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Parasitic helminths have evolved a plethora of elegant stratagems to regulate and evade the host immune system, contributing to their considerable persistence and longevity in their vertebrate hosts. Various mechanisms to achieve this state have been described, ranging from interfering with or actively modulating host immune responses to hiding from immune recognition. Because they damage surrounding vessels and disturb blood flow, blood-borne and blood-feeding parasites in particular must deal with much more than immune effector cells. Management of the host complement system and coagulation cascade, as well as the development of processes of hiding and masking, represent hallmarks of life in blood. Here we review recent findings on putative evasion strategies employed by blood-borne parasitic helminths, focusing on the interaction with and utilisation of host serum components by nematodes and trematodes.
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1 Introduction

Parasitic helminths remain extremely prevalent, infecting over 1.15 billion people based on estimates from 2017 (James et al., 2018), causing a variety of illnesses. One particularity of these parasites is their capacity to establish chronic infections, persisting in mammalian hosts for many months to years or even decades. This is due to their remarkable ability to evade and disrupt the broad variety of immune defence mechanisms deployed against them (Maizels and McSorley, 2016), which not only results in prolonged infections, but also greatly complicates control efforts, including the development of effective vaccines. Immunomodulatory strategies utilised by parasitic helminths have been reviewed extensively (Reviewed in McSorley et al., 2013; Maizels et al., 2018; Zakeri et al., 2018; Wiedemann and Voehringer, 2020, and Acharya et al., 2021). The circulatory system is home to multiple immune effectors and enables transport of leukocytes between tissues and lymph nodes, thus serving as a pipeline for the immune system (Chaussabel et al., 2010). Consequently, blood-borne pathogens are particularly vulnerable to immune recognition and attack and must cope with or modulate the host immune system to establish a chronic infection. This is particularly true for extracellular pathogens such as helminths, large multicellular organisms that cannot hide inside host cells, and therefore are predicted to disturb blood flow (Bloch, 1980; Mebius et al., 2013), damage vessels through feeding and body migration, and interfere with primary and secondary haemostasis, fibrinolysis, and vascular tone (Mebius et al., 2013). Despite this seemingly highly disruptive lifestyle, blood-borne helminths surprisingly elicit very little inflammation and generally dodge immunological attacks targeted at them in permissive hosts (Maizels and McSorley, 2016). A number of immune evasion mechanisms have been described for blood-borne parasitic helminths (Pearce and Sher, 1987; Maizels et al., 1993; Wiedemann and Voehringer, 2020). The hemostatic system comprises both procoagulant and anticoagulant functions that prevent blood loss at sites of injury, and importantly play critical roles in innate immunity. Here we review recent findings on the modulation by blood-borne helminths of less well-known host functions at the interface between immunity and haemostasis, as well as appropriation of host molecules to facilitate evasion of host immunity.



1.1 Co-opting of host molecules by blood-borne helminths

The innate immune system has evolved strategies to discriminate between healthy and abnormal self cells and non-self cells, which rely on recognition of markers (self, non-self, and pathogen-associated) by receptors. Binding of self-markers suppresses an immune response, whereas non-self markers or pathogen-associated molecular patterns (PAMPs) elicit a reaction (Medzhitov and Janeway, 2002). Many pathogens have been proposed to exploit these strategies by disguising with host self markers and/or by masking their PAMPs, preventing activation of signalling pathways that induce antipathogen effector responses and inflammation (Joiner et al., 1986; Pereira-Chioccola et al., 2000; Vogl et al., 2008; Brouwer et al., 2022). Early work  by Smithers et al. (1969) demonstrated the presence of host antigens on the surface of adult schistosomes; many other researchers have since reported the acquisition of host molecules by this parasite at various stages of development. Upon invasion of the mammalian host, newly transformed schistosomula shed their glycocalyx, which is replaced by a heptalaminate membrane tegument. This new tegument allows selective adhesion of host factors via surface receptors. Notable examples include binding of IgG to Fc receptors located on the tegument (Kemp et al., 1977; Torpier et al., 1979; Yong and Das, 1983; Loukas et al., 2001), hypothesised to be preventing interaction of IgG with Fc receptors on immune effector cells; adsorption of low-density lipoproteins, possibly restricting binding sites available for antibodies (Rumjanek et al., 1988; Chiang and Caulfield, 1989a; Chiang and Caulfield, 1989b), and C3 decay-accelerating factor, possibly conferring protection against complement-mediated killing (Horta et al., 1991). Importantly, though functions have been proposed for the co-opting of such host molecules by the parasites, they remain speculative. Other host-derived factors adhere to the schistosome tegument, including but not limited to complement components (Santoro et al., 1980; Tarleton and Kemp, 1981; Skelly and Wilson, 2006), though their exact function is not known. Rare examples in nematodes include acquisition of host complement regulators factor H (Steenbeek et al., 2018) and C4b-binding proteins (C4BP) by microfilariae of Loa loa (Haapasalo et al., 2009) and fH by Onchocerca volvulus microfilariae (Meri et al., 2002), which transit through host blood. Microfilariae-bound fH and C4BP are functionally active and inhibit complement activation, protecting the worm from subsequent attacks from phagocytes relying on complement components as receptors (Meri et al., 2002; Haapasalo et al., 2009). However, perhaps owing to the vastly different properties of the tegument compared to nematode cuticles (a syncytium bounded externally by two lipid bilayer membranes permitting nutrient transport vs a thick acellular barrier that is not actively absorptive (Pappas, 1988; Skelly et al., 1998; Skelly et al., 2014), instances of utilisation of host-derived molecules to avoid immune recognition have largely been described in the context of infection with trematodes, with schistosomes being the most studied. Most of these findings are several years old and have been reviewed recently (Hambrook and Hanington, 2021); however, recent data suggest that schistosomes co-opt yet more host molecules to coat their extracellular vesicles (EVs) (Dagenais et al., 2022).

Sialic acid (SA) residues were discovered to be associated with adult Schistosoma mansoni EVs (Dagenais et al., 2021). SA are acidic nine-carbon monosaccharides frequently present as terminal residues of glycoconjugates in higher animals. They regulate many biological processes, such as cell-cell and cell-extracellular matrix interactions, either by mediating interaction or by masking recognition sites, and are believed to be a self marker (Schauer, 1985; Schauer and Kamerling, 2018). Helminths do not appear to possess SA synthesis enzymes (Hokke and van Diepen, 2017; McVeigh et al., 2018; Schauer and Kamerling, 2018). Several pathogens utilise SA as part of their invasion strategy, including viruses (Rempel et al., 2008), bacteria (Corfield, 1992; Shakhnovich et al., 2002; Bouchet et al., 2003; Sohanpal et al., 2004; Sohanpal et al., 2007; Mehr and Withers, 2016), fungi (Alviano et al., 1999; Eneva et al., 2021), and protozoan parasites, such as Trypanosoma cruzi (Giorgi and De Lederkremer, 2011), T. brucei (Schauer and Kamerling, 2011), and Leishmania spp. (Previato et al., 1985), obtaining them either by de novo synthesis or by incorporating pre-formed SA residues from the host (Severi et al., 2007; Cavalcante et al., 2021). Organisms unable to synthesise SAs depend on sialidases (also known as neuraminidases), which cleave terminal SA from host sialoglycans, or trans-sialidases, which hydrolyse SAs and direct the transfer of host sialyl residues onto their own asialoglycoconjugates (non-sialylated glycoconjugates) (Corfield, 1992; Schauer and Kamerling, 2011; Mehr and Withers, 2016). Many advantages have been attributed to the coating of pathogens with SA residues, including concealing surface antigens and adhesion to and invasion of host cells (Schenkman et al., 1991; Rubin-de-Celis et al., 2006; Campetella et al., 2020). Sporadic reports suggest the presence of SA in helminths, which have generally been attributed to contamination with host molecules (Warren, 1963; Khoo et al., 1997; Lee et al., 2005; Ravidà et al., 2016). However, the detection of SA on S. mansoni EVs after an elaborate density-based EV isolation process suggests that SA is associated with EVs rather than simply present in the sample (Dagenais et al., 2021). Mass spectrometry analyses of EV sialoglycoproteins revealed the presence of mammalian serum glycoproteins (Dagenais et al., 2022). It is thus conceivable that schistosomes, and perhaps other helminths, exploit host sialoglycoconjugates, in the form of whole glycoproteins, to aid in the infection process. Coating of parasite EVs with host sialylated proteins could benefit the parasite in many ways, including masking non-self antigens and coating with self molecules to increase their half-life in the host, allowing them to reach more distant cellular targets in vivo. SA-bearing EVs could also dampen immune responses and inhibit immune cells via interactions with host surface molecules such as SA-binding immunoglobulin (Ig)-like lectins (Siglecs), which are expressed on most leukocytes, resulting in inhibition of cell activation (Crocker et al., 2007).

It is increasingly recognised that the glycosylation profile of EVs plays a crucial role in their biodistribution and uptake and thus ultimately affects their functions (Williams et al., 2018; de la Torre-Escudero et al., 2019; Williams et al., 2019; Kuipers et al., 2020). The glycobiome of mammalian-sourced EVs is generally enriched in sialylated glycoconjugates (Williams et al., 2018) and their removal leads to altered biodistribution in vivo (Royo et al., 2019), suggesting the importance of SA in EV migration and cellular interaction. It is interesting to consider that blood flukes might hijack this strategy to ensure optimal distribution of their EVs in the host, mediate specific interactions with host cells, and facilitate internalisation of EVs by target cells where they can exert their functions, such as by miRNA-driven translational repression of host genes (Buck et al., 2014; Meningher et al., 2020). Some outstanding questions are presented in Figure 1.




Figure 1 | Schematic representation of the main outstanding questions related to the utilisation of host serum sialoglycoproteins by adult schistosomes. Are EVs coated passively or as an active and specific process? At which point do host glycoconjugates become associated with parasite EVs? In the trematodes Schistosoma mansoni and Fasciola hepatica, evidence points to the tegument, digestive and excretory systems as sources of EVs (1) (de la Torre-Escudero et al., 2016; Bennett et al., 2020; Dagenais et al., 2021; Bennett et al., 2022). In addition, lectin histochemistry of whole adult worms with SNA-I, a lectin which recognises structures with α2-6-linked terminal SA, strongly labelled sub-tegumental cell bodies of the parasite (Dagenais et al., 2021), suggesting uptake of SA into those cells. Consequently, it is plausible that schistosomes might acquire serum glycoproteins via the tegument. Could schistosomes have receptors on sub-tegumental cell surfaces that recognize sialic acid as a signal for endocytosis (2)? Alternatively, the coating of EVs might occur upon their release in host blood (3). Do EVs emanate from sub-tegumental cells (4)? Does SA mediate interaction with target cells and/or EV uptake (5)? Future research should address these outstanding questions and investigate the involvement of SA in cellular interaction and EV uptake. miRNA, microRNA; mRNA, messenger RNA; RISC, RNA-induced silencing complex.






1.2 Interference with host hemostasis

The three events that may lead to activation of coagulation according to the Virchow triad are: i) hypercoagulable state of blood plasma, ii) disruption/alteration of normal blood flow (stasis), and iii) damage/impairment of the endothelium (Kushner et al., 2019). As large pathogens occupying a significant portion of a small vessels lumen, blood-dwelling helminths may initiate coagulation via each of these three events. Therefore, besides adaptations to evade the host immune system, parasites have evolved strategies to prevent blood coagulation, which would compromise their ability to feed and move freely, hampering their overall survival (Figure 2). How S. mansoni interferes with the host hemostatic system was reviewed previously (Mebius et al., 2013). Several schistosome molecules contained in the tegument are predicted to have enzymatic activity, which could lead to platelet activation inhibition, e.g., via degradation of extracellular adenosine diphosphate (ADP; Da’dara et al., 2014; Skelly et al., 2022) or triggering release of platelet activation inhibitors such as prostacyclin. Similarly, mechanisms behind fibrin generation and formation of a stable blood clot have been shown or proposed to be inhibited and regulated through the production of anticoagulants (e.g., Sm22.6, heparin-like molecules, etc.) (Mebius et al., 2013). Activating fibrinolysis represents another way for schistosomes to prevent entrapment by the host. Several endogenous factors and schistosome-derived proteins stimulate proteolytic activation of plasminogen into the fibrin-degrading enzyme plasmin. At least ten S. mansoni proteins bind plasminogen. Among those, enolase, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and a serine protease (SmSP2) facilitate the conversion of plasminogen to plasmin (via tissue plasminogen activator), initiating fibrinolysis (Yang et al., 2010; Mebius et al., 2013; Figueiredo et al., 2015; Leontovyč et al., 2018). The same was observed for excretory/secretory (E/S) proteins released by the blood-borne nematodes Dirofilaria immitis and O. volvulus (Jolodar et al., 2003; González-Miguel et al., 2012). Two functional calpains expressed on the schistosome tegument can cleave host fibronectin (a stabiliser of fibrin clots) and high molecular weight kininogen (a cofactor involved in the conversion of FXII in the intrinsic coagulation pathway) (Wang et al., 2017; Wang et al., 2018). Similarly, an alkaline phosphatase (SmAP) on the worm’s surface degrades sphingosine-1-phosphate (S1P), a molecule with pro-inflammatory and pro-coagulant functions, among others (Elzoheiry et al., 2018b). Hookworms (Ancylostoma spp. and Necator americanus) feed on blood; despite not being blood-borne parasites, they must prevent clot formation at the host intestinal attachment site and during the passage of blood through their gut. Hookworms secrete powerful inhibitors of platelet aggregation, which hinder platelet adherence to fibrinogen, and several anticoagulants (interacting with e.g., FVIIa and FXa) with distinct modes of action affecting the coagulation cascade (Abuzeid et al., 2020). The dog heartworm D. immitis can survive in its host circulatory system for years (Newton, 1968). Like many parasitic helminths, it secretes proteins in the serine protease inhibitor (serpin) family, capable of immune regulation and inhibition of the coagulation cascade (Knox, 2007; Molehin et al., 2012). Dirofilaria immitis E/S proteins partially alter the host coagulation cascade and reduce the activity of FXa (Diosdado et al., 2020), which plays a pivotal role at the intersection between the intrinsic and extrinsic pathways of coagulation and stimulates conversion of fibrinogen into fibrin (Adams and Bird, 2009). One D. immitis protein in particular, homologous to Brugia malayi serpin 6, was proposed to form an inhibitory complex with FXa (Diosdado et al., 2020).




Figure 2 | Interference between parasitic helminths with the secondary hemostasis and complement cascade. The image depicts some (non-exhaustive) points of interactions between helminth E/S products and the interconnected coagulation cascade and complement system, an integral part of innate immunity. While parasite molecules have inhibitory effects on host processes, Schistosoma mansoni stimulates plasmin activation to promote fibrinolysis (Mebius et al., 2013). The trematode also indirectly inhibits fibrin clot formation and stabilisation, interacts with FXII, thrombin, and complement C3 and C4 (Mebius et al., 2013; Da’dara et al., 2017; Wang et al., 2017; Wang et al., 2018). Hookworms interact with FVII and FX (reviewed in Abuzeid et al., 2020). Haemonchus contortus impairs C1q and C3 functions (Vedamurthy et al., 2015). Dirofilaria immitis was shown to decrease FX activity (Diosdado et al., 2020). Angiostrongylus vasorum interferes with fibrin clot stabilization, with tissue factor, and mannose-binding lectin associated protease 2 (MASP2) (Gillis-Germitsch et al., 2021; Tritten et al., 2021b). Interference with platelet activation or aggregation (bright red cell; primary hemostasis) was described for hookworm and S. mansoni products (Del Valle et al., 2003; Elzoheiry et al., 2018a). The coagulation and complement cascades are depicted according to Danckwardt et al. (2013). TF, tissue factor; PK, prekallikrein; TAFI, thrombin activatable fibrinolysis inhibito; MASP2, Mannose-binding lectin-associated serine protease 2.



Alterations on the complement and coagulation cascades could harm the host. Canine infections with the lung and heart parasite Angiostrongylus vasorum are associated with coagulopathies with frequently fatal outcomes (Glaus et al., 2016). Infection decreases levels of some complement lectin pathway components (mannose-binding lectin (MBL)-associated serine protease (MASPs) and ficolin 1) as well as coagulation factors such as Factor XIII subunit B (Tritten et al., 2021b), which stabilises fibrin clots and accelerates fibrinogen cross-linking (Souri et al., 2015). Paralleling this, inhibition of MASPs and complement activation by Fasciola hepatica serpins was described (De Marco Verissimo et al., 2022). Additionally, proteomic analysis revealed that E/S proteins released by this parasite contain several putative modulators of host coagulation (Gillis-Germitsch et al., 2021). Similarly, humans infected with S. mansoni showed lower platelet counts and significantly more coagulation abnormalities than uninfected patients (Eyayu et al., 2020). In line with this, mouse blood exposed to adult S. mansoni worms in vitro clotted more slowly and yielded relatively poor, though stable, thrombi (Da’dara et al., 2016).




1.3 Modulation of complement: Meddling in both coagulation and immunity

The coagulation cascade and the complement system are interconnected (Figure 2), along with other important immune mechanisms beyond the scope of this review, such as NETosis (formation of neutrophil extracellular traps) (de Bont et al., 2019). Some coagulation factors, such as FXII, activate the complement cascade (Tsang et al., 1977). Interference with host FXII activity by schistosomes may therefore be doubly beneficial for the pathogen: to prevent clot formation and to evade the innate immune system (Mebius et al., 2013). Schistosomes engage complement in human serum and rapidly degrade selected complement proteins such as C3, C4 and factor B, which may help explain the worm’s refractoriness toward complement-mediated attack (Da’dara et al., 2017). Indeed, helminths residing in host blood have evolved a variety of strategies to evade the complement system. These range from recruitment of host regulatory proteins to molecular mimicry or release of inhibitors of complement activation (reviewed in Shao et al., 2019). The latter category in particular is well known in helminths: B. malayi and N. americanus, for instance, release calreticulin, which inhibits the lectin pathway by binding host mannose-binding lectin (Brown et al., 1999). GAPDH secreted by Haemonchus contortus, another blood-feeder, binds to C1q and C3, shutting down complement activation (Vedamurthy et al., 2015). The complement binding capacities of D. immitis E/S proteins shed by microfilariae are inhibited by macrocyclic lactone anthelmintics (Staniunas and Hammerberg, 1982). The relationship between immunomodulatory properties of E/S proteins and the anthelmintic effects of macrocyclic lactones was established with evidence suggesting that these drugs act by suppressing the parasite’s ability to secrete molecules that enable evasion of the host immune system, likely including the complement system (Moreno et al., 2010).





2 Discussion

Cross-talk at the host-parasite interface is dynamic. The composition of E/S material varies both qualitatively and quantitatively depending on parasite developmental stage, and likely based on the host species and tissue it occupies (Tritten et al., 2021a; Castro-Borges and Wilson, 2022). Adding another layer of complexity, the composition of EVs may change following their release in the host. Indeed, the protein corona at the surface of EVs may be formed during EV biogenesis but may also be acquired in the extracellular space, such as host blood, contributing to their functional identity (Buzas, 2022). Helminth EVs may indeed acquire some elements from the host to decorate their EV surface, such as serum sialoglycoproteins (Dagenais et al., 2022), which may mediate important functional activities as well as confound our ability to differentiate factors that contribute to host modulation from those that do not. The intricacies of helminths’ ability to hide in plain sight remain poorly understood, particularly when it comes to their interaction with host blood components, as most research focuses on interaction with immune cells.

As illustrated by their divergent life histories, helminth pathogens are complex and present an impressive genomic diversity (International Helminth Genomes Consortium, 2019). Despite significant advances in genomics, our grasp of the biology of these parasites and what allows them to survive in the bloodstream of other organisms is limited, and the development of effective treatments is still impacted by methodological limitations. While infectious disease research has greatly benefited from transgenesis in the past decade (e.g., for vaccine design), genome manipulation in parasitic helminths still lags behind that of many other pathogens profiting from state-of-the-art advances (Quinzo et al., 2022).

Currently, functional studies of molecules defining the nature of parasitism rely on extensive ‘omics’ analyses. Among molecules released at the host-parasite interface, the soluble protein fraction is best characterised (Tritten et al., 2021a). Recent technological advances have enabled the study of other helminth E/S components, providing insights into the importance of miRNAs, lipids and glycans in the host-parasite crosstalk, among others. Integrating information from genomics, transcriptomics, immunomics, and new disciplines such as proteogenomics, may illuminate fundamental biology and lead to translation into therapeutic applications (Sotillo et al., 2017).

Access to high-throughput approaches will benefit the study of helminth-host interactions. For instance, targeted proteomics experiments allow the precise detection of enzymatic cleavage in a protein sequence, as in N-terminome analyses (Kleifeld et al., 2010). Such assays will be useful to study host-parasite interactions that degrade host material such as coagulation factors or complement components, offering both depth and high-throughput capabilities. Detailed investigations of other specialised proteomes may highlight potential drug targets. Analysis of the S. mansoni phosphoproteome revealed important features of female worm biology (Hirst et al., 2020). Phosphorylation is an essential post-translational modification for signal transduction within cells, and is instrumental to many cellular processes. Protein kinases and phosphatases catalyse the addition and removal of phosphate groups, respectively, thereby altering the properties of target proteins. (Ubersax and Ferrell, 2007). Protein kinases represent interesting drug targets, and several inhibitors have been approved for human use in other contexts (Santos et al., 2017); whether these could facilitate the design of drugs against schistosomes remains to be investigated (Wu et al., 2021).

To conclude, recent technological developments open new opportunities to better understand survival strategies employed by helminths intimately exposed to host blood and defences. In the past few years, few research efforts have been dedicated to the interactions between parasites and host blood components. However, it is expected that parasite E/S proteins have not yet revealed all their ‘moonlighting’ potential as determinants of parasitism (Tritten et al., 2021a) and the extensive overlap between host hemostasis and immune pathways merits renewed attention.
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