoprotein Thioredoxin Glutathione Reductase for Treatment of Schistosomiasis. ACS Infect Dis (2020) 6:393–405. doi: 10.1021/acsinfecdis.9b00354

139. Liu, J, Dyer, D, Wang, J, Wang, S, Du, X, Xu, B, et al. 3-oxoacyl-ACP Reductase From Schistosoma Japonicum: Integrated In Silico-In Vitro Strategy for Discovering Antischistosomal Lead Compounds. PloS One (2013) 8:e64984. doi: 10.1371/journal.pone.0064984

140. Botros, SS, William, S, Sabra, ANA, El-Lakkany, NM, Seif el-Din, SH, García-Rubia, A, et al. Screening of a PDE-focused Library Identifies Imidazoles With In Vitro and In Vivo Antischistosomal Activity. Int J Parasitol Drugs Drug Resist (2019) 9:35–43. doi: 10.1016/j.ijpddr.2019.01.001

141. Sebastián-Pérez, V, Schroeder, S, Munday, JC, Van Der Meer, T, Zaldívar-Díez, J, Siderius, M, et al. Discovery of Novel Schistosoma Mansoni PDE4A Inhibitors as Potential Agents Against Schistosomiasis. Future Med Chem (2019) 11:1703–20. doi: 10.4155/fmc-2018-0592

142. Jurberg, AD, and Brindley, PJ. Gene Function in Schistosomes: Recent Advances Towards a Cure. Front Genet (2015) 6:1–4. doi: 10.3389/fgene.2015.00144

143. Huang, W, Gu, M, Cheng, W, Zhao, QP, Ming, Z, and Dong, H. Characteristics and Function of Cathepsin L3 From Schistosoma Japonicum. Parasitol Res (2020) 119:1619–28. doi: 10.1007/s00436-020-06647-x

144. Caffrey, CR, Placha, L, Barinka, C, Hradilek, M, Dostál, J, Sajid, M, et al. Homology Modeling and SAR Analysis of Schistosoma Japonicum Cathepsin D (SjCD) With Statin Inhibitors Identify a Unique Active Site Steric Barrier With Potential for the Design of Specific Inhibitors. Biol Chem (2005) 386:339–49. doi: 10.1515/BC.2005.041

145. Ekici, ÖD, Götz, MG, James, KE, Li, ZZ, Rukamp, BJ, Asgian, JL, et al. Aza-Peptide Michael Acceptors: A New Class of Inhibitors Specific for Caspases and Other Clan CD Cysteine Proteases. J Med Chem (2004) 47:1889–92. doi: 10.1021/jm049938j

146. Ovat, A, Muindi, F, Fagan, C, Brouner, M, Hansell, E, Dvořák, J, et al. Aza-Peptidyl Michael Acceptor and Epoxide Inhibitors—Potent and Selective Inhibitors of Schistosoma Mansoni and Ixodes Ricinus Legumains (Asparaginyl Endopeptidases). J Med Chem (2009) 52:7192–210. doi: 10.1021/jm900849h

147. Götz, MG, James, KE, Hansell, E, Dvořák, J, Seshaadri, A, Sojka, D, et al. Aza-Peptidyl Michael Acceptors. A New Class of Potent and Selective Inhibitors of Asparaginyl Endopeptidases (Legumains) From Evolutionarily Diverse Pathogens. J Med Chem (2008) 51:2816–32. doi: 10.1021/jm701311r

148. Fonseca, NC, da Cruz, LF, da Silva Villela, F, do Nascimento Pereira, GA, de Siqueira-Neto, JL, Kellar, D, et al. Synthesis of a Sugar-Based Thiosemicarbazone Series and Structure-Activity Relationship Versus the Parasite Cysteine Proteases Rhodesain, Cruzain, and Schistosoma Mansoni Cathepsin B1. Antimicrob Agents Chemother (2015) 59:2666–77. doi: 10.1128/AAC.04601-14

149. Jílková, A, Horn, M, Fanfrlík, J, Küppers, J, Pachl, P, Řezáčová, P, et al. Azanitrile Inhibitors of the SmCB1 Protease Target are Lethal to Schistosoma Mansoni : Structural and Mechanistic Insights Into Chemotype Reactivity. ACS Infect Dis (2021) 7:189–201. doi: 10.1021/acsinfecdis.0c00644

150. Jílková, A, Rubešová, P, Fanfrlík, J, Fajtová, P, Řezáčová, P, Brynda, J, et al. Druggable Hot Spots in the Schistosomiasis Cathepsin B1 Target Identified by Functional and Binding Mode Analysis of Potent Vinyl Sulfone Inhibitors. ACS Infect Dis (2020). doi: 10.1021/acsinfecdis.0c00501

151. Horn, M, Jílková, A, Vondrášek, J, Marešová, L, Caffrey, CR, and Mareš, M. Mapping the Pro-Peptide of the Schistosoma Mansoni Cathepsin B1 Drug Target: Modulation of Inhibition by Heparin and Design of Mimetic Inhibitors. ACS Chem Biol (2011) 6:609–17. doi: 10.1021/cb100411v

152. Jílková, A, Řezáčová, P, Lepšík, M, Horn, M, Váchová, J, Fanfrlík, J, et al. Structural Basis for Inhibition of Cathepsin B Drug Target From the Human Blood Fluke, Schistosoma Mansoni. J Biol Chem (2011) 286:35770–81. doi: 10.1074/jbc.M111.271304

153. Araujo-Montoya, BO, Senger, MR, Gomes, BF, Harris, G, Owens, RJ, and Silva-Jr, FP. Schistosoma Mansoni Cathepsin D1: Biochemical and Biophysical Characterization of the Recombinant Enzyme Expressed in HEK293T Cells. Protein Expr Purif (2020) 167:105532. doi: 10.1016/j.pep.2019.105532

154. Brady, CP, Dowd, AJ, Brindley, PJ, Ryan, T, Day, SR, and Dalton, JP. Recombinant Expression and Localization ofSchistosoma Mansoni Cathepsin L1 Support its Role in the Degradation of Host Hemoglobin. Infect Immun (1999) 67:368–74. doi: 10.1128/IAI.67.1.368-374.1999

155. Dvořák, J, Mashiyama, ST, Sajid, M, Braschi, S, Delcroix, M, Schneider, EL, et al. SmCL3, a Gastrodermal Cysteine Protease of the Human Blood Fluke Schistosoma Mansoni. PloS Negl Trop Dis (2009) 3:e449. doi: 10.1371/journal.pntd.0000449

156. Bezerra, IC, Jorge, MSB, Gondim, APS, De, LLL, and Vasconcelos, MGF. “Fui Lá No Posto E O Doutor Me Mandou Foi Pra Cá”: Processo De Medicamentalização E (Des)Caminhos Para O Cuidado Em Saúde Mental Na Atenção Primária. Interface - Comun Saúde Educ (2014) 18:61–74. doi: 10.1590/1807-57622013.0650

157. Berriman, M, Haas, BJ, LoVerde, PT, Wilson, RA, Dillon, GP, Cerqueira, GC, et al. The Genome of the Blood Fluke Schistosoma Mansoni. Nature (2009) 460:352–8. doi: 10.1038/nature08160

158. Grevelding, CG, Langner, S, and Dissous, C. Kinases: Molecular Stage Directors for Schistosome Development and Differentiation. Trends Parasitol (2018) 34:246–60. doi: 10.1016/j.pt.2017.12.001

159. Fioravanti, R, Mautone, N, Rovere, A, Rotili, D, and Mai, A. Targeting Histone Acetylation/Deacetylation in Parasites: An Update (2017–2020). Curr Opin Chem Biol (2020) 57:65–74. doi: 10.1016/j.cbpa.2020.05.008

160. Perera, TPS, Jovcheva, E, Mevellec, L, Vialard, J, De Lange, D, Verhulst, T, et al. Discovery and Pharmacological Characterization of JNJ-42756493 (Erdafitinib), a Functionally Selective Small-Molecule FGFR Family Inhibitor. Mol Cancer Ther (2017) 16:1010–20. doi: 10.1158/1535-7163.MCT-16-0589

161. Morales, ME, Rinaldi, G, Gobert, GN, Kines, KJ, Tort, JF, and Brindley, PJ. RNA Interference of Schistosoma Mansoni Cathepsin D, the Apical Enzyme of the Hemoglobin Proteolysis Cascade. Mol Biochem Parasitol (2008) 157:160–8. doi: 10.1016/j.molbiopara.2007.10.009

162. Jílková, A, Horn, M, and Mareš, M. Structural and Functional Characterization of Schistosoma Mansoni Cathepsin B1. In: 1 ed. Schistosoma Mansoni: Methods and Protocols. New York, NY, USA: Springer US (2020). p. 145–58. doi: 10.1007/978-1-0716-0635-3_12

163. Fanfrlík, J, Brahmkshatriya, PS, Řezáč, J, Jílková, A, Horn, M, Mareš, M, et al. Quantum Mechanics-Based Scoring Rationalizes the Irreversible Inactivation of Parasitic Schistosoma Mansoni Cysteine Peptidase by Vinyl Sulfone Inhibitors. J Phys Chem B (2013) 117:14973–82. doi: 10.1021/jp409604n

164. Buro, C, Oliveira, KC, Lu, Z, Leutner, S, Beckmann, S, Dissous, C, et al. Transcriptome Analyses of Inhibitor-Treated Schistosome Females Provide Evidence for Cooperating Src-kinase and TGFβ Receptor Pathways Controlling Mitosis and Eggshell Formation. PloS Pathog (2013) 9:e1003448. doi: 10.1371/journal.ppat.1003448

165. Hahnel, S, Quack, T, Parker-Manuel, SJ, Lu, Z, Vanderstraete, M, Morel, M, et al. Gonad RNA-specific qRT-PCR Analyses Identify Genes With Potential Functions in Schistosome Reproduction Such as SmFz1 and SmFGFRs. Front Genet (2014) 5:170. doi: 10.3389/fgene.2014.00170

166. You, H, Stephenson, RJ, Gobert, GN, and McManus, DP. Revisiting Glucose Uptake and Metabolism in Schistosomes: New Molecular Insights for Improved Schistosomiasis Therapies. Front Genet (2014) 5:176. doi: 10.3389/fgene.2014.00176

167. Chan, JD, McCorvy, JD, Acharya, S, Johns, ME, Day, TA, Roth, BL, et al. A Miniaturized Screen of a Schistosoma Mansoni Serotonergic G Protein-Coupled Receptor Identifies Novel Classes of Parasite-Selective Inhibitors. PloS Pathog (2016) 12:1–26. doi: 10.1371/journal.ppat.1005651

168. Shuker, SB, Hajduk, PJ, Meadows, RP, and Fesik, SW. Discovering High-Affinity Ligands for Proteins: SAR by NMR. Science (1996) 274:1531–4. doi: 10.1126/science.274.5292.1531

169. Rees, DC, Congreve, M, Murray, CW, and Carr, R. Fragment-Based Lead Discovery. Nat Rev Drug Discov (2004) 3:660–72. doi: 10.1038/nrd1467

170. Schulz, MN, and Hubbard, RE. Recent Progress in Fragment-Based Lead Discovery. Curr Opin Pharmacol (2009) 9:615–21. doi: 10.1016/j.coph.2009.04.009

171. Erlanson, DA, Fesik, SW, Hubbard, RE, Jahnke, W, and Jhoti, H. Twenty Years on: The Impact of Fragments on Drug Discovery. Nat Rev Drug Discov (2016) 15:605–19. doi: 10.1038/nrd.2016.109

172. Erlanson, DA, De Esch, IJP, Jahnke, W, Johnson, CN, and Mortenson, PN. Fragment-to-Lead Medicinal Chemistry Publications in 2018. J Med Chem (2020) 63:4430–44. doi: 10.1021/acs.jmedchem.9b01581

173. Osborne, J, Panova, S, Rapti, M, Urushima, T, and Jhoti, H. Fragments: Where are We Now? Biochem Soc Trans (2020) 48:271–80. doi: 10.1042/BST20190694

174. Bollag, G, Tsai, J, Zhang, J, Zhang, C, Ibrahim, P, Nolop, K, et al. Vemurafenib: The First Drug Approved for BRAF-mutant Cancer. Nat Rev Drug Discov (2012) 11:873–86. doi: 10.1038/nrd3847

175. Souers, AJ, Leverson, JD, Boghaert, ER, Ackler, SL, Catron, ND, Chen, J, et al. ABT-199, a Potent and Selective BCL-2 Inhibitor, Achieves Antitumor Activity While Sparing Platelets. Nat Med (2013) 19:202–8. doi: 10.1038/nm.3048

176. Tap, WD, Wainberg, ZA, Anthony, SP, Ibrahim, PN, Zhang, C, Healey, JH, et al. Structure-Guided Blockade of CSF1R Kinase in Tenosynovial Giant-Cell Tumor. N Engl J Med (2015) 373:428–37. doi: 10.1056/nejmoa1411366

177. Bancet, A, Raingeval, C, Lomberget, T, Le Borgne, M, Guichou, J-F, and Krimm, I. Fragment Linking Strategies for Structure-Based Drug Design. J Med Chem (2020) 63:11420–35. doi: 10.1021/acs.jmedchem.0c00242

178. Congreve, M, Carr, R, Murray, C, and Jhoti, H. A ‘Rule of Three’ for Fragment-Based Lead Discovery? Drug Discov Today (2003) 8:876–7. doi: 10.1016/S1359-6446(03)02831-9

179. Giordanetto, F, Jin, C, Willmore, L, Feher, M, and Shaw, DE. Fragment Hits: What do They Look Like and How do They Bind? J Med Chem (2019) 62:3381–94. doi: 10.1021/acs.jmedchem.8b01855

180. Hall, RJ, Mortenson, PN, and Murray, CW. Efficient Exploration of Chemical Space by Fragment-Based Screening. Prog Biophys Mol Biol (2014) 116:82–91. doi: 10.1016/j.pbiomolbio.2014.09.007

181. Hann, MM, Leach, AR, and Harper, G. Molecular Complexity and Its Impact on the Probability of Finding Leads for Drug Discovery. J Chem Inf Comput Sci (2001) 41:856–64. doi: 10.1021/ci000403i

182. Ferenczy, GG, and Keserű, GM. On the Enthalpic Preference of Fragment Binding. Medchemcomm (2016) 7:332–7. doi: 10.1039/C5MD00542F

183. Hopkins, AL, Keserü, GM, Leeson, PD, Rees, DC, and Reynolds, CH. The Role of Ligand Efficiency Metrics in Drug Discovery. Nat Rev Drug Discov (2014) 13:105–21. doi: 10.1038/nrd4163

184. Davis, BJ, and Roughley, SD. Fragment-Based Lead Discovery. 1st ed. Annual Reports in Medicinal Chemistry. Cambridge, MA, USA: Elsevier Inc (2017). doi: 10.1016/bs.armc.2017.07.002

185. Bulfer, SL, Jean-Francois, FL, and Arkin, MR. Making FBDD Work in Academia. In:  DA Erlanson, and W Jahnke, editors. Fragment-Based Drug Discovery: Lessons and Outlook. Weinheim, Germany: Wiley-VCH Verlag GmbH & Co. KGaA (2016). p. 223–46. doi: 10.1002/9783527683604.ch10

186. Mello, JDFRE, Gomes, RA, Vital-Fujii, DG, Ferreira, GM, and Trossini, GHG. Fragment-Based Drug Discovery as Alternative Strategy to the Drug Development for Neglected Diseases. Chem Biol Drug Des (2017) 90:1067–78. doi: 10.1111/cbdd.13030

187. Keeley, A, Petri, L, Ábrányi-Balogh, P, and Keserű, GM. Covalent Fragment Libraries in Drug Discovery. Drug Discov Today (2020) 25:983–96. doi: 10.1016/j.drudis.2020.03.016

188. Keseru, GM, Erlanson, DA, Ferenczy, GG, Hann, MM, Murray, CW, and Pickett, SD. Design Principles for Fragment Libraries: Maximizing the Value of Learnings From Pharma Fragment-Based Drug Discovery (FBDD) Programs for Use in Academia. J Med Chem (2016) 59:8189–206. doi: 10.1021/acs.jmedchem.6b00197

189. Troelsen, NS, and Clausen, MH. Library Design Strategies To Accelerate Fragment-Based Drug Discovery. Chem - A Eur J (2020) 26:11391–403. doi: 10.1002/chem.202000584

190.Fragment Screening - Xchem. Available at: https://www.diamond.ac.uk/Instruments/Mx/Fragment-Screening.html (Accessed December 11, 2020).

191. Cox, OB, Krojer, T, Collins, P, Monteiro, O, Talon, R, Bradley, A, et al. A Poised Fragment Library Enables Rapid Synthetic Expansion Yielding the First Reported Inhibitors of PHIP(2), an Atypical Bromodomain. Chem Sci (2016) 7:2322–30. doi: 10.1039/c5sc03115j

192. Roughley, SD, and Jordan, AM. The Medicinal Chemist ‘ s Toolbox : An Analysis of Reactions Used in the Pursuit of Novel Drug Candidates. J Med Chem (2011) 54:3451–79. doi: 10.1021/jm200187y

193. Douangamath, A, Fearon, D, Gehrtz, P, Krojer, T, Lukacik, P, Owen, CD, et al. Crystallographic and Electrophilic Fragment Screening of the SARS-CoV-2 Main Protease. Nat Commun (2020) 11:1–11. doi: 10.1038/s41467-020-18709-w

194. Erlanson, DA. Many Small Steps Towards a COVID-19 Drug. Nat Commun (2020) 11:1–4. doi: 10.1038/s41467-020-18710-3

195. Coyle, J, and Walser, R. Applied Biophysical Methods in Fragment-Based Drug Discovery. SLAS Discov (2020) 25:471–90. doi: 10.1177/2472555220916168

196. Begley, DW, Moen, SO, Pierce, PG, and Zartler, ER. Saturation Transfer Difference NMR for Fragment Screening. In: . Current Protocols in Chemical Biology. Hoboken, NJ, USA: John Wiley & Sons, Inc (2013). p. 251–68. doi: 10.1002/9780470559277.ch130118

197. Becker, W, Bhattiprolu, KC, Gubensäk, N, and Zangger, K. Investigating Protein-Ligand Interactions by Solution Nuclear Magnetic Resonance Spectroscopy. ChemPhysChem (2018) 19:895–906. doi: 10.1002/cphc.201701253

198. Li, Q. Application of Fragment-Based Drug Discovery to Versatile Targets. Front Mol Biosci (2020) 7:180. doi: 10.3389/fmolb.2020.00180

199. Arroyo, X, Goldflam, M, Feliz, M, Belda, I, and Giralt, E. Computer-Aided Design of Fragment Mixtures for NMR-Based Screening. PloS One (2013) 8:e58571. doi: 10.1371/journal.pone.0058571

200. Navratilova, I, and Hopkins, AL. Fragment Screening by Surface Plasmon Resonance. ACS Med Chem Lett (2010) 1:44–8. doi: 10.1021/ml900002k

201. Giannetti, AM. From Experimental Design to Validated Hits a Comprehensive Walk-Through of Fragment Lead Identification Using Surface Plasmon Resonance. In: 1st ed. Methods in Enzymology. Cambridge, MA, USA: Elsevier Inc (2011). doi: 10.1016/B978-0-12-381274-2.00008-X

202. Giannetti, AM, Koch, BD, and Browner, MF. Surface Plasmon Resonance Based Assay for the Detection and Characterization of Promiscuous Inhibitors. J Med Chem (2008) 51:574–80. doi: 10.1021/jm700952v

203. Niesen, FH, Berglund, H, and Vedadi, M. The Use of Differential Scanning Fluorimetry to Detect Ligand Interactions That Promote Protein Stability. Nat Protoc (2007) 2:2212–21. doi: 10.1038/nprot.2007.321

204. Kranz, JK, and Schalk-Hihi, C. Protein Thermal Shifts to Identify Low Molecular Weight Fragments. In: 1st ed. Methods in Enzymology. Cambridge, MA, USA: Elsevier Inc (2011). doi: 10.1016/B978-0-12-381274-2.00011-X

205. Kirsch, P, Hartman, AM, Hirsch, AKH, and Empting, M. Concepts and Core Principles of Fragment-Based Drug Design. Molecules (2019) 24:4309. doi: 10.3390/molecules24234309

206. Collins, PM, Douangamath, A, Talon, R, Dias, A, Brandao-Neto, J, Krojer, T, et al. Achieving a Good Crystal System for Crystallographic X-Ray Fragment Screening. In: 1st ed. Methods in Enzymology. Cambridge, MA, USA: Elsevier Inc (2018). doi: 10.1016/bs.mie.2018.09.027

207. Hassell, AM, An, G, Bledsoe, RK, Bynum, JM, Carter, HL, Deng, SJJ, et al. Crystallization of Protein-Ligand Complexes. Acta Crystallogr Sect D Biol Crystallogr (2006) 63:72–9. doi: 10.1107/S0907444906047020

208. Danley, DE. Crystallization to Obtain Protein-Ligand Complexes for Structure-Aided Drug Design. Acta Crystallogr Sect D Biol Crystallogr (2006) 62:569–75. doi: 10.1107/S0907444906012601

209. Hoffer, L, Muller, C, Roche, P, and Morelli, X. Chemistry-Driven Hit-to-lead Optimization Guided by Structure-based Approaches. Mol Inform (2018) 37:1800059. doi: 10.1002/minf.201800059

210. Murray, CW, and Rees, DC. The Rise of Fragment-Based Drug Discovery. Nat Chem (2009) 1:187–92. doi: 10.1038/nchem.217

211. Chilingaryan, Z, Yin, Z, and Oakley, AJ. Fragment-Based Screening by Protein Crystallography: Successes and Pitfalls. Int J Mol Sci (2012) 13:12857–79. doi: 10.3390/ijms131012857

212. Murray, CW, and Rees, DC. Opportunity Knocks: Organic Chemistry for Fragment-Based Drug Discovery (FBDD). Angew Chem Int Ed (2016) 55:488–92. doi: 10.1002/anie.201506783

213. Valenti, D, Hristeva, S, Tzalis, D, and Ottmann, C. Clinical Candidates Modulating Protein-Protein Interactions: The Fragment-Based Experience. Eur J Med Chem (2019) 167:76–95. doi: 10.1016/j.ejmech.2019.01.084

214. Hopkins, AL, Groom, CR, and Alex, A. Ligand Efficiency: A Useful Metric for Lead Selection. Drug Discov Today (2004) 9:430–1. doi: 10.1016/S1359-6446(04)03069-7

215. Kumar, S, Waldo, JP, Jaipuri, FA, Marcinowicz, A, Van Allen, C, Adams, J, et al. Discovery of Clinical Candidate (1 R,4 R)-4-((R)-2-((S)-6-Fluoro-5 H-imidazo[5,1-A[isoindol-5-yl)-1-hydroxyethyl)cyclohexan-1-ol (Navoximod), a Potent and Selective Inhibitor of Indoleamine 2,3-Dioxygenase 1. J Med Chem (2019) 62:6705–33. doi: 10.1021/acs.jmedchem.9b00662

216. Hudson, SA, McLean, KJ, Surade, S, Yang, YQ, Leys, D, Ciulli, A, et al. Application of Fragment Screening and Merging to the Discovery of Inhibitors of the Mycobacterium Tuberculosis Cytochrome P450 CYP121. Angew Chem Int Ed (2012) 51:9311–6. doi: 10.1002/anie.201202544

217. Hung, AW, Silvestre, HL, Wen, S, Ciulli, A, Blundell, TL, and Abell, C. Application of Fragment Growing and Fragment Linking to the Discovery of Inhibitors of Mycobacterium Tuberculosis Pantothenate Synthetase. Angew Chem Int Ed (2009) 48:8452–6. doi: 10.1002/anie.200903821

218. Lamoree, B, and Hubbard, RE. Current Perspectives in Fragment-Based Lead Discovery (FBLD). Essays Biochem (2017) 61:453–64. doi: 10.1042/EBC20170028

219. Kidd, SL, Osberger, TJ, Mateu, N, Sore, HF, and Spring, DR. Recent Applications of Diversity-Oriented Synthesis Toward Novel, 3-Dimensional Fragment Collections. Front Chem (2018) 6:460. doi: 10.3389/fchem.2018.00460

220. Drwal, MN, Bret, G, Perez, C, Jacquemard, C, Desaphy, J, and Kellenberger, E. Structural Insights on Fragment Binding Mode Conservation. J Med Chem (2018) 61:5963–73. doi: 10.1021/acs.jmedchem.8b00256

221. Scott, DE, Coyne, AG, Hudson, SA, and Abell, C. Fragment-Based Approaches in Drug Discovery and Chemical Biology. Biochemistry (2012) 51:4990–5003. doi: 10.1021/bi3005126

222. Singh, M, Tam, B, and Akabayov, B. NMR-Fragment Based Virtual Screening: A Brief Overview. Molecules (2018) 23:233. doi: 10.3390/molecules23020233

223. Miyake, Y, Itoh, Y, Hatanaka, A, Suzuma, Y, Suzuki, M, Kodama, H, et al. Identification of Novel Lysine Demethylase 5-Selective Inhibitors by Inhibitor-Based Fragment Merging Strategy. Bioorg Med Chem (2019) 27:1119–29. doi: 10.1016/j.bmc.2019.02.006

224. Bian, Y, and Xie, X-Q. Computational Fragment-Based Drug Design: Current Trends, Strategies, and Applications. AAPS J (2018) 20:59. doi: 10.1208/s12248-018-0216-7

225. Moreira-Filho, JT, Dantas, RF, Senger, MR, Silva, AC, Campos, DMB, Muratov, E, et al. Shortcuts to Schistosomiasis Drug Discovery: The State-of-the-Art. In: 1 ed. Annual Reports in Medicinal Chemistry. Cambridge, MA, USA: Elsevier (2019). p. 139–80. doi: 10.1016/bs.armc.2019.06.004

226. Nazaré, M, Matter, H, Will, DW, Wagner, M, Urmann, M, Czech, J, et al. Fragment Deconstruction of Small, Potent Factor Xa Inhibitors: Exploring the Superadditivity Energetics of Fragment Linking in Protein-Ligand Complexes. Angew Chem Int Ed (2012) 51:905–11. doi: 10.1002/anie.201107091

227. Mondal, M, Radeva, N, Fanlo-Virgós, H, Otto, S, Klebe, G, and Hirsch, AKH. Fragment Linking and Optimization of Inhibitors of the Aspartic Protease Endothiapepsin: Fragment-Based Drug Design Facilitated by Dynamic Combinatorial Chemistry. Angew Chem Int Ed (2016) 55:9422–6. doi: 10.1002/anie.201603074

228. Kuntz, AN, Davioud-Charvet, E, Sayed, AA, Califf, LL, Dessolin, J, Arnér, ESJ, et al. Thioredoxin Glutathione Reductase From Schistosoma Mansoni: An Essential Parasite Enzyme and a Key Drug Target. PloS Med (2007) 4:e206. doi: 10.1371/journal.pmed.0040206

229. Prast-Nielsen, S, Huang, HH, and Williams, DL. Thioredoxin Glutathione Reductase: Its Role in Redox Biology and Potential as a Target for Drugs Against Neglected Diseases. Biochim Biophys Acta - Gen Subj (2011) 1810:1262–71. doi: 10.1016/j.bbagen.2011.06.024

230. Song, L, Li, J, Xie, S, Qian, C, Wang, J, Zhang, W, et al. Thioredoxin Glutathione Reductase as a Novel Drug Target: Evidence From Schistosoma Japonicum. PloS One (2012) 7:e31456. doi: 10.1371/journal.pone.0031456

231. Simeonov, A, Jadhav, A, Sayed, AA, Wang, Y, Nelson, ME, Thomas, CJ, et al. Quantitative High-Throughput Screen Identifies Inhibitors of the Schistosoma Mansoni Redox Cascade. PloS Negl Trop Dis (2008) 2:e127. doi: 10.1371/journal.pntd.0000127

232. Lea, WA, Jadhav, A, Rai, G, Sayed, AA, Cass, CL, Inglese, J, et al. A 1,536-Well-Based Kinetic HTS Assay for Inhibitors of Schistosoma Mansoni Thioredoxin Glutathione Reductase. Assay Drug Dev Technol (2008) 6:551–5. doi: 10.1089/adt.2008.149

233. Silvestri, I, Lyu, H, Fata, F, Boumis, G, Miele, AE, Ardini, M, et al. Fragment-Based Discovery of a Regulatory Site in Thioredoxin Glutathione Reductase Acting as “Doorstop” for NADPH Entry. ACS Chem Biol (2018) 13:2190–202. doi: 10.1021/acschembio.8b00349

234. Sheng, C, and Zhang, W. Fragment Informatics and Computational Fragment-Based Drug Design: An Overview and Update. Med Res Rev (2013) 33:554–98. doi: 10.1002/med.21255

235. Grove, LE, Vajda, S, and Kozakov, D. Computational Methods to Support Fragment-Based Drug Discovery. In:  DA Erlanson, and W Jahnke, editors. Fragment-Based Drug Discovery: Lessons and Outlook. Weinheim, Germany: Wiley-VCH Verlag GmbH & Co. KGaA (2016). p. 197–222. doi: 10.1002/9783527683604.ch09

236. Gianti, E, and Sartori, L. Identification and Selection of “Privileged Fragments” Suitable for Primary Screening. J Chem Inf Model (2008) 48:2129–39. doi: 10.1021/ci800219h

237. Hoffer, L, Renaud, JP, and Horvath, D. In Silico Fragment-Based Drug Discovery: Setup and Validation of a Fragment-to-Lead Computational Protocol Using S4MPLE. J Chem Inf Model (2013) 53:836–51. doi: 10.1021/ci4000163

238. Barelier, S, Eidam, O, Fish, I, Hollander, J, Figaroa, F, Nachane, R, et al. Increasing Chemical Space Coverage by Combining Empirical and Computational Fragment Screens. ACS Chem Biol (2014) 9:1528–35. doi: 10.1021/cb5001636

239. Kumar, A, Voet, A, and Zhang, KYJ. Fragment Based Drug Design: From Experimental to Computational Approaches. Curr Med Chem (2012) 19:5128–47. doi: 10.2174/092986712803530467

240. Rudling, A, Gustafsson, R, Almlöf, I, Homan, E, Scobie, M, Warpman Berglund, U, et al. Fragment-Based Discovery and Optimization of Enzyme Inhibitors by Docking of Commercial Chemical Space. J Med Chem (2017) 60:8160–9. doi: 10.1021/acs.jmedchem.7b01006

241. Lyu, J, Wang, S, Balius, TE, Singh, I, Levit, A, Moroz, YS, et al. Ultra-Large Library Docking for Discovering New Chemotypes. Nature (2019) 566:224–9. doi: 10.1038/s41586-019-0917-9

242. Kleandrova, VV, and Speck-Planche, A. The QSAR Paradigm in Fragment-Based Drug Discovery: From the Virtual Generation of Target Inhibitors to Multi-Scale Modeling. Mini Rev Med Chem (2020) 20:1357–74. doi: 10.2174/1389557520666200204123156

243. de Souza Neto, LR, Moreira-Filho, JT, Neves, BJ, Maidana, RLBR, Guimarães, ACR, Furnham, N, et al. In Silico Strategies to Support Fragment-to-Lead Optimization in Drug Discovery. Front Chem (2020) 8:93. doi: 10.3389/fchem.2020.00093

244. Erlanson, DA, Davis, BJ, and Jahnke, W. Fragment-Based Drug Discovery: Advancing Fragments in the Absence of Crystal Structures. Cell Chem Biol (2019) 26:9–15. doi: 10.1016/j.chembiol.2018.10.001

245. Bissaro, M, Sturlese, M, and Moro, S. The Rise of Molecular Simulations in Fragment-Based Drug Design (FBDD): An Overview. Drug Discov Today (2020) 25:1693–701. doi: 10.1016/j.drudis.2020.06.023

246. Protasio, AV, Tsai, IJ, Babbage, A, Nichol, S, Hunt, M, Aslett, MA, et al. A Systematically Improved High Quality Genome and Transcriptome of the Human Blood Fluke Schistosoma Mansoni. PloS Negl Trop Dis (2012) 6:e1455. doi: 10.1371/journal.pntd.0001455

247. Young, ND, Jex, AR, Li, B, Liu, S, Yang, L, Xiong, Z, et al. Whole-Genome Sequence of Schistosoma Haematobium. Nat Genet (2012) 44:221–5. doi: 10.1038/ng.1065

248. Zhou, Y, Zheng, H, Chen, Y, Zhang, L, Wang, K, Guo, J, et al. The Schistosoma Japonicum Genome Reveals Features of Host–Parasite Interplay. Nature (2009) 460:345–51. doi: 10.1038/nature08140

249. Luo, F, Yin, M, Mo, X, Sun, C, Wu, Q, Zhu, B, et al. An Improved Genome Assembly of the Fluke Schistosoma Japonicum. PloS Negl Trop Dis (2019) 13:e0007612. doi: 10.1371/journal.pntd.0007612

250. Stroehlein, AJ, Korhonen, PK, Chong, TM, Lim, YL, Chan, KG, Webster, B, et al. High-Quality Schistosoma Haematobium Genome Achieved by Single-Molecule and Long-Range Sequencing. Gigascience (2019) 8:1–12. doi: 10.1093/gigascience/giz108

251. Mitchell, AL, Attwood, TK, Babbitt, PC, Blum, M, Bork, P, Bridge, A, et al. InterPro in 2019: Improving Coverage, Classification and Access to Protein Sequence Annotations. Nucleic Acids Res (2019) 47:D351–60. doi: 10.1093/nar/gky1100

252. Lam, SD, Dawson, NL, Das, S, Sillitoe, I, Ashford, P, Lee, D, et al. Gene3D: Expanding the Utility of Domain Assignments. Nucleic Acids Res (2016) 44:D404–9. doi: 10.1093/nar/gkv1231

253. Sillitoe, I, Lewis, TE, Cuff, A, Das, S, Ashford, P, Dawson, NL, et al. CATH: Comprehensive Structural and Functional Annotations for Genome Sequences. Nucleic Acids Res (2015) 43:D376–81. doi: 10.1093/nar/gku947

254. Lu, S, Wang, J, Chitsaz, F, Derbyshire, MK, Geer, RC, Gonzales, NR, et al. CDD/SPARCLE: The Conserved Domain Database in 2020. Nucleic Acids Res (2020) 48:D265–8. doi: 10.1093/nar/gkz991

255. Thomas, PD, Campbell, MJ, Kejariwal, A, Mi, H, Karlak, B, Daverman, R, et al. PANTHER: A Library of Protein Families and Subfamilies Indexed by Function. Genome Res (2003) 13:2129–41. doi: 10.1101/gr.772403

256. Finn, RD, Coggill, P, Eberhardt, RY, Eddy, SR, Mistry, J, Mitchell, AL, et al. The Pfam Protein Families Database: Towards a More Sustainable Future. Nucleic Acids Res (2015) 44:D279–85. doi: 10.1093/nar/gkv1344

257. Mistry, J, Chuguransky, S, Williams, L, Qureshi, M, Salazar, GA, Sonnhammer, ELL, et al. Pfam: The Protein Families Database in 2021. Nucleic Acids Res (2021) 49:D412–9. doi: 10.1093/nar/gkaa913

258. Sigrist, CJA, Cerutti, L, Hulo, N, Gattiker, A, Falquet, L, Pagni, M, et al. Prosite: A Documented Database Using Patterns and Profiles as Motif Descriptors. Brief Bioinform (2002) 3:265–74. doi: 10.1093/bib/3.3.265

259. Attwood, TK, Coletta, A, Muirhead, G, Pavlopoulou, A, Philippou, PB, Popov, I, et al. The PRINTS Database: A Fine-Grained Protein Sequence Annotation and Analysis Resource-its Status in 2012. Database (2012) 2012:1–9. doi: 10.1093/database/bas019

260. Letunic, I, Khedkar, S, and Bork, P. SMART: Recent Updates, New Developments and Status in 2020. Nucleic Acids Res (2021) 49:D458–60. doi: 10.1093/nar/gkaa937

261. Akiva, E, Brown, S, Almonacid, DE, Barber, AE, Custer, AF, Hicks, MA, et al. The Structure-Function Linkage Database. Nucleic Acids Res (2014) 42:521–30. doi: 10.1093/nar/gkt1130

262. Pandurangan, AP, Stahlhacke, J, Oates, ME, Smithers, B, and Gough, J. The SUPERFAMILY 2.0 Database: A Significant Proteome Update and a New Webserver. Nucleic Acids Res (2019) 47:D490–4. doi: 10.1093/nar/gky1130

263. Gough, J, Karplus, K, Hughey, R, and Chothia, C. Assignment of Homology to Genome Sequences Using a Library of Hidden Markov Models That Represent All Proteins of Known Structure. J Mol Biol (2001) 313:903–19. doi: 10.1006/jmbi.2001.5080

264. Haft, DH, Loftus, BJ, Richardson, DL, Yang, F, Eisen, JA, Paulsen, IT, et al. TIGRFAMs: A Protein Family Resource for the Functional Identification of Proteins. Nucleic Acids Res (2001) 29:41–3. doi: 10.1093/nar/29.1.41

265. Du, J, Li, M, Yuan, Z, Guo, M, Song, J, Xie, X, et al. A Decision Analysis Model for KEGG Pathway Analysis. BMC Bioinformatics (2016) 17:407. doi: 10.1186/s12859-016-1285-1

266. Ashburner, M, Ball, CA, Blake, JA, Botstein, D, Butler, H, Cherry, JM, et al. Gene Ontology : Tool for the Unification of Biology. Nat Genet (2011) 25:25–9. doi: 10.1038/75556

267. Furnham, N, de Beer, TAP, and Thornton, JM. Current Challenges in Genome Annotation Through Structural Biology and Bioinformatics. Curr Opin Struct Biol (2012) 22:594–601. doi: 10.1016/j.sbi.2012.07.005

268. Harris, TW, Arnaboldi, V, Cain, S, Chan, J, Chen, WJ, Cho, J, et al. WormBase: A Modern Model Organism Information Resource. Nucleic Acids Res (2019) 48:D762–7. doi: 10.1093/nar/gkz920

269. Xia, T, Giri, BR, Liu, J, Du, P, Li, X, Li, X, et al. RNA Sequencing Analysis of Altered Expression of Long Noncoding RNAs Associated With Schistosoma Japonicum Infection in the Murine Liver and Spleen. Parasit Vectors (2020) 13:1–15. doi: 10.1186/s13071-020-04457-9

270. Vasconcelos, EJR, Dasilva, LF, Pires, DS, Lavezzo, GM, Pereira, ASA, Amaral, MS, et al. The Schistosoma Mansoni Genome Encodes Thousands of Long non-Coding RNAs Predicted to be Functional at Different Parasite Life-Cycle Stages. Sci Rep (2017) 7:1–17. doi: 10.1038/s41598-017-10853-6

271. Amaral, MS, Maciel, LF, Silveira, GO, Olberg, GGO, Leite, JVP, Imamura, LK, et al. Long non-Coding RNA Levels can be Modulated by 5-Azacytidine in Schistosoma Mansoni. Sci Rep (2020) 10:1–17. doi: 10.1038/s41598-020-78669-5

272. Wendt, G, Zhao, L, Chen, R, Liu, C, O’Donoghue, AJ, Caffrey, CR, et al. A Single-Cell RNAseq Atlas of the Pathogenic Stage of Schistosoma Mansoni Identifies a Key Regulator of Blood Feeding. bioRxiv (2020) 1649:1644–9. doi: 10.1101/2020.02.03.932004

273. Maciel, LF, and Verjovski-Almeida, S. Step-by-Step Bioinformatics Analysis of Schistosoma Mansoni Long non-Coding RNA Sequences. In:  DJ Timson, editor. Methods in Molecular Biology. New York: Humana (2020). p. 109–33. doi: 10.1007/978-1-0716-0635-3_10

274. R Development Core Team. R: A Language and Environment for Statistical Computing. (2020).

275. Kumar, S, Filipski, AJ, Battistuzzi, FU, Pond, SLK, and Tamura, K. Statistics and Truth in Phylogenomics. Mol Biol Evol (2012) 29:457–72. doi: 10.1093/molbev/msr202

276. Koonin, EV. Orthologs, Paralogs, and Evolutionary Genomics. Annu Rev Genet (2005) 39:309–38. doi: 10.1146/annurev.genet.39.073003.114725

277. Engelhardt, BE, Jordan, MI, Muratore, KE, and Brenner, SE. Protein Molecular Function Prediction by Bayesian Phylogenomics. PloS Comput Biol (2005) 1:e45. doi: 10.1371/journal.pcbi.0010045

278. Brown, D, and Sjo, K. Functional Classification Using Phylogenomic Inference. PloS Comput Biol (2006) 2:e77. doi: 10.1371/journal.pcbi.0020077

279. Guindon, S, Dufayard, JF, Lefort, V, Anisimova, M, Hordijk, W, and Gascuel, O. New Algorithms and Methods to Estimate Maximum-Likelihood Phylogenies: Assessing the Performance of PhyML 3.0. Syst Biol (2010) 59:307–21. doi: 10.1093/sysbio/syq010

280. Stamatakis, A. RaxML Version 8: A Tool for Phylogenetic Analysis and Post-Analysis of Large Phylogenies. Bioinformatics (2014) 30:1312–3. doi: 10.1093/bioinformatics/btu033

281. Price, MN, Dehal, PS, and Arkin, AP. FastTree 2 – Approximately Maximum-Likelihood Trees for Large Alignments. PloS One (2010) 5:e9490. doi: 10.1371/journal.pone.0009490

282. Kind, KK, and Sgaramella-zonta, LA. Phylogenetic Analysis : Concepts and Methods. Am J Hum Genet (1971) 23:235–52. Available at: http://www.ncbi.nlm.nih.gov/pubmed/5089842

283. Zhou, X, Shen, X-X, Hittinger, CT, and Rokas, A. Evaluating Fast Maximum Likelihood-Based Phylogenetic Programs Using Empirical Phylogenomic Data Sets. Mol Biol Evol (2018) 35:486–503. doi: 10.1093/molbev/msx302

284. Sebastian Strimmer, K. Maximum Likelihood Methods in Molecular Phylogenetics. (1997).

285. Penny, D, Hendy, MD, and Steel, MA. Progress With Methods for Constructing Evolutionary Trees. Trends Ecol Evol (1992) 7:73–9. doi: 10.1016/0169-5347(92)90244-6

286. Kumar, S, Stecher, G, and Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol Biol Evol (2016) 33:1870–4. doi: 10.1093/molbev/msw054

287. Doolittle, WF. Phylogenetic Classification and the Universal Tree. Science (1999) 284:2124–8. doi: 10.1126/science.284.5423.2124

288. Mullard, A. 2018 FDA Drug Approvals. Nat Rev Drug Discov (2019) 18:85–9. doi: 10.1038/d41573-019-00014-x

289. Smietana, K, Siatkowski, M, and Møller, M. Trends in Clinical Success Rates. Nat Rev Drug Discov (2016) 15:379–80. doi: 10.1038/nrd.2016.85

290. Hopfinger, A. Computer-Assisted Drug Design. J Med Chem (1985) 28:1133–9. doi: 10.1021/jm00147a001

291. Baig, MH, Ahmad, K, Roy, S, Ashraf, JM, Adil, M, Siddiqui, MH, et al. Computer Aided Drug Design: Success and Limitations. Curr Pharm Des (2016) 22:572–81. doi: 10.2174/1381612822666151125000550

292. Gasteiger, J. Introduction. In:  J Gasteiger, and T Engel, editors. Chemoinformatics. Weinheim, FRG: Wiley-VCH Verlag GmbH & Co. KGaA (2003). p. 1–13. doi: 10.1002/3527601643.ch1

293. Brown, FK. Chemoinformatics: What is it and How Does it Impact Drug Discovery. In: 1 ed . Annual Reports in Medicinal Chemistry. Cambridge, MA, USA: Elsevier (1998). p. 375–84. doi: 10.1016/S0065-7743(08)61100-8

294. Engel, T. Basic Overview of Chemoinformatics. J Chem Inf Model (2006) 46:2267–77. doi: 10.1021/ci600234z

295. Yang, X, Wang, Y, Byrne, R, Schneider, G, and Yang, S. Concepts of Artificial Intelligence for Computer-Assisted Drug Discovery. Chem Rev (2019) 119:10520–94. doi: 10.1021/acs.chemrev.8b00728

296. Schneider, P, Walters, WP, Plowright, AT, Sieroka, N, Listgarten, J, Goodnow, RA, et al. Rethinking Drug Design in the Artificial Intelligence Era. Nat Rev Drug Discov (2020) 19:353–64. doi: 10.1038/s41573-019-0050-3

297. Mater, AC, and Coote, ML. Deep Learning in Chemistry. J Chem Inf Model (2019) 59:2545–59. doi: 10.1021/acs.jcim.9b00266

298. Ekins, S, Puhl, AC, Zorn, KM, Lane, TR, Russo, DP, Klein, JJ, et al. Exploiting Machine Learning for End-to-End Drug Discovery and Development. Nat Mater (2019) 18:435–41. doi: 10.1038/s41563-019-0338-z

299. Caffrey, CR, El-Sakkary, N, Mäder, P, Krieg, R, Becker, K, Schlitzer, M, et al. Drug Discovery and Development for Schistosomiasis. In: 1 ed. Neglected Tropical Diseases: Drug Discovery and Development. Weinheim, Germany: Wiley‐VCH Verlag GmbH & Co. KGaA (2019). p. 187–225. doi: 10.1002/9783527808656.ch8

300. Zhu, H. Big Data and Artificial Intelligence Modeling for Drug Discovery. Annu Rev Pharmacol Toxicol (2020) 60:573–89. doi: 10.1146/annurev-pharmtox-010919-023324

301. Wang, Y, Bolton, E, Dracheva, S, Karapetyan, K, Shoemaker, BA, Suzek, TO, et al. An Overview of the PubChem BioAssay Resource. Nucleic Acids Res (2010) 38:D255–66. doi: 10.1093/nar/gkp965

302. Wang, Y, Xiao, J, Suzek, TO, Zhang, J, Wang, J, Zhou, Z, et al. Pubchem’s BioAssay Database. Nucleic Acids Res (2012) 40:D400–12. doi: 10.1093/nar/gkr1132

303. Kim, S, Chen, J, Cheng, T, Gindulyte, A, He, J, He, S, et al. PubChem in 2021: New Data Content and Improved Web Interfaces. Nucleic Acids Res (2021) 49:D1388–95. doi: 10.1093/nar/gkaa971

304. Gaulton, A, Bellis, LJ, Bento, AP, Chambers, J, Davies, M, Hersey, A, et al. ChEMBL: A Large-Scale Bioactivity Database for Drug Discovery. Nucleic Acids Res (2012) 40:D1100–7. doi: 10.1093/nar/gkr777

305. Duffy, BC, Zhu, L, Decornez, H, and Kitchen, DB. Early Phase Drug Discovery: Cheminformatics and Computational Techniques in Identifying Lead Series. Bioorg Med Chem (2012) 20:5324–42. doi: 10.1016/j.bmc.2012.04.062

306. Neves, BJ, Muratov, E, Machado, RB, Andrade, CH, and Cravo, PVL. Modern Approaches to Accelerate Discovery of New Antischistosomal Drugs. Expert Opin Drug Discov (2016) 11:557–67. doi: 10.1080/17460441.2016.1178230

307. Martinez-Mayorga, K, Madariaga-Mazon, A, Medina-Franco, JL, and Maggiora, G. The Impact of Chemoinformatics on Drug Discovery in the Pharmaceutical Industry. Expert Opin Drug Discov (2020) 15:293–306. doi: 10.1080/17460441.2020.1696307

308. Chen, H, Kogej, T, and Engkvist, O. Cheminformatics in Drug Discovery, an Industrial Perspective. Mol Inform (2018) 37:1800041. doi: 10.1002/minf.201800041

309. Gasteiger, J. Chemoinformatics: Achievements and Challenges, a Personal View. Molecules (2016) 21:151. doi: 10.3390/molecules21020151

310. Humbeck, L, and Koch, O. What Can We Learn From Bioactivity Data? Chemoinformatics Tools and Applications in Chemical Biology Research. ACS Chem Biol (2017) 12:23–35. doi: 10.1021/acschembio.6b00706

311. Bajorath, J. Foundations of Data-Driven Medicinal Chemistry. Futur Sci OA (2018) 4:FSO320. doi: 10.4155/fsoa-2018-0057

312. Mak, KK, and Pichika, MR. Artificial Intelligence in Drug Development: Present Status and Future Prospects. Drug Discov Today (2019) 24:773–80. doi: 10.1016/j.drudis.2018.11.014

313. Schneider, G. Automating Drug Discovery. Nat Rev Drug Discov (2017) 17:97–113. doi: 10.1038/nrd.2017.232

314. Lo, Y-C, Rensi, SE, Torng, W, and Altman, RB. Machine Learning in Chemoinformatics and Drug Discovery. Drug Discov Today (2018) 23:1538–46. doi: 10.1016/j.drudis.2018.05.010

315. Schneider, G. Mind and Machine in Drug Design. Nat Mach Intell (2019) 1:128–30. doi: 10.1038/s42256-019-0030-7

316. Griffen, EJ, Dossetter, AG, and Leach, AG. Chemists: AI is Here; Unite To Get the Benefits. J Med Chem (2020) 63:8695–704. doi: 10.1021/acs.jmedchem.0c00163

317. Vamathevan, J, Clark, D, Czodrowski, P, Dunham, I, Ferran, E, Lee, G, et al. Applications of Machine Learning in Drug Discovery and Development. Nat Rev Drug Discov (2019) 18:463–77. doi: 10.1038/s41573-019-0024-5

318. Neves, BJ, Braga, RC, Melo-Filho, CC, Moreira-Filho, JT, Muratov, EN, and Andrade, CH. QSAR-Based Virtual Screening: Advances and Applications in Drug Discovery. Front Pharmacol (2018) 9:1275. doi: 10.3389/fphar.2018.01275

319. Zhavoronkov, A, Vanhaelen, Q, and Oprea, TI. Will Artificial Intelligence for Drug Discovery Impact Clinical Pharmacology? Clin Pharmacol Ther (2020) 107:780–5. doi: 10.1002/cpt.1795

320. Svetnik, V, Liaw, A, Tong, C, Culberson, JC, Sheridan, RP, and Feuston, BP. Random Forest: A Classification and Regression Tool for Compound Classification and QSAR Modeling. J Chem Inf Comput Sci (2003) 43:1947–58. doi: 10.1021/ci034160g

321. Breiman, LEO. Random Forests. Mach Learn (2001) 45:5–32. doi: 10.1023/A:1010933404324

322. Cova, TFGG, and Pais, AACC. Deep Learning for Deep Chemistry: Optimizing the Prediction of Chemical Patterns. Front Chem (2019) 7:809. doi: 10.3389/fchem.2019.00809

323. Tropsha, A. Best Practices for QSAR Model Development, Validation, and Exploitation. Mol Inform (2010) 29:476–88. doi: 10.1002/minf.201000061

324. Fourches, D, Muratov, E, and Tropsha, A. Trust, But Verify: on the Importance of Chemical Structure Curation in Cheminformatics and QSAR Modeling Research. J Chem Inf Model (2010) 50:1189–204. doi: 10.1021/ci100176x

325. Fourches, D, Muratov, E, and Tropsha, A. Curation of Chemogenomics Data. Nat Chem Biol (2015) 11:535. doi: 10.1038/nchembio.1881

326. Fourches, D, Muratov, EN, and Tropsha, A. Trust, But Verify II: A Practical Guide to Chemogenomics Data Curation. J Chem Inf Model (2016) 56:1243–52. doi: 10.1021/acs.jcim.6b00129

327. Danishuddin,, and Khan, AU. Descriptors and Their Selection Methods in QSAR Analysis: Paradigm for Drug Design. Drug Discov Today (2016) 21:1291–302. doi: 10.1016/j.drudis.2016.06.013

328. Todeschini, R, and Consonni, V. Molecular Descriptors for Chemoinformatics. Weinheim, Germany: WILEY-VCH (2009).

329. Muratov, EN, Bajorath, J, Sheridan, RP, Tetko, IV, Filimonov, D, Poroikov, V, et al. QSAR Without Borders. Chem Soc Rev (2020) 49:3525–64. doi: 10.1039/d0cs00098a

330. Cherkasov, A, Muratov, EN, Fourches, D, Varnek, A, Baskin, II, Cronin, M, et al. QSAR Modeling: Where Have You Been? Where are You Going to? J Med Chem (2014) 57:4977–5010. doi: 10.1021/jm4004285

331. Tropsha, A, Gramatica, P, and Gombar, VK. The Importance of Being Earnest: Validation is the Absolute Essential for Successful Application and Interpretation of QSPR Models. QuantStructActRelatCombSci (2003) 22:69–77. doi: 10.1002/qsar.200390007

332. Roy, K, and Mitra, I. On Various Metrics Used for Validation of Predictive QSAR Models With Applications in Virtual Screening and Focused Library Design. Comb Chem High Throughput Screen (2011) 14:450–74. doi: 10.2174/138620711795767893

333.OECD Principles for the Validation, for Regulatory Purposes, of (Quantitative) Structure-Activity Relationship Models. Organ Econ Coop Dev (2004), 1–2.

334. Eriksson, L, Jaworska, J, Worth, AP, Cronin, MTD, McDowell, RM, and Gramatica, P. Methods for Reliability and Uncertainty Assessment and for Applicability Evaluations of Classification- and Regression-Based QSARs. Environ Health Perspect (2003) 111:1361–75. doi: 10.1289/ehp.5758

335. Mathea, M, Klingspohn, W, and Baumann, K. Chemoinformatic Classification Methods and Their Applicability Domain. Mol Inform (2016) 35:160–80. doi: 10.1002/minf.201501019

336. Gadaleta, D, Mangiatordi, GF, Catto, M, Carotti, A, and Nicolotti, O. Applicability Domain for QSAR Models. Int J Quant Struct Relat (2016) 1:45–63. doi: 10.4018/IJQSPR.2016010102

337. Netzeva, TI, Worth, A, Aldenberg, T, Benigni, R, Cronin, MTD, Gramatica, P, et al. Current Status of Methods for Defining the Applicability Domain of (Quantitative) Structure-Activity Relationships. The Report and Recommendations of ECVAM Workshop 52. Altern Lab Anim (2005) 33:155–73. doi: 10.1177/026119290503300209

338. Zorn, KM, Sun, S, McConnon, CL, Ma, K, Chen, EK, Foil, DH, et al. A Machine Learning Strategy for Drug Discovery Identifies Anti-Schistosomal Small Molecules. ACS Infect Dis (2021) 7:406–20. doi: 10.1021/acsinfecdis.0c00754

339. Ciallella, HL, and Zhu, H. Advancing Computational Toxicology in the Big Data Era by Artificial Intelligence: Data-Driven and Mechanism-Driven Modeling for Chemical Toxicity. Chem Res Toxicol (2019) 32:536–47. doi: 10.1021/acs.chemrestox.8b00393

340. LeCun, Y, Bengio, Y, and Hinton, G. Deep Learning. Nature (2015) 521:436–44. doi: 10.1038/nature14539

341. Klambauer, G, Hochreiter, S, and Rarey, M. Machine Learning in Drug Discovery. J Chem Inf Model (2019) 59:945–6. doi: 10.1021/acs.jcim.9b00136

342. Yu, CH, Qin, Z, Martin-Martinez, FJ, and Buehler, MJ. A Self-Consistent Sonification Method to Translate Amino Acid Sequences Into Musical Compositions and Application in Protein Design Using Artificial Intelligence. ACS Nano (2019) 13:7471–82. doi: 10.1021/acsnano.9b02180

343. Bjerrum, EJ. SMILES Enumeration as Data Augmentation for Neural Network Modeling of Molecules (2017). Available at: http://arxiv.org/abs/1703.07076.

344. Klebe, G. Virtual Ligand Screening: Strategies, Perspectives and Limitations. Drug Discov Today (2006) 11:580–94. doi: 10.1016/j.drudis.2006.05.012

345. Braga, RC, Alves, VM, Silva, AC, Liao, LM, and Andrade, CH. Virtual Screening Strategies in Medicinal Chemistry: The State of the Art and Current Challenges. Curr Top Med Chem (2014) 14:1899–912. doi: 10.2174/1568026614666140929120749

346. Badrinarayan, P, and Sastry, GN. Virtual High Throughput Screening in New Lead Identification. Comb Chem High Throughput Screen (2011) 14:840–60. doi: 10.2174/138620711797537102

347. Maia, EHB, Assis, LC, de Oliveira, TA, da Silva, AM, and Taranto, AG. Structure-Based Virtual Screening: From Classical to Artificial Intelligence. Front Chem (2020) 8:343. doi: 10.3389/fchem.2020.00343

348. Schmidhuber, J. Deep Learning in Neural Networks: An Overview. Neural Netw (2015) 61:85–117. doi: 10.1016/j.neunet.2014.09.003

349. Valueva, MV, Nagornov, NN, Lyakhov, PA, Valuev, GV, and Chervyakov, NI. Application of the Residue Number System to Reduce Hardware Costs of the Convolutional Neural Network Implementation. Math Comput Simul (2020) 177:232–43. doi: 10.1016/j.matcom.2020.04.031

350. Hadsell, R, Chopra, S, and LeCun, Y. Dimensionality Reduction by Learning an Invariant Mapping. Proc IEEE Comput Soc Conf Comput Vis Pattern Recognit (2006) 2:1735–42. doi: 10.1109/CVPR.2006.100

351. Hinton, GE, and Salakhutdinov, RR. Reducing the Dimensionality of. Science (2006) 313:504–7. doi: 10.1126/science.1127647

352. Bender, A, and Cortes-Ciriano, I. Artificial Intelligence in Drug Discovery: What is Realistic, What are Illusions? Part 2: A Discussion of Chemical and Biological Data. Drug Discov Today (2021). doi: 10.1016/j.drudis.2020.11.037.

353. Lane, TR, Foil, DH, Minerali, E, Urbina, F, Zorn, KM, and Ekins, S. Bioactivity Comparison Across Multiple Machine Learning Algorithms Using Over 5000 Datasets for Drug Discovery. Mol Pharm (2021) 18:403–15. doi: 10.1021/acs.molpharmaceut.0c01013

354. Bajorath, J, Kearnes, S, Walters, WP, Meanwell, NA, Georg, GI, and Wang, S. Artificial Intelligence in Drug Discovery: Into the Great Wide Open. J Med Chem (2020) 63:8651–2. doi: 10.1021/acs.jmedchem.0c01077

355. Schneider, G, and Fechner, U. Computer-Based De Novo Design of Drug-Like Molecules. Nat Rev Drug Discov (2005) 4:649–63. doi: 10.1038/nrd1799

356. Schneider, P, and Schneider, G. De Novo Design at the Edge of Chaos. J Med Chem (2016) 59:4077–86. doi: 10.1021/acs.jmedchem.5b01849

357. Schneider, G, and Clark, DE. Automated De Novo Drug Design: Are We Nearly There Yet? Angew Chem Int Ed (2019) 58:10792–803. doi: 10.1002/anie.201814681

358. Chen, H, and Engkvist, O. Has Drug Design Augmented by Artificial Intelligence Become a Reality? Trends Pharmacol Sci (2019) 40:806–9. doi: 10.1016/j.tips.2019.09.004

359. Sanchez-Lengeling, B, and Aspuru-Guzik, A. Inverse Molecular Design Using Machine Learning:Generative Models for Matter Engineering. Science (2018) 361:360–5. doi: 10.1126/science.aat2663

360. Segler, MHS, Kogej, T, Tyrchan, C, and Waller, MP. Generating Focused Molecule Libraries for Drug Discovery With Recurrent Neural Networks. ACS Cent Sci (2018) 4:120–31. doi: 10.1021/acscentsci.7b00512

361. Olivecrona, M, Blaschke, T, Engkvist, O, and Chen, H. Molecular De-Novo Design Through Deep Reinforcement Learning. J Cheminform (2017) 9:1–14. doi: 10.1186/s13321-017-0235-x

362. Putin, E, Asadulaev, A, Ivanenkov, Y, Aladinskiy, V, Sanchez-Lengeling, B, Aspuru-Guzik, A, et al. Reinforced Adversarial Neural Computer for De Novo Molecular Design. J Chem Inf Model (2018) 58:1194–204. doi: 10.1021/acs.jcim.7b00690

363. Gómez-Bombarelli, R, Wei, JN, Duvenaud, D, Hernández-Lobato, JM, Sánchez-Lengeling, B, Sheberla, D, et al. Automatic Chemical Design Using a Data-Driven Continuous Representation of Molecules. ACS Cent Sci (2018) 4:268–76. doi: 10.1021/acscentsci.7b00572

364. Sattarov, B, Baskin, II, Horvath, D, Marcou, G, Bjerrum, EJ, and Varnek, A. De Novo Molecular Design by Combining Deep Autoencoder Recurrent Neural Networks With Generative Topographic Mapping. J Chem Inf Model (2019) 59:1182–96. doi: 10.1021/acs.jcim.8b00751

365. Yasonik, J. Multiobjective De Novo Drug Design With Recurrent Neural Networks and Nondominated Sorting. J Cheminform (2020) 12:14. doi: 10.1186/s13321-020-00419-6

366. Walters, WP, and Murcko, M. Assessing the Impact of Generative AI on Medicinal Chemistry. Nat Biotechnol (2020) 38:143–5. doi: 10.1038/s41587-020-0418-2

367. Xu, Y, Lin, K, Wang, S, Wang, L, Cai, C, Song, C, et al. Deep Learning for Molecular Generation. Future Med Chem (2019) 11:567–97. doi: 10.4155/fmc-2018-0358

368. Arús-Pous, J, Patronov, A, Bjerrum, EJ, Tyrchan, C, Reymond, JL, Chen, H, et al. SMILES-Based Deep Generative Scaffold Decorator for De-Novo Drug Design. J Cheminform (2020) 12:1–18. doi: 10.1186/s13321-020-00441-8

369. Ståhl, N, Falkman, G, Karlsson, A, Mathiason, G, and Boström, J. Deep Reinforcement Learning for Multiparameter Optimization in De Novo Drug Design. J Chem Inf Model (2019) 59:3166–76. doi: 10.1021/acs.jcim.9b00325

370. Zhavoronkov, A, Ivanenkov, YA, Aliper, A, Veselov, MS, Aladinskiy, VA, Aladinskaya, AV, et al. Deep Learning Enables Rapid Identification of Potent DDR1 Kinase Inhibitors. Nat Biotechnol (2019) 37:1038–40. doi: 10.1038/s41587-019-0224-x

371. Zhavoronkov, A, and Aspuru-Guzik, A. Reply to ‘Assessing the Impact of Generative AI on Medicinal Chemistry’. Nat Biotechnol (2020) 38:146–6. doi: 10.1038/s41587-020-0417-3

372. Bush, JT, Pogany, P, Pickett, SD, Barker, M, Baxter, A, Campos, S, et al. A Turing Test for Molecular Generators. J Med Chem (2020) 63:11964–71. doi: 10.1021/acs.jmedchem.0c01148

373. Brown, N, Fiscato, M, Segler, MHS, and Vaucher, AC. GuacaMol: Benchmarking Models for De Novo Molecular Design. J Chem Inf Model (2019) 59:1096–108. doi: 10.1021/acs.jcim.8b00839

374. Polykovskiy, D, Zhebrak, A, Sanchez-Lengeling, B, Golovanov, S, Tatanov, O, Belyaev, S, et al. Molecular Sets (MOSES): A Benchmarking Platform for Molecular Generation Models. Front Pharmacol (2020) 11:565644. doi: 10.3389/fphar.2020.565644

375. Gao, W, and Coley, CW. The Synthesizability of Molecules Proposed by Generative Models. J Chem Inf Model (2020) 60:5714–23. doi: 10.1021/acs.jcim.0c00174

376. Corey, E, Long, A, and Rubenstein, S. Computer-Assisted Analysis in Organic Synthesis. Science (1985) 228:408–18. doi: 10.1126/science.3838594

377. Zheng, S, Rao, J, Zhang, Z, Xu, J, and Yang, Y. Predicting Retrosynthetic Reactions Using Self-Corrected Transformer Neural Networks. J Chem Inf Model (2020) 60:47–55. doi: 10.1021/acs.jcim.9b00949

378. Gelernter, HL, Sanders, AF, Larsen, DL, Agarwal, KK, Boivie, RH, Spritzer, GA, et al. Empirical Explorations of SYNCHEM. Science (80- ) (1977) 197:1041–9. doi: 10.1126/science.197.4308.1041

379. Huang, Q, Li, L-L, and Yang, S-Y. RASA: A Rapid Retrosynthesis-Based Scoring Method for the Assessment of Synthetic Accessibility of Drug-like Molecules. J Chem Inf Model (2011) 51:2768–77. doi: 10.1021/ci100216g

380. Jorgensen, WL, Laird, ER, Gushurst, AJ, Fleischer, JM, Gothe, SA, Helson, HE, et al. CAMEO: A Program for the Logical Prediction of the Products of Organic Reactions. Pure Appl Chem (1990) 62:1921–32. doi: 10.1351/pac199062101921

381. Satoh, H, and Funatsu, K. SOPHIA, a Knowledge Base-Guided Reaction Prediction System - Utilization of a Knowledge Base Derived From a Reaction Database. J Chem Inf Model (1995) 35:34–44. doi: 10.1021/ci00023a005

382. Röse, P, and Gasteiger, J. EROS 6.0, a Knowledge Based System for Reaction Prediction — Application to the Regioselectivity of the Diels-Alder Reaction. In: Software Development in Chemistry 4. Berlin, Heidelberg: Springer Berlin Heidelberg (1990). p. 275–88. doi: 10.1007/978-3-642-75430-2_30

383. Szymkuć, S, Gajewska, EP, Klucznik, T, Molga, K, Dittwald, P, Startek, M, et al. Computer-Assisted Synthetic Planning: The End of the Beginning. Angew Chem Int Ed (2016) 55:5904–37. doi: 10.1002/anie.201506101

384. Nair, VH, Schwaller, P, and Laino, T. Data-Driven Chemical Reaction Prediction and Retrosynthesis. Chimia (Aarau) (2019) 73:997–1000. doi: 10.2533/chimia.2019.997

385. Struble, TJ, Alvarez, JC, Brown, SP, Chytil, M, Cisar, J, Desjarlais, RL, et al. Current and Future Roles of Artificial Intelligence in Medicinal Chemistry Synthesis. J Med Chem (2020) 63:8667–82. doi: 10.1021/acs.jmedchem.9b02120

386. Coley, CW, Green, WH, and Jensen, KF. Machine Learning in Computer-Aided Synthesis Planning. Acc Chem Res (2018) 51:1281–9. doi: 10.1021/acs.accounts.8b00087

387.IBM RXN Platform . Available at: https://rxn.res.ibm.com/ (Accessed May 5, 2021).

388. Badowski, T, Gajewska, EP, Molga, K, and Grzybowski, BA. Synergy Between Expert and Machine-Learning Approaches Allows for Improved Retrosynthetic Planning. Angew Chem Int Ed (2020) 59:725–30. doi: 10.1002/anie.201912083



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer CC declared a past co-authorship with one of the authors CA to the handling Editor.

Copyright © 2021 Moreira-Filho, Silva, Dantas, Gomes, Souza Neto, Brandao-Neto, Owens, Furnham, Neves, Silva-Junior and Andrade. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 01 June 2021
doi: 10.3389/fmed.2021.629484






[image: image2]

Quality of Life Assessment Among Patients Living With Hepatosplenic Schistosomiasis and Schistosomal Myeloradiculopathy

Silvana Júnia Roriz1, Thiago Almeida Pereira1,2*, Guilherme Vaz de Melo Trindade1,3, Júlia Fonseca de Morais Caporali1,4 and José Roberto Lambertucci1,4


1Graduate Program in Infectious Diseases and Tropical Medicine, School of Medicine, Federal University of Minas Gerais, Belo Horizonte, Brazil

2Institute for Stem Cell Biology and Regenerative Medicine, Stanford University School of Medicine, Stanford, CA, United States

3Physiology, School of Medicine, National University of Ireland, Galway, Galway, Ireland

4Department of Internal Medicine, School of Medicine, Federal University of Minas Gerais, Belo Horizonte, Brazil

Edited by:
Ana Afonso, University of São Paulo, Brazil

Reviewed by:
Angèle Viola, UMR7339 Centre de Résonance Magnétique Biologique et Médicale (CRMBM), France
 Roberto De Cleva, University of São Paulo, Brazil
 Edford Sinkala, University of Zambia, Zambia
 Samar Nagah El-Beshbishi, Mansoura University, Egypt

*Correspondence: Thiago Almeida Pereira, thiagoap@stanford.edu

Specialty section: This article was submitted to Infectious Diseases – Surveillance, Prevention and Treatment, a section of the journal Frontiers in Medicine

Received: 14 November 2020
 Accepted: 10 May 2021
 Published: 01 June 2021

Citation: Roriz SJ, Pereira TA, Vaz de Melo Trindade G, Caporali JFM and Lambertucci JR (2021) Quality of Life Assessment Among Patients Living With Hepatosplenic Schistosomiasis and Schistosomal Myeloradiculopathy. Front. Med. 8:629484. doi: 10.3389/fmed.2021.629484



Schistosomiasis is a major public health problem in tropical areas of the world. Health-related quality of life (HRQOL) measurement is being widely used to evaluate the impact of a disease or treatment in several aspects of daily life. However, few studies evaluated the impact of severe forms of schistosomiasis on HRQOL of affected individuals and compared them to healthy controls with a similar socio-demographic background. Our aims were to evaluate the HRQOL in patients with hepatosplenic schistosomiasis (HS) and schistosomal myeloradiculopathy (SMR) and healthy volunteers (HV) and determine if clinical complications of the disease are associated with HRQOL scores. We interviewed and evaluated the HRQOL in 49 patients with HS, 22 patients with SMR, and 26 HV from an outpatient clinic of the Federal University of Minas Gerais University Hospital using the WHOQOL-BREF questionnaire. SMR and HS patients had a significantly lower overall quality of life score when comparing with the HV control group (p = 0.003 and p = 0.005, respectively). Multivariate ordinal regression model adjusted for sex, age, and educational level indicated that HS and SMR patients have three and five times more chances of having a lower quality of life than healthy volunteers (Odds Ratio 3.13 and 5.04, respectively). There was no association between complications of HS disease and quality of life scores. In contrast, worse quality of life was observed in SMR patients that presented back or leg pain, leg paresthesia, and bladder dysfunction. In conclusion, HS and SMR significantly impact the overall quality of life of the affected individuals, reinforcing the importance of efforts to control and eradicate this debilitating disease and suggesting that multidisciplinary clinical management of schistosomiasis patients would be more appropriate and could potentially improve patient's quality of life.

Keywords: hepatosplenic schistosomiasis, schistosomal myeloradiculopathy, schistosomiasis mansoni, quality of life, WHOQOL-BREF


INTRODUCTION

Schistosomiasis continues to be a significant health threat in tropical areas of the world, affecting over 250 million people (1). In Brazil, the country harboring most cases in the Americas, it is estimated that 1.6–6 million people are infected with Schistosoma mansoni, and over 25 million individuals are at risk of infection (2–5).

Infected individuals have various clinical manifestations that generally cluster into three distinct forms of the disease: acute, hepatointestinal, and hepatosplenic schistosomiasis (6, 7). Ectopic forms of the disease can occur, and schistosomal myeloradiculopathy is the most severe and disabling ectopic manifestation of schistosomiasis (6–9).

The acute phase is rarely symptomatic in infected individuals from endemic areas due to early childhood infection and exposure to schistosome antigens and anti-schistosome antibodies in-utero and breast milk (6, 10). In contrast, individuals from non-endemic areas that become infected with S. mansoni usually develop a symptomatic acute form of schistosomiasis, characterized by a systemic hypersensitivity reaction against the migrating schistosomula and mature eggs (6, 10). The majority of chronically infected individuals develop hepatointestinal schistosomiasis (90–96%), a mild form of the disease consisted of granulomatous hepatic and intestinal inflammation, absent or discrete hepatosplenomegaly, and minimal liver periportal fibrosis without portal hypertension (7, 11). The severe form of the disease, named hepatosplenic schistosomiasis, is observed in a small percentage of infected individuals (4–10%) and is characterized by hepatosplenomegaly, severe liver periportal fibrosis, portal hypertension, and thrombocytopenia (7, 11). Schistosomal myeloradiculopathy is the most common manifestation of neuroschistosomiasis associated with S. mansoni infection (8, 9). This ectopic form of the disease can be observed in patients with acute or hepatointestinal schistosomiasis but is rarely observed in hepatosplenic patients (8, 9). Patients with schistosomal myeloradiculopathy frequently present lumbar and lower limb pain, paraparesis, paresthesia, and bladder dysfunction (urinary retention and other urological complications such as hydronephrosis, bladder calculi and recurrent urinary tract infections) (8, 9). The lesions are caused by a granulomatous inflammation induced by the eggs trapped in the central nervous system (8, 9).

Health-related quality of life (HRQOL) measurement is being widely used to evaluate the impact of a disease or treatment in several aspects of daily life (12, 13). Assessment of HRQOL, together with morbidity and mortality measurements, is crucial to determine the disease's burden in the community, evaluate interventions and standard health care policies, and identify areas that require further improvement (12–16). Generic HRQOL, such as WHOQOL-BREF or EQ-5D-3L, has been validated in different languages, cultural settings, and different diseases, including schistosomiasis (12–25).

Hepatosplenic schistosomiasis and schistosomal myeloradiculopathy are considered the most severe manifestations of S. mansoni infection (7–9). However, few studies evaluated the impact of severe forms of schistosomiasis on HRQOL of affected individuals and compared to healthy controls with a similar socio-demographic background (15, 17–19, 22, 26).

In Brazil, a recent study investigated the quality of life and quality-adjusted life years in chronic schistosomiasis patients and observed a similar reduction of HRQOL in hepatointestinal and hepatosplenic patients (22). Although some studies evaluate HRQOL in hepatointestinal patients with different intensity of infection, or hepatosplenic patients with different degrees of morbidity, no study evaluated schistosomal myeloradiculopathy's impact on HRQOL (15, 17–19, 22, 26). Therefore, our aims were to evaluate the HRQOL in healthy volunteers and patients with hepatosplenic schistosomiasis and schistosomal myeloradiculopathy and determine if the disease's clinical manifestations are associated with HRQOL scores.



MATERIALS AND METHODS


Study Design and Ethical Considerations

This was a descriptive, observational cross-sectional study approved by the Federal University of Minas Gerais Research Ethics Committee (Protocol 692545/2014) and fully conducted according to the guidelines in the Declaration of Helsinki from the World Medical Association (27). All patients and healthy volunteers agreed to participate and provided informed consent to be included in this study. Interviews were conducted in a private room to ensure the patient's privacy.



Study Population and Inclusion Criteria

We recruited patients with hepatosplenic schistosomiasis mansoni (HS) and with schistosomal Myeloradiculopathy (SMR) previously diagnosed and currently receiving medical care at Orestes Diniz Infectious and Parasitic Diseases Treatment Center, an outpatient clinic of the Federal University of Minas Gerais University Hospital (Belo Horizonte, Brazil). The caregivers accompanying patients to their clinic appointment served as non-infected controls and were included in the healthy volunteer group (HV). The sample size was calculated based on a pilot study conducted with 10 volunteers from each group (HS, SMR and HV) that indicated a minimum sample size 21 of participants for each study group, considering a 95% two-sided confidence level and 80% power. Adult individuals (18–65 years old) of both genders that fit the inclusion criteria for each group were invited to participate in the study. The following exclusion criteria were applied: individuals diagnosed with other infectious diseases, other liver diseases, other forms of myeloradiculopathy, and noticeable memory loss. HS group consisted of 49 adult patients, of both genders, with a previous hepatosplenic schistosomiasis diagnosis based on parasitological stool test (PST), rectal biopsy, liver biopsy serological tests and ultrasonography of the abdomen and upper digestive endoscopy. For the SMR group, 22 adult patients, of both genders, with a previous diagnosis of SMR based on PST, history of contact with S. mansoni contaminated freshwater, serological tests, examination of cerebrospinal fluid, clinical evidence of spinal cord injury confirmed by magnetic resonance of the lumbar spine and differential diagnosis to exclude other causes of myelitis (spinal cord trauma, tumor, vitamin B12 deficiency, antiphospholipid syndrome, diabetic or autoimmune vasculitis, HIV, HTLV, HCV, HSV, HBV, syphilis, tuberculosis, neurocysticercosis, medullary abscess, syringomyelia, herniated lumbar disc, polyradiculoneuritis, demyelinating diseases, radiotherapy) (8, 28), were included. The HV group consisted of 26 adults of both genders, that were the caregivers of patients undergoing treatment at the clinic and were apparently healthy, negative for S. mansoni infection, and without a previous diagnosis of schistosomiasis.



Assessment of Health-Related Quality of Life

All participants were interviewed on the day of their routine appointment at the outpatient clinic and answered a clinical-socio-demographic questionnaire and the WHOQOL-BREF questionnaire, the shortened version of the World Health Organization Quality of Life questionnaire (WHOQOL-100) (12). The WHOQOL-BREF contains 26 questions, with two questions referring to the overall quality of life and the remaining questions related to physical, psychological, social and environmental domains (12). The Portuguese language version of WHOQOL-BREF has been validated and is widely used in Brazil as an appropriate tool to measure HRQOL in clinical settings (29–33).



Statistical Analysis

The data collected was stored in a computerized database using Excel software (Microsoft Office 2013) and analyzed using the Statistical Package for Social Sciences software (SPSS), version 20.0 (SPSS, IBM Company, Chicago, IL). Significance was accepted at the 0.05 level. Frequency distribution tables were constructed, and central tendency and variability measures were calculated for the total sample and for each study group. Kolmogorov-Smirnov normality was used to determine if the variables have a Gaussian distribution. Categorical variables were compared using Pearson's chi-square or exact Fisher test, and the numerical variables using the Kruskal-Wallis test. For multiple comparisons among groups, Mann-Whitey test with Bonferroni correction was used. The proportional odds logistic regression model was used to estimate the odds ratio with 95% confidence intervals.




RESULTS

The socio-demographic data of the study population are depicted in Table 1. All groups were similar regarding relationship status, race/skin color, household income, and BMI. However, the study groups differed when evaluating the variables sex, age, educational levels, and occupation. Males were predominant in the hepatosplenic schistosomiasis and schistosomal myeloradiculopathy groups, while females were the majority among the healthy volunteers. Although similar age distribution was observed in SMR and healthy volunteers, HS patients were, on average, about 7 years older. Healthy volunteers presented higher education levels (secondary and tertiary) than schistosomiasis patients. However, a higher frequency of college level educated individuals was observed in the SMR group. A higher frequency of individuals currently on sick leave were observed in the SMR group, and in SMR and HS groups, there were more retired and unemployed individuals than the HV group.


Table 1. Socio-demographic data of schistosomiasis patients and healthy volunteers included in this study.

[image: Table 1]

The WHOQOL-BREF questionnaire analysis demonstrated that schistosomiasis patients had worse perceived health-related quality of life when taking into account the overall quality of life score (Table 2, p = 0.007). There were no statistical differences among groups when the physical, environmental, social, and psychological domains of WHOQOL-BREF were evaluated. Multiple comparison analysis demonstrated that SMR or HS had a significantly lower overall quality of life score when comparing with the HV group (p = 0.003 and p = 0.005, respectively). Although SMR had a lower overall quality of life score when compared to HS, this difference was not statistically significant (p = 0.363). Further analysis using the multivariate ordinal regression model and adjusting for sex, age, and educational level indicate that HS and SMR patients have three and five times more chances of having a lower quality of life than healthy volunteers (Table 3; Odds Ratio 3.13 and 5.04, respectively). Our model showed good agreement according to the deviance and parallel lines test (Table 3).


Table 2. Analysis of perceived quality of life in schistosomiasis patients and non-infected volunteers based on the short form of the World Health Organization Quality of Life questionnaire (WHOQOL-BREF).
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Table 3. Multivariate ordinal regression model for overall quality of life based on the short form of the World Health Organization Quality of Life questionnaire (WHOQOL-BREF) in patients with schistosomiasis compared to non-infected volunteers.
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Finally we examined if complications of HS or SMR were associated with worse quality of life scores. For HS patients, there was no association between complications of the disease and quality of life scores (Table 4). In contrast, worse quality of life was observed in SMR patients that presented with back or leg pain, leg paresthesia, and bladder dysfunction (Table 5).


Table 4. Analysis of overall quality of life score and clinical complications of hepatosplenic schistosomiasis.
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Table 5. Analysis of overall quality of life score and clinical complications of schistosomal myeloradiculopathy.
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DISCUSSION

Assessment of HRQOL in schistosomiasis patients is commonly used to evaluate therapeutic interventions and mass drug administration strategies in endemic areas (16, 19, 21, 23–25). However, studies that determine the burden of severe forms of schistosomiasis on patients' quality of life are scarce and rarely include an appropriate control group with similar socio-demographic background for comparison (15, 17, 18, 22, 26).

In the present study, we evaluated the HRQOL in healthy volunteers and patients with hepatosplenic schistosomiasis and schistosomal myeloradiculopathy. Although there was no significant difference among the groups on the scores in the four domains of the WHOQOL-BREF questionnaire, patients with schistosomiasis had a significantly lower overall quality of life score than healthy volunteers. SMR patients had lower scores of overall quality of life than HS, but this difference was not statistically significant. In addition, patients with HS had three times more chances to have lower scores of overall quality of life, while patients with SMR had five times more chances to present worse quality of life than healthy adults with similar socio-demographic backgrounds. To the best of our knowledge, our study is the first that addressed HRQOL in patients with SMR and compared the scores with HS patients and non-infected individuals.

Kamel et al. (26) evaluated S. mansoni and S. haematobium infection's impact on the quality of life and productivity in workers of a textile factory in Egypt. The authors used the WHOQOL-BREF questionnaire and demonstrated that infected individuals had lower scores in the physical, social, and environmental domains than non-infected workers (26). Furthermore, they observed a significant correlation between the severity of schistosomiasis and lower quality of life and productivity scores (26).

Furst et al. (18) investigated the self-reported quality of life using the WHOQOL-BREF questionnaire in adults with schistosomiasis, soil-transmitted helminthiasis, or non-infected volunteers in Côte d'Ivoire. Although the sample size of patients with schistosomiasis was small (187 participants, 2.1% infected with S. mansoni and 2.1% with S. haematobium), they observed that infection with S. mansoni reduced the overall quality of life of individuals by 16 points when compared to non-infected individuals, thus reinforcing that schistosomiasis have a significant impact on the quality of life of individuals (18). In our patient cohort, we observed that the median of the scores for overall quality of life in patients with HS and SMR patients were, respectively, 12.5 and 25 points lower than the scores for healthy volunteers.

In China, studies that used the EQ-5D plus questionnaire indicated that chronically infected patients with S. japonicum also had low quality of life scores and heavy disability weights that are associated with age, impaired work capacity, depression, anxiety, ascites, and active hepatitis B infection (15, 17). In our study, we did not find an association of lower quality of life scores and HS complications, but in SMR patients, lower scores were significantly associated with the presence of back or leg pain, leg paresthesia, and bladder dysfunction.

In Brazil, Barbosa and Pereira da Costa (34, 35) evaluated the impact of different forms of chronic schistosomiasis in the productivity of sugarcane cane cutters. Both studies were conducted prior to the standardization of HRQOL generic questionnaires and evaluated only the disease impact on the physical domain, and measured the productivity based on the salary received and tons of sugarcane collected by individuals from each group in one harvest (34, 35). The authors demonstrated that workers with hepatosplenic schistosomiasis had significantly lower productivity than workers with hepatointestinal form of the disease, indicating that hepatosplenic schistosomiasis negatively impacted the ability to work for those individuals (34, 35). We observed that HS patients had lower scores in the physical, social, and environmental domains than healthy volunteers, but this difference was not statistically different.

Nascimento et al. (22) conducted the first study of HRQOL in schistosomiasis patients in Brazil. HRQOL was investigated using the EQ-5D-3L questionnaire in 147 patients (56 hepatointestinal and 91 hepatosplenic). Although the authors did not include a non-infected control group, the study demonstrated that schistosomiasis is associated with lower scores in the pain/discomfort and anxiety/depression dimensions (22). Female patients and the presence of comorbidities were associated with worse quality of life, while there was no significant difference in the quality of life scores between hepatointestinal and hepatosplenic patients (22). In our study, none of the socio-demographic variables, including gender and the presence of comorbidities, were associated with poor quality of life. Only the variable “S. mansoni infection” was associated with lower scores of overall HRQOL.

This study indicated that HS and SMR patients had a higher chance of having a worse quality of life. However, our results should be taken with caution. The non-infected control group consisted of caregivers accompanying patients receiving medical care at our outpatient clinic. Although we observed significant differences among patients and non-infected controls, healthy volunteers also reported low scores of HRQOL. Cruz et al. (36) previously demonstrated that in Brazil lower quality of life is frequently observed in females, individuals from lower economic class, and individuals with lower education levels (36). The scores reported by Cruz et al. (36) for the physical, psychological, social and environmental domains of the WHOQOL-BREF questionnaire for healthy individuals from lower economic class (class D, household income = 2–4 minimum wage) were similar to our HV group (36). It has been reported that caregivers are subjected to psychological distress and have increased stress hormone levels and lower HRQOL than the general population (37). The HS, SMR, and healthy volunteer groups were fairly homogeneous regarding socio-demographic variables but differed in gender, age, educational levels, and occupation. We cautiously evaluated if the difference in the distribution of those variables influenced our results and adjusted the model to account for this caveat. Even though the groups were not as homogeneous as desirable, we were able to compare the groups and proceed with our analysis. Subsequent studies should avoid, if possible, discrepancies regarding the socio-demographic variables.

Some of the differences observed in the socio-demographic variables among the different groups are due to the inherent characteristics of the disease forms or related to the participants' professional occupation. HS patients are usually older than patients with other forms of schistosomiasis because severe liver fibrosis and portal hypertension take a long time to develop, and it usually requires multiple infections (7, 11). Symptomatic SMR is more frequently observed in males partly due to work-related exposure to S. mansoni in rural areas (8, 9). The HV group consisted of the caregivers accompanying patients to their visit to our outpatient clinic and were usually the patients' wives or daughters. SMR and HS are associated with high morbidity and are often incapacitating conditions; therefore, retirement, sick leave, and unemployment were more frequent among those groups. Unfortunately, we did not have access to patients with other clinical forms of schistosomiasis such as hepatointestinal schistosomiasis and symptomatic acute schistosomiasis. Future studies that include other forms of the disease and appropriately matched controls will be required to determine schistosomiasis' impact on HRQOL.

In conclusion, our results indicate that HS and SMR significantly impact the overall quality of life of the affected individuals, reinforcing the importance of efforts to control and eradicate this debilitating disease and suggesting that multidisciplinary clinical management of schistosomiasis patients would be more appropriate and could potentially improve patient's quality of life.
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In recent decades, computer vision has proven remarkably effective in addressing diverse issues in public health, from determining the diagnosis, prognosis, and treatment of diseases in humans to predicting infectious disease outbreaks. Here, we investigate whether convolutional neural networks (CNNs) can also demonstrate effectiveness in classifying the environmental stages of parasites of public health importance and their invertebrate hosts. We used schistosomiasis as a reference model. Schistosomiasis is a debilitating parasitic disease transmitted to humans via snail intermediate hosts. The parasite affects more than 200 million people in tropical and subtropical regions. We trained our CNN, a feed-forward neural network, on a limited dataset of 5,500 images of snails and 5,100 images of cercariae obtained from schistosomiasis transmission sites in the Senegal River Basin, a region in western Africa that is hyper-endemic for the disease. The image set included both images of two snail genera that are relevant to schistosomiasis transmission – that is, Bulinus spp. and Biomphalaria pfeifferi – as well as snail images that are non-component hosts for human schistosomiasis. Cercariae shed from Bi. pfeifferi and Bulinus spp. snails were classified into 11 categories, of which only two, S. haematobium and S. mansoni, are major etiological agents of human schistosomiasis. The algorithms, trained on 80% of the snail and parasite dataset, achieved 99% and 91% accuracy for snail and parasite classification, respectively, when used on the hold-out validation dataset – a performance comparable to that of experienced parasitologists. The promising results of this proof-of-concept study suggests that this CNN model, and potentially similar replicable models, have the potential to support the classification of snails and parasite of medical importance. In remote field settings where machine learning algorithms can be deployed on cost-effective and widely used mobile devices, such as smartphones, these models can be a valuable complement to laboratory identification by trained technicians. Future efforts must be dedicated to increasing dataset sizes for model training and validation, as well as testing these algorithms in diverse transmission settings and geographies.

Keywords: computer vision & image processing, schistosomiais, neglected tropical disease, deep learning - artificial neural network, image classification


INTRODUCTION

Parasitic diseases of poverty, including schistosomiasis, onchocerciasis, lymphatic filariasis, and malaria, afflict billions of people worldwide (1). Many diseases of poverty have complex life cycles, whereby, trematodes require more than one host to complete their life cycles. Diseases of poverty include vectorborne diseases (i.e., malaria or arboviruses) and food-, soil-, or waterborne diseases involving intermediate hosts (e.g., schistosomiasis, food-borne trematodiasis). People living poverty settings often engage in physically-demanding work, such as subsistence agriculture or traveling long distances to fetch fresh water, exposing them to cercariae and pathogens embedded in the environment (2). Due to a lack of vaccines for many diseases of poverty, and inconsistent access to the few existing vaccines, the control of most diseases of poverty largely depends upon the ability to detect the distribution and abundance of cercariae of medical importance in the environment, as well as detection and mapping of the distribution, abundance, and infection status of their non-human hosts. Schistosomiasis, a parasitic disease of poverty afflicting more than 200 million people worldwide (1, 3) – with the vast majority in sub-Saharan Africa – is a disease of poverty with a complex life cycle (4) involving specific freshwater snail species as intermediate hosts (Figure 1). The two most important species causing human schistosomiasis in sub-Saharan Africa, Schistosoma haematobium and S. mansoni, are transmitted by snails belonging to two different genera of snails: Bulinus spp. and Biomphalaria spp., respectively. Several other snail species often co-occur in transmission sites where schistosomiasis is endemic. Snails that are intermediate hosts of schistosoma can be hosts for a wide range of trematodes, of which only few are of medical importance (5). In resource-limited settings, control strategies – which largely rely on mass drug administration – can be more effective when accompanied by environmental interventions, like targeted snail control (6). Therefore, reliable and rapid detection of schistosome cercariae and their intermediate host snails in water bodies is an urgent public health priority to identify where environmental interventions should be focused. This is especially crucial as environmental change – including climate change and the expansion of dams and irrigation schemes – is expected to alter the geographic distribution of schistosomes and their snail hosts (1).


[image: Figure 1]
FIGURE 1. The life cycle of Schistosoma spp. The adult worms live and reproduce sexually within the human host and their eggs are released in the feces. In the environment, eggs must reach the water, and under appropriate conditions miracidia hatch and seek an intermediate freshwater snail host in the surroundings. The larval stages of the worms develop via asexual reproduction. Cercariae are the free-swimming larvae that are released from the snails and seek human hosts, completing the lifecycle.


Current protocols to sidentify snails and cercariae of medical importance requires molecular analysis of parasite or snail tissue (which is often inaccessible or prohibitively expensive in low-income settings), or visual identification of cercariae and snails by experienced parasitologists. This is a labor-intensive task that requires a great deal of expertise to tease apart multiple snail species that share the same freshwater habitat where schistosomiasis transmission occurs, and multiple parasite species that can infect the same snail hosts. Indeed, wide variety of livestock and wildlife cercariae, some of which are morphologically similar to (and in some cases, even indistinguishable from) human schistosome larvae (7), use schistosome intermediate host snail species to complete their cycles. Consequently, misidentification of snail infections as human schistosomes, when, in fact, they are cryptic species that do not harm people, may interfere with efficiently targeting environmental control activities to areas of high transmission.

Here we explore whether computer vision, specifically machine learning (ML) algorithms, can support the rapid identification of snails and cercariae of medical importance. ML is rapidly being developed for use in medicine and public health, where it has been already applied to tasks as diverse as early detection of brain tumors (5) and cancer and studies of health equity (8). Convolutional neural networks (CNN), a special class of ML algorithms, have proven to be particularly efficient in reading x-rays and identifying possible pathologies to a high level of accuracy (9). This progress has been possible because of the availability of large sets of digitized images labeled by experienced radiologists and physicians and often validated through clinical studies (10). Such resources are not yet available for the cercariae and hosts causing neglected tropical diseases, or schistosomiasis specifically: images cannot be scraped from the web and digital imagery repositories of snails and cercariae are generally not available. Even when they exist (11), they are usually limited to a few thousand images at most – just a fraction of the labeled x-rays available in the medical system.

The goal of this work is to assess how effectively CNNs can classify Schistosoma cercariae and their intermediate host snails when trained on a small and unbalanced imagery dataset. Specifically, we used 5,500 images of snails and 5,100 images of genetically identified cercariae from a sample of more 9,000 snails gathered in the lower basin of the Senegal River between 2015 and 2019 (11) to train a CNN algorithm and assess its accuracy. The set included images of host and non-host species for human schistosomiasis. More than 20 parasitic species were identified through shedding and dissection in the competent species of Bulinus and Biomphalaria snails from the study sites (11).

The paper is structured as follows: we first provide a detailed description of the training dataset, then present the CNN algorithm, and assess its accuracy when applied to the validation dataset. We then contrast this accuracy with the accuracy of a trained parasitologists' ability to classify the snails and cercariae. Additionally, we present an open-access web application where any individual can deploy the trained algorithm. Finally, we discuss future development and possible use-cases we anticipate as significant expansions of the training dataset in the future.



MATERIALS AND METHODS


Datasets

During the environmental monitoring of snails and cercariae in the Senegal River Basin between 2015 to 2019, we collected 5,543 images of snails of medical importance categorized as follows – (1) Bulinus globosus and Bulinus truncatus, (2) Biomphalaria pfeiffer, (3) Radix natalensis, and (4) Melanoides spp. A total of 5,140 images of cercariae belonging to 11 morphotypes were obtained from the intermediate hosts of human schistosomiasis, Biomphalaria pfeifferi and Bulinus spp. These species were encountered and dissected. More specifically, there are 4 species of Bulinus (Bu. globosus, Bu. truncatus, Bu. senegalensis and Bu. forskalii), Biomphalaria pfeiffer, Radix natalensis (formerly known as Lymnaea natalensis) (12), and Melanoides spp. We had such rare occurrences of Bu. senegalensis and Bu. forskalii at these sites that they were not used in the training set. Nonetheless, Bu. senegalensis and Bu. forskalii are distinguishable by shell morphology down to species level.

Table 1 summarizes the numbers of images in each category and Figure 2 shows examples for each snail and parasite category in our dataset. Snail photographs were taken by mobile phone devices and cameras with similar resolution (of at least 1,024 × 768 pixels) and taken from similar angles, backgrounds, and lighting through the ocular lens of a dissecting microscope at 10–40× magnification. Parasite images were taken from the same variety of camera sensors through compound microscopes, and included images at 40× , 100× , and 400× magnification, with the same uniformity in background setting and ambient lighting. Some images were obtained from an intraocular camera, while some were from a digital single-lens reflex camera, a camera superior to cell phone cameras and more commonly used to image cercariae. The variety of high-quality cameras enabled the team to capture the necessary imagery, which worked well in training our model. In addition, all parasite images were processed to grayscale. The removal of color was performed to further decrease confounding results such as lighting and time-of-day artifacts that could affect computer vision results. The detailed protocols for image collection and quality control are provided in the supplemental materials (see Supplementary Appendix 1). Initial identification of snails and cercariae was performed by three trained parasitologists in the field. Our team only used images of cercariae that were genetically fingerprinted (which included only the furcocercous cercariae) or that were unequivocal in classification (11). If there was uncertainty among technicians in specifying a morphotype, genetic fingerprinting (11) results were obtained and analyzed. The protocol for image collection is provided in the supplemental materials (see Supplementary Appendix 1).


Table 1. Summary of numbers of images for each snail genus and parasite morphotype; numbers of images for the split of training/test (80%) and hold-out validation set (20%).
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FIGURE 2. Image examples for snail and parasite categories. For snail categories, (A-1,A-2): Biomphalaria. (B-1,B-2): Bulinus. (C-1,C-2): Radix natalensis. (D-1,D-2): Melanoides spp. For parasite categories, HS, Human-schisto; NHS1, Nonhuman-schisto forktail type I; NHS2, Nonhuman-schisto forktail type II; AM, Amphistome cercariae; BO, Schistosoma bovis; EC, Echinostome cercariae; GY, Gymnocephalus cercariae; ME, Metacercaria; PP, Parapleurolophocercous cercariae; PT, Parthenitae; XI, Xiphidiocercariae.


Accuracy of field identifications were verified by a molecular barcoding technique: at the time of shedding or dissection, all fork-tailed cercariae liberated from snails were placed individually on Whatman FTA© cards and sequenced to distinguish human-infective strains, including Schistosoma haematobium and S. haematobium–bovis hybrids, from cattle- or bird-infecting strains including S. bovis and other non-human furcocercous (fork-tailed) trematode species (13). The identification of the cercariae was based on multi-locus analyses with one mitochondrial (cox1) and two nuclear (ITS1 + 2 and 18S) genes, as described (11). Cercariae on FTA cards were accessioned into the Schistosomiasis Collection at the Natural History Museum (SCAN) (14).

All Biomphaslaria and Bulinus spp. snails were also identified to species by both trained parasitologists and genetic barcoding in a previous study (11). For the purposes of this work, Bu. globosus and Bu. truncatus were grouped in a single category, the Bulinus species complex that hosts human schistosomes in this region, and all the rest of the snails were visually classified to species using morphological keys. The total genomic DNA was isolated from a small amount of snail tissue using the DNeasy Blood and Tissue kit (Qiagen, UK) according to the manufacturer's instructions. Amplification of a partial cytochrome oxidase 1 (cox1) sequence was carried out on snail tissue stored in ethanol (15). PCR and sequencing conditions were chosen as previously published (16). Sequencing was performed on an Applied Biosystems 3730XL analyser (Life Technologies, UK) (11). The field ID guidelines for morphologies of snails and cercariae are provided in the supplemental materials (see Supplementary Appendix 2).

For imagery of snails and cercariae, we strategically avoided extensive processing of images, given that our goal was to create a CNN that was capable of classifying images of variable quality and resolution. We anticipate that for a future deployment, many technicians will be taking pictures directly from mobile devices in the field, hence, we decided to work with imagery that reflects true fieldwork conditions. Therefore, in the preparation of our training data, images that were severely blurry were removed from the test and validation sets but were still used in training. For each category of snails and cercariae, we divided the dataset into a training/test set and hold-out validation set, containing a split of 80 and 20% of the total images, respectively (Table 1). There was no overlap between the training set and the validation set. Both the training and the test sets were randomly divided into the standard 80–20% split in each training epoch and were used to perform 10-fold cross-validation on multiple train-test splits to ensure the consistency of model performance.



Training Algorithm

Deep learning algorithms with recent advances in computation and large datasets have been shown to be comparable with, and even exceed, human performance in various object recognition and computer vision tasks, including applications to diagnose human disease [e.g., ImageNet challenge (17), breast cancer histology images (18), and skin cancer images (19). Convolutional neural networks (CNNs) learn key features directly from the training images by the optimization of the classification loss function (20, 21) and therefore have minimal need for a priori knowledge to design a classification system. Thus, the performance is less biased by the assumptions of the researchers (17, 21).

Since, our dataset was considered relatively small in the field of deep learning, we utilized transfer learning in this study (22). Transfer learning is the process of exporting knowledge from previously learned sources to a target task (23). In this study, we tested seven state-of-the-art pre-trained models in computer vision as a starting point and applied them to classify the images of freshwater snails and cercariae. The pre-trained models we tested for this study were (1) VGG16 and VGG19 (24), (2) Inception V3 (25) and Xception (26), (3) ResNet50 and ResNet101 (27) and (4) InceptionResNet V2 (28). These pre-trained models were all trained on approximately 1.28 million images with 1,000 categories, a computer vision benchmark dataset, called ImageNet.

VGG16 and VGG19 pre-trained models (24) are 16-layer and 19-layer weight CNNs using an architecture with very small (3 × 3) convolution filters. VGG16 and VGG19 were developed by the VGG team (Visual Geometry Group at the University of Oxford) in the ImageNet Large Scale Visual Recognition Challenge. Inception V3 (25) and Xception (26) pre-trained models were mainly developed by Google Inc. Inception V3 implements factorized convolutions and aggressive regularization, while Xception improves Inception modules by replacing it with depth-wise separable convolutions, which slightly outperforms Inception V3 on the ImageNet dataset. ResNet50 and ResNet101 (27) are pre-trained models with residual functions reformulated in the CNN layers, with 50 and 101 residual net layers, respectively. InceptionResNet V2 (28) is a hybrid CNN network, combining the Inception architecture with residual connections. The details of the pre-trained model architecture and design can be found in the individual cited publication.

We tested and trained seven selected computer vision algorithms, via transfer learning, with ImageNet pre-trained weights on our snail and parasite images (22, 23). The network architecture established here has convolutional-pooling layer pairs (max-pooling), followed by a fully connected network (29). The CNN is trained end-to-end directly from image labels and raw pixels, with a selected group of networks for photographic images of snails and another separated network for the microscopic images of cercariae.

We experimented several input image sizes and adopted the training patches as 128 × 128 pixels for input layers; the patch size was sufficient to cover the relevant structures and morphologies of snail and cercariae. In each experiment, we first initialized the weights with the pre-trained network on ImageNet dataset, then froze the bottom of the network, and proceeded to train the “top” of the selected convolutional networks. The top layer of the selected convolutional networks correlates to the “head” of the network. The weights of the top layer are most directly influenced by the labels. This is the layer that effectively produces the probabilities that the model is seeking to determine as output. The fully connected layers were composed of Rectified Linear Units (i.e., the ReLU activation function), to avoid vanishing gradients and to improve the training speed (30). The output layer was composed of four neurons for snail classification, corresponding to each of the four categories that are normalized with a softmax activation function. For the parasite classification task, 11 neurons were set up in the same manner. The model was trained with 80% of the training/test set, and validated on the 20% remaining images (i.e., hold-out validation set) that were not used for training (Table 1). It should be noted here that the test set is randomly selected for each epoch (that is, the measure of the number of times all of the training images are used once to update the network weights) (29). The network weights were initialized randomly, and an adaptive learning rate gradient-descent back-propagation algorithm (30) was used for weight update. Here we selected categorical cross-entropy as a loss function in the model. In these two classification tasks, the CNN outputs a probability distribution over four categories of snails and 11 categories of cercariae.

Given our comparably small dataset in light of more recent studies using CNNs for image recognition tasks (17), we applied the techniques of dropout, regularization, and data augmentation (details in the following section) to overcome the overfitting of training data (29). We implemented the CNN model with seven selected networks in a Python environment with the Keras application package (31), and Google's deep learning framework, TensorFlow (32).



Data Augmentation

Data augmentation is an effective way to reduce overfitting. We applied a data augmentation approach using rotation and shifting (33) to generate more images for the snail and parasite datasets. Mirroring was not used for Bulinus and R. natalensis due to the diagnostic value of their coil orientation (i.e., Bulinus is sinistral and Radix is dextral). We also applied Gaussian noise to the background of the parasite training images (34) to ensure that the model did not learn background artifacts, but focused only on learning the morphologies of the parasite objects. In this study, we implemented a Keras-defined generator for automating data augmentation (31) on the fly; every item of every batch was randomly altered according to the following settings: (1) rotation range = 20, (2) width shift range = 0.2, (3) height shift range = 0.2, and (4) shear range = 0.15. In practice, rotations and shifting allowed us to increase the size of the dataset without deteriorating its quality. The data augmentation used here further improved the datasets and the CNN's prediction performance.



Model Optimization

In our training process, we tested seven selected CNN models subsequently (refer to Training Algorithm section for pre-trained model types) and experimented a set of hyperparameters for the learning algorithms, which included image input size, training epoch, batch size, dropout rate, and learning rate. We utilized these parameters to obtain a final accuracy after every run. We conducted a grid search hyperparameter tuning to obtain the optimal set of parameters whose values are used to control the learning process. The specified subset of each hyperparameter is summarized in Table 2. We recorded all the experiments performed and reported the best performing model along with the optimal hyperparameter set in the Results section. As shown in the Supplementary Material, we tested parameters in the following order: epoch values, analyzing accuracy results with epochs between 5 and 150. We found that models that run on a higher number of epochs were producing consistent increases in accuracy percentages and that epoch accuracy stabilized at 150. We tested image input sizes between values of 64 and 256, finding that the accuracy of the model when these two parameters were manipulated, capped at around 89.70%. Note that between image input size values of 128–256, we noticed the overall accuracy percentages of the models remain nearly the same. Hence, we took 128 as our standard value for image input size (to carry forward further model-testing).


Table 2. Results of the identification of snails and cercaria by the best CNN model.
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Batch size accuracy stabilized at around 32, while dropout rate accuracy stabilized at around 0.45. Learning rate value tests ranged from 0.00001 to 0.1; results demonstrated the highest accuracy percentages at 0.001, with our model accuracy at up to a rough 90.50% with the current variable inputs. Some of the model parameters were co-dependent or dependent on one another; for instance, if the learning rate was too low, the number of epochs could affect the final accuracy percentages; so, all co-dependent variables and relationships were examined and tested for.

The last step was to take all the best models in each of the grouped subtests described above. We listed 20 out of the 161 model accuracy values (with each accuracy value being derived from the best of 5 runs) and then re-ran those top 20 models (5 times each) to produce the highest accuracy values of the model optimization process. We discovered a final best pre-trained model of InceptionResNetV2 with an image input size of 128, at 150 epochs, a batch size of 32, a dropout rate of 0.45, and a learning rate of 0.001, to produce a final accuracy of 91.21%. We tested and verified all models, and the weight and confusion matrix files are all in our Supplementary Material.



Model Deployment

After building and training the CNN model, we then deployed the best performing model and network weights to establish a web application for inference using TensorFlow.js (35), a library used for executing ML algorithms in JavaScript. TensorFlow.js is compatible with the Python-based TensorFlow and Keras APIs, allowing our Keras model to be converted to a JavaScript format that can be run in a web browser. This makes our web application accessible on any device with a modern browser, including on both smartphones and common laptop computers. Using browser storage and caching APIs, the web application can even be used in areas with no internet connectivity.



Ethics Statement

Freshwater snails were collected in collaboration with the Centre de Recherche Biomédicale Espoir pour la Santé in Senegal, who obtained the permission to conduct the field snail collection from The Direction de l'Environement et des Etablissements Classés with the identification number “N°002302 MEDD/DEEC/yn.” In this study, we used photos of snails for the machine learning model training and validation, and relied on those photos and snail and parasite molecular identities that were acquired in the course of a previous field study described in (11).




RESULTS

We evaluated our CNN model's performance with metrics of accuracy, sensitivity, specificity, and F1 score on the validation set. With the optimized CNN architecture and hyperparameters, we obtained 99.60% accuracy with VGG16 (proportion of correct classifications, either true positive or true negative) for the 4 snail genera and 91.21% accuracy with InceptionResNet V2 for the 11 parasite morphotypes. The optimized dropout rates for the convolutional layer (21) for the snail dataset was 0.6 and for parasite dataset, 0.45. For the parasite set, we ran a second analysis with only three categories of cercariae relevant to map risk for schistosomiasis transmission, namely: human schistosomes, non-human forktail cercariae, and other trematode morphotypes. The overall accuracy for the three parasite categories increased to 94.78%. The sensitivity of distinguishing human schistosomes from non-human cercaria was 85.00%. Figure 3 shows the confusion matrix of our method over the four snail genera and 11 parasite morphotypes, along with details of true positive (TP), true negative (TN), false positive (FP), and false negative (FN) outcomes.
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FIGURE 3. Confusion matrix of classification on test set. (A) results of snail image set, labels: 0-Biomphalaria spp., 1: Bulinus spp., 2: Radix natalensis, 3: Melanoides spp. (B) results of parasite image set, labels: 0: Amphistome cercariae, 1: Schistosoma bovis, 2: Echinostome cercariae, 3: Gymnocephalus cercariae, 4: Human-schisto, 5: Metacercaria, 6: Parapleurolophocercous cercariae, 7: Parthenitae, 8: Non-human- schisto forktail type I, 9: Non-human- schisto forktail type II, 10: Xiphidiocercariae. (C) Combining other trematodes as one category, labels: 0: Schisto, 1: Non-human forktail type I, type II, and bovis, 2: Other trematodes.


Sensitivity, specificity, recall, precision, and F1 score for each categories were calculated as follows:
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Sensitivity measures the proportion of positives that are correctly identified; in our case, we focused on the percentage of human schistosomes correctly identified. Specificity measures the proportion of negatives that are correctly identified; we focused on the percentage of non-human fork-tailed cercariae (some of which can potentially be visually similar and hard to distinguish from human schistosomes) that were correctly identified as non-human schistosomes. Precision is a measure of a classifier's exactness, while recall is a measure of a classifier's completeness. Low precision indicates many false positives, while low recall indicates a large number of false negatives. The F1 score conveys the balance between precision and recall, defined as the harmonic mean of precision and sensitivity. Our results showed that the CNN produced high sensitivity and high specificity, as well as an acceptable F1 score in all categories (Table 2). The metrics to measure classification performances are shown in Table 2 and demonstrate the robustness of the CNN training algorithm for the tasks of image recognition for both snails and cercaria, despite the low sample size. The details of all the training experiments with seven selected pre-trained models, as well as the confusion matrix, are provided in the supplemental materials (see Supplementary Appendix 3); only the best model statistics and metrics (VGG16 for snail dataset and InceptionResNetV2 for parasite dataset) are reported in the result section.


Comparison With Human Parasitologist Performance

To validate our deep learning approach, we compared the direct performance of the CNN to eight trematode parasitology experts. For each image, the parasitologists were asked to identify the category of the snails and cercaria from single images. We prepared 30 snail images from among the four categories and 120 parasite images from among the 11 morphotypes in the CNN's hold-out validation sets. For each test, previously unseen, molecularly-verified images of trematode cercariae and snails were displayed, and parasitologists were asked to identify them from among the same categories of snails and cercaria on which the computer vision algorithm trained. The parasitologists were provided a standardized identification guideline, and key, along with the quiz. A sample quiz is included in supplement materials (see Supplementary Appendix 4). The metrics used to measure human parasitologists' performances and compare with the CNN's, such as sensitivity, specificity, rand F1 score are shown in Table 3 and Figure 4. The CNN generated a malignancy probability P per image. We then fixed a threshold probability t such that the prediction ŷ for any image is ŷ if P ≥ t, and the Receiver Operating Characteristic (ROC) curve (blue line in Figure 4) is drawn by sweeping t in the interval 0 to 1 (36). The area under the curve (AUC) is the CNN's measure of performance, with a maximum value of 1. The AUC for human schistosomes, non-human fork-tailed cercariae, and other trematodes were 0.96, 0.95, 0.98, respectively. The CNN's classification performance matched, or was slightly superior to, that of trained parasitologists in the case of schistosome/fork-tail parasites, whereas, it was slightly inferior in the case of non-fork-tail parasites.


Table 3. Results of the identification of snails and cercaria by eight parasitologists.
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FIGURE 4. Comparison of classification performance with CNN and parasitologist. CNN's performance represented by the ROC curve (in blue) exceeds that of trained parasitologists when their sensitivity and specificity points (in red) fall below the ROC curve. The green points represent the average of the parasitologists (average sensitivity and specificity of all red points), with error bars denoting one standard deviation. We simplify the 11 categories of parasite to only three categories of interest for schistosomiasis environmental risk mapping: (A) human schistosomes, (B) non-human forktail cercariae, and (C) other trematode morphotypes. The area under the curve (AUC) for each case is over 95%.





DISCUSSION

Here we presented a machine learning model that was capable of accurately classifying images of larval human schistosome cercariae and their intermediate host snails. Our CNN classification performed significantly better for snail recognition (average accuracy: 99.33%) than for parasite recognition (average accuracy: 91.78%). This is because snail morphologies are generally more distinct, and it is easier to take high quality pictures of snails using a wide variety of cameras (including cellular phones) than that for cercariae, which require photography through an optical microscope. Better imagery and very distinct morphological features between competent Bulinus and Biomphalaria snails and non-competent snail species decreased erroneous misclassification of snails, as reflected by the small number of false positives and false negatives in our model evaluation. Cercariae, on the other hand, have complex morphologies, with many more categories defined in our dataset, and are usually moving at the time of the image capture, which all makes discrimination of trematode cercariae more challenging, as reflected by the larger number of false negative and false positive classifications.

Despite these limitations, our analysis showed that our CNN can be trained with rather limited image datasets using data augmentation approaches. Given the small size of our dataset for morphologically similar forked-tail human and non-human schistosome cercariae, we used rotation and shifting methods to effectively increase the number of images used in training (but we avoided mirror image augmentation to preserve the ability of the algorithm to distinguish sinistral vs. dextral coiling in different snail genera). In addition to thousands of still images, we had the advantage of access to some limited video footage of living, mobile cercariae, which allowed us to generate additional still-images of cercariae and to increase samples for training. Although, we only used video to augment still-images to our training data, video could be explored in the future as an input to a new classification algorithm, one which also considers swimming patterns that may help in distinguishing cercariae to species (37).

In addition to building a deep learning model, we also developed a workflow for image collection and quality control as a guideline for other researchers interested in using this tool. This would allow anyone to quickly build an image database that can facilitate the identification of medically important snails and their cercariae with the click of a cell phone and a pre-trained computer vision model. A protocol for image collection is provided in the supplemental materials (see Supplementary Appendix 2). We hope that as this protocol is adopted, user photos can be aggregated into a global database of medically important snail and parasite images, including snail and parasite species that are not relevant to human health but will be useful to improve model training. When collecting the samples in the field, we also suggest that GPS locations be recorded, which can facilitate precision-mapping of medically important snail and parasite distributions, over space and time, and across broad and variable geographies and contexts. For all of these activities, we take inspiration from online platforms that encourage citizen science and crowdsourced data, including iNaturalist (38), NaturNet (39), and MycoMap iNaturalist (40), for example, has the image classification capacity to immediately suggest an object name right after a user has uploaded an image to the platform.

The CNN algorithm was trained and evaluated on snails from the lower basin of the Senegal river, a fairly limited geographical area encompassing only a small fraction of a wider mollusk and trematode biodiversity. In the near future, the goal is to expand the analysis to other geographical areas in Africa and Latin America where schistosomiasis and other gastropod-borne helminthiasis (41) are endemic, as well as to a wider range of habitats, from natural to human dominated environments, where snails of medical importance thrive. At present, only the database from the lower basin of the Senegal river had the number of digitized snails and parasites images and the level of classification accuracy required to train a convolutional neural network, and, as such, our study represents a proof-of-concept. However, we envision that imagery of snail internal organs could supplement shell photos in our future work with machine learning, whenever internal morphological differences might aid in species identification. We expect that increasing the training dataset and gathering imagery from more locations will support the improvement of our CNN model accuracy and its potential use in broader geographical areas. In addition, Biomphalaria species in the Americas have much greater diversity than in Africa, and snails that can host parasites of medical importance can be more challenging to identify morphologically through shell morphology alone (2) which limits the ability of CNNs based on shell photographs to identify snails lower than at the level of genus on that continent.

To encourage the development of our specific platform, and for translating it for use on other medically relevant cercariae, vectors, and non-human hosts found in the environment, our code, image sets, and neural network weights are provided in a public repository. This includes detailed documentation to assist researchers in following our workflow to (1) reproduce the results, and (2) build new models using their own image datasets. We have also deployed our classification model to a web application that allows researchers to select their own images of snails and cercariae to obtain the classification prediction, which is the probability of an object belonging to a specific category. Despite the requirement of considerable computing power to properly train a CNN image classification model, once trained and deployed, a CNN can provide a result – in a fraction of a second – on a smartphone and a common laptop computer and can also express clear indicators of uncertainty along with the classification, which can also be useful to scientists, citizens, and decision-makers.

This proof-of-concept study was intended to show that CNN can classify snails and cercariae with a reasonable accuracy even on datasets of limited size. Its accuracy has great potential to improve in the future, with more high-quality imagery of snails and their respective cercariae being made available by the scientific and citizen-science communities.

However, our work does not dismiss the continued relevance of classic parasitology training. Our model is not designed to be a substitute for experienced parasitologists in pertinent scientific field studies, but as a tool to assist researchers in resource-limited settings where trained parasitologists may not be available to perform regular schistosomiasis risk assessments. In the spirit of other citizen science applications, we hope that our CNN web application will also foster interest in exploring parasite biodiversity, as well as increase awareness of schistosomiasis transmission caused by the presence of snails of medical importance. For example, we envision our CNN application could be used in K-12 and college education, to inspire a new generation of scientists to leverage new and affordable technologies to support the crucial work of global infectious disease environmental diagnostics and sustainable control.



CONCLUSION

This study demonstrates the effectiveness of deep learning in image recognition tasks for classification of medically relevant snails and their parasite counterparts from the Senegal River in West Africa. We apply a computer vision model, using a single convolutional neural network trained on a few thousand images, facilitated by transfer learning and pre-trained models. We present a proof-of-concept model for this technology to be further honed and someday applied in resource-poor settings where schistosomiasis is endemic and where the identification of hotspots of transmission is desperately needed to target interventions. The performance of our model was comparable to that of eight highly trained human parasitologists who were all familiar with snail and parasite diversity in the study region, but within a controlled test setting and with a specific and highly curated set of snail and parasite species. In light of our promising results, we have deployed our product as a publicly accessible web application as an exploratory and educational use case. In the future, this method could be deployed on mobile devices with minimal cost and holds the potential for substantial improvement for monitoring and identifying snail and schistosomiasis hotspots (42). Deep learning is a powerful tool that can help fill the gap that currently limits our understanding of the environmental components of transmission for a variety of neglected tropical diseases.
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The aim of the present study was to use an integrated approach for the identification of risk areas for Schistosoma mansoni transmission in an area of low endemicity in Minas Gerais, Brazil. For that, areas of distribution of Biomphalaria glabrata were identified and were related to environmental variables and communities with reported schistosomiasis cases, in order to determine the risk of infection by spatial analyses with predictive models. The research was carried out in the municipality of Alvorada de Minas, with data obtained between the years 2017 and 2019 inclusive. The Google Earth Engine was used to obtain geo-climatic variables (temperature, precipitation, vegetation index and digital elevation model), R software to determine Pearson's correlation and MaxEnt software to obtain an ecological model. ArcGis Software was used to create maps with data spatialization and risk maps, using buffer models (diameters: 500, 1,000 and 1,500 m) and CoKriging. Throughout the municipality, 46 collection points were evaluated. Of these, 14 presented snails of the genus Biomphalaria. Molecular analyses identified the presence of different species of Biomphalaria, including B. glabrata. None of the snails eliminated S. mansoni cercariae. The distribution of B. glabrata was more abundant in areas of natural vegetation (forest and cerrado) and, for spatial analysis (Buffer), the main risk areas were identified especially in the main urban area and toward the northern and eastern extensions of the municipality. The distribution of snails correlated with temperature and precipitation, with the latter being the main variable for the ecological model. In addition, the integration of data from malacological surveys, environmental characterization, fecal contamination, and data from communities with confirmed human cases, revealed areas of potential risk for infection in the northern and eastern regions of the municipality. In the present study, information was integrated on epidemiological aspects, transmission and risk areas for schistosomiasis in a small, rural municipality with low endemicity. Such integrated methods have been proposed as important tools for the creation of schistosomiasis transmission risk maps, serve as an example for other communities and can be used for control actions by local health authorities, e.g., indicate priority sectors for sanitation measures.

Keywords: Schistosoma mansoni, Biomphalaria, malacological survey, risk mapping, ecological models


INTRODUCTION

In 2018, a centenary had passed since the discovery and description of the intermediate hosts of Schistosoma mansoni Sambon, 1907 in Brazil by Adolpho Lutz (1). This human parasitic disease, also endemic in other Latin American countries, remains one of the major public health problems in tropical and subtropical regions of the world (2). It is estimated that approximately 240 million individuals are infected with schistosome species and 700–800 million people worldwide are at risk of infection (3). In Brazil, the presence of S. mansoni, with its complex life cycle, depends on human beings as main definitive hosts and freshwater, planorbid molluscs of the genus Biomphalaria as intermediate hosts. In the field, three snail species were found naturally infected with S. mansoni: Biomphalaria glabrata (Say, 1,818), Biomphalaria tenagophila (Orbigny, 1,835) and Biomphalaria straminea (Dunker, 1,848).

In the State of Minas Gerais (MG), schistosomiasis is still endemic, but such substantial progress in the control of the disease has been achieved during the past decades, due to the implementation of the National Schistosomiasis Control Program (NSCP), that the positivity rate fell from 10.1% in 1977 to 3.86% in 2015, during the latest national survey (4). However, even in Brazil, the goal of transmission control or even elimination of schistosomiasis in most of the endemic areas still seems to be remote, considering latest epidemiological data on endemic areas and the vast distribution of intermediate hosts (5). Nevertheless, community and individual parasite loads have dropped during the last decades with more or less regular treatment rounds by NSCP and, nowadays, most individuals from endemic areas present with reduced parasite loads, are hard to detect by common diagnostic methods (6).

In the central region of Brazil, the “Estrada Real” belongs to the old slavery road, which transported diamonds and gold from Northern Minas Gerais to the commercial ports of the states of Rio de Janeiro (RJ) and São Paulo (SP) and, which is very popular today among backpackers and eco-tourists. In addition, it is also known for its risk areas and active transmission of intestinal schistosomiasis, where prevalence rates at the municipal level ranged from 0.06 to 28.2% (7).

One of the smaller municipalities of the “Estrada Real” is Alvorada de Minas, where adequate intermediate hosts were shown to be present (8), but the municipality is considered to be an area of low endemicity by the local health authorities. However, the last NSCP data indicated prevalence rates of between 5.0 to 10.0% (7). At present, the municipality has no active control program and sporadic, individual cases have been treated by the local public health system.

Since the 1970s, NSCP has promoted classic intervention actions that has prioritized large-scale treatment with praziquantel (9), without considering sometimes very different epidemiological settings, intermediate host distribution, or sanitation conditions in the vast endemic areas of Brazil (10). In its resolution WHA65.21, participants of the World Health Assembly in 2012, agreed on the intensification on control measures for several neglected tropical diseases, including schistosomiasis, and on its elimination as a public health problem by 2020 (11). However, as that time approached and passed, it became clear that interventions against schistosomiasis, which were merely based on preventive chemotherapy, most probably, would fall short of achieving the envisaged goal of elimination (5, 12, 13). More precisely, in order to reach such goals, integrated control measures were proposed, including sanitation, health education, early diagnosis and treatment, and monitoring and control of intermediate hosts (5).

In this respect, geo technologies are considered emerging epidemiological tools for monitoring and decision making of integrated control measures against schistosomiasis in Brazil and in any other endemic region of the world (14–25). These tools and their spatial analyses allow the construction of risk maps, which define the epidemiological and spatial dimensions of each disease, information which is crucial to plan and direct control interventions (26, 27).

In the present work, predictive models were created for schistosomiasis risk areas, which were based on intermediate host distribution, presence of coliform bacteria in natural water bodies, and environmental characterization. In addition, and in collaboration with the local health authorities, we combined this data with the notification of schistosomiasis cases in the different communities of the investigated municipality.



MATERIALS AND METHODS


Study Area

The study was conducted in the Municipality of Alvorada de Minas, Minas Gerais State, Brazil (18°43'7” S/43°22'5” W), which is located in the mesoregion “Metropolitan Belo Horizonte” and within the microregion of Conceição do Mato Dentro, about 210 km north of the capital Belo Horizonte. According to the latest survey by the Brazilian Institute for Geography and Statistics, its populations consisted of 3,606 inhabitants and the municipality occupied an area approximately of 375 km2 (28). The main economical sources are mining activities, farming, and cattle breeding. The municipality is a mountainous region, partly covered by Atlantic rainforest and with a tropical climate. It is divided by the “Rio do Peixe” river, which is the main water source of the municipality and which has an extension of nearly 165 km on its way to the “Rio Doce” river. Data from 2017 indicated that only 33.8% of houses and other constructed buildings had adequate sanitation (28), which is supposed to be a risk factor for the transmission of schistosomiasis.



Environmental Epidemiology
 
Malacological Surveys

The malacological surveys were undertaken five times over a 12-month period (starting in September 2018) and covered the dry and rainy seasons. The snails were collected during a collection effort of 20 min at each collection point, as described elsewhere (29). Criteria for collection points were: localities indicated by the health workers; water bodies used by the population for domestic or recreational purposes; proximity to houses (urban or rural), especially in communities with registered human cases; and water bodies with ready road access.

Captured molluscs were enrolled in humidified gauze, put in identified plastic containers (30), and transferred to the laboratory in Belo Horizonte (Institute for Biological Sciences, Federal University of Minas Gerais). Molluscs were identified by the Schistosomiasis Reference Laboratory of the René Rachou Institute, Fundação Oswaldo Cruz, Belo Horizonte. At each date and point of collection, five percent of sampled Biomphalaria were dissected and the taxonomic classification performed by molecular methods PCR-RFLP (Polymerase Chain Reaction-Restriction Fragment Length Polymorphism) with the DdeI enzyme. The protocols and profiles chosen were compared to those improved by Vidigal et al., 2000 and Caldeira et al., 2016 (31, 32). For molluscs not identified by molecular methods, the morphological identification procedure of the shells was adopted according to Deslandes, 1951 and Paraense, 1975 (33, 34). Each collection point and water body (river, brook, canal, and lagoon) was georeferenced, using a Garmin GPSMap 62S (Figure 1).
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FIGURE 1. Distribution of water resources and the 46 collection points for the investigation of limnic molluscs, between the years 2018 and 2019, in the Municipality of Alvorada de Minas, Minas Gerais, Brazil.


In order to stimulate and verify cercariae release in the laboratory, all specimens of the genus Biomphalaria captured were individually exposed to an artificial light source for a duration of 4 h, at a temperature of between 28 and 30°C. Afterwards, the presence of typical, bifurcate cercariae was verified under a stereomicroscope and a 20x magnification (35, 36). Snails without cercarial shedding were re-examined once a week, for a total of 4 weeks. Each analysis contained the confirmation of cercarial shedding during the daytime (light stimulation) and overnight, when molluscs were individually checked for the presence of other types of cercariae in the early morning, in order to certify absence of any trematode infection.

The research was submitted to the Biodiversity Authorization and Information System (Sisbio), under number 68627-1 and authentication code 068627012019029.



Fecal Contamination of Water Samples With Coliform Bacteria

The Colilert® test kit (IDEXX Laboratories Inc., Westbrook, Maine, USA) was used for the examination of water samples from different collection sites where molluscs were captured. Additionally, water samples from three urban locations without the presence of molluscs were included, two from the central urban area and one from a district of the municipality, all areas frequently used by the population. The test kit is capable of detecting the presence of coliforms and especially Escherichia coli in liquid samples.

For the identification of E. coli, it was necessary to use a 365 nm ultraviolet lamp according to (37), for the detection of fluorescence produced in the metabolism of 4-methylumbelliferyl-β-d-glucuronide (MUG) (38, 39).



Environmental Characterization

The environmental characterization of the collection sites followed the guidelines for the evaluation of diversity of habitats, as proposed by the Environmental Protection Agency (EPA) (40) with adaptations, as proposed by (41, 42). The protocol evaluated the characteristics of each segment of water body and its environmental impacts, imposed by anthropogenic activities. For a better description of the habitats of the malacofauna, we modified parameters 8 and 10, according to (42) (see Supplementary Material Appendix 1). As proposed in another adaptation for environmental characterization (41), three levels for environmental preservation were defined, where 0–15 points indicated impacted water bodies, 16–25 points altered, and higher than 26 points indicated natural water bodies.



Registered Human Cases of Schistosomiasis in Alvorada de Minas

In order to relate the malacological data to the occurrence of human schistosomiasis cases, non-identifiable information on human cases in settlements or communities of each district was obtained from the local Secretary of Health for the years 2017 to 2019 inclusive.

Since 2011, the national program for schistosomiasis control has been discontinued and no sistemic epidemiological surveys have been conducted in this area. At present, suspected cases are being dealt on an individual basis, with fecal and/or serological exams and individual treatment. The municipality has a low endemicity profile for schistosomiasis, with 107 cases between the years 2017 to 2019, with an average of 35 cases per year, <1% in the municipality's population. Human parasitological research in Alvorada de Minas will be carried out at another time in the study, when funding is available.




Spatial Epidemiology
 
Obtained Data

The ecological study analyzed the spatial patterns of the obtained data. Based on a codified cartography, a database with each of the sampling points, data on present snail species, fecal contamination with E. coli, quality of habitat, and presence of human cases in the respective community was mounted. After evaluation and integration of the different variables, the information was converted in nominal values, which contained and defined the arbitrary variable “weight” and served for the identification of risk areas (Table 1).


Table 1. Arbitrary score sheet of the variables obtained in the field.
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From the coordinates, the shape of points containing the database was generated. Other related databases were imported: Brazilian municipalities geocoded database, projection and datum considered Geocentric Reference System for the Americas version 2000 (SIRGAS 2000–IBGE, 2018). From these databases, choropleth maps were generated for the analysis of spatial distribution of data in relation to environmental variables.

The remote sensing geo-climatic variables (temperature, vegetation index, precipitation, and digital elevation model) were obtained from the Google Earth Engine (GEE) using the products MODIS/006/MOD11A2, MODIS/006/MOD13Q1, UCSB-CHG / CHIRPS / DAILY, and USGS / SRTMGL1_003, respectively. GEE is a cloud platform used for geospatial analysis, with high-performance computational resources and providing a wide range of data (43). Due to the absence of some data, only the distribution of B. glabrata was used for the correlation with the GEE data.

Data on cover and land use in 2018 were extracted from the Brazilian Annual Land Use and Land Cover Mapping Project (Projeto MapBiomas, 2020) (https://mapbiomas.org/) version 5.0 (44).

The ecological variables (Climatic, Topography and Vertical Distance to the Nearest Drainage data) were obtained from the National Institute for Space Research (http://www.dpi.inpe.br/Ambdata/), which provides environmental data on biodiversity studies, with a 1 km spatial resolution. The distribution of B. glabrata was added to the ecological model.



Processing Data

The script (https://code.earthengine.google.com/35ac6e4beae421f8f22d6aaee16df141) was constructed to obtain the image with average values from October 2018 to September 2019, the period corresponding to the malacological collection. From these databases, choropleth maps were generated for the analysis of spatial distribution of data in relation to remote sensing (RS) variables.

Pearson's coefficient was used to verify the existence of a correlation between the presence of B. glabrata and environmental and RS variables. For determining the significance of the results, p ≤ 0.05 was adopted.

The configurations of MaxEnt used were: cross validate and logistic. The performance of the model was ascertained using the area under the curve (AUC) of the receiver operating characteristic.

To suggest risk areas, geoprocessing techniques and spatial analysis tools were used. The Buffer technique was used to point out potential risk areas from the radial distance from a risk point (45). The hydrographic sub-basins of the municipality were isolated and delimited and buffers of 500, 1,000, and 1,500 m were merged from the sampling points with the presence of B. glabrata. The sections of water resources internal to these buffers were cut and highlighted, excluding those sections belonging to other basins, in order to estimate the possible expansion of outbreaks during the rainy periods.

For each point, arbitrary values were determined individually for each study variable, which were later grouped to determine what was classified by us as “Total Arbitrary Weight” (Table 1), which was used to indicate potential risk even without the presence of B. glabrata at that point.

The CoKriging Interpolation technique was used to perform the prediction of spatial risk in locations that had not been measured, based on measurements made at specific points (46). The Source Dataset was used in the following order: presence of B. glabrata (weight two) with presence of other Biomphalaria species (weight one), community with human cases (weight one), altered habitat (weight one), and E. coli contamination (weight one). An Ordinary method that presented Semivariogram Model [0.58755 * Nugget + 0.5771 * Stable (0.1726, 0.089162, 137.3, 2)], Anisotropy true, Lag Size 0.014; Number of Lags 12.

Geoprocessing and spatial analyses were performed in ArcGis 10.4 (https://www.arcgis.com/), Pearson's correlation was performed using R software (https://www.r-project.org/) and ecological model was performed using MaxEnt software (https://biodiversityinformatics.amnh.org/open_source/maxent/).





RESULTS


Malacological Surveys, Fecal Contamination and Its Spatial Distribution

Forty-six collection points were evaluated, of which 14 points contained snails of the genus Biomphalaria. In total, 767 molluscs were collected and from morphological and molecular analyses the presence of B. glabrata, B. tenagophila, B. straminea, B. cousini and B. kuhniana was confirmed. The first three of those are natural intermediate host species of S. mansoni and B. cousini and are considered potential intermediate hosts, which is based on experimental infections in the laboratory (47). Most of the captured planorbid snails were collected in lentic environments, e.g., in 13 out of 14 collection points, but none of the snails eliminated S. mansoni cercariae. Biomphalaria glabrata and other species of this genus were found in the urban area and were also distributed in the eastern affluents of the main river (Rio do Peixe), with the exception of two points in the southwestern region, where only other Biomphalaria species were captured (Figure 2).


[image: Figure 2]
FIGURE 2. Distribution of environmental and epidemiological data (malacology, altered environments and the presence of E. coli), and cases of infected humans in the nearby communities, identified by collection points, in the municipality of Alvorada de Minas, Minas Gerais, Brazil. The white circles represent investigated areas that did not show factors associated with schistosomiasis.


As for the classification of the environments of the different collection points, the applied protocol indicated the presence of 37 (80.4%) highly impacted and 9 (19.5%) slightly impacted environments. Of the environments with the presence of Biomphalaria, 13 (92.8%) were classified as highly impacted sections and only one collection point (# 10) was classified as slightly impacted (see Supplementary Material Appendix 2). The environments evaluated as impacted or altered were classified in the spatial distribution as altered habitats, which was the case in 37 of the 46 sampling points, distributed throughout all districts and regions of the municipality (Figure 2).

Microbiological analysis of water quality was limited to 18 environments, with the presence of different limnic molluscs and at points 13, 14, and 23 without registration of any mollusc. Of the 14 environments that presented Biomphalaria, microbiological analysis was carried out in 13 environments, and of these, only three collection points (15, 32, and 41) were not contaminated with E. coli. Overall, coliform bacteria was found in all water samples 17 (100%) and 15 (88.23%) of the samples were positive for E. coli (Figure 2).

Within the municipality, 10 communities were registered with cases of schistosomiasis, which corresponded to 26 collections points for limnic environments (Figure 2). The western district of the municipality (Itaponhoacanga) recorded human cases, altered habitat and fecal contamination, but no Biomphalaria species were found in this area. In the communities to the south, altered habitats, fecal contamination and B. tenagophila were registered, but there was no record of human schistosomiasis. Also, some communities registered only altered habitats. All the other urban and rural communities under evaluation presented with all relevant environmental risk factors in addition to notified human cases.

Three sample points did not present relevant malacofauna variables, environmental factors and treated patients (points 26, 27, 43), and were considered to be of low risk for schistosomiasis (Figure 2).



Environmental Characterization and Additional Risk Factors

In addition to these main variables, environmental, geo-climatic factors, such as temperature, precipitation, altitude and use of vegetation, were analyzed for association with infection.

Pearson's correlation indicated a significant positive correlation with the precipitation variables (indirect) and an inverse correlation with land surface temperature (LST) at night (indirect). The results were: precipitation (cor = 0.36; p = 0.01); and LST-night (cor = −0.33; p = 0.02) (Figure 3). Other variables did not show significant correlations.


[image: Figure 3]
FIGURE 3. Correlation map of Biomphalaria glabrata with precipitation and land surface temperature at night, using 2018–2019 GEE data and land use map, municipality of Alvorada de Minas, Minas Gerais, Brazil.


The main river (Rio do Peixe) cuts through the central town area from north to south, and is supplied by numerous rivers and streams of small and larger size, whose springs originate from both the western (more rugged relief) and the eastern region (less rugged relief). At lower altitudes, the characteristics of the wavy relief with small plains facilitates the formation of a hydrographic network with favorable backwaters for the establishment of Biomphalaria.

The average annual temperature in the municipality varies between 17.8–21.0°C and the annual precipitation varies between 1,358–1,545 mm, with lower temperatures and higher rainfall being observed in the region of higher altitude, in the extreme west, unfavorable for the reproduction of Biomphalaria. The lower areas registered higher temperatures and less rainfall, favoring reproduction and establishment of planorbid species.

The land use in Alvorada de Minas is dominated by a fragmented mosaic of “Forest Formation” and “Pasture”, with important continuous and connected forest areas, and large continuous pasture areas with small forest fragments. Other types of land use were also observed, such as “Mosaic of Agriculture and Pasture,” distributed throughout the municipality, and “Rocky Outcrop” and “Savanna Formation,” representative of the quartzitic rock fields of the Serra do Espinhaço in the western region of the municipality. Other types of smaller areas included “Forest Plantation,” “Urban Infrastructure,” and “Mining” and its associated structures. In the western region, there are more natural areas (forest, savanna, and rupestrian fields) in relation to the eastern region of the municipality, which, despite registering important native areas, has extensive pasture areas.

Biomphalaria glabrata were predominantly collected at sites that are located close to natural vegetation (forest and savanna−55.56%) and in modified/anthropized areas (pasture and agriculture−44.44%). On the other hand, the opposite was observed at collection points without the presence of planorbid species, where anthropized environments dominated (54.05%).

The variables which contributed most to the predictive model was the December precipitation (49.2%) and vegetation (21.5%). With an AUC of 0.997, the predictive capacity of the model was high (Figure 4). These variables were in accordance with those found by the correlation (precipitation) and land use/MapBiomas (natural vegetation) models.


[image: Figure 4]
FIGURE 4. Spatial distribution of Biomphalaria glabrata in the municipality of Alvorada de Minas, Minas Gerais, Brazil, obtained by MaxEnt.




Risk Mapping

A buffer map was created to indicate an elevated relative risk in relation to the collection points with B. glabrata and within a radius of 500–1,000 m, to indicate areas that demand greater environmental attention in terms of avoidance of human waste disposal. A radius of between 1,000 and 1,500 m was used to indicate the risk of colonization of new environments, considering a potential displacement of B. glabrata, passively downstream and actively upstream. Five major stretches of these water resources were identified as of elevated risk for schistosomiasis. The more distant from the point of occurrence, the lower the risk (see Figure 5).


[image: Figure 5]
FIGURE 5. Distribution of Biomphalaria glabrata habitats and risk zones, according to Buffer estimates, in the period from 2018–2019, Alvorada de Minas, Minas Gerais State, Brazil. Collection points with B. glabrata (red circles) and buffer risk zones for downstream or upstream waterbodies for 500 meters (red), 1,000 meters (orange), and 1,500 meters (yellow) distance.


The presence of B. glabrata was confirmed at nine sampling points. In the first section located to the east, four points were identified with an approximate route of 7 km in the main channel. The second and third sections were located to the north, with only one point of approximately 3 km in the main channel. The fourth section located in the urban area, also presented a point approximately 300 m from Rio do Peixe and approximately 4 km in the main channel (Rio do Peixe). Finally, the fifth stretch with two points recorded approximately 3.5 km in the main channel (Rio do Peixe). The stretches also reached some of its closest affluents and other points, where no B. glabrata were found (see Figure 5).

By the total arbitrary weight technique, we were able to combine additional variables for risk mapping in areas not exclusively associated with the presence of Biomphalaria. The total arbitrary weights applied to the sampling points of the limnic environments revealed risk areas other than the risk radius identified in the buffer technique, which was only for B. glabrata. Sampling points with the presence of B. glabrata registered values of between four and six, suggesting that the presence of these molluscs is strongly associated with at least two other factors analyzed. Some locations registered values of three and two, suggesting potentially favorable environments for B. glabrata, e.g., in the district west of the Peixe River. Other locations obtained values of between one and zero, suggesting the absence of environmental conditions for B. glabrata, as in the community close to the sampling points 26 and 27 (Arrudas), also west of the Peixe River.

In order to make better risk predictions, we used cokriging, with the presence of Biomphalaria (B. grabrata with a value of 2; any other species of Biomphalaria value 1) as the main variable and in combination with other support variables, such as community with human cases, altered habitat, and E. coli contamination. Cokriging revealed an elevated risk for schistosomiasis (value >) in the main urban area of the municipality and the entire eastern region of Rio do Peixe. Especially in the extreme east, in the Ribeirão community, the risk of infection obtained a value of higher than 2. On the contrary, throughout the western region of the main river, a lower risk for infection (value <1) resulted. The slightly elevated risk attributed in the far west, and the high risk in the far east, both observed beyond the radius of influence of the sampling points, were the result of geostatistical distortions and should be disregarded. The assigned risk estimates are more significant when closer to the sampling points and less powerful in areas with fewer points nearby, e.g., the southern stretch of the Peixe River (Figure 6).


[image: Figure 6]
FIGURE 6. Risk map for transmission of schistosomiasis, estimated by Cokriging with total arbitrary weight of environmental and human epidemiological data, in the Municipality of Alvorada de Minas, Minas Gerais, Brazil. Relative risk is indicated by a graduated color map, with red areas corresponding to high risk and dark blue areas with absent risk of infection.





DISCUSSION AND CONCLUSIONS

The research carried out analyzed the presence of essential components for the identification of possible risk areas for schistosomiasis (48, 49), such as details on malacofauna, environmental factors related to the disease and the distribution of patients treated by the municipal health department. The integration of this data permitted to create predictive scenarios for the determination of areas with the highest environmental risk, something that was hardly applied in endemic regions in Brazil.

Molecular identification of the collected Biomphalaria species was done by PCR-RFLP, a method previously established by our research group in various studies (31, 32). As such, it was shown that the defined restriction profiles are reproducible and proved also to coincide with the morphological identification of the species. For our relatively restricted endemic area with its small but connected water bodies, the objective was to identify the species of the genus Biomphalaria and check for the presence of infected snails, without the intention of performing populational studies. In this case, the morphology or/and the PCR-RFLP satisfactorily met our needs.

Among the possible intermediate host species for S. mansoni transmission, collected B. glabrata species were classified as the most relevant ones, mainly due to their high compatibility with the trematode and their overlap with the distribution of human schistosomiasis in Brazil (50, 51). Furthermore, B. glabrata is not only the most susceptible snail species for S. mansoni transmission in Brazil, but it is also the species that has the vastest distribution in the State of Minas Gerais (30) and the largest distribution in the municipality of Alvorada de Minas. Consequently, B. glabrata was present in nine out of 14 habitats with individuals of the Biomphalaria genus, whereas B. straminea and B. tenagophila were present in only one habitat, that is why, they were included in the arbitrary weight Biomphalaria spp. However, under favorable conditions, these snails can transform these environments into places of high risk for transmission.

In the study, more than 80% of the sites with Biomphalaria were found to be contaminated with E. coli in the limnic environments. In order to investigate the microbiological quality of the water, the microorganisms were used to merely indicate fecal contamination as a kind of surrogate marker, according to the American Public Health Association (APHA) (52). As such, the detection of E. coli is indicative of the possible presence of other waterborne pathogens, however, there is no absolute correlation between the number of indicator bacteria and actual presence and the number of enteric pathogens, e.g., schistosome eggs or miracidia (52). According to the WHO (53), E. coli is the best microbial indicator of fecal contamination in water samples and is exclusively related to traces of feces, as well as indicating recent fecal contamination in water bodies and can be detected with a low budget. Thus, the presence of bacteria in the aquatic environment may be related to the release of fresh domestic sewage into water bodies or the presence of feces from other homeothermic animals. Nevertheless, in other endemic areas in northeastern Brazil similar results were obtained and indicated the need for improvements in the basic sanitation system of those municipalities (48, 54). Also, from their studies, it was concluded that there was a need to include results on E. coli contamination in spatial analyses to contribute to the determination of risk areas. The authors are well aware that there is the possibility of a contribution of other mammals in transmission and maintenance of the biological cycle of S. mansoni in endemic areas, mainly by rodent species (55, 56) and by cattle (57–59). However, this was beyond the scope of the present study, which makes it an opportune area for future investigations, since this rural municipality has agriculture as one of its main economic activities.

The protocol for rapid assessment of habitat diversity showed a greater presence of molluscs in impacted stretches, as observed by others during malacological surveys carried out in municipalities of different Brazilian States (60–62). In this respect, others also described the adaptation and strong resistance of different mollusc species, collected in polluted environments (63). Interestingly, human schistosomiasis cases were notified by the local health authorities in the western area. However, no adequate intermediate hosts were found there. Alvorada de Minas is a municipality which is frequented by tourists and backpackers and even for the local population it is relatively easy to get to different locations within the municipality and to adjacent places. As such, we cannot exclude the possibility of dislocation of inhabitants during leisure activities and of water contact in areas where infected molluscs might be present. This justifies the cases of schistosomiasis in the district (Itapanhoacanga) even without the registration of Biomphalaria in the western region.

The absence of intermediate hosts in the western region of the investigated municipality may be due to the lower and unfavorable temperatures for Biomphalaria in the extreme west. In a similar study, lower temperatures as limiting conditions were also discussed for the distribution of snails and the maturation of cercariae (22). In the same region, the topography presents a considerable elevation (1,300 m above sea level) and the highest parts are mostly rocky, including some mining areas. Thus, the water collections are left without considerable vegetation and not appropriate for the settlement of Biomphalaria species. In addition, more elevated springs, more rugged terrain, and higher rainfall result in a higher flow of water, which is a less favorable environment for Biomphalaria along the downstream channels, and also reduces the potential for skin contact with released cercariae in such water bodies. As noted by others (64), significant precipitation creates a rapid flow of water unsuitable for cercariae or snail survival. In this same context, the higher flow of water in this region accelerates the purification of water, reducing the chance of fecal contamination by E. coli.

In a northeastern state of Brazil, studies used ecological models to determine potential risk areas for the occurrence of Biomphalaria species (48, 64). In both studies, precipitation was the variable which contributed most to the predictive models. As for the State of Minas Gerais, rainfall is generally recurrent between October and March (65). Here, the precipitation variable for the month of December was related to the beginning of the rainy period between the months of October 2018 to September 2019. The distribution of snails and, as a consequence, the occurrence of human schistosomiasis cases can be modeled from the environmental and climatic characteristics and, therefore, the Biomphalaria distribution maps obtained can be used as risk predictors for the distribution of S. mansoni, as previously shown (66).

The Buffer map presented the risk in different circles of risk levels around the collection points with B. glabrata, in order to estimate the areas of transmission and the possible expansion to new environments. Other researchers, (67) used the same tool and applied a distance of 100–500 m to determine risk areas in an urbanized, touristic area in Northeastern Brazil. Another study (68), resulted in a significant distance of 400–800 meters from the residences to the water sources defined as risk areas. Thus, demonstrating the importance of such a tool for studies on the epidemiology of schistosomiasis. In general, due to better and more readily available information on the wide distribution of these molluscs and their ability to colonize diverse environments, significantly altered distribution maps on the adequate, intermediate host species for S. mansoni transmission were elaborated (69).

In the State of Minas Gerais, some studies showed the potential of using krigging to estimate areas for the occurrence of Biomphalaria in designed risk maps (19, 65, 70). In the present study, krigging showed to be a less satisfactory tool, since the relationships between several variables were investigated. In the cokriging system applied here, the cross-correlation between the different variables was more satisfactory to calculate the poorly sampled or unsampled areas, thus providing a tool for the more complete mapping of the risk areas throughout the municipality.

A methodological gap in our study was the use of rough data on human infections from the Municipal Secretary of Health, e.g., merely identification of communities with notified human infections. However, in future investigations on a larger scale, it would be interesting to explore more precisely the spatial effects at the family and/or household level. Another limitation was the lack of an even greater sampling effort of water bodies, which was adjusted to the environments with the greatest potential for occurrence of Biomphalaria species and to the vicinity of housings or communities. However, the malacological survey had a good territorial coverage. In our opinion and since schistosomiasis is still considered a major public, economic and environmental health problem, it was important to consider different factors and variables for the determination of risk areas as a kind of integrated approach and based on environmental data and human epidemiology.

For future studies, we would recommend the temporal analysis of risk of infection and the addition of quantitative data on biological materials (examination of human feces; snail data and microbiological exams) collected in the field. Such data collection was beyond the initial scope of the study. However, this could further improve the precision of the model for more accurate estimates of risk areas and its application to identify priority areas for intervention.

Schistosomiasis is a dynamic and resilient disease that predominantly affects impoverished and less developed areas where, in many cases, the parasitic cycle is maintained by a restricted number of affected families or small communities. Alvorada de Minas is a predominantly rural municipality with only one water treatment plant located in the center of the town. The rest of the houses receive water directly from natural water collections without treatment and, in some cases, treated water is distributed by trucks. In this respect, data from the Brazilian Institute of Geography and Statistics from the year 2017, showed that only 33.8% of the households had adequate sanitary sewage, which is considered a risk factor for waterborne diseases (52, 71), especially when combined with the presence of adequate intermediate hosts. As discussed before, the presented analyses helped to identify risk areas. This should give assistance to the municipal decision-making process on the construction of septic tanks and any other sanitation interventions. We believe, that the results of this study may be used to direct measures for improvements in health services and the implementation of control measures for the disease, as well as for social and economical development, since the municipality intends to explore its potential in rural tourism. Spatial analyses must be taken into account for basic sanitation solutions and infrastructure actions, for Alvorada de Minas to develop. This might serve as an example for other, similar communities, which are still endemic for intestinal schistosomiasis.
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Species Geographic distribution References
(Country level)
Biomphalaria Brazil* ©.35)
glabrata French West Indies (36,37)
West Indian Island of St. Lucia @)
Venezuela (39, 40)
Lesser Antiles (@0)
Puerto Rico @1)
Hati @)
Dominican Republic ©,43)
Surinam ©
French Guiana ©
Egypt (44-48)
Biomphalaria Brazil (47-49)
straminea Hong Kong 60, 51)
China (52-54)
French West Indies @6)
Uruguay (65, 56)
Venezuela® ©,57)
Costa Rica ©8)
Argentina (59, 60)
Dominican Republic (61,62
Mexico (63)
Peru ©4)
Dominica (65)
Biomphalaria Romania (©6)
tenagophia Brazi (67-69)
Uruguay (70.71)
Paraguay 72)
Argentina® (78.74)
Peru 75)
Democratic Republic of Congo ©.76)
Bolivia ©
Biomphalaria pfeifferi  South Africa”

Ethiopia
Nigeria (80, 81)
Sudan 82.83)
Saudi Arabia ©4)
Ghana @)
Democratic Republic of Congo (86,87)
Senegal (©8,89)
Kenya (0, 91)
Zimbabwe ©2)
Niger ©3)
Mali (94, 95)
Liberia (96,97)
Cote-dlvoire ©8)
Tanzania (99)
Benin (100)
Cameroon (101, 102)
Burundi (25)
Yemen (103)
Zambia (104, 108)
Chad (106)
Uganda (107
Madagascar (15)
Burkina Faso (108)
Biomphalaria Egypt* (109-111)
alexandrina Libya (112)
Sudan (113)
Biomphalaria Sudan” (15)
sudanica Tanzania (114, 115)
Kenya ©1)
Uganda (19, 116)
Ghana 117
Ethiopia (118)
Burundi ©5)
Biomphalaria Tanzania* (15)
choanomphala Uganda (119)
Kenya (120)
Biomphalaria Gameroon® (121)
camerunensis Democratic Republic of Congo (122
Ghana (15)
Central African Republic (15)
Zaire (123)
Biomphalaria prona Venezuela® ©, 124)
Biomphalaria Tanzania® (19, 114)
stanleyi Uganda 22)
Burundi (125)
Chad (126)

*Indicates first record of the species.
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Class

Trematoda

Nematoda

Parasite species

Echinostoma caproni

Echinostoma paraensei

Echinostoma trivolvis

Echinostoma liei

Echinostoma revolutum

Echinostoma rodriguesi
Echinostoma luisreyi
Paryphostomum segregatum
Echinostoma lindoense
Echinostoma macrorchi
Echinostoma barbosai
Echinostoma friedi
Echinostoma togoensis

Echinoparyphium spp.

Zygocotyle lunata

Ribeiroia spp.

Austrodiplostomum compactum

Angiostrongylus vasorum

Angiostrongylus costaricensis

Angiostrongylus cantonensis

Angiostrongylus siamensis

Biomphalaria species

B. glabrata
B. pleifferi

B. glabrata

B. tenagophila
B. glabrata

B. alexandrina
B. glabrata

B. alexandrina
B. glabrata

B. glabrata

B. glabrata

B. glabrata

B. glabrata

B. glabrata

B. straminea
B. straminea
B. glabrata

B. glabrata

B. peregrina
B. obstructa
B. peregrina
B. tenagophia
B. straminea
B. orbignyi

B. oligoza

B. glabrata

B. straminea
B. straminea
B. glabrata

B. glabrata

B. tenagophila
B. glabrata

B. glabrata

B. straminea

B. alexandrina

B. glabrata

Type of infection

Experimental (184,
Natural (186)
Natural (187, 188)
Experimental (189)
Experimental (190)
Natural (191)
Experimental (192)
Experimental (195)
Experimental (194)
Experimental (195)
Experimental (196)
Experimental (197)
Experimental (197)
Experimental (196)
Experimental (199)
Experimental (200)
Experimental (201)
Experimental (202)
Natural (203)
Natural (204)
Natural (205)
Natural (205)
Experimental (205)
Experimental (206)
Experimental (205)
Natural (206)
Natural (207)
Natural (208)

Natural (208)

Experimental (209)
Experimental (210)
Experimental (211)
Experimental (212)
Experimental (213)

Natural (214)
Experimental (215)

Experimental (216)

185)

Definitive host

Birds and mammals

Fish and amphibians

Dogs and mammals
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Al participants

HIV-negative participants

HIV-positive participants

Samples submitted

Variable

Age (years)

Duration in the area (years)
Weight (kg)

Age (years)

Duration in the area (years)
Weight (kg)

Age (years)

Duration in the area (years)
Weight (kg)

Urine

Semen

376

320

56

210
114

Median

30.0
200
58.3
28.0
19.0
59.0
395
240
56.4
30.0
29.0

Range

18-70
04-70.0
43-85
1870
1-70
44-85
21-65
1-50
43-74
1870
18-67

Interquartile range (IQR)

130
243
8.7
13.0
215
8.1
170
24.0
88
15.0
15.0
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WFAFNE (n= 12)
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Treatment report less than 1 year ()" o7
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Areas of
inquiry

Examples of Specific Questions.

Epidemiology Vihat e the incdence and provalence of ShPAH?
What are sk factors for development and progression of SchPAH?.
WWhat percentage of patents ith HSS devolop ScHPAH?

Pathogenesis What iniats ipmune system components & proxITal tiggers or

SchPH development?

What are the roles of adaptie immune system componens, such

25 B cals and reguiatory T cals,in SchPAH pathogenesss?

Why does human SchPAH develop and progress even aftr the

pasastois radcated fom the host?

What are the sensitity and specifcty o echocarciography metrics

for dagnoss of SCHPAH?

What e the uiites of oihe maging modes i screening.

dagnosing, and montoring SHPAH?

Ao thea othe cirical markers o biomarkers such as bood tess.

that aro usoful fo screenng fo or Gagnosing SCHPAH?

Ao there speciic ponts i th signaing cascade that are safe to

‘asget in populations at risk for recurrent sehistosomasis nfecton,

Such a8 TSP-12

D0 conventional PAH treatmonts work i1 SCHPAH fo the same.

degren as n PAHY

What ao chug trgets n SCHPAH that adtess the underyng

pathogeric mechaniems, such as HSS versus other pafhvays to

S

Ao the Spociic targes i ShPAH that woud 5o beneft oher

forms of PAH?

Diagnosis

Treatment

Methods of Investigation

Preiminay fndiogs fom retrospectie lata, especiay for rare outoomes.
(Giric-based prospecive studies conducted n endem areas can envich cohorts
for exposures and encpons.

Popuation-based prospecive observaional conots, siaifed by ik
Mechansic animal modsls using pharmacciogic PIBors and ansgenic
approsches vl alow precse disection of the sgnalng pathuays that lead (o
SchpH.

Animal models ouped 10 studies of Peran bospecmens, nciutng tissus and
blood bomarkers, i bo usefu fordentiing pathagenic machanisms

Dagnostc studes requie gold standard and cancidate agnosii metics 10 be.
avadatio in  spectum of ndvidials wih and wihout SchPAH.

Cancidate Gagnostic metis that ae weakly assocated wih SCHPAH staus.
may provide stronger @idanco f measused seay.

Norinvasive screening methods aro ustied in atriskindiduals and can ead fo
earr dagroses.

Pre-cirical animal modes ar usel for understanding dissase mechanisms and
identiing potentl prophyactc and therapeutic approaches.

entficaion of bomarkers shared o Giflerent befvioen patients wih SHPAH and
ther PAH dissases mayreveal herapeuic targes 1t ae benefiial n one o
mutpl etioges.
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- Pulmonary artral hypartonson is hought 1o 0ccur in about 0.5% of those clvoricaly infected with schistosomiass, usualy folowing he deveopment o
hepatospleni schistosomiasis. This i an uncommon compicaton of chisosomiasi, but  maor cause of puimonay arterial ypertension vordide.
- Prasenting signs and symploms of pumonary artral ypertension ar0 of hart ke, ncuing shorinss of broah on exartion, perpheral edema, and synoopo.
- Fomal diagnos's of pumonary artorial ypertension requies nvasive right heat catheteizaion, Screenng fo e (556358 Can bo dons usng echocarciOgaphy.
. Genaraly acoopted criera for Gi2gn0si aro (must P i 3
o Pumonary arterial hypertension, curenty dofned by hemodynamc rtera of & mean pulmonary ary pressre geater han 20 mm H, & pulmonaey arer
‘wecdge pressur fss than or 6aual 1o 15 mm Ho, and a pumonary vasculr esistanca oreater ot equsl o 3 Wood Units (6t Word Symposium on Pumoniry.
Hyperenson, Nco 2018).
o History of schistosomiass nfecion, 25 avidonood by curent or o Schistosoma parasto 6995 i tho oo or roctal bopsy, hisory of prir treasment fo
‘Schistosomiass, Or EXpOSUIe 0 @ 160N Where SCHSIOSOMaSS s encmic
0 Unrasonographic evidence ofer ciseasa consistent with HSS, inouding pet-potalfbrosis and enargement of e lef obe of the e
- Aati-haiminics ke sow the rate of progression, but G0 ot reverse estabished pumonary vascuar isease, Pumonary vasodialor treaiments are avaiable which
mprove symploms, but these do not address the underig disease drvers, and the Gondtion s faa,
- Pathogeric mechanisms by which the cinical isease may develop ncude:
o opening ofportocaval shunis around the e, resulng
= increased biood flow hvough the kngs, causing shea stress
= 69 omboizaton 0 the g, resuling n mechanical Gbstucton of e ng vascuature
= egg omboizaton o the g, resuing nlocaized Type 2 nfarmation wihch dves vasculr emodeing
o asystomc immuno response, wih Typo 2 immuniy.
- Moo exposed to Schistosoma mansoni develop an expermental form of the csease. Expermental pumanary hyperenson doss ot requie he fver dsase
precursor oniion o ncreased shear stess, and does not 0o by mecharical oSt done.
- A combination of pre-cirical work using anmal mods and cinialstues has suggested the folwing sees of athologc events underies disease pathogencais:
o Type 2 immuny tiggered by Schistosoma egg anigens, resutig fom actation of T2 CD4 T cls.
o Expression of L+ and IL-13 esuls i th recnuisment of Lybe” (casica) monocytes o theung tissue.
 Theso monocytes expross the proten tvombospondin-1 (TSP-1) which can aciate TGF-f
© Actio TGF-f causos pumonary vascular diseaso trough promoting pahoogy n vasculr oos.
o Pahologic TGF-§ signaing may be a fina common pathway by which many pulmonsy arteral hypertensin etlogies Gause vascukr remodeing; eae steps
may be uniqus 0 each specic eiogy.
i schistosomiasi,tis sees of events may fucton as a negatve feedback pathway to decrease excessie host infammaton, and remodaing of the pumonary
vascusature s an urintondad, of-target ofect,
- There aro many open questions regarcing tis isease, which aro reas of acive investigaton.
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Variable

Swim/walk in the Lake (times per week)
Bath/wash in the Lake (times per week)
Protective wear in the Lake (times per week)
Fishing in the Lake (number of years)
Frequency of fishing (days per week)

Fish migration to other areas (times per year)

37
373
372

352
354

Median

W~ o s o

Range

1-7
1-7
1-7
0.2-60
1-7
1-20

Interquartile range (IQR)

[SIRCI-RE ST IN
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Symptoms

Conditions

Variable

Abdominal pains.
Pain on coitus
Bleeding after coitus
Menstrual pains
Menstrual change
Miscarriage

No children in marriage
Infertilty

BREgw3zd

10

Percent (%)

181
27
0.8
9.6
96
59
27
19
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Disease

Treatment in last 12 months

Easily accessible to PZQ

Variable

Malaria

Diarrhea
Dysentery

Worm infestation
Skin disease
Sexually transmitted
infections (STI)
Schistosomiasis
Antimalarials
Albendazole
Praziquantel (PZQ)
No

Yes

120
19
24
27
49
24

107
134
s
123
232
129

Percent (%)

32.1
31.7
6.4
7.2
131
6.4

286
39.0
22.4
348
61.7
343
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General

Schistosomiasis

MGS

Symptoms

Fever
Weakness
Abdominal pain
Dysuria

Urinary frequency
Urine color change
Haematuria

Blood in stool
Haemospermia

Pain on coitus

Pain on ejaculation
Pain in genital organs.

Sowaeewn

-~ ooo =

MGS-positive (N = 12)

Percent (%)

16.7
250
250
333
250
50.0
1.4
83
0.0
0.0
0.0
83

34
20
38
27
27

@

® 0o o

MGS-negative (N = 102)

Percent (%)

333
19.6
373
265
265
40.2
12.7
49
10
78
49
78
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General

Schistosomiasis

MGS

Symptoms.

Fever
Weakness
Abdominal pain
Dysuria

Urinary frequency
Urine color change
Haematuria

Blood in stool
Haemospermia

Pain on coitus

Pain on ejaculation
Pain in genital organs

Percent (%)

309
226
345
276
249
a7
19.6
73
1.0
48
3.2
59
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Al participants

HIV-negative participants

HIV-positive participants

Variable

Eggs in urine (per 10m)

Eggs in semen (per ml)

Eggs in semen bag (per mi)
Eggs by centrifugation (per mi)
Eggs in urine (per 10m)

Eggs in semen (per ml)

Eggs in semen bag (per mi)
Eggs by centrifugation (per mi)
Eggs in urine (per 10m)

Eggs in semen (per ml)

Eggs in semen bag (per mi)
Eggs by centrifugation (per mi)

niIN

36/210
12/114
12/114
12114
28/166
7/88
7/88
7/88
8/44
5/26
5/26
5/26

Median

09
29
08
29
1.0
30
25
47
14
2.7
12
50

Range

0.1-186.0
0.4-30.0
0.0-93
0.0-30.0
0.1-137.8
08-9.3
0593
0.8-6.7
0.1-186.0
0.4-30.0
0.4-20
2.7-30.0

Interquartile range (IQR)

5.4
43
25
6.25
5.1
40
33
43
289
16.3
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Reagent strip score

Negative
Trace

"

++
+++
4+

Leucocytes

173 (82.4%)
14 (6.7%)
11(6.2%)
11(6.2%)
1(05%)
0(0.0%)

Blood

153 (72.9%)

28 (13.3%)
10 (4.8%)
8(3.8%)
11(6.2%)
0(0.0%)

Protein

134 (63.8%)

29 (13.8%)

34 (16.2%)
9(4.3%)
3(1.4%)
1(0.5%)
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Level of education

Marital status

Children

Other occupation

Variable

Never went to school
Didn't complete primary school
Completed primary school

Didn't complete secondary school
Completed secondary school
Didn't complete tertiary school
Completed tertiary school

Single

Married

Co-habiting/engaged

Divorced

Other (widowed)

No

Yes

Farming

Business

Household work

Student

Unemployed

182
4
70

IS

247

21
2

~
~agonBR

Percent (%)

1.4
484
109
186
7.7
1.1
03
221
6.7
05
56
05
17.0
673
05
05
18.4
1.1
03
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® Pro-Inflammatory Cytokines

Th2 Cytokines
A Regulatory Cytokines
v Chemokines

0 5 10 15
Geometric Mean Ratio [95% CI] for Cytokines and Chemokines evaluated by Linear Regression

® Pro-Inflammatory Cytokines
= Th2 Cytokines

0 5 10 15 20 25
0dds Ratio [95% CI for Cytokines evaluated by Logistic Regression
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Snail category Biomphalaria Bulinus Radix natalensis Melanoides spp. ToT

Number of images 466 4,215 725 137 5,543
Training/test 374 3,372 580 109 4,435
Hold-out validation 92 843 145 28 1,108
Parasite category HS NHs1 NHS2 AM BO EC GY ME PP PT X TOT
Number of images 1,008 638 107 442 224 332 152 196 806 231 1,004 5,140
Training/test 806 510 86 354 179 266 121 166 645 185 803 4,111
Hold-out validation 202 128 21 88 45 66 31 40 161 46 201 1,029

Abbreviations of cercariae categorization as follow, HS, Human-schisto; NHS1, Nonhuman- schisto forktail type I; NHS2, Nonhuman- schisto forktail type Il; AM, Amphistome cercariae;
BO, Schistosoma bovis; EC, Echinostome cercariae; GY, Gymnocephalus cercariae; ME, Metacercaria; PP, Parapleurolophocercous cercariae; PT, Parthenitae; Xi, Xiphidiocercariae.
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Pro-Inflammatory Cytokines
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0 1 2 3 4 5

Geometric Mean Ratio [95% CI] for Cytokines and Chemokines evaluated by Linear Regression
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Overall quality of life score (WHOQOL-BREF)

<50
(n=12)
n %
Back pain
Absent 1 83
Present 11 917
Leg pain
Absent 3 260
Present 9 750
Leg paralysis
Absent 11 917
Present 1 83
Leg paresthesia
Absent 2 167
Present 10 833
Bladder dysfunction
Absent 1 83
Present 11 917
Intestinal dysfunction
Apsent 3 250
Present 9 750
Erectile dysfunction
Absent 3 333
Present 6 667

>50<75
(=7
%

28,6
7.4

143
86.7

100.0
0.0

143
86.7

286
714

429
571

143
85.7

>75

100.0
0.0

100.0
0.0

100.0
0.0

100.0
0.0

100.0
0.0

66.7
333

100.0
0.0

p-value*

0.013

0.048

0.019

0.013

0.497

0.06

*Fisher's exact test. The bold values are the p-values that are statistically significant.
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Overall quality of life score (WHOQOL-BREF)

<50

(n=20)

n

%

Gastrointestinal bleeding

No 9 45
Yes 155
Other bleeding

No 9 45
Yes 185
Required blood transfusion
No 10 50
Yes 10 50
Required sclerotherapy
No 155
Yes 9 45
Portal Hypertension

No 4 20
Yes 16 8
Splenectomy

No 16 80
Yes 4 20
Thrombocytopenia

No 1 5
Yes 19 95
Ascites

No 16 80
Yes 20
Peripheral edema

No 17 85
Yes 3 15
Collateral circulation

No 1470
Yes 6 30
Liver

Palpable 10 50
NotPalpable 10 50
Spleen

Palpable 6 30
Not Palpable 14 70
Ultrasound examination
Normal 1 5
Liver fibrosis 16 80
and

splenomegaly

*Fisher's exact test.

>50<75
(n=26)
"%
L 423
15  57.7
13 50
18 50
15 &67.7
1 423
10 385
16 615
7 269
19 7341
18 692
8 308
4 16.4
22 846
24 923
2 77
22 846
4 154
19 73
6 23
14 538
12 462
1423
14 538
1 38
22 846

>75

"

=3

%

333
66.7

333
66.7

66.7
333

66.7
333

66.7
333

66.7
333

66.7
333

66.7
333

333
66.7

66.7

p-value*

0.999

0.903

0902

0.465

0.240

0.592

0.697

0.585

0999

0.884

0.999

0.717

0999
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Protein Code

Smp_127680

Smp_128250

Smp_145110
Smp_160120

Smp_1755610

Smp_179660
Smp_205910
Smp_244490

The overlapped regions are in bold.

CTL epitope

ISPEEWFIF
QSAAIIAAT
ALLILSNWK
DYEQFTTSI
APFIIMSHIF
GVIGAGPYAI
SGVIGAGPY
LYNFRFLLF
QLYNFRFLL
HINAFINRNW
TTAVLAAAA
NTNPIIESI

HTL epitope

ISPEEWFIFAQSSILSCL
RGNQSAAIIAATNP
TEQALLILSNWKLDP
QLDFDYEQFTTSI
WLAPFIIMSHIFS

HLSDAVQLYNFRFLLFQG

AHINAFINRNWPAIVTMA

B-Cell epitope

ISPEEWFIFAQSSILSCLLE
AAAALFRGNQSAAIIAATNP
PNFQFTEQALLILSNWKLDP
GNQLDFDYEQFTTSIGSLST
RCHLSVDWLAPFIIMSHIFS
GVIGAGPYAISQGWRWLTLY
AAIALTSGVIGAGPYAISQ
HLSDAVQLYNFRFLLFQGTK
HLSDAVQLYNFRFLLFQGTK
'VDAHINAFINRNWPAIVTMA
ASSTTAVLAAAAAAGYIAQH
FLISNNTNPIIESIISRLSY
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Patient Group Odds ratio 95% ClI p-value*

Hepatosplenic schistosomiasis 3.13 1.05-9.29 0.040
Schistosomal myeloradiculopathy 5.04 1.34-18.89 0.017
*Multivariate ordinal regression model adjusted for sex, age and educational level.

Deviance test = 0.678; Paralel line test = 0.265. The bold values are the p-values that
are statistically significant.
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WHOQOL-BREF  Hepatosplenic ~ Schistosomal  Healthy

Domains Schistoso- Myeloradi-  Volunteers
miasis culopathy
(n=49) (=22 (=26 p-value*
Physical
25th percentile 50.0 455 586 0251
Median score 536 518 625
75th percentie 714 67.9 714
Psychological
25th percentie 66.7 573 615 0.852
Median score 708 708 729
75th percentile 792 833 750
Social
25th percentile 66.7 583 58.3 0.714
Median score 750 750 833
75th percentie 917 938 1000
Environmental
25th percentie 59.4 523 50.0 0326
Median score 688 73.4 64.1
75th percentie 797 852 789
Overall quality of life
25th percentile 50.0 375 719 0.007
Median score 625 50.0 750
75th percentie 750 750 750

*Kruskall-Wallis test. The bold values are the p-values that are statistically significant.
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Socio-behavioral Characteristics FGS"%(n=28)  FGS Probable’ % (1=25)  FGS Negative® % (n=159)  p-value

hgo i years Vecan (R) 220-24) 27231 2 2-24) 0001

Marta Status Snge 2902 160() 4903 o00d
Mariod or Cotabatng 57.1(16) 80000 50961
Dhorced or Separated 000 40(1) 316

Ecucaton (ghest lve) None/aay Primary School 210 480(12) 2005 0ot
‘Any Secondary School 67909 520019 704 (112)
Traniog na Trads 000 000 76(12)

Employment Status Working 1436 2401 258041 005
Not Workng 85724 560(14) 72018

Cutent Water Contact Noo 1000(28) 8001 868(139) ol
oy 000 160) 182021

Chidhood Water Contact Nove 14300 206 2161 o1
oy 85720 780019 67.9(108)

Comimunity of Resdence ‘Comemurity A 70@n 80000 415(68) <0001
Community 8 2500 2006 85069

Sexual behavior charactaristics and STI

Fver pregnant No' 1@ 400 17021 03l
Yes 929028 90029 824 (131)

Ago at soxal dobut Medan (QR) 16(15-18) 17(15-18) 17(16-18) 000

et sexalpartners Medan (R} 3@48) 209 209 03

Curenty Semaly Acive No™ 1070 80@) 165(26) 06l
Yes 89325 92009 8350132

Contraceptve Method impiant 710 80 88(14) 10
Fioctable 53605 48002) 47806 09
Oral Contraceptive Pl a6 () 12009 63(10) os!
Condoms 107 20065 164 26) o7l

-1 Not Detected 82123 20000 87139 09
Detectod 1796 2006) 164.26)

Criamycta trachomats Not Detected 89325 %009 18148 o7t
Detectod 1070 4001 82(13)

Neisseria gonontea, Not Dotected 100028) 960024 924 (147 04l
Detected 000 400) 76(12)

Mycoptasma gentatum Not Dstected 1000(28) 960024 956152 o8/
Detectod 000 200 a4m

Tichomonas vagiats Not Dstected 679019 63007) 786.(125) 03
Detected 3210 3206 21434

Aoy STI Not Detected 6308 560(14) 67:3(107) 05
Detected 3700 440(11) 2762

Ciiical Findings

Hemogiobi in CVL (ery)" None 266 2506 167 03l
Tace 1796 1250 152024)
25 21w 167(0) 177 8)
8 36() 187() 1717
20 796 2020) 13922)

Coposcopy Findngs"™ ‘Sancly Patches 220 760(19) 000 A
Ruboery Papule 000 000 000
Apnomal Bood Vessels 2220 206 000
NoFGS fiuings 560(15) 000 1000159

1FGS - Sohistosoma PO posio specimen fom concoraginal liage,vagina swalh o convica swab; probablo FGS- Schilosoma POR negat and thor posti crouatng nod
antgen CAA)or o mcroscopy arcsupgestiveexpert.roiod coposcopy imagng: FGS nogatvs - negath Schitosoma PCR and negate CAA andnagathe rnomicroscapy and
pogato expert i coposcopy g

' exact tst.

Sotraporto istoy of v havng  sregracy, patopants reportiog 0 aswar” (=1, FGS negatio rcup) a ot shown.
‘Paticparts roporting "o answer” =1, FGS pogate roup) 1 ot shown.

“Hemogtbin was moasured wih Homasix® (st stios usig a ok char maasured 1 @ocy(S (o) P .
“Goloscopy fiings waro hctided i tho sty holsson ook, S0 70 p+abo s Shown; 0% PTCEAN! with FGS i o havo narprataio copasoopy osuts. Images wer

Bttt Bainct ot he odadelic oF it Salches ar ABBER Dl HShied Hchicis il N S Aot hilac 07 Shacanel A Saese Wi 0t coset.
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Resource

CATH-Gene3D
CDD
GO
HAMAP
InterPro
KEGG database
PANTHER
Pfam
PIRSF
PRINTS
ProDom
PROSITE
SFLD database
SMART
SUPERFAMILY
TIGRFAM
WormBase

Link

http://www.cathdb.info/browse/sunburst?from_cath_id=1.10
https://www.ncbi.nim.nih.gov/cdd/
http://www.geneontology.org

https://hamap.expasy.org/

https://www.ebi.ac.uk/interpro/
https://www.genome.jp/kegg/

http://pantherdb.org/

http://pfam.xfam.org/
https://proteininformationresource.org/pirmww/dbinfo/pirsf.shtml
http://130.88.97.239/PRINTS/index.php
http://prodom.prabi.fr/prodom/current/html/home.php
https://prosite.expasy.org/
http://sfld.rbvi.ucsf.edu/archive/django/index.html
http://smart.embl-heidelberg.de/

https://supfam.org/

http://tigrfams.jovi.org/cgi-bin/index.cgi
https://parasite.wormbase.org

Reference

(252, 253)
(254)
(266)
(196)
(@51)
(265)
(255)

(256, 257)
(196)
(259)
(196)
(258)
(261)
(260)

(262, 263)
(264)
(268)
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Target type Family Target protein Number of screened Screening strategy Species  Reference
compounds
Enzyme Kinases SmPLK1 49 Phenotypic assay S. mansoni 92
Tyrosine kinase 37 Phenotypic assay S. mansoni (49)
Histone SmHDACS8 18 Enzymatic and phenotypic assays S. mansoni (135)
deacetylases SmSirt2 36 Enzymatic and phenotypic assays S. mansoni (136)
Redox metabolism SmTGR 59,360 Enzymatic and phenotypic assays S. mansoni (137)
SmTGR 119 Enzymatic and phenotypic assays S. mansoni (138)
Lipid biosynthesis SjOAR 14,400 Virtual screening, phenotypic and enzymatic S. japonicum (139)
assays
Phosphodiesterases SmPDE 265 Phenotypic assay S. mansoni (140)
SmPDE4A-D 1,085 Enzymatic and phenotypic assays S. mansoni 81)
SmPDE4A 975 Virtual screening and enzymatic assay S. mansoni (141)
Proteases SjCL1 3 Enzymatic and phenotypic assays S. japonicum (142)
SiCL2 3 Enzymatic and phenotypic assays S. japonicum (142)
S/CL3 1 Phenotypic assay S. japonicum (143)
SiCh 7 Enzymatic assay S. japonicum (144)
Sm32 (Legumain, 23, 49, 31 Enzymatic assay S. mansoni  (145-147)
SmAE)
SmCB1 (Sm31) 18, 68, 34, 39, 3 Enzymatic assay S. mansoni  (148-152)
SmCD1 1 Enzymatic assay S. mansoni (153)
SmCL1 (SmCF) 5 Enzymatic assay S. mansoni (154)
SmCL3 2 Enzymatic assay S. mansoni (155)
Sm20S 3 Enzymatic and phenotypic assays S. mansoni 82
SmPOP 19 Enzymatic assay S. mansoni (156)
Receptor GPCR Sm5HTR 143 Enzymatic assay and phenotypic S. mansoni (78)
Sm.5HTR ~250 Enzymatic assay and phenotypic S. mansoni (140)
TRP Sm.TRPMpzq N/A Phenotypic assays S. mansoni (58)
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Assay Assay Readout  Development stage Assay format Main hardware Number of

measurements of schistosome parasites per
assay
Image-based assays
Video microscopy (62, 66, Parasites motility (62) Light Schistosomula 24-well microplate Microscope equipped 30-40
67) Parasites motility (66)  microscopy Adult 12-well microplate with a digital camera 5 pairs
Parasites motility (67) images 6-well microplate 4-5 pairs
QDREC (68) Parasite’s Schistosomula 96-wells microplate 400
morphology
WormAssay (60) Parasite’s motility Light Adult 6-96-wells microplate Custom-made 1 or more
Macroscopy camcorder-based
images system
High Content Screening Parasites motility/ Light Schistosomula 384-wells microplate (70) HCS system 120
(HCS) (61, 69, 70) morphology (61, 70) microscopy Schistosomula U-bottom 96-wells 40
images microplate (61)
Parasites motility (69) Adult 96-wells microplate 1
Non-image-based assays
XWORM (71) Parasite’s motility Electrical Adult E-plates Real time cell analysis 1
impedance Cercariae (RTCA) system 562
Egg hatching Eggs 5000
Electrical-impedance Parasite’s motility Electrical Schistosomula Custom-made plate Custom-made EIM 10-15
microwell (EIM) platform (65) impedance containing 32 analysis units parallelized platform
Isothermal microcalorimetry ~ Parasites metabolic Heat-flow Schistosomula 1 mL glass ampoules Isothermal 400-1000

(64) activity/motility Adult microcalorimeter 3-4
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Assay type Marker type Principle of methods Method Suitable for screening Reference

PI?/FDA® Viability and Pl stain nucleic acids in damaged worms Fluorescence-based Yes (54)
cytotoxicity FDA: cleaved by esterases in healthy worms

CellTiter- Viability Luciferin is oxidized by luciferase in the presence of worms’ Luminescence- Yes (38)

Glo® ATP based

Resazurin Viability Metabolic reduction of resazurin Fluorescence-based No (39, 42)

aPropidium iodide; PFluorescein diacetate.
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Sex
Male

Female
Relationship status
With partner

Without partner
Race/skin color
White-skinned
Black/brown-skinned
Educational level
Primary

Secondary

Tertiary

Occupation
Employed
Unemployed

Sick leave
Retired/pensioner
Household income
1-8 minimum wage
4-6 minimum wage
Age (years)
Average

Standard deviation
Median

BMI

Average

Standard deviation
Median

*Pearson’s chi-squared test;

Hepatosplenic
Schistosomiasis

(n=49)

29
20

30
19

30
19

36
1

44

489
10.7
51.0

24.4
42
235

‘Fisher’s exact test:

%

59.2
408

61.2
388

61.2
388

735
224
41

53.1
10.2
122
245

91.7
83

Myeloradiculopathy

FSRICIN

413
133
445

25.7
4.8
259

Schistosomal

(=22

%

86.4
13.6

59.1
409

68.2
318

63.6
2T
13.6

318
9.1
409
182

90.0
100

Healthy
Volunteers
(n=26)

n %

7 269
19 731
16 61.5
10 385
19 731
7 269
10 385
14 538
2 b
21 808
1 38
o 00
4 15.4
2 9.2
1 38
4.8
13.7
a5
255
45
232

‘Kruskal-Wallis test. The bold values are the p-values that are statistically significant.

56
42

59

38

33

30

54

15
20

87

453
12.6
47.0

247
44
239

Total
(n=97)

%

66.7
433

60.8
39.2

66.0
34.0

61.9
30.9
72

55.7
82
165

206

926
7.4

p-value

<0.001*

1.000*

0.570"

0.019**

0.002**

0.772*

0023+

0.289**
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Control
N =67
(32.0%)

Hemoglobin (n = 207)

Normal 59 (88.0)

Altered 8(22.0)

Red blood cell (n = 207)

Normal 65 (97.0)

Altered 2(30)

Platelet (n = 207)

Normal 66 (98.5)

Altered 1(1.5)

Eosinophilia (n = 207)

Absent 41(61.0)

Present 26(39.0)

Control, no S. mansoni infection or ATL history; SM, S. mansoni-
test; @Among all the groups; ®Between SM and SM+ATL groups; *Statis

sm
N=57
(28.0%)

53(93.0)
400

56(98.0)
1(20)

52(91.0)
5(9.0

28 (49.0)
29(51.0)

ATL
N=36
(17.0%)

32(80.0)
4(11.0)

33(92.0)
380)

34(94.5)
2(55)

29(81.0)
7(19.0)

SM+ATL
N=47
(23.0%)

44.(94.0)
3(6.0)

47 (100)
0(00)

45 (96.0)
2(40)

31(66.0)
16 (34.0)

0.674

0.142

0.305

0.022*

0.898

0382

0.373

0.085

fected only; ATL, ATL history only; SM+ATL, S. mansoni infection and ATL history; p-value obtained by chi-squared
tically significant (p < 0.05).
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Positive (%)

ATL history Positive (%) 51(43.2)
Negative (%) 67 (56.8)
Total 118
<99 epg (low %)
S. mansoni 57 (52.8)
S. mansoni + ATL history 51(47.2)

*Significant statistical difference (o < 0.05) based on the chi-square test.
aAccording to the WHO

Prevalence of S. mansoni
Negative (%)

42(30.2)
97 (69.8)
189

S. mansoni burden®

> 99 epg (moderate/heavy %)

10(100)
0(0)

0.032*

0.004*
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SOCIAL ASPECTS (n = 93)
Gender

Male

Female

Age

<10

11-20

21-40

41-60

>60

CLINICAL ASPECTS (n = 41)
Ne of lesions (n = 41)

One

>One

Clinical form (n = 41)
Cutaneous

Mucosal

No of affected members (n = 41)
One

>One

Treatment time (1 = 38)°
<30 days

>30 days
Relapse/Reinfection (n = 41)
No

Yes

Three patients had no data for this item.

N (%)
40(49)
53(57)

7(.5
16(17.2)
27 (29)
31(33.3)
12(13)

N (%)
33(80.5)
08(19.5)

40(97.6)
01 (2.4)

38(92.7)
3(7.9)

06(15.8)
32(842)

32(78)
922
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Variables

Biomphalaria glabrata
Other specimens of Biomphalaria

E. coli contamination
Habitat

Human Infection

Assigned score

2

Scoring criteria

High susceptibilty
Low susceptibilty or
not susceptible
Presence of £, coli
Attributed to highly
impacted environments
Presence of patients
diagnosed and treated
between 2017 and
2019inthe
-
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Protein . Peptde 1 Why chosen Pepide 2 Why chosen
Cathepsin 812 [ P4 ESCGLGCEGGILGPA actveste P10 KACKEMKYGPVEAS toop.

Cathepsin 82 G P12 TINGCQPYEFPROEHH occkuding oop P15 NGPVEVDFEWADFP bata sheetioop
CathepsinL G P7ELSNOPLPSKWOWRD joncton propep P12 SSCHFRKSKGWKVK. loop.
Cathepsin$ G P10 CHEGVENPVSVAFDF acve ste P13 SGVLLIDDCONEEPF loop.

psp endopep. G P7 TOHGAPGLIAFPDDE o0p P13 VSEFOGSRDKSSTEN a ceavage ste
oot G P4 QUNEYEAPYIYDHM feroxdase P15 NDATTODFLODFLOE Foenty chamal
Foriin 2 G PIO EFFRIASHEEREHAE ferroxdaso P17 LTOFIESQYLHEQED. Foentry chamel
Saposn 1 G P5 GRUKIFLEDEPFIP inge 1 P8 CKLPERHARNECLD. foop.

Saposn2 G P4 SLAHYFMDDLYWRDV inge 1 P8 EVGSLIGPGICTDRD hinge 2ol 4
Saposn G P3ICSLIGSFEVACSHL oop PG MFDKYIDTISTVOP hinge 2
Saposn 4 G P2 WQTYLNSTSVDEKE inge 1 PS5 YFFFRYRCEEFMERY loop-holx 3
Saposns G P3AGIRWLLLOSYTRKT nogo 1 P8 HOFNMSVYEPCQY hiogo 2ol 4
Saposn & G P3 GMNLVHYLSEDYWY el 1 P4 HYILSEDYWVKYMI hinge 1
Neman-Pick 2 G P2VPIPFALONSNLOEF apoar ém P4 WELQDSSNEDNCVE foop.
LWP-1C G P2LSNATINDNESVCSE oop-beta srand PS5 IPVGSYYSOLTVPEL loop-beta siand
Catumenin G P1 LETVSRROTEHFADD vimmunogenic P17 STRFOENEPEPEWVE vimmunogenic:
o Xyosidase G P4 LSFEADVPEHOLWMT vimmunogenic P12 IGMWGTDOEGYWW vimmunogenic:
ONAse G P4 KWTKPLGYDRENLWW vimmunogenic P7 LNHFSKSSDFGKDLY vimmunogonic:
Aoyaso T P2RLKLUEDPLGSLDLF oop P7 LOGYKSOLYNAFEWF short hax

ADP Abosyl oy T P1 NISCSEMINSFESL ek P2 KSACVIKSGLFDDFV foop.

Carb aiycrase T P3 TWRISFOGLDYKYE oop P9 MHOVESKVEQTAF loop.

Capain T P3 TERTLWEDPDFPAND o0p P13 LSFTADGERNMSYED Caz* binding
TSP2 T P5 QOKLHCCGADSPRDY oop PG KDYGENPPTSCSKDG. 1oop.

TSP 194970 T P3QYYEKHPNYENQVON loop-heix P4 PNYENQUONLOREFF. heix

Aooxn 074150 T P1 RSUHSFOPHGKHYR oop PO KSLLNAVKODTSGDY heix.Cabinng
o 074140 T P3MSQUEQDVEILWDAG o biing P5 EDWRNETSGOYORL toop-Ca binding
Aonxn 077720 T P4 LESDIKETKPPYEQ 00p-Ca indg P8 LYDSWYGLGTREDTL loop-Ca binding
C059 105220 T P3IAKDCYASGVPODRR 1oop heix P4 GGKAGLVTECGDEDY 1o0p beta strand
Smi3 T P1 EPEPEPEPVPVSANS vimmunogenic none

sm2s T P1 NSNSITDEDYDHYN vimmunogenic P2 FHRNSOPOGFPEYEF vimmunogenic:
Sm200 T P13 CRPTYLLLEFIEPNI vimmunogenic P16 PGRRYELOAEVIVTE vimmunogenic:
VAL7 € P3OVPRRSNMTMRKGSK 1o0p-Cap ste PG KYANROPYDPIYPED. toop.

MEG-4.1 £ P1 PLODRFNDVNTIN Ntermiws. P2 PLVMVEKFVOMGY conserved G-tom
MEG42 € P4 NHNKFHEMPEYDDOL vimmunogenic PBPLWLVNPIYWLELF conserved G-tom
MEG8 1 € P7 GDGFFOLFSEQEFHP. i & conserv PO KSYLENAWYLFRTSE conserved
VEG82 € P7KENSIFGEEEVNPPK i & consery PBEYNPPKOSDFTERLW o & conserv
VEG 83 € P2 FNPPKESERYERFWE conserved P3 FYERAWELFKHGFLN conserved
MEGS € P2 SSTEGONHEESQFFL immunogenic P4 AHFLOFLNGCFLNMD imunogenic
MEG-12 £ P1 ENVEQOLOGP vimmunogenic P2 QOLOGPIAYGIWSLF vimmunogenic:
MEG-15 E PRLSHHNTVPAKTTRKS immunogenic PS POKTIEFSONENL omunogenic
MEG22 E P1 GSPUPHPSVYFONPE Ntermiws. none

MEG3.1 s P1 AERECKKFCEGNNEY conserved P6 GSFPLCLYNCDQEHP consenved
MEG32 s P1 TOQEGURHCGGHNEY consenved P5 LYNCOGGNGSGNFDE conserved
MEG33 s P1 QQECEKNCKGONEYY conserved P2 TOPRKDGADGSEDFD. conserved

Tissuo o righ: G, Gastrodemss; T, Toqumen; . Esophagel 9ands; S, Lung schiiosom,
Pars o popicdos scta o th 44 aacti protons dutcted o 1h0 s, basc O 1o aggFOgateScoe, and acoossioty inckcalod by mapping fo crystl suctres,
Ao Ay 15 16 ol COi NS,
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Control, no S. mansoni infection or ATL history; SM, S. mansoni-infected only; ATL, ATL history only; SM+ATL, S. mansoni infection and ATL history; p-value obtained by chi-square
test; @Among all the groups; ®Between SM and SM+ATL groups; *Statistically significant (p < 0.05).
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Control, no S. mansoni infection or ATL history; SM, S. mansoni-infected only; ATL, ATL history only; SM+ATL, S. mansoni infection and ATL history; Mg, median; IR, interquartile range;
Unit used: pg/ml. %p-value obtained by Kruskal-Wallis, followed by Dunn’s multiple comparisons post-test between the groups; *Statistically significant (p < 0.05). #Groups of patients

that presented statistically significant differences between them.
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‘systemic eosinophilia, immune complexes, leukocytes, Th2 expansion,
type-1 cytokines (IL-1, IL-6, TNFa, MIP-1B, IP-10).
€) Murine immune response:

lung muted Th/Th? cytokines, eosinopt systemic Th2,
inflammatory foci, damage response. lung response unclear
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Period Prevalence of schistosomiasis

19508 1. Human inecton prevaence:
20.00%-68.70%

2. Estenatod human casos: over
600,000,

3sml  itestod
2,000,

1. Human and anmal infocton
prevaionce:
50%-6.0%

2. Estmatod
5270000,

3smi  itested

1,600

Human and anmal infecton

prevaience:

3.35% and 4.92%,

respeciiey.

2. Estmatod
205.9%2.

3. Acule ifecton cases: 198,

aveas:

human  cases:

aveas:

2003 1.

Puman  cases:

asml  esed  areas:
1,752 52,

2018 1. No acthe human or animal
infctions.
2 Estmated human  cases:
24986,
Ssnl  iested  areas:
1.7308540

Main Gontrol Strategy.

‘Snal control by envionmental modficaton.

Novbicty control by mass praziquantel chemotherapy o humans and
animals.

Transmission contrl with integated approaches many argeting
human and animal sources ofnfcton.

Transmission contrl with intyatod approaches manly argeting
human and anmal sources ofnfcton.

Other Strategies

. Suvetance,

2. Linied human g veatmet and mokisciodng

Suneitance
Hoalth eccation.

. Snalcontro wih evonmental

modiicaton and mokscng.

. Safo water provision and improved saniation,

Suneltance
Praziquantel veatment.
Hoalh eckcation.

. Snal control wih enveonmental

modiicaton and mokSGKNG.

. Safo water provision and improved saniation,

Contol roaion tw enfrcament (commenced
2008,

Suveltarce
Praziquantel veatment.

Healh eccaton.

‘S contol wih envicrmental
modificaton and mokSGKNG.

. Salo water provision and improved sanfaton.

Control reguiatin aw enforcament.

- Fishing banned in Dongling Lako for 10 years

commencing i 2019.





OPS/images/fimmu.2021.635622/fimmu-12-635622-g006.jpg
A

;.

A

£ 2

= ;;j o

2z = HM +10% HSe

21 i+ 100 5o

8 HM + 10% MSe + 10% HSe

5 ,_,___o HM + 20% Mo + 20% HSe
L

Time

uxysumh [ 1)






OPS/images/fmed-07-553487/crossmark.jpg
©

2

i

|





OPS/images/fmed-07-553487/fmed-07-553487-g001.gif





OPS/images/fimmu.2020.570524/fimmu-11-570524-g005.jpg
et |l | o ||
| e L -
Tl | [Fl- 1 [ 7=
ol -
- | [ 7]~
7_777 -O -
R 1 ) .
TR T ™
e ||| ol

1
PEETIIAE





OPS/images/fimmu.2020.570524/fimmu-11-570524-g006.jpg
T[ ~£ =1 =[¥
- b i
=0 =g 17 |-
* - £ : -
¥ y

i
ot

a4 | [ |

19 2@ ¢

S
"finnm i

nl xnnﬂﬂ

prErrrer

n ﬂnnﬂ
FESLEIS

& T

dﬂnﬂﬂn il

PEEELIES

',

—

P





OPS/images/fimmu.2020.574136/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.574136/fimmu-11-574136-g001.jpg





OPS/images/fimmu.2021.635131/fimmu-12-635131-g008.jpg





OPS/images/fimmu.2021.635131/fimmu-12-635131-g007.jpg





OPS/images/fimmu.2021.635131/fimmu-12-635131-g006.jpg
Blomphalysin 2/ Complement factor 8 Biomphalysn 20/ Pkh Kinase domain  Biomphalysin'/ Apo form cycase
“Aligned sequence 173 33 ‘Nigned sequence 16135 Rigned seauence 17335
v gitren o ymrizeeeirioy






OPS/images/fimmu.2021.635131/fimmu-12-635131-g005.jpg
Domam "

Domainli





OPS/images/fimmu.2021.635131/fimmu-12-635131-g004.jpg
TN e - T

Sequencesmlaity
Domain? etmeen acrolysn and bomphalysins Desan?
Range of smiaity score 24 30%
Carbohyirate-
binding se 2 ™D
Domain 1 R 1y Domsin 3
Domain 3 Domain
Seanild etween aerolysin and bomphalysns Tamali
Kange of T sore 0703
AEROLYSIY BIOMPHALYSINS

Smalllobe () = Domaln 1
I M W WL G P W





OPS/images/fimmu.2021.635131/fimmu-12-635131-g003.jpg
ot

-

¥ uan





OPS/images/fimmu.2020.605288/fimmu-11-605288-g004.jpg
Reduction (%)

‘Reduction ()

Reduction (%)

Reduction of Worms

Reduction of Intestinal Eggs






OPS/images/fimmu.2021.635131/fimmu-12-635131-g002.jpg
20zoy3ud





OPS/images/fimmu.2021.635131/fimmu-12-635131-g001.jpg
38

100

100 —— Biomphalysin
_9“|—_“: Biomphalysin
Biomphalysin

Biomphalysin

95

96

L Biomphalysin
Biomphalysin
Biomphalysin
— Biomphalysin 11

1
2
3
4
Biomphalysin 5
6
7
8

60

100

100

L— Biomphalysin 12

__100— Biomphalysin 13
Biomphalysin 14

5] 100 — Biomphalysin 15
_,EBiomphalysin 16
97 Biomphalysin 17

Biomphalysin 18
— Biomphalysin 19

L— Biomphalysin 20
Biomphalysin 21
— Biomphalysin 22

99

L— Biomphalysin 23
halysin 10
Biomphalysin 9
Aerolysin






OPS/images/fimmu.2021.635131/crossmark.jpg
©

2

i

|





OPS/images/fmicb-12-635843/fmicb-12-635843-g006.jpg
< «qq << |+

LP 3%

Ctrl

(qwy/6d) A-NdI

A A A A

LP 3%

Ctrl

LP 3%

Ctrl

r
o
N

w

*%

T T
wn o

- -—

LP 3%

Ctrl

)
N -—
(Qwy6d) ¥

AAAAAAA

LP 3%

Ctrl

T
© © %
o o o

(qwyed) z-1

i

o
o





OPS/images/fimmu.2020.605288/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.635131/table1.jpg
Bomphalysi 1
Biomphaysin 2
Bomphaysin 3
Biomphaysin 4
Biomphaysin 5
Biomphalysin 6
Biomphaysin 7
Biomphalysin 8
Biomphaysin 9
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Siomphaysi 15
Somphalsi 16
Siomphaysin 17
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Siomphalysin 20
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Siomphalysin 22
Biomphaysin 23

‘Top hit of I-TASSER structure predictiongenerated from
the small biomphalysin lobe

TMiscore < 05

‘Complement factor 8

Vinus capsid

Complement factor B

Apo form cyclase
‘Complement G3 in complex with Factors B and D
TMiscore <05

Vinus capsid

‘Complement factor 8

Thscore <05

‘Complement factor B

‘Complement G3b in complex with Factors B and D
‘Complement factor B

Complement factor 8

Thscore <05

Complement factor B

‘Complement factor B

‘Complement factor B

‘Complement factor B

PKh Kinase Domain

‘Complement factor B

‘Complement C3b in complex with Factors B and D
Thiscore <05

Predicton structure was performed using the - Tasser sarver and the structure algnment
was realzed between th st - Tasser preciction and the most simiar sncture templtes
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Reported Reported

year

1979
2011
2014
2017

2017
2019

cites

Beiing
Beiing
Zhejiang
Bejing

Jiangi
Hunan

Number of
cases

67

Infection source

Africa
Ethiopia
Nigeria

Ethiopia, Nigeria, Uganda,
‘and Democratic Repubiic of
the Congo

Zimbabwe
Africa

Pattern of infection

Water contact due to dally ife activities, swimming
Swimming

Contacting with contaminated water twice a day
Fishing or swimming in local waters

Mining
History of multiple swimming activities

Time from exposure
to diagnosis
(months)

12-24
2
15
3

References

7.8
©)
(1)
(1

(12)
(13)
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Features  Symptoms and signs Number of ~ Percentage

positive cases (%)
Clinical Weakness 52 66,67
manifestation Fever 46 58.97

Diarthea 43 55.12

Abdorminal pain 30 38.46

Mucous and bloody stool 19 24.36

Sweating 15 19.23

No symptoms 3 3.85
Physical Hepatomegaly 45 57.69
examination  gplenomegaly with moderate 10 12,82

stifiness

Symptoms of the nervous system 2 256

Rash 1 1.28
Laboratory  Eosinophilia 7 91.03
tests Positive fecal occult blood test 2 256
Imaging Diffuse millary nodule shadows in 1 1.28
features both lungs, hepatic cirrhosis,

splenomegaly, sigmoid colon and

rectum wall thickening
Definitive  Identification of Schistosoma 69 88.46
diagnosis mansoni eggs in stool samples or

miracidia hatched from stool

samples

Detection of Schistosoma mansoni 11 14.10

eggs using rectal mucosal biopsy
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Reported year

1980

1988
1991
1992
1992
1992
2005
2007
2011
2013
2013
2014
2015
2015
2016
2017
2017
2017
2018
2019

Reported regions

Bejing
Shaanxi
Beiing
Hubei
Jiin
Beijjing
Fujian
Jiangsu
Shaanxi
Hunan
Henan
Fujian
Hubei
Guangxi
Shandong
Zhejiang
Fujian
Zhejiang
Jiangxi
Henan
Jiangsu

Number of cases

15

2

N

B T T N

Country of origin

Tanzania, Zambia
North Yemen
Mali

Egypt

Nepal
Zimbabwe
Yemen
Mozambique
Angola

Angola, Mozambique
Tanzania, Angola
Ghana

Angola

Angola

Angola

Nigeria

Angola

Nigeria

Zambia
Tanzania

Sudan

Nationality

Foreign
Foreign

Foreign

Chinese
Chinese
Chinese
Chinese
Foreign

Chinese
Chinese
Chinese
Chinese
Chinese
Chinese
Chinese
Chinese
Chinese
Chinese
Chinese
Chinese
Chinese

Time from exposure to
diagnosis (months)

Unknown
Unknown
Unknown
9

24
Unknown
Unknown
6

2
Unknown
1,3

19

7

4

12

5

7

1

12

84

14

References

(14)
(15)
(16)
17
(20)
(18)
(19)
@1
(22)
@3
(25)
(24)
(26)
(28)
@7)
(29)
(30)
(12)
(33
@1
32)
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Features Symptoms and signs Numberof  Percentage

positive cases (%)
Clinical Painless hematuria 141 53.81
manifestations - Pain hematuria 31 11.83
Lower abdominal pain 17 6.48
Urgent urination, frequent 30 11.45
urination
Urodynia 20 7.63
Dysuria 6 229
Fever 24 9.16
Weakness 55 20.99
Rash 21 801
No symptoms 72 27.48
Physical Two to three nodular 1 038

examination  enlargements and
tenderness/pain in bilateral
spermatic cord and epididymis
Tenderness/pain in the bladder 17 6.48
region of lower abdomen

Hepatosplenomegaly 1 038





OPS/images/fmed-07-553487/fmed-07-553487-t001.jpg
Type of
schistosomiasis

Intestinal
schistosomiasis

Urogenital
schistosomiasis

Schistosoma
species

S. mansoni

S. japonicum
S. mekongi

. intercalatum
S.
haematobium

Geographic distribution

‘Sub-Saharan Africa, the Middle East,
the Caribbean, Brazil, Venezuela, and
Suriname

China, Indonesia, and the Philippines
Several districts of Cambodia and Laos
Rainforest areas of central Africa

Africa, the Middle East, and Corsica
(France)





