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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.



Author Contributions

This manuscript was conceptualized by PC, drafted by YM and NH, and revised by DM and PC. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by the National Health and Medical Research Council (NHMRC) of Australia (ID: APP1160046, APP1102926, APP1037304, and APP1098244). DPM is a NHMRC Senior Principal Research Fellow and Senior Scientist at QIMRB. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.



References

1. McManus, DP, Dunne, DW, Sacko, M, Utzinger, J, Vennervald, BJ, and Zhou, XN. Schistosomiasis. Nat Rev Dis Primers (2018) 4:13. doi: 10.1038/s41572-018-0013-8

2. Kyu, HH, Abate, D, Abate, KH, Abay, SM, Abbafati, C, Abbasi, N, et al. Global, regional, and national disability-adjusted life-years (DALYs) for 359 diseases and injuries and healthy life expectancy (HALE) for 195 countries and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet (2018) 392:1859–922. doi: 10.1016/S0140-6736(18)32335-3

3. Colley, DG. Morbidity control of schistosomiasis by mass drug administration: how can we do it best and what will it take to move on to elimination? Trop Med Health (2014) 2014) 42:25–32. doi: 10.2149/tmh.2014-S04

4. Weerakoon, KG, Gobert, GN, Cai, P, and McManus, DP. Advances in the diagnosis of human schistosomiasis. Clin Microbiol Rev (2015) 28:939–67. doi: 10.1128/CMR.00137-14

5. Cai, P, Gobert, GN, You, H, and McManus, DP. The Tao survivorship of schistosomes: implications for schistosomiasis control. Int J Parasitol (2016) 46:453–63. doi: 10.1016/j.ijpara.2016.01.002

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

7. Xu, X, Wen, X, Chi, Y, He, L, Zhou, S, Wang, X, et al. Activation-induced T helper cell death contributes to Th1/Th2 polarization following murine Schistosoma japonicum infection. J BioMed Biotechnol (2010) 2010:202397. doi: 10.1155/2010/202397

8. 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

9. Nono, JK, Ndlovu, H, Aziz, NA, Mpotje, T, Hlaka, L, and Brombacher, F. Host regulation of liver fibroproliferative pathology during experimental schistosomiasis via interleukin-4 receptor alpha. PLoS Negl Trop Dis (2017) 11:e0005861. doi: 10.1371/journal.pntd.0005861

10. Brunet, LR, Finkelman, FD, Cheever, AW, Kopf, MA, and Pearce, EJ. IL-4 protects against TNF-alpha-mediated cachexia and death during acute schistosomiasis. J Immunol (1997) 159:777–85.


11. Fallon, PG, Richardson, EJ, Mckenzie, GJ, and Mckenzie, AN. Schistosome infection of transgenic mice defines distinct and contrasting pathogenic roles for IL-4 and IL-13: IL-13 is a profibrotic agent. J Immunol (2000) 164:2585–91. doi: 10.4049/jimmunol.164.5.2585

12. Costain, AH, Macdonald, AS, and Smits, HH. Schistosome egg migration: mechanisms, pathogenesis and host immune responses. Front Immunol (2018) 9:3042. doi: 10.3389/fimmu.2018.03042

13. McManus, DP, Bergquist, R, Cai, P, Ranasinghe, S, Tebeje, BM, and You, H. Schistosomiasis-from immunopathology to vaccines. Semin Immunopathol (2020) 42:355–71. doi: 10.1007/s00281-020-00789-x

14. 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

15. Buck, JC, De Leo, GA, and Sokolow, SH. Concomitant immunity and worm senescence may drive schistosomiasis epidemiological patterns: an eco-evolutionary perspective. Front Immunol (2020) 11:160. doi: 10.3389/fimmu.2020.00160

16. Dissous, C, and Capron, A. Schistosoma mansoni: antigenic community between schistosomula surface and adult worm incubation products as a support for concomitant immunity. FEBS Lett (1983) 162:355–9. doi: 10.1016/0014-5793(83)80787-X

17. Floudas, A, Cluxton, CD, Fahel, J, Khan, AR, Saunders, SP, Amu, S, et al. Composition of the Schistosoma mansoni worm secretome: identification of immune modulatory Cyclophilin A. PLoS Negl Trop Dis (2017) 11:e0006012. doi: 10.1371/journal.pntd.0006012

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

19. Layland, LE, Rad, R, Wagner, H, and Da Costa, CU. Immunopathology in schistosomiasis is controlled by antigen-specific regulatory T cells primed in the presence of TLR2. Eur J Immunol (2007) 37:2174–84. doi: 10.1002/eji.200737063

20. Turner, JD, Jenkins, GR, Hogg, KG, Aynsley, SA, Paveley, RA, Cook, PC, et al. CD4+CD25+ regulatory cells contribute to the regulation of colonic Th2 granulomatous pathology caused by schistosome infection. PLoS Negl Trop Dis (2011) 5:e1269. doi: 10.1371/journal.pntd.0001269

21. 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

22. Ondigo, BN, Ndombi, EM, Nicholson, SC, Oguso, JK, Carter, JM, Kittur, N, et al. Functional studies of T regulatory lymphocytes in human schistosomiasis in Western Kenya. Am J Trop Med Hyg (2018) 98:1770–81. doi: 10.4269/ajtmh.17-0966

23. Strachan, DP. Hay fever, hygiene, and household size. BMJ (1989) 299:1259–60. doi: 10.1136/bmj.299.6710.1259

24. Bach, JF. The hygiene hypothesis in autoimmunity: the role of pathogens and commensals. Nat Rev Immunol (2018) 18:105–20. doi: 10.1038/nri.2017.111

25. Scudellari, M. News Feature: cleaning up the hygiene hypothesis. Proc Natl Acad Sci U S A (2017) 114:1433–6. doi: 10.1073/pnas.1700688114

26. Bloomfield, SF, Rook, GA, Scott, EA, Shanahan, F, Stanwell-Smith, R, and Turner, P. Time to abandon the hygiene hypothesis: new perspectives on allergic disease, the human microbiome, infectious disease prevention and the role of targeted hygiene. Perspect Public Health (2016) 136:213–24. doi: 10.1177/1757913916650225

27. Osada, Y, and Kanazawa, T. Schistosome: its benefit and harm in patients suffering from concomitant diseases. J BioMed Biotechnol (2011) 2011:264173. doi: 10.1155/2011/264173

28. Janssen, L, Silva Santos, GL, Muller, HS, Vieira, AR, De Campos, TA, and De Paulo Martins, V. Schistosome-derived molecules as modulating actors of the immune system and promising candidates to treat autoimmune and inflammatory diseases. J Immunol Res (2016) 2016:5267485. doi: 10.1155/2016/5267485

29. Zaccone, P, Burton, OT, Gibbs, S, Miller, N, Jones, FM, Dunne, DW, et al. Immune modulation by Schistosoma mansoni antigens in NOD mice: effects on both innate and adaptive immune systems. J BioMed Biotechnol (2010) 2010:795210. doi: 10.1155/2010/795210

30. Tang, CL, Liu, ZM, Gao, YR, and Xiong, F. Schistosoma infection and Schistosoma-derived products modulate the immune responses associated with protection against type 2 diabetes. Front Immunol (2017) 8:1990. doi: 10.3389/fimmu.2017.01990

31. Osada, Y, Horie, Y, Nakae, S, Sudo, K, and Kanazawa, T. STAT6 and IL-10 are required for the anti-arthritic effects of Schistosoma mansoni via different mechanisms. Clin Exp Immunol (2019) 195:109–20. doi: 10.1111/cei.13214

32. Eissa, MM, Mostafa, DK, Ghazy, AA, El Azzouni, MZ, Boulos, LM, and Younis, LK. Anti-arthritic activity of Schistosoma mansoni and Trichinella spiralis derived-antigens in adjuvant arthritis in rats: role of FOXP3+ Treg cells. PLoS One (2016) 11:e0165916. doi: 10.1371/journal.pone.0165916

33. Liu, F, Cheng, W, Pappoe, F, Hu, X, Wen, H, Luo, Q, et al. Schistosoma japonicum cystatin attenuates murine collagen-induced arthritis. Parasitol Res (2016) 115:3795–806. doi: 10.1007/s00436-016-5140-0

34. Wang, X, Li, L, Wang, J, Dong, L, Shu, Y, Liang, Y, et al. Inhibition of cytokine response to TLR stimulation and alleviation of collagen-induced arthritis in mice by Schistosoma japonicum peptide SJMHE1. J Cell Mol Med (2017) 21:475–86. doi: 10.1111/jcmm.12991

35. Morais, SB, Figueiredo, BC, Assis, NRG, Alvarenga, DM, De Magalhaes, MTQ, Ferreira, RS, et al. Schistosoma mansoni SmKI-1 serine protease inhibitor binds to elastase and impairs neutrophil function and inflammation. PLoS Pathog (2018) 14:e1006870. doi: 10.1371/journal.ppat.1006870

36. Obieglo, K, Schuijs, MJ, Ozir-Fazalalikhan, A, Otto, F, Van Wijck, Y, Boon, L, et al. Isolated Schistosoma mansoni eggs prevent allergic airway inflammation. Parasite Immunol (2018) 40:e12579. doi: 10.1111/pim.12579

37. Marinho, FV, Alves, CC, De Souza, SC, Da Silva, CM, Cassali, GD, Oliveira, SC, et al. Schistosoma mansoni tegument (Smteg) induces IL-10 and modulates experimental airway inflammation. PLoS One (2016) 11:e0160118. doi: 10.1371/journal.pone.0160118

38. De Almeida, T, Fernandes, JS, Lopes, DM, Andrade, LS, Oliveira, SC, Carvalho, EM, et al. Schistosoma mansoni antigens alter activation markers and cytokine profile in lymphocytes of patients with asthma. Acta Trop (2017) 166:268–79. doi: 10.1016/j.actatropica.2016.12.002

39. Ren, J, Hu, L, Yang, J, Yang, L, Gao, F, Lu, P, et al. Novel T-cell epitopes on Schistosoma japonicum SjP40 protein and their preventive effect on allergic asthma in mice. Eur J Immunol (2016) 46:1203–13. doi: 10.1002/eji.201545775

40. Zhang, W, Li, L, Zheng, Y, Xue, F, Yu, M, Ma, Y, et al. Schistosoma japonicum peptide SJMHE1 suppresses airway inflammation of allergic asthma in mice. J Cell Mol Med (2019) 23:7819–29. doi: 10.1111/jcmm.14661

41. Qiu, S, Fan, X, Yang, Y, Dong, P, Zhou, W, Xu, Y, et al. Schistosoma japonicum infection downregulates house dust mite-induced allergic airway inflammation in mice. PLoS One (2017) 12:e0179565. doi: 10.1371/journal.pone.0179565

42. Liu, Y, Ye, Q, Liu, YL, Kang, J, Chen, Y, and Dong, WG. Schistosoma japonicum attenuates dextran sodium sulfate-induced colitis in mice via reduction of endoplasmic reticulum stress. World J Gastroenterol (2017) 23:5700–12. doi: 10.3748/wjg.v23.i31.5700

43. Floudas, A, Aviello, G, Schwartz, C, Jeffery, IB, O’toole, PW, and Fallon, PG. Schistosoma mansoni worm infection regulates the intestinal microbiota and susceptibility to colitis. Infect Immun (2019) 87:e00275–19. doi: 10.1128/IAI.00275-19

44. Hasby, EA, Hasby Saad, MA, Shohieb, Z, and El Noby, K. FoxP3+ T regulatory cells and immunomodulation after Schistosoma mansoni egg antigen immunization in experimental model of inflammatory bowel disease. Cell Immunol (2015) 295:67–76. doi: 10.1016/j.cellimm.2015.02.013

45. Heylen, M, Ruyssers, NE, Nullens, S, Schramm, G, Pelckmans, PA, Moreels, TG, et al. Treatment with egg antigens of Schistosoma mansoni ameliorates experimental colitis in mice through a colonic T-cell-dependent mechanism. Inflamm Bowel Dis (2015) 21:48–59. doi: 10.1097/MIB.0000000000000246

46. Wang, L, Xie, H, Xu, L, Liao, Q, Wan, S, Yu, Z, et al. rSj16 protects against DSS-induced colitis by inhibiting the PPAR-alpha signaling pathway. Theranostics (2017) 7:3446–60. doi: 10.7150/thno.20359

47. Wang, S, Xie, Y, Yang, X, Wang, X, Yan, K, Zhong, Z, et al. Therapeutic potential of recombinant cystatin from Schistosoma japonicum in TNBS-induced experimental colitis of mice. Parasit Vectors (2016) 9:6. doi: 10.1186/s13071-015-1288-1

48. Driss, V, El Nady, M, Delbeke, M, Rousseaux, C, Dubuquoy, C, Sarazin, A, et al. The schistosome glutathione S-transferase P28GST, a unique helminth protein, prevents intestinal inflammation in experimental colitis through a Th2-type response with mucosal eosinophils. Mucosal Immunol (2016) 9:322–35. doi: 10.1038/mi.2015.62

49. Yan, K, Wang, B, Zhou, H, Luo, Q, Shen, J, Xu, Y, et al. Amelioration of type 1 diabetes by recombinant fructose-1,6-bisphosphate aldolase and cystatin derived from Schistosoma japonicum in a murine model. Parasitol Res (2020) 119:203–14. doi: 10.1007/s00436-019-06511-7

50. Osada, Y, Fujiyama, T, Kamimura, N, Kaji, T, Nakae, S, Sudo, K, et al. Dual genetic absence of STAT6 and IL-10 does not abrogate anti-hyperglycemic effects of Schistosoma mansoni in streptozotocin-treated diabetic mice. Exp Parasitol (2017) 177:1–12. doi: 10.1016/j.exppara.2017.03.008

51. Hussaarts, L, Garcia-Tardon, N, Van Beek, L, Heemskerk, MM, Haeberlein, S, Van Der Zon, GC, et al. Chronic helminth infection and helminth-derived egg antigens promote adipose tissue M2 macrophages and improve insulin sensitivity in obese mice. FASEB J (2015) 29:3027–39. doi: 10.1096/fj.14-266239

52. Tang, CL, Yu, XH, Li, Y, Zhang, RH, Xie, J, and Liu, ZM. Schistosoma japonicum soluble egg antigen protects against type 2 diabetes in Leprdb/db mice by enhancing regulatory T cells and Th2 cytokines. Front Immunol (2019) 10:1471. doi: 10.3389/fimmu.2019.01471

53. Tang, H, Liang, YB, Chen, ZB, Du, LL, Zeng, LJ, Wu, JG, et al. 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 (2017) 118:4230–9. doi: 10.1002/jcb.26073

54. Li, H, Wang, S, Zhan, B, He, W, Chu, L, Qiu, D, et al. Therapeutic effect of Schistosoma japonicum cystatin on bacterial sepsis in mice. Parasit Vectors (2017) 10:222. doi: 10.1186/s13071-017-2162-0

55. Wan, YK, Li, HH, Zuo, L, Wang, XL, Wang, LY, He, WX, et al. [Intervention with Schistosoma japonicum cysteine protease inhibitor for treatment of lipopolysaccharide-induced sepsis in mice]. Nan Fang Yi Ke Da Xue Xue Bao (2018) 38:625–9. doi: 10.3969/j.issn.1673-4254.2018.05.20

56. Mbanefo, EC, Le, L, Zee, R, Banskota, N, Ishida, K, Pennington, LF, et al. IPSE, a urogenital parasite-derived immunomodulatory protein, ameliorates ifosfamide-induced hemorrhagic cystitis through downregulation of pro-inflammatory pathways. Sci Rep (2019) 9:1586. doi: 10.1038/s41598-018-38274-z

57. Eissa, MM, Ismail, CA, El-Azzouni, MZ, Ghazy, AA, and Hadi, MA. Immuno-therapeutic potential of Schistosoma mansoni and Trichinella spiralis antigens in a murine model of colon cancer. Invest New Drugs (2019) 37:47–56. doi: 10.1007/s10637-018-0609-6

58. Lin, Y, Zhu, S, Hu, C, Wang, J, Jiang, P, Zhu, L, et al. Cross-species suppression of hepatoma cell growth and migration by a Schistosoma japonicum microRNA. Mol Ther Nucleic Acids (2019) 18:400–12. doi: 10.1016/j.omtn.2019.09.006

59. Sobotkova, K, Parker, W, Leva, J, Ruzkova, J, Lukes, J, and Jirku Pomajbikova, K. Helminth therapy - from the parasite perspective. Trends Parasitol (2019) 35:501–15. doi: 10.1016/j.pt.2019.04.009

60. Guo, Q, Wang, Y, Xu, D, Nossent, J, Pavlos, NJ, and Xu, J. Rheumatoid arthritis: pathological mechanisms and modern pharmacologic therapies. Bone Res (2018) 6:15. doi: 10.1038/s41413-018-0016-9

61. Brzustewicz, E, and Bryl, E. The role of cytokines in the pathogenesis of rheumatoid arthritis - practical and potential application of cytokines as biomarkers and targets of personalized therapy. Cytokine (2015) 76:527–36. doi: 10.1016/j.cyto.2015.08.260

62. Cuppen, BV, Welsing, PM, Sprengers, JJ, Bijlsma, JW, Marijnissen, AC, Van Laar, JM, et al. Personalized biological treatment for rheumatoid arthritis: a systematic review with a focus on clinical applicability. Rheumatology (2016) 55:826–39. doi: 10.1093/rheumatology/kev421

63. Brand, DD, Latham, KA, and Rosloniec, EF. Collagen-induced arthritis. Nat Protoc (2007) 2:1269–75. doi: 10.1038/nprot.2007.173

64. Weinstock, JV, and Elliott, DE. Helminth infections decrease host susceptibility to immune-mediated diseases. J Immunol (2014) 193:3239–47. doi: 10.4049/jimmunol.1400927

65. Osada, Y, Shimizu, S, Kumagai, T, Yamada, S, and Kanazawa, T. Schistosoma mansoni infection reduces severity of collagen-induced arthritis via down-regulation of pro-inflammatory mediators. Int J Parasitol (2009) 39:457–64. doi: 10.1016/j.ijpara.2008.08.007

66. He, Y, Li, J, Zhuang, W, Yin, L, Chen, C, Li, J, et al. The inhibitory effect against collagen-induced arthritis by Schistosoma japonicum infection is infection stage-dependent. BMC Immunol (2010) 11:28. doi: 10.1186/1471-2172-11-28

67. Song, X, Shen, J, Wen, H, Zhong, Z, Luo, Q, Chu, D, et al. Impact of Schistosoma japonicum infection on collagen-induced arthritis in DBA/1 mice: a murine model of human rheumatoid arthritis. PLoS One (2011) 6:e23453. doi: 10.1371/journal.pone.0023453

68. Osada, Y, Yamada, S, Nakae, S, Sudo, K, and Kanazawa, T. Reciprocal effects of Schistosoma mansoni infection on spontaneous autoimmune arthritis in IL-1 receptor antagonist-deficient mice. Parasitol Int (2015) 64:13–7. doi: 10.1016/j.parint.2014.09.001

69. Sun, X, Liu, YH, Lv, ZY, Yang, LL, Hu, SM, Zheng, HQ, et al. rSj16, a recombinant protein of Schistosoma japonicum-derived molecule, reduces severity of the complete Freund’s adjuvant-induced adjuvant arthritis in rats’ model. Parasite Immunol (2010) 32:739–48. doi: 10.1111/j.1365-3024.2010.01240.x

70. Sun, X, Yang, F, Shen, J, Liu, Z, Liang, J, Zheng, H, et al. Recombinant Sj16 from Schistosoma japonicum contains a functional N-terminal nuclear localization signal necessary for nuclear translocation in dendritic cells and interleukin-10 production. Parasitol Res (2016) 115:4559–71. doi: 10.1007/s00436-016-5247-3

71. Ranasinghe, SL, Fischer, K, Gobert, GN, and McManus, DP. Functional expression of a novel Kunitz type protease inhibitor from the human blood fluke Schistosoma mansoni. Parasit Vectors (2015) 8:408. doi: 10.1186/s13071-015-1022-z

72. Thomsen, SF. Epidemiology and natural history of atopic diseases. Eur Clin Respir J (2015) 2:24642. doi: 10.3402/ecrj.v2.24642

73. Cardoso, LS, Oliveira, SC, and Araujo, MI. Schistosoma mansoni antigens as modulators of the allergic inflammatory response in asthma. Endocr Metab Immune Disord Drug Targets (2012) 12:24–32. doi: 10.2174/187153012799278929

74. Rujeni, N, Taylor, DW, and Mutapi, F. Human schistosome infection and allergic sensitisation. J Parasitol Res (2012) 2012:154743. doi: 10.1155/2012/154743

75. Obeng, BB, Amoah, AS, Larbi, IA, De Souza, DK, Uh, HW, Fernandez-Rivas, M, et al. Schistosome infection is negatively associated with mite atopy, but not wheeze and asthma in Ghanaian schoolchildren. Clin Exp Allergy (2014) 44:965–75. doi: 10.1111/cea.12307

76. Nkurunungi, G, Kabagenyi, J, Nampijja, M, Sanya, RE, Walusimbi, B, Nassuuna, J, et al. Schistosoma mansoni-specific immune responses and allergy in Uganda. Parasite Immunol (2018) 40:e12506. doi: 10.1111/pim.12506

77. Chimponda, TN, and Mduluza, T. Inflammation during Schistosoma haematobium infection and anti-allergy in pre-school-aged children living in a rural endemic area in Zimbabwe. Trop Med Int Health (2020) 25:618–23. doi: 10.1111/tmi.13376

78. Resende, SD, Magalhaes, FC, Rodrigues-Oliveira, JL, Castro, VN, Souza, CSA, Oliveira, EJ, et al. Modulation of allergic reactivity in humans is dependent on Schistosoma mansoni parasite burden, low levels of IL-33 or TNF-alpha and high levels of IL-10 in serum. Front Immunol (2018) 9:3158. doi: 10.3389/fimmu.2018.03158

79. Smits, HH, Hammad, H, Van Nimwegen, M, Soullie, T, Willart, MA, Lievers, E, et al. Protective effect of Schistosoma mansoni infection on allergic airway inflammation depends on the intensity and chronicity of infection. J Allergy Clin Immunol (2007) 120:932–40. doi: 10.1016/j.jaci.2007.06.009

80. Mo, HM, Lei, JH, Jiang, ZW, Wang, CZ, Cheng, YL, Li, YL, et al. Schistosoma japonicum infection modulates the development of allergen-induced airway inflammation in mice. Parasitol Res (2008) 103:1183–9. doi: 10.1007/s00436-008-1114-1

81. Layland, LE, Straubinger, K, Ritter, M, Loffredo-Verde, E, Garn, H, Sparwasser, T, et al. Schistosoma mansoni-mediated suppression of allergic airway inflammation requires patency and Foxp3+ Treg cells. PLoS Negl Trop Dis (2013) 7:e2379. doi: 10.1371/journal.pntd.0002379

82. Yang, J, Zhao, J, Yang, Y, Zhang, L, Yang, X, Zhu, X, et al. Schistosoma japonicum egg antigens stimulate CD4+ CD25+ T cells and modulate airway inflammation in a murine model of asthma. Immunology (2007) 120:8–18. doi: 10.1111/j.1365-2567.2006.02472.x

83. Cardoso, LS, Oliveira, SC, Goes, AM, Oliveira, RR, Pacifico, LG, Marinho, FV, et al. Schistosoma mansoni antigens modulate the allergic response in a murine model of ovalbumin-induced airway inflammation. Clin Exp Immunol (2010) 160:266–74. doi: 10.1111/j.1365-2249.2009.04084.x

84. Farias, LP, Rodrigues, D, Cunna, V, Rofatto, HK, Faquim-Mauro, EL, and Leite, LC. Schistosoma mansoni venom allergen like proteins present differential allergic responses in a murine model of airway inflammation. PLoS Negl Trop Dis (2012) 6:e1510. doi: 10.1371/journal.pntd.0001510

85. Matucci, A, Vultaggio, A, Maggi, E, and Kasujee, I. Is IgE or eosinophils the key player in allergic asthma pathogenesis? Are we asking the right question? Respir Res (2018) 19:113. doi: 10.1186/s12931-018-0813-0

86. Liu, P, Li, J, Yang, X, Shen, Y, Zhu, Y, Wang, S, et al. Helminth infection inhibits airway allergic reaction and dendritic cells are involved in the modulation process. Parasite Immunol (2010) 32:57–66. doi: 10.1111/j.1365-3024.2009.01161.x

87. Amu, S, Saunders, SP, Kronenberg, M, Mangan, NE, Atzberger, A, and Fallon, PG. Regulatory B cells prevent and reverse allergic airway inflammation via FoxP3-positive T regulatory cells in a murine model. J Allergy Clin Immunol (2010) 125:1114–24.e1118. doi: 10.1016/j.jaci.2010.01.018

88. Peyrin-Biroulet, L, Panes, J, Sandborn, WJ, Vermeire, S, Danese, S, Feagan, BG, et al. Defining disease severity in inflammatory bowel diseases: current and future directions. Clin Gastroenterol Hepatol (2016) 14:348–54.e317. doi: 10.1016/j.cgh.2015.06.001

89. Sairenji, T, Collins, KL, and Evans, DV. An update on inflammatory bowel disease. Prim Care (2017) 44:673–92. doi: 10.1016/j.pop.2017.07.010

90. Ruyssers, NE, De Winter, BY, De Man, JG, Loukas, A, Pearson, MS, Weinstock, JV, et al. Therapeutic potential of helminth soluble proteins in TNBS-induced colitis in mice. Inflammation Bowel Dis (2009) 15:491–500. doi: 10.1002/ibd.20787

91. Heller, F, Florian, P, Bojarski, C, Richter, J, Christ, M, Hillenbrand, B, et al. Interleukin-13 is the key effector Th2 cytokine in ulcerative colitis that affects epithelial tight junctions, apoptosis, and cell restitution. Gastroenterology (2005) 129:550–64. doi: 10.1053/j.gastro.2005.05.002

92. Alatab, S, Sepanlou, SG, Ikuta, K, Vahedi, H, Bisignano, C, Safiri, S, et al. The global, regional, and national burden of inflammatory bowel disease in 195 countries and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet Gastroenterol Hepatol (2020) 5:17–30. doi: 10.1016/S2468-1253(19)30333-4

93. Smith, P, Mangan, NE, Walsh, CM, Fallon, RE, Mckenzie, AN, Van Rooijen, N, et al. Infection with a helminth parasite prevents experimental colitis via a macrophage-mediated mechanism. J Immunol (2007) 178:4557–66. doi: 10.4049/jimmunol.178.7.4557

94. Bodammer, P, Waitz, G, Loebermann, M, Holtfreter, MC, Maletzki, C, Krueger, MR, et al. Schistosoma mansoni infection but not egg antigen promotes recovery from colitis in outbred NMRI mice. Dig Dis Sci (2011) 56:70–8. doi: 10.1007/s10620-010-1237-y

95. Moreels, TG, Nieuwendijk, RJ, De Man, JG, De Winter, BY, Herman, AG, Van Marck, EA, et al. Concurrent infection with Schistosoma mansoni attenuates inflammation induced changes in colonic morphology, cytokine levels, and smooth muscle contractility of trinitrobenzene sulphonic acid induced colitis in rats. Gut (2004) 53:99–107. doi: 10.1136/gut.53.1.99

96. Elliott, DE, Li, J, Blum, A, Metwali, A, Qadir, K, Urban, JF, et al. Exposure to schistosome eggs protects mice from TNBS-induced colitis. Am J Physiol Gastrointest Liver Physiol (2003) 284:G385–91. doi: 10.1152/ajpgi.00049.2002

97. Mo, HM, Liu, WQ, Lei, JH, Cheng, YL, Wang, CZ, and Li, YL. Schistosoma japonicum eggs modulate the activity of CD4+ CD25+ Tregs and prevent development of colitis in mice. Exp Parasitol (2007) 116:385–9. doi: 10.1016/j.exppara.2007.02.009

98. Zhao, Y, Zhang, S, Jiang, L, Jiang, J, and Liu, H. Preventive effects of Schistosoma japonicum ova on trinitrobenzenesulfonic acid-induced colitis and bacterial translocation in mice. J Gastroenterol Hepatol (2009) 24:1775–80. doi: 10.1111/j.1440-1746.2009.05986.x

99. Thi, THH, Priemel, PA, Karrout, Y, Driss, V, Delbeke, M, Dendooven, A, et al. Preparation and investigation of P28GST-loaded PLGA microparticles for immunomodulation of experimental colitis. Int J Pharm (2017) 533:26–33. doi: 10.1016/j.ijpharm.2017.09.037

100. Wang, L, Yu, Z, Wan, S, Wu, F, Chen, W, Zhang, B, et al. Exosomes derived from dendritic cells treated with Schistosoma japonicum soluble egg antigen attenuate DSS-induced colitis. Front Pharmacol (2017) 8:651. doi: 10.3389/fphar.2017.00651

101. Kawasaki, E. Type 1 diabetes and autoimmunity. Clin Pediatr Endocrinol (2014) 23:99–105. doi: 10.1297/cpe.23.99

102. Burrack, AL, Martinov, T, and Fife, BT. T Cell-mediated beta cell destruction: autoimmunity and alloimmunity in the context of type 1 diabetes. Front Endocrinol (2017) 8:343. doi: 10.3389/fendo.2017.00343

103. Walker, LS, and Von Herrath, M. CD4 T cell differentiation in type 1 diabetes. Clin Exp Immunol (2016) 183:16–29. doi: 10.1111/cei.12672

104. Bashi, T, Bizzaro, G, Ben-Ami Shor, D, Blank, M, and Shoenfeld, Y. The mechanisms behind helminth’s immunomodulation in autoimmunity. Autoimmun Rev (2015) 14:98–104. doi: 10.1016/j.autrev.2014.10.004

105. Cooke, A, Tonks, P, Jones, FM, O’shea, H, Hutchings, P, Fulford, AJ, et al. Infection with Schistosoma mansoni prevents insulin dependent diabetes mellitus in non-obese diabetic mice. Parasite Immunol (1999) 21:169–76. doi: 10.1046/j.1365-3024.1999.00213.x

106. Zaccone, P, Fehervari, Z, Jones, FM, Sidobre, S, Kronenberg, M, Dunne, DW, et al. Schistosoma mansoni antigens modulate the activity of the innate immune response and prevent onset of type 1 diabetes. Eur J Immunol (2003) 33:1439–49. doi: 10.1002/eji.200323910

107. Zaccone, P, Burton, O, Miller, N, Jones, FM, Dunne, DW, and Cooke, A. Schistosoma mansoni egg antigens induce Treg that participate in diabetes prevention in NOD mice. Eur J Immunol (2009) 39:1098–107. doi: 10.1002/eji.200838871

108. Zaccone, P, Burton, OT, Gibbs, SE, Miller, N, Jones, FM, Schramm, G, et al. The S. mansoni glycoprotein omega-1 induces Foxp3 expression in NOD mouse CD4+ T cells. Eur J Immunol (2011) 41:2709–18. doi: 10.1002/eji.201141429

109. Thabet, HS, Saleh, NK, Thabet, SS, Abdel-Aziz, M, and Kalleny, NK. Decreased basal non-insulin-stimulated glucose uptake by diaphragm in streptozotocin-induced diabetic mice infected with Schistosoma mansoni. Parasitol Res (2008) 103:595–601. doi: 10.1007/s00436-008-1016-2

110. El-Gebaly, NS, Rehan, MK, and Abdelfattah, DS. Immunomodulating effect of Schistosoma mansoni soluble egg antigen on course of induced diabetes mellitus in experimental mice. Parasitol United J (2019) 12:45–52. doi: 10.21608/puj.10929.1036

111. Saeedi, P, Petersohn, I, Salpea, P, Malanda, B, Karuranga, S, Unwin, N, et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: results from the International Diabetes Federation Diabetes Atlas, 9th edition. Diabetes Res Clin Pract (2019) 157:107843. doi: 10.1016/j.diabres.2019.107843

112. Chen, Y, Lu, J, Huang, Y, Wang, T, Xu, Y, Xu, M, et al. Association of previous schistosome infection with diabetes and metabolic syndrome: a cross-sectional study in rural China. J Clin Endocrinol Metab (2013) 98:E283–7. doi: 10.1210/jc.2012-2517

113. Gul, F, Arslantas, MK, Cinel, I, and Kumar, A. Changing definitions of sepsis. Turk J Anaesthesiol Reanim (2017) 45:129–38. doi: 10.5152/TJAR.2017.93753

114. Singer, M, Deutschman, CS, Seymour, CW, Shankar-Hari, M, Annane, D, Bauer, M, et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA (2016) 315:801–10. doi: 10.1001/jama.2016.0287

115. Doerschug, KC, Delsing, AS, Schmidt, GA, and Haynes, WG. Impairments in microvascular reactivity are related to organ failure in human sepsis. Am J Physiol Heart Circ Physiol (2007) 293:H1065–71. doi: 10.1152/ajpheart.01237.2006

116. Onguru, D, Liang, Y, Griffith, Q, Nikolajczyk, B, Mwinzi, P, and Ganley-Leal, L. Human schistosomiasis is associated with endotoxemia and Toll-like receptor 2- and 4-bearing B cells. Am J Trop Med Hyg (2011) 84:321–4. doi: 10.4269/ajtmh.2011.10-0397

117. Gao, S, Li, H, Xie, H, Wu, S, Yuan, Y, Chu, L, et al. Therapeutic efficacy of Schistosoma japonicum cystatin on sepsis-induced cardiomyopathy in a mouse model. Parasit Vectors (2020) 13:260. doi: 10.1186/s13071-020-04104-3

118. Payne, R, and Hsieh, M. Reinforcements arrive for the war against chronic cystitis and bladder cancer. BJU Int (2012) 110:1223–4. doi: 10.1111/j.1464-410X.2012.11417.x

119. Pennington, LF, Alouffi, A, Mbanefo, EC, Ray, D, Heery, DM, Jardetzky, TS, et al. H-IPSE Is a pathogen-secreted host nucleus-infiltrating protein (Infiltrin) expressed exclusively by the Schistosoma haematobium egg stage. Infect Immun (2017) 85:e00301–17. doi: 10.1128/IAI.00301-17

120. Mbanefo, EC, Le, L, Pennington, LF, Odegaard, JI, Jardetzky, TS, Alouffi, A, et al. Therapeutic exploitation of IPSE, a urogenital parasite-derived host modulatory protein, for chemotherapy-induced hemorrhagic cystitis. FASEB J (2018) 32:4408–19. doi: 10.1096/fj.201701415R

121. Zee, RS, Mbanefo, EC, Le, LH, Pennington, LF, Odegaard, JI, Jardetzky, TS, et al. IPSE, a parasite-derived host immunomodulatory protein, is a potential therapeutic for hemorrhagic cystitis. Am J Physiol Renal Physiol (2019) 316:F1133–40. doi: 10.1152/ajprenal.00468.2018

122. Shacter, E, and Weitzman, SA. Chronic inflammation and cancer. Oncology (2002) 16:217–26, 229; discussion 230-2.


123. Van Tong, H, Brindley, PJ, Meyer, CG, and Velavan, TP. Parasite infection, carcinogenesis and human malignancy. EBioMedicine (2017) 15:12–23. doi: 10.1016/j.ebiom.2016.11.034

124. Ishida, K, and Hsieh, MH. Understanding urogenital schistosomiasis-related bladder cancer: an update. Front Med (2018) 5:223. doi: 10.3389/fmed.2018.00223

125. Callejas, BE, Martinez-Saucedo, D, and Terrazas, LI. Parasites as negative regulators of cancer. Biosci Rep (2018) 38:BSR20180935. doi: 10.1042/BSR20180935

126. Ranasinghe, SL, Rivera, V, Boyle, GM, and McManus, DP. Kunitz type protease inhibitor from the canine tapeworm as a potential therapeutic for melanoma. Sci Rep (2019) 9:16207. doi: 10.1038/s41598-019-52609-4

127. Elliott, DE, and Weinstock, JV. Nematodes and human therapeutic trials for inflammatory disease. Parasite Immunol (2017) 39:e12407. doi: 10.1111/pim.12407

128. Langenberg, MCC, Hoogerwerf, MA, Koopman, JPR, Janse, JJ, Kos-Van Oosterhoud, J, Feijt, C, et al. A controlled human Schistosoma mansoni infection model to advance novel drugs, vaccines and diagnostics. Nat Med (2020) 26:326–32. doi: 10.1038/s41591-020-0759-x

129. Mestas, J, and Hughes, CC. Of mice and not men: differences between mouse and human immunology. J Immunol (2004) 172:2731–8. doi: 10.4049/jimmunol.172.5.2731

130. Seok, J, Warren, HS, Cuenca, AG, Mindrinos, MN, Baker, HV, Xu, W, et al. Genomic responses in mouse models poorly mimic human inflammatory diseases. Proc Natl Acad Sci U S A (2013) 110:3507–12. doi: 10.1073/pnas.1222878110

131. Liu, F, Lu, J, Hu, W, Wang, SY, Cui, SJ, Chi, M, et al. New perspectives on host-parasite interplay by comparative transcriptomic and proteomic analyses of Schistosoma japonicum. PLoS Pathog (2006) 2:e29. doi: 10.1371/journal.ppat.0020029

132. Xu, X, Zhang, Y, Lin, D, Zhang, J, Xu, J, Liu, YM, et al. Serodiagnosis of Schistosoma japonicum infection: genome-wide identification of a protein marker, and assessment of its diagnostic validity in a field study in China. Lancet Infect Dis (2014) 14:489–97. doi: 10.1016/S1473-3099(14)70067-2

133. Sotillo, J, Pearson, M, Becker, L, Mulvenna, J, and Loukas, A. A quantitative proteomic analysis of the tegumental proteins from Schistosoma mansoni schistosomula reveals novel potential therapeutic targets. Int J Parasitol (2015) 45:505–16. doi: 10.1016/j.ijpara.2015.03.004

134. Cai, P, Weerakoon, KG, Mu, Y, Olveda, DU, Piao, X, Liu, S, et al. A parallel comparison of antigen candidates for development of an optimized serological diagnosis of schistosomiasis japonica in the Philippines. EBioMedicine (2017) 24:237–46. doi: 10.1016/j.ebiom.2017.09.011

135. De Marco Verissimo, C, Potriquet, J, You, H, McManus, DP, Mulvenna, J, and Jones, MK. Qualitative and quantitative proteomic analyses of Schistosoma japonicum eggs and egg-derived secretory-excretory proteins. Parasit Vectors (2019) 12:173. doi: 10.1186/s13071-019-3403-1

136. Smallwood, TB, Giacomin, PR, Loukas, A, Mulvenna, JP, Clark, RJ, and Miles, JJ. Helminth immunomodulation in autoimmune disease. Front Immunol (2017) 8:453. doi: 10.3389/fimmu.2017.00453

137. Navarro, S, Pickering, DA, Ferreira, IB, Jones, L, Ryan, S, Troy, S, et al. Hookworm recombinant protein promotes regulatory T cell responses that suppress experimental asthma. Sci Transl Med (2016) 8:362ra143. doi: 10.1126/scitranslmed.aaf8807

138. Becker, A, Thakur, BK, Weiss, JM, Kim, HS, Peinado, H, and Lyden, D. Extracellular vesicles in cancer: cell-to-cell mediators of metastasis. Cancer Cell (2016) 30:836–48. doi: 10.1016/j.ccell.2016.10.009

139. Nowacki, FC, Swain, MT, Klychnikov, OI, Niazi, U, Ivens, A, Quintana, JF, et al. Protein and small non-coding RNA-enriched extracellular vesicles are released by the pathogenic blood fluke Schistosoma mansoni. J Extracell Vesicles (2015) 4:28665. doi: 10.3402/jev.v4.28665

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

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

142. Meningher, T, Lerman, G, Regev-Rudzki, N, Gold, D, Ben-Dov, IZ, Sidi, Y, et al. Schistosomal microRNAs isolated from extracellular vesicles in sera of infected patients: a new tool for diagnosis and follow-up of human schistosomiasis. J Infect Dis (2017) 215:378–86. doi: 10.1093/infdis/jiw539

143. Kifle, DW, Sotillo, J, Pearson, MS, and Loukas, A. Extracellular vesicles as a target for the development of anti-helminth vaccines. Emerging Top Life Sci (2017) 1:659–65. doi: 10.1042/ETLS20170095

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

145. Meningher, T, Barsheshet, Y, Ofir-Birin, Y, Gold, D, Brant, B, Dekel, E, et al. Schistosomal extracellular vesicle-enclosed miRNAs modulate host T helper cell differentiation. EMBO Rep (2020) 21:e47882. doi: 10.15252/embr.201947882

146. Tang, Y, Liu, J, Zhang, D, Xu, Z, Ji, J, and Wen, C. Cytokine storm in COVID-19: the current evidence and treatment strategies. Front Immunol (2020) 11:1708. doi: 10.3389/fimmu.2020.01708

147. Hojyo, S, Uchida, M, Tanaka, K, Hasebe, R, Tanaka, Y, Murakami, M, et al. How COVID-19 induces cytokine storm with high mortality. Inflamm Regen (2020) 40:37. doi: 10.1186/s41232-020-00146-3

148. Zhong, J, Tang, J, Ye, C, and Dong, L. The immunology of COVID-19: is immune modulation an option for treatment? Lancet Rheumatol (2020) 2:e428–36. doi: 10.1016/S2665-9913(20)30120-X

149. Poland, GA, Ovsyannikova, IG, and Kennedy, RB. SARS-CoV-2 immunity: review and applications to phase 3 vaccine candidates. Lancet (2020) 396:1595–606. doi: 10.1016/S0140-6736(20)32137-1

150. Goldszmid, RS, Dzutsev, A, and Trinchieri, G. Host immune response to infection and cancer: unexpected commonalities. Cell Host Microbe (2014) 15:295–305. doi: 10.1016/j.chom.2014.02.003



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


OEBPS/Images/fimmu-12-619776-g001.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/table1b.jpg
hipsoomapiariradanadio. . ou ol ooy oo gmaia il sy hesingiaye ) -~
boatng Hopa'-6. oAV recton of SamiR-3096 miics nto
xonogratts mics bearing Hepat- xenograls

A, aivway arg nfammation; ASWA, atooined anigen daed rom 5. manson] corcarae: CFA-nuead A, compito Froun's aciant coed adiwant arthis: CHC,
chomothorpynducod hamohagc cysts: Ci, olagen-ducad rtrits: DM, 1,2-Geltyhydtaze; 0, it I, Itopertonea; . intavenous: MUNs, mesente hph
sotee: ISLLimoaceodhin sl ALK ndn-0hese ROMIL- AL Subouiatout SO sowre: comtiibed Mmoot DLM. DaCrasts bkl 5oc ML e ackoas fhace.





OEBPS/Images/table1a.jpg
Atergy and
asthma

Type 1
sabais

Type 2
abetes

Animal model/cell

Ol mouse modst

CPAinducod AA rat
modsl
G mouse modet

G mouse modet

MSU-induced gout
anrits mode
VA inducad AN

U induond AN

PMBCs from asthmatc.
subjcts
OV induosd AN

VA -induoad AR

HOMnduoed A
0SS induced coits mco

085 induced cotts mico.
0SS induced colts mco.

ot induced by
chvonic adoptve T-col
transter i SCID mico
DS induoed cotts mice.

TNBS nduced colts
mice

TNBS nduced colts
NOD e

NOD mica
STZinchoed dabetic

mico
Detinduced obese mico.

Lope®™ mico
LPS indhond sepiic mice

LPSincond sepic mice
LPS incced septc mice
Hostamido-iduced
hemontagic cysts
mode

Mouse mods o OMH-
ckioad bl oline

Species
S mansond
S mansoni
. poricum
. poricum
S mansoni
S manson
S mansoni
S mansoni

. japonioum

. japonicum

S japonicum
. japonicum

S mansoni
S manson

S mansoni

S japonicum

S japorsum

5. poricum
5. oricum
S mansoni
S mansoni

S japonicum
. japonicum

. japonicum
S japoncum
hasmatotiom

S mansoni

“Treatment
Corcaria infction prr to modeting

Intracrmal (0) joction of ASVA afer modoling
Intrapertoneal P jection of <{Oystati pror 1o
CiA modeting
‘Subutaneous (SC) njection of SIMHE1 prior to
and ator modkting

Intravenous (V) jection of SmKI1 afer modding
1P ictions of eggs prio to sensiizaion

1P irocton of Smteg curing sensiizaton
PMBCs fom asthmatc subjects stmuated wih
Sm29 and Sm2TSP-2 i th presenco of Do o1
Infcion of S0 peptides (1* in the et footpad
and baso of tal, 2 IP) befors and i the cowrse
of OVA sensizaton

SC ijction of SIMHE? durng sensizaton and
chatenge

Cercaria infction prorto modetiog

Cercaria nfetion pror to modeing

Malo-ony cercarios fection por o modeling

1P infocton of foozehav-Kded 6995

SEA jecton ater modesing

1P iocton of 1516 aftr modoing

1P iocton of Scystatn after modeing
SC ijction of P28GST prio o modsling
1P iction of §Oystain prio o modeting
P icton of <SFBPA prcr to modeing
Cercaria nfetion prorto modefing
(Cercaria nfectionTP ijcion of SEA afer
modetng

P iecton of SEA

Corcaria infction prorto modeting

1P iction of 15} Cys afer modaling

1P injction of 15 Cys after modsling
Winecion of IPSE prior to modeting

1P iocton of ASMA aftr modoting

Association/Modulatory effect

Spnic ILA7AL TNF-al, -1l 141 L
101

LATL L-101, N in secum; Tregst in
font tissues

SpencIL-41, IL-101, N, IL81, IL171,
TNF-al: cotagen spociic 11, IgG2al
Splnc P41, IL-221, TNF-al, L]

171, 1101, TGF-B11, Tregs!

L1 inperaricuar knee ssus; neutophi
migaton] nto plewral cavty

Eosnophtal in BAL and kngs, OVAspeciic
2 cytokines| inlngs, moDCs|
IL-51,1L-131, 11251, COLI 1, ans-OVA
GEL, 10 i ks

CO#°CD2S" Tiymphacytest, CO4'CD26™
T hmphocytest, IL-101 1 tho supematants
N1, L-41,IL51, 1131 n spenocytos:
OVASpOcicIgL: 41 and IFN-11 1 BALF

L1 in spenocytes: L1, IL-51 and 171
the ungs: FN-1,1L-101 and 351 n the
ngs

IL41in BALF and the ungs, 171 in BALF
IL61,1L21, 1101, L-17al, IN41 3
TN n Sorum; €8 sress markers IRE Tl
and RE1I in colon tissue;

N1l 141, IL-101, and IL171 i LS
IN-1l,IL-21,IL41, 101 n soum: Trogst
in cclon tssve

M2 cstst, Thi7 ool n colon tssue

TNE.al, 1PN, IL17al, N, TG, L
101 i colon tissue; Tregst i spioon and
MK

L-41 and IL-131 n c0lon; N1, 1L-101 and
TGF-B1 in MUNs and spleen

N7l L-41, L-131 and eosinophl
nfivationt incolon ssve

1PNy, L-41,IL-101, TGF-B1, and Trogst in
sploen and PLN

1PNy, IL-41,IL101, TGFB1, and Trogst in
spleen and PLN

M2 macrophage markers, Ag-11 and Yt
P

T2 catst and eosinophial in WAT and e,

M2 macrophaget in WAT
IL-41, IL:51.Tregst i splonooyes

M2 macrophaget, M1 macrophagol
pertoneal iage ool

IL10T, TGF-B11.TNF-c, 61, L-1BL i
sorum; MBS in e, Kihey and kngs
1L61, TNF-al, 1101 i sorum
ILAPTNFalL-6 pathwaysl, iereron
sgnaingl, oxdaive stress) i biadder

ILATL, 101 i senem: splerc COA'T-
colis?, intestingl FoxP3® Trogst

Reference

@
@
@
e

=)

w0

@)
w2

@)
)

)

@
)
)

@

2

2





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Schistosome Infection and Schistosome-Derived Products as Modulators for the Prevention and Alleviation of Immunological Disorders

      

        		

          Introduction

        



        		

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

        

          		

            Rheumatoid Arthritis

          



          		

            Collagen-Induced Arthritis Autoimmune Mouse Model for Rheumatoid Arthritis

          



          		

            Adjuvant Arthritis (CFA-Induced AA) Induced Rat Model

          



          		

            rSjCystatin and SJMHE1 as Immunomodulators

          



          		

            Therapeutic Effects of Sj16 and SmKI-1

          



          		

            Allergy and Asthma

          



          		

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

          



          		

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

          



          		

            Schistosome Peptides Can Modulate Immune Responses in Airway Inflammation

          



          		

            Inflammatory Bowel Disease -Like Colitis

          



          		

            IBD-Like Colitis Models

          



          		

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

          



          		

            Type 1 Diabetes

          



          		

            Type 2 Diabetes

          



          		

            Sepsis

          



          		

            Cystitis

          



          		

            Cancer

          



        



        



        		

          Current Challenges and Future Perspectives

        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2021.619776_cover.jpg
’ frontiers
in Immunology

Schistosome Infection and
Schistosome-Derived Products as
Modulators for the Prevention and

Alleviation of Immunological
Disorders





