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Abstract 

Parasitic helminths maintain chronic infections in the host by secreting molecules that 

promote parasite survival. These molecules can be packaged into extracellular vesicles (EVs) 

which are internalised by host cells and exert potent immunomodulatory effects. Thus, 

blocking helminth (h)EV release is an attractive therapeutic approach to eliminate the 

parasite. However, this is hindered by our limited understanding of the mechanisms that 

govern hEV biogenesis and release. To begin to address this, a comparative genomics 

approach was used to determine whether established EV biogenesis pathways could operate 

in helminths. This revealed that canonical EV biogenesis pathways were broadly conserved, 

but helminth phyla diverged in their EV RNA loading proteins. As the sites of hEV secretion 

could give insights into their mechanisms of production, antibodies raised against proteins 

enriched in F. hepatica (Fh)EVs were used to identify their cellular origins in adult flukes. This 

analysis revealed multiple sites of FhEV production (the parenchyma, tegument, 

gastrodermal cells and protonephridial system) and indicated that further subtypes of FhEVs 

exist within the previously characterised 15K and 120K EV populations. Additionally, 

ultrastructural analysis of these tissues identified several potential mechanisms of FhEV 

formation and release. Oral sucker and excretory pore ligation of adult flukes in vitro 

demonstrated that the gut is the primary source of FhEVs, but the tegument and 

protonephridial system also contribute FhEV sub-populations to a lesser extent. Proteomic 

analysis of laser microdissected gut and tegument supported these findings and revealed 

proteins shared with FhEVs that are associated with EV biogenesis. Of those, 

sphingomyelinases were targeted using a chemical inhibitor (GW4869) to try to disrupt EV 

biogenesis in F. hepatica. This resulted in an 80% reduction in 120K EV secretion from flukes 

cultured in vitro, whereas 15K EV release was only moderately impacted, indicating that 

various EV biogenesis pathways operate in the parasite. Ultrastructural observation of 

GW4869-treated F. hepatica tissue showed severe disruption to the parenchyma, indicating 

that this could be a source of 120K EVs. In a pilot experiment, selected F. hepatica transcripts 

encoding EV biogenesis proteins were successfully silenced using RNAi in juvenile flukes, with 

nanoparticle tracking analysis identified as a potential phenotypic readout to show the 

inhibition of FhEV release by RNAi. This work establishes that F. hepatica releases multiple 

subtypes of EVs through different mechanisms and, despite the complexities of this process, 

demonstrates that targeted disruption of EV biogenesis is possible. As such, this body of work 

provides proof-of-concept for future studies investigating hEV biogenesis as a target for fluke 

control. 
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Chapter 1: Introduction 

1.1 Helminthiasis: the hidden pandemic 

Parasitic helminths are believed to infect almost one third of the human population (Jourdan 

et al., 2017). Despite their global prevalence, parasitic worms of the phyla Nematoda and 

Platyhelminthes have been classified as ‘neglected’ by the World Health Organisation (WHO) 

due to the lack of investment in investigating these organisms (Hotez et al., 2008), with much 

of the research funding for infectious diseases instead being directed towards more well-

known pathogens such as HIV, malaria, and tuberculosis (Simon, 2016). 

 

The impact of helminthiasis, disease caused by parasitic worms, was initially underestimated, 

partly because of the chronic nature of these infections which generally allow both the host 

and parasite to survive (Jourdan et al., 2017). However, symptoms of helminthiasis are 

pernicious and include malnutrition, anaemia, severe pain, and swelling of internal organs, 

leading to long-term physical and cognitive damage (Bethony et al., 2006; Blouin et al., 2018; 

Hotez, 2014). Recent estimates now suggest that annually 14.5 million disability adjusted life 

years (DALYs) are lost due to the cumulative effects of parasitic worm infections, which are 

often exacerbated by polyparasitism of individuals (Hotez et al., 2016). 

 

Given these diseases are disproportionally burdened by the poor (GBD 2015; DALYs and HALE 

Collaborators, 2016) and flourish in settings of instability (Hotez, 2018; Hotez et al., 2017), 

helminth infections cause and reinforce poverty through their long-term deleterious impact 

on the host. Indeed, the label ‘diseases of disadvantage’ has been suggested to better 

represent the demographic of these infections which are not just limited to impoverished 

nations (Beknazarova et al., 2016; McKenna et al., 2017). Helminth-mediated modulation of 

the host immune response (to prolong worm survival) can also interfere with the treatment 

of other infectious agents leading to more severe disease outcomes (Simon, 2016). Parasitic 

helminths thus represent a major impediment to human progress and demand more 

attention from researchers, funding bodies and policy makers within the international 

community. 

 

Of the neglected tropical diseases, it is the food-borne trematodes, or flukes (phylum 

Platyhelminthes; class Trematoda), that are considered some of the most neglected (Senior, 

2009). Even so, liver, lung and intestinal flukes infect an estimated 56.2 million people around 
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the world and cause the loss of 665,352 DALYs (Fürst et al., 2012a), making food-borne 

trematodiases a major global health concern. 

 

1.2 Fascioliasis 

The liver fluke, Fasciola hepatica, is the most widespread food-borne trematode and is the 

causative agent of fascioliasis (liver fluke disease) (Fürst et al., 2012a). Predominantly a 

parasite of ruminants, F. hepatica originated in Europe but became distributed around the 

world with the domestication and export of parasitized livestock. This success in colonising 

such a huge geographical area has been attributed to the parasite’s ability to adapt to a wide 

range of mammalian definitive hosts which include ruminants, rodents, lagomorphs, 

marsupials and humans (Mas-Coma et al., 2005). F. hepatica uses freshwater lymnaeid snails 

(family Lymnaeidae) as an intermediate host and can infect a number of different species, 

albeit with varying efficiencies (Bargues et al., 2017), which occupy a range of habitats. 

Optimal environments for parasite development and transmission are those with high 

moisture levels and temperatures between 10 and 25°C which prevent desiccation of the 

intermediate host and free-living F. hepatica life stages (Andrews, 1999). Nevertheless, F. 

hepatica has spread to areas characterised by long dry periods and temperatures that drop 

below the optimum range on a daily basis, such as in the highlands of Bolivia (Mas-Coma et 

al., 2001). 

 

The remarkable adaptability of F. hepatica to host species and environments has enabled F. 

hepatica to establish itself on every continent (bar Antarctica) and fascioliasis is now endemic 

in livestock in 81 countries (Fürst et al., 2012b). As a pathogen of livestock, F. hepatica causes 

reduced weight gain, anaemia, hypoproteinaemia, jaundice, reduced milk production, and 

even death (Behm and Sangster, 1999). Infections with F. hepatica also leave livestock more 

susceptible to bacterial infections. Cattle infected with F. hepatica are more vulnerable to 

Mycobacterium bovis infection as the helminth compromises the animals’ ability to generate 

IFN-γ in an immune response to the bacterium (Flynn et al., 2009), and similar findings have 

been reported for concomitant infections of F. hepatica with Bordetella pertussis (Brady et 

al., 1999). F. hepatica is therefore a pathogen of global importance with infections in livestock 

annually costing agricultural industries worldwide $3 billion (Robinson and Dalton, 2009). 

 

The societal costs of F. hepatica can also be attributed to human disease caused by the 

parasite. Humans become infected after ingesting vegetation or water contaminated with F. 

hepatica metacercariae, the infectious stage of the parasite (Ashrafi et al., 2006). Although 
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estimates for the number of global cases of fascioliasis are outdated, it has been suggested 

that 2.6 to 17 million people live with the disease (Fürst et al., 2012a; Hopkins, 1992) which 

has symptoms including fever, abdominal pain, fatigue, weight loss, severe anaemia, and 

diarrhoea (Ai et al., 2017; Lukambagire et al., 2015; Tas Cengiz et al., 2015; Tavil et al., 2014). 

Whilst human infections occur sporadically in non-endemic areas (Bargues et al., 2017; Kim 

et al., 2015), outbreaks of human fascioliasis have recently occurred in countries such as 

Argentina, Turkey, Iran, Egypt, Tanzania, Brazil and Portugal making the disease a cross-

continental public health concern (Harrington et al., 2017). Human fascioliasis has been 

reported as particularly prevalent in the Andean highlands where hyperendemic regions 

(with > 10% of people infected) are concentrated, and infection rates of up to 100% have 

been recorded in areas such as the Altiplano plateau of Northern Bolivia (Esteban et al., 1999; 

Mas-Coma et al., 2005). 

 

Preventing the spread of F. hepatica has been difficult to achieve due to the lack of an 

effective vaccine, human practices that facilitate transmission, and the parasite’s ability to 

infect a large reservoir of potential hosts. Despite the identification of potential molecular 

vaccine candidates, no vaccine has reached the high levels of efficacy (approximately 80% of 

a reduction in worm burden) required for commercial development (Molina-Hernández et 

al., 2015; Toet et al., 2014). Without an effective, widely distributed vaccine for livestock, 

these animals will continue to act as a reservoir for F. hepatica and contaminate agricultural 

areas where food is grown. Educational programmes are another approach to prevent people 

ingesting the parasite through cooking foods and avoiding contaminated water in food 

preparation. However, this is an inherently difficult task requiring changes in eating habits 

and the dissuasion of people from consuming food and traditional beverages that would 

otherwise be of nutritional and cultural value (Fürst et al., 2012b). 

 

Where infection cannot be prevented, triclabendazole is currently the treatment of choice 

for fascioliasis because of its efficacy against both the immature and adult stages of the 

parasite (Kelley et al., 2016). Triclabendazole is thought to act through the inhibition of 

microtubule-based processes, specifically by interacting with β-tubulin, which leads to 

disruption of the fluke’s tegument and reproductive structures (Robinson et al., 2002). 

However, the mode of action of triclabendazole has yet to be definitively determined and 

inhibition of adenylate cyclase has recently been proposed as another anthelmintic action of 

the drug (Kelley et al., 2016). Although triclabendazole kills the parasite, it does not prevent 

fluke re-infection which commonly occurs in hyperendemic areas (Valero et al., 2017). 
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Repeated usage of the drug is therefore required to treat re-infections; thus, triclabendazole 

is frequently applied throughout the year in the livestock industry to sheep and cattle. This 

over-reliance on triclabendazole has driven the selection of triclabendazole resistance in F.

hepatica populations (Kelley et al., 2016). 

Several mechanisms of triclabendazole resistance have been suggested, including differences 

in metabolism of the drug in resistant F. hepatica isolates (Devine et al., 2011) and altered 

uptake and efflux mechanisms (Savage et al., 2013). However, it is likely that no single mode 

of resistance has arisen in F. hepatica because not all isolates share the same triclabendazole-

resistant phenotype (Kelley et al., 2016). Triclabendazole resistance was first recorded on a 

farm in Australia in 1995 (Overend and Bowen, 1995); since then, 11 countries have reported 

cases of triclabendazole-resistant liver fluke infections in livestock (Kelley et al., 2016). This 

global rise of triclabendazole resistance on farms presents a zoonotic risk to treating 

fascioliasis in humans, and human cases of triclabendazole-resistant F. hepatica infection 

have now been recorded in The Netherlands, Peru, Chile and Turkey (Belgin et al., 2015; 

Cabada et al., 2016; Gil et al., 2014; Winkelhagen et al., 2012). Whilst other flukicides do exist 

for the treatment of fascioliasis, these are ineffective against immature stages of the parasite 

and resistance has already emerged against most of these drugs (Kelley et al., 2016). 

Therefore, a deeper understanding of the biology of F. hepatica and its interaction with the 

host is required to identify novel drug targets to counteract these problems of resistance. 

1.3 The life cycle of F. hepatica and its survival within the mammalian host 

The life cycle of F. hepatica begins when the unembryonated eggs are passed into freshwater 

in the faeces of the mammalian definitive host (Fig. 1.1, step 1). If the correct physio-chemical 

conditions are present in the environment (namely suitable light, temperature and moisture 

levels), the eggs embryonate and hatch, releasing a free-swimming miracidium which seeks 

out freshwater snails of the Lymnaeidae family (Andrews, 1999) (Fig. 1.1, step 2). After 

penetrating the snail’s body, the parasite undergoes a series of sequential transformations. 

Firstly, into a sporocyst which migrates to the digestive gland; then into multiple redia 

through asexual replication; and finally into cercariae which exit from the snail into the 

surrounding water (Andrews, 1999) (Fig. 1.1, step 3). The free-living cercariae then seek out 

aquatic vegetation on which they encyst. Here, they reside as infectious metacercariae which 

can survive for months protected by a pair of cyst walls (Andrews, 1999) (Fig. 1.1, step 4).  
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The intra-mammalian stages of infection begin when the metacercariae (either on vegetation 

or free-floating in water) are consumed by the definitive host (Fig. 1.1, step 5). On reaching 

the duodenum of the small intestine (and within 1 h of the initial infection), the 

metacercariae begin to emerge from their cysts as newly excysted juveniles (NEJs) (Andrews, 

1999). The NEJs escape from the duodenum by burrowing through the wall of the small 

intestine and into the peritoneal cavity. Once in the peritoneal cavity, the immature fluke 

finds and penetrates the liver and migrates through the liver parenchyma before entering 

the bile ducts (approximately 7 weeks after the initial infection) (Andrews, 1999). In the bile 

ducts, the fluke matures into a reproductive adult which is capable of producing 25,000 eggs 

a day (Valero et al., 2002) (Fig. 1.1, step 6). These eggs then drain out of the bile ducts into 

the intestine and are voided in the faeces (Andrews, 1999). The migration of the immature 

fluke can cause haemorrhaging and extensive disruption to host tissue which gives rise to the 

acute phase of infection. The chronic stage of infection is characterised by fibrosis and bile 

duct hyperplasia caused by the hermaphroditic adults persisting in the bile ducts whilst 

feeding on host blood (Andrews, 1999). 

 

During infection, the exogenous molecules secreted by F. hepatica, and the endogenous 

(host) molecules liberated by damage to host tissue, trigger an immune response in the host 

which has been studied in various experimental models. In rats and cattle, the initial 

penetration of NEJs through the wall of the duodenum recruits mast cells and eosinophils 

(Van Milligen et al., 1999) and provokes a mixed immune response with the release of both 

pro-inflammatory (IFN-γ) and anti-inflammatory (IL-10, IL-4) cytokines (Cwiklinski et al., 

2016). However, within 24 h of infection, peritoneal macrophages display a reduced capacity 

to respond to pro-inflammatory (type 1) stimulants (Donnelly et al., 2005, 2008) and as the 

infection progresses, a dominant anti-inflammatory (type 2) immune response is established 

(Cwiklinski et al., 2016). 

 

The wound healing type 2 response is required to limit the pathology associated with fluke 

migration. However, this immune response fails to eliminate the adult worm and results in a 

stalemate which can last over a decade where both the parasite and the host survive 

(Andrews, 1999; Cwiklinski et al., 2016). Additionally, the type 2 response does not protect 

against re-infection and chronically-infected hosts remain susceptible (Sachdev et al., 2017). 

Indeed, the non-protective type 2 response is actively maintained by adult F. hepatica to 

ensure its long-term survival through manipulation of host cells by parasite-derived 

immunomodulatory molecules (Dalton et al., 2013). Given their central role in interfering 
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with the host immune system, it is important to characterise the molecules released by F. 

hepatica along with the parasite tissues that produce them, namely the tegument and 

gastrodermis, which together constitute the host-parasite interface.  

 

 

 

Figure 1.1 The life cycle of F. hepatica. Adult F. hepatica, residing in the bile ducts of the definitive 

host, lay eggs which drain into the small intestine and are voided in the faeces (step 1). These eggs 

hatch in fresh water and release free-swimming miracidium which penetrate the tissue of snails of the 

Lymnaeidae family (step 2). In these snails, the parasite develops firstly into a sporocyst, then into 

multiple redia and finally cercariae which are shed from the snail and once again enter the water (step 

3). The cercariae stick to aquatic vegetation (e.g. watercress) in the water where they undergo another 

transformation into infectious metacercariae, losing their tails and encysting (step 4). After the 

metacercariae are ingested by a human or reservoir host, they excyst in the small intestine (step 5) 

and the juvenile parasite begins its migration to the bile ducts of the liver where they mature into 

reproductive adults and feed on host blood (step 6). From Despommier et al. (2017). 
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1.4 The host-parasite interface 

1.4.1 The tegument of adult F. hepatica 

The tegumental syncytium of adult F. hepatica is the major barrier between the parasite and 

the host environment. Early work on the ultrastructure of the tegument by Threadgold (1963) 

revealed a continuous anucleate cytoplasmic layer, 15-20 µm thick, which surrounds the 

parenchyma of the worm. This is delimited externally by an apical plasma membrane (APM) 

and internally by a fibrous basal lamina. The tegument also contains numerous posterior-

facing spines, believed to be composed of actin (Stitt et al., 1992), which both anchor the 

adult worm in position and abrade the bile duct wall to expose blood vessels for feeding 

(Bennett, 1975a) (illustrated in Fig. 1.2A). 

 

Connections to the nucleated tegumental cell bodies below the syncytium are established 

via cytoplasmic connections (illustrated in Fig. 1.2B). It is through these that T1 and T2 

secretory bodies (glycoprotein-containing vesicles produced in the cell bodies) enter the 

syncytium (Hanna, 1980; Threadgold, 1963, 1976). The classification of the tegumental cell 

body corresponds to the type of secretory body it produces and numerous T1 and T2 

tegumental cell bodies sit beneath the syncytium in a ratio of approximately 4:1 (Bennett 

and Threadgold, 1975). Once in the syncytium, T1 secretory bodies remain concentrated 

basally, whereas T2 secretory bodies progress to the glycocalyx of the APM where they 

deposit their glycoprotein cargo (Bennett and Threadgold, 1975). There is a continual 

renewal of the tegument through the depositions of the secretory bodies which, in 

combination with the sloughing of damaged syncytium, is key to maintaining the integrity of 

the tegumental barrier against the action of bile, degradative enzymes, and host immune 

effectors (Dalton et al., 2004). 
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Figure 1.2 Diagram showing the structural features of the tegument of adult F. hepatica. (A) Syncytial 

layer containing a spine. (B) Sub-tegumental layer containing tegumental cell bodies. Adapted from 

Fairweather et al. (1999). 

 

Not only is the tegument a protective barrier for the fluke, but it also functions in the 

immunoregulation of host cells. When mice were injected with a preparation of F. hepatica 

tegument extract following treatment with lipopolysaccharide (to induce inflammation), they 

showed a significant reduction in the levels of circulating pro-inflammatory cytokines 

(Hamilton et al., 2009). Further immunological analysis revealed that F. hepatica tegumental 

extract has a broad immunosuppressive effect on host dendritic cells, inhibiting their 

maturation in vitro. This in turn reduced their ability to activate T cells in vivo when these 

tegument extract-treated dendritic cells were re-introduced into mice (Hamilton et al., 2009). 

It has also been suggested that the tegument actively secretes immunomodulatory 

molecules such as helminth defence molecule-1 (HDM-1) (Martínez-Sernández et al., 2014; 

Robinson et al., 2011). 

 

Beyond its defensive and immunoregulatory functions, the tegument is involved in the 

uptake of nutrients from bile, as reviewed extensively by Dalton et al. (2004). Of note, the 

tegument is the main site of glucose import (Dalton et al., 2004; Isseroff and Read, 1969; 

Rohrbacher, 1957) and amino acids and lipids can also enter via this route. Invaginations at 

both the apical and basal surface of the tegument facilitate the diffusion of nutrients into the 

underlying parenchymal cells by increasing the syncytial surface area (Dalton et al., 2004; 

Threadgold, 1963). The tegument is also the route by which triclabendazole enters the fluke 
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(Toner et al., 2010a), although it is unclear as to whether this is by an active uptake process 

or by trans-tegumental diffusion. Additional functions of the tegument are in 

osmoregulation, with the mitochondria that line the basal infolds producing the ATP required 

for the active transport of ions, as well as in sensing the external environment through 

sensory papillae scattered across the tegument surface (Bennett, 1975b). 

 

1.4.2 The gastrointestinal tract of adult F. hepatica 

Whilst the tegument acts as the fluke’s outer barrier, the gastrointestinal tract represents 

the internal interface between the host’s blood and the parasite. The gastrointestinal tract 

of adult F. hepatica comprises a bifurcated blind-ending intestine which extends from the 

oral sucker to the anterior portion of the fluke (Halton, 1967). This terminates in highly 

branched caeca into which the host’s blood is drawn by peristalsis of the pharynx and 

oesophagus after a blood vessel has been breached (Howell, 1970). 

 

The gut caeca are lined with only a single cell type (Fig. 1.3) which exhibits considerable 

variation in structure and function as it cycles between secretory and absorptive phases 

(Robinson and Threadgold, 1975; Threadgold, 1978). Such variation within the cell has 

allowed its classification into three broad groups (Groups I, II III) which in turn contain the 

subcategories early, intermediate or late (Robinson and Threadgold, 1975). The 

distinguishing features which mark each phase are described in detail by Robinson and 

Threadgold (1975). In brief, these are the length of the lamellae, the shape and size of the 

cell, and their distribution in the gastrodermis. 

 

Group I cells (Fig. 1.3A) are thought to be the main secretory stage because they contain an 

abundance of organelles with roles in secretion, including active Golgi complexes, rough 

endoplasmic reticula and mitochondria, as well as numerous membrane-limited secretory 

granules that accumulate at the APM (Robinson and Threadgold, 1975). By contrast, Group 

II cells (Fig. 1.3B) are proposed to have an absorptive function with a cytoplasm lacking 

secretory features but containing endosomes and autophagosomes. Lastly, Group III cells are 

predominantly associated with the movement of material along the main gut caeca, but also 

possess features of both secretion and absorption (although to a lesser extent than Groups I 

and II) (Robinson and Threadgold, 1975). The distribution of both Group I and II cells 

throughout the extended caeca is such that, at any given period, each segment of the gut is 

simultaneously undergoing phases of secretion and absorption (Robinson and Threadgold, 

1975). 
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Figure 1.3 Diagram showing the structural features of the gastrodermal cells of adult F. hepatica during 

different periods in their cellular cycle. (A) A gastrodermal cell in its secretory phase (Group I) 

displaying extended lamellae, numerous active Golgi complexes, and numerous secretory bodies 

below its apical plasma membrane. (B) A gastrodermal cell in its absorptive phase (Group II) which 

lacks secretory vesicles and active Golgi complexes, but contains endosomal compartments and 

autophagosomes. From Dalton et al. (2004). 

The cellular architecture of the gastrodermis reflects its role in the digestion of blood. F.

hepatica is a haematophagous trematode and blood provides the fluke with a constant 

supply of nutrients which sustains a voracious rate of egg production (Dalton et al., 2004; 

Halton, 1997, 1967). The digestion of blood is predominantly an extracellular process and F.

hepatica releases digestive enzymes from its gastrodermal cells through exocytosis of 

zymogen-containing secretory granules (Collins et al., 2004). In the gut lumen, the parasite 

maintains a microenvironment with an acidic pH (around 5.5) which serves to activate the 

cathepsin cysteine proteases (chiefly cathepsins L1, L2 and L5) that are secreted by the 

gastrodermal cells (Lowther et al., 2009; Robinson et al., 2008a). The acidic pH also relaxes 

the structure of haemoglobin, making it more susceptible to cleavage by cathepsins into 

small peptides which are then absorbed by the fluke for further hydrolysis (Lowther et al., 

2009). Adult flukes then periodically regurgitate the by-products of digestion, preventing the 

accumulation of toxic haem (Halton, 1967), although secretion of proteins into the 

gastrointestinal tract is thought to occur continuously (Wilson et al., 2011). The gut is also 
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thought to be the route of uptake of certain anthelmintics (e.g. closantel) which are ingested 

with the blood meal (Ceballos et al., 2017). 

 

1.4.3 F. hepatica excretory/secretory products 

The F. hepatica tegument and gut are important sites of release of soluble 

excretory/secretory products (ESP) that interfere with host cell physiology. The release of 

ESP is tightly regulated throughout the development of F. hepatica, corresponding to the 

needs of the parasite as it migrates through host tissues (Robinson et al., 2009). Proteases, 

the main component of F. hepatica (Fh)ESP, enable the NEJ to penetrate through the wall of 

the small intestine and degrade macromolecules as it traverses across the host liver 

parenchyma (Robinson et al., 2009). In the adult stage, cathepsins continue to be the most 

prominent group of secreted proteins, comprising 80% of the total ESP (Cwiklinski et al., 

2015a; Dalton et al., 2004). In addition to their role in haematophagy, cathepsin Ls also 

counteract host immune attack by cleavage of host immunoglobulins which prevents 

antibody-dependent binding of eosinophils to NEJs (Berasain et al., 2000; Carmona et al., 

1993; Dalton et al., 2003). 

 

Furthermore, FhESP contains a broad spectrum of immunomodulatory molecules which 

suppress a pro-inflammatory CD4 T helper cell type 1 (Th1)-mediated response and drive a 

CD4 T helper cell type 2 (Th2) parasite-protective immune environment (Dalton et al., 2013). 

These molecules include peroxiredoxin which induces the alternative (anti-inflammatory) 

activation of macrophages (Donnelly et al., 2005), as well as the aforementioned cathepsin L 

cysteine proteases which (after being internalised by macrophages) degrade toll-like 

receptor 3 within the endosome of the cell, preventing the activation of the macrophage 

through both toll-like receptor 3 and 4 signalling pathways (Donnelly et al., 2010). In addition 

to proteins, FhESP also contain carbohydrates which promote dendritic cells to produce the 

anti-inflammatory cytokine IL-10 (Rodríguez et al., 2015), and a multitude of RNA species 

with immunomodulatory potential (Fromm et al., 2015). Moreover, FhESP includes lipid 

species similar to those which, in other trematodes, have been shown to induce the 

activation of regulatory T cells (Burren et al., 1967; van der Kleij et al., 2002). These lipids are 

mostly derived from the protonephridial (excretory) system which has been shown to be a 

major source of lipid expulsion by the parasite (Burren et al., 1967). 

 

Until recently, parasite-to-host communication was solely attributed to soluble components 

of the ESP. However, the discovery that helminths release extracellular vesicles (EVs) packed 
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with immunoregulatory molecules as part of their secretome revealed a new frontier at the 

host-parasite interface (Marcilla et al., 2012). Indeed, EVs released by F. hepatica (FhEVs) are 

internalised by host cells and exert potent immunomodulatory effects (de la Torre-Escudero 

et al., 2019; Marcilla et al., 2012; Roig et al., 2018). Thus, blocking the release of FhEVs 

represents a promising strategy to eliminate the parasite by tipping the immune balance to 

favour of the host (Cwiklinski et al., 2015a). 

 

1.5 Extracellular vesicles 

1.5.1 Exosomes, microvesicles, and others 

The term ‘extracellular vesicles’ is used to describe spherical packages of bioactive molecules 

surrounded by a lipid bilayer which are released by viable cells (Théry et al., 2018). 

Encapsulating proteins, lipids, nucleic acids, and carbohydrates within EVs protects them 

from the extracellular environment and enables their delivery at bioactive concentrations to 

both adjacent and distant cells (van Niel et al., 2018). When EVs reach the recipient cell, they 

fuse with the plasma membrane (PM) or are internalised by receptor-mediated mechanisms 

(Mateescu et al., 2017). The EVs then offload their molecular contents which exert their 

effects on the recipient cell in unison (Record et al., 2014). 

 

EVs is an umbrella term that covers a heterogenous mix of secreted vesicles which differ in 

size, density, molecular composition, cellular origin, and mechanism of formation (Théry et 

al., 2018). Despite their heterogeneity, EVs have classically been grouped into two broad 

categories – exosomes and microvesicles (MVs) – which are distinguished primarily by their 

sub-cellular origin. Exosomes form intracellularly within endosomes which limits their 

diameter to ≤ 100-150 nm (Mateescu et al., 2017). In contrast, MVs bud directly from the PM 

and are more variable in size with diameters from 50 to > 1000 nm (van Niel et al., 2018). The 

distinct sub-cellular origins of exosomes and MVs are illustrated in Fig. 1.4. 
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Figure 1.4 The sub-cellular origins of extracellular vesicles. Exosome formation begins with the 

invagination of the endosomal limiting membrane to form intraluminal vesicles (ILVs). The endosome 

with ILVs within its lumen is termed a multivesicular body (MVB). The MVB is then trafficked to the 

plasma membrane to release the ILVs as exosomes. Microvesicle formation takes place at the plasma 

membrane and microvesicles are formed by outward budding of the lipid bilayer. Modified from van 

Niel et al. (2018). 

Whilst exosomes and MVs are the most well-defined EV populations, other types of EV have 

also been described. Although technically part of the PM-derived MV family, large EVs 

(otherwise known as large oncosomes) are distinguishable because of their large diameters 

(up to 10 µm) and their contents which can include complete organelles (Johnson et al., 2017; 

Minciacchi et al., 2015). Apoptotic bodies are another membrane-bound structure that are 

sometimes also classified as EVs, but they remain distinct from exosomes and MVs as they 

are not released by viable cells. Apoptotic bodies can be distinguished from other EVs by their 

size (1-5 µm) and markers such as annexin V, thrombospondin and C3b (Akers et al., 2013; 

Poon et al., 2014). The heterogeneity seen amongst EV populations results from their 

different modes of biogenesis which determines their protein, lipid and nucleic acid 

composition. In turn, this directly affects the future interactions and functions of an EV (van 

Niel et al., 2018). 

1.6 Extracellular vesicle biogenesis 

The formation of both exosomes and MVs begins with the targeting of cargo to the lipid 

bilayer and the clustering of lipids and integral membrane proteins into membrane 

microdomains (van Niel et al., 2018). These microdomains in turn induce membrane 

curvature and further sequester molecules and cytosol into the outwardly protruding 

membrane. Reverse-topology membrane scission finally releases the newly-formed vesicle 

MVB 
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either into the endosome (exosome biogenesis) or into the extracellular environment as a 

MV. The molecular pathways that drive these processes are well-described in mammalian 

systems (van Niel et al., 2018). Here, a brief overview of the major players involved in EV 

biogenesis shall be provided.  

 

1.6.1 The endosomal sorting complex required for transport-dependent and -

independent pathways of exosome formation 

The generation of exosomes begins with the invagination of the endosomal limiting 

membrane to form intraluminal vesicles (ILVs). The endosome containing ILVs is 

subsequently termed a multivesicular body (MVB). Research into this process has revealed 

both endosomal complex required for transport (ESCRT)-dependent and independent 

pathways of ILV formation (Fig. 1.5). In the ESCRT-dependent pathway, the four subunits 

(ESCRT-0, I, II and III) that comprise the ESCRT apparatus act in a sequential manner: ESCRT-

0, -I and -II sequester cargo molecules from the cytoplasm and begin membrane invagination; 

ESCRT-III proteins polymerise around the budding vesicle neck and constrict, resulting in 

membrane scission; finally, the ESCRT complex detaches from the MVB into the cytoplasm 

and is recycled (Schöneberg et al., 2016). Some components of the ESCRT machinery also 

operate in exosome biogenesis outside the canonical ESCRT-pathway. For instance, a 

mechanism governed by the Ras-related GTPase Ral-A requires the membrane protein 

syntenin to sort cargo molecules into the budding ILV, whilst phospholipase D2 drives 

curvature of the membrane; then, through interactions with ESCRT subunits, a subpopulation 

of ILVs is formed bearing syntenin, syndecan and ALIX as molecular markers (Hyenne et al., 

2016). 

 

Interfering with ESCRT subunits can alter the composition of exosomes or prevent their 

release altogether (Colombo et al., 2013). However, Stuffers et al. (2009) demonstrated that 

ILVs could still form after the depletion (by RNAi) of key ESCRT subunit components, 

confirming the presence of alternative ESCRT-independent mechanisms of exosome 

biogenesis (Fig. 1.5A). Indeed, changes in the lipid composition of the endosomal limiting 

membrane have been shown to induce membrane invagination independently of the ESCRT 

machinery. These changes are driven by lipid-modifying enzymes, such as sphingomyelinases 

(Gradilla et al., 2014; Trajkovic et al., 2008). Sphingomyelinases (SMases), also known as 

sphingomyelin phosphodiesterases (SMPDs), convert sphingomyelin to ceramide which 

promotes a membrane imbalance at membrane sub-domains, resulting in endosomal 

membrane curvature (Trajkovic et al., 2008). The action of neutral SMase, and the 
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subsequent conversion of ceramide to sphingosine-1-phosphate, also sorts proteins and 

miRNA into the ILV lumen (Kajimoto et al., 2013; Kosaka et al., 2010). Lipid microdomains 

featuring glycosphingolipids, cholesterol and flotillins have similarly been implicated in a 

separate mechanism of ILV formation (Phuyal et al., 2014), independent of ESCRT and 

SMases. 

 

 
 
Figure 1.5 The generation of intraluminal vesicles can occur via ESCRT-independent (A) or ESCRT-

dependent (B) mechanisms. Both mechanisms involve a stepwise process which begins with the 

targeting of membrane cargo to the limiting membrane of the endosome, followed by the clustering 

of lipids and membrane proteins into membrane microdomains (step 1). Next, cargo molecules are 

enriched at the membrane microdomain through binding ESCRT subunits (B) or other proteins and 

lipids (A), and additional machineries are recruited at the microdomain that instigate an outward 

budding of the lipid bilayer (step 2). By the action of these machineries, the budding membrane 

(containing cargo molecules) is released as an intraluminal vesicle (ILV) into the lumen of the 

endosome (step 3). The endosome is now termed a multivesicular body (MVB). Modified from van 

Niel et al. (2018). 

 

Following the generation of ILVs inside the endosomal lumen, the MVB is translocated along 

the cytoskeleton to the PM. Docking and subsequent fusion of the MVB with the PM is 

mediated by small Rab GTPases (such as Rab27A), soluble N-ethylmaleimide-sensitive factor 

activating protein receptor (SNARE) proteins and synaptotagmins, and inhibiting these 

proteins prevents exosome release (Blanc and Vidal, 2017; Fader et al., 2009; Ruiz-Martinez 

et al., 2016). 

 

1.6.2 Microvesicle production 

The cellular restructuring necessary to generate MVs at the PM is similar to that required to 

generate exosomes in the endosome as it involves outward budding and reverse topology 
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membrane scission of a lipid bilayer (Fig. 1.6). However, the mechanisms governing this 

process are distinct and require rearrangements of the cytoskeleton and PM (Raposo and 

Stoorvogel, 2013). This localised remodelling of the cellular architecture can be triggered by 

an increase in cytosolic Ca2+ levels which induces signalling cascades that result in the 

activation of lipid-modifying enzymes and proteases. In this process, scramblases and 

aminophospholipid translocases flip specific lipid species across the PM lipid bilayer which 

results in a structural imbalance between monoleaflets and instigates outward membrane 

curvature (Subra et al., 2010; Wehman et al., 2011). Concurrently, proteases such as calpain 

cleave the cytoskeleton underlying the PM, allowing the membrane to egress (Fox et al., 

1991; van Niel et al., 2018). Small GTPases are important in controlling this process and ADP-

ribosylation factor 6 (ARF6) and Rho-associated protein kinase act as regulators of the 

constriction of the budding MV neck (Muralidharan-Chari et al., 2009; Sedgwick et al., 2015). 

Additionally, ARF6 and small Rab GTPases have roles in sorting proteins into the MV lumen 

which, in combination with the tethering of molecules to the inner membrane surface, 

encapsulates them within the budding MV (Muralidharan-Chari et al., 2009; Wang et al., 

2014b). 

There is also some cross-over between exosome biogenesis components and the MV 

pathway. For instance, ESCRT subunits can be recruited to the PM and are required for the 

release of some MV subtypes (Nabhan et al., 2012). Moreover, SMases are involved in the 

membrane restructuring required for some MVs to form. Until recently, the acidic SMase 

alone was thought to function in the shedding of MVs (Bianco et al., 2009) but neutral SMases 

are now known to operate in generating PM-derived vesicles (Menck et al., 2017). 

Interestingly, cilia projecting from cell bodies have been intricately linked with the generation 

of MVs, and the shedding of MVs from both the PM at the ciliary base and the tips of cilia has 

been observed across eukaryotic lineages (Wang and Barr, 2016). 
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Figure 1.6 The generation of microvesicles. The initial steps of MV biogenesis (steps 1 and 2) occur in 

a similar manner to the generation of intraluminal vesicles (see Fig. 1.5) with the clustering of cargo 

molecules, lipids and integral membrane proteins into membrane microdomains; however, this 

process takes place at the plasma membrane for MV formation. The structural imbalances caused by 

the distribution of these microdomains and flipping of certain lipid species across the lipid bilayer 

drives an outward protrusion of the plasma membrane. Concurrently, signalling cascades, triggered 

by an increase in the levels of calcium, activate proteases which modify the cytoskeleton to allow the 

budding membrane to egress from the cell (step 3). Finally, reverse topology membrane scission 

(carried out dependently or independently of the ESCRT-III subunit) releases the nascent MV from the 

cell. Modified from van Neil et al. (2018). 

 

1.7 The functions of extracellular vesicles 

1.7.1 Homeostatic roles of extracellular vesicles 

The functions of EVs are as diverse as promoting fertilisation, cellular development, mating 

behaviour, blood coagulation, and neuronal communication (reviewed by Yáñez-Mó et al. 

(2015)). Moreover, EVs operating in the immune response are able to present antigens to 

activate T cells (Raposo et al., 1996; Zitvogel et al., 1998) and distribute molecules involved 

in anti-viral responses amongst cells (Li et al., 2013b). EVs also export toxic waste proteins 

and redundant signalling proteins (Deng et al., 2017; Nager et al., 2017), and shedding of MVs 

serves to remove regions of damaged PM (Andrews et al., 2014). 

 

1.7.2 Pathological roles of extracellular vesicles 

Beyond housekeeping roles, EVs participate in augmenting a variety of disease states. An 

example of this is in the dissemination of prion particles within EVs to distal cells (reviewed 

by Liu et al. (2017)), and exosomes containing prions have been shown to induce an 

accumulation of protein aggregates and initiate disease when administered to mice (Vella et 

al., 2007). The role of EVs in cancer has also been a major focus of research. EVs released by 
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tumour cells enhance cancer progression by suppressing the immune response and 

promoting tumour growth, invasion and metastasis (reviewed by Han et al. (2019)). 

Moreover, exosomes have been shown to defend cancer cells from tumour suppressive 

mechanisms and immune attack; e.g. colon cancer cells abolished the tumour growth 

suppressing effects of a specific miRNA species by encapsulating it within exosomes which 

were shed from the cells (Teng et al., 2017). In another example, lymphoma cell-derived 

exosomes bound complement and antibodies targeting lymphoma cells, acting as an 

antigenic sink to divert the immune response away from the cancer cells in vivo (Aung et al., 

2011). MVs also contribute to cancer cell survival by facilitating the efflux of 

chemotherapeutic drugs from their site of action, promoting drug resistance (Muralidharan-

Chari et al., 2016). 

 

Given their importance in intercellular communication, infectious organisms have evolved to 

take advantage of the biological effects of EVs. Exosomes are used as vehicles to transport 

viruses between cells, protecting them from neutralising antibodies during transmission 

(Mao et al., 2016; Ramakrishnaiah et al., 2013). Gram-negative bacteria generate EVs from 

their outer membrane (known as outer membrane vesicles) which promote host colonisation 

and immunomodulation. These also participate in intercellular crosstalk between bacterial 

cells, even killing competing bacteria by incorporating with, and destabilising, their cell 

membrane (reviewed by Jan et al. (2017)). 

 

1.7.3 Protozoan extracellular vesicles 

Unicellular protozoans employ both exosomes and MVs in intra-phylum and cross-phyla 

communication to promote pathogenesis and subdue host defences. For example, EVs 

released by Trichomonas vaginalis were shown to improve adherence of the parasite to host 

epithelial cells in vitro which is an essential step for the invading parasite to establish itself in 

the urogenital tract (Twu et al., 2013). A similar effect has been observed with Giardia 

intestinalis MVs and gut cells in vitro (Evans-Osses et al., 2017). 

  

Protozoan EVs have also been shown to alter host cells in vivo to make the environment more 

accommodating for infection. Leishmania infantum and Leishmania major continuously 

release EVs into the midgut of their sand fly intermediate host. These are inoculated (with 

the parasite) into mice when the fly bites and enhance the replication of Leishmania parasites 

in the bite wound whilst worsening the lesion (Atayde et al., 2015). A pathogenic state 

attributed to EVs was again produced by transferring MVs from mice infected with 
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Plasmodium berghei to a mouse that had not been infected, resulting in neurological lesions 

in the naïve mouse (El-Assaad et al., 2014). Subsequent analysis of the MVs from infected 

mice identified virulence factors that drove this cerebral pathogenesis (Tiberti et al., 2016). 

 

Another feature of Plasmodium EVs is that they can transfer molecules between parasites 

infecting the same host. Plasmodium falciparum EVs spread drug-resistance amongst 

parasites within the host by shuttling an episomal plasmid carrying the resistance trait 

between infected red blood cells (iRBCs) (Regev-Rudzki et al., 2013). This EV-mediated 

communication between P. falciparum iRBCs also triggered the differentiation of the parasite 

into the transmission-competent gametocyte, suggesting that P. falciparum EVs contribute 

towards sexual determination (Regev-Rudzki et al., 2013). Similarly, EVs from more 

pathogenic T. vaginalis strains can be taken up by poorly adherent strains of the parasite and 

confer the enhanced adhesion phenotype described earlier (Twu et al., 2013). 

 

Recently, EVs released by Trypanosoma brucei were also implicated in inter-parasite 

communication. Heat shock can induce ESCRT-dependent exosome secretion in T. brucei 

(Eliaz et al., 2017). When other trypanosome cells encounter these exosomes, they alter their 

migration paths and reverse their trajectory (behaviour attributed to increased spliced-

leader RNA in the heat-shock-induced exosomes) (Eliaz et al., 2017). It has been suggested, 

therefore, that these exosomes could be a signal to repulse incoming trypanosome cells from 

a potentially hazardous environment (Eliaz et al., 2017). T. brucei can also shed EVs from 

membranous nanotubes in an ESCRT-independent manner which are also involved in 

parasite-to-parasite communication (Szempruch et al., 2016). The nanotube-derived EVs 

transfer serum resistant antigen (a virulence factor) from Trypanosoma brucei rhodiense 

(human pathogenic) to Trypanosoma brucei brucei (non-human pathogenic) cells, enabling 

the non-pathogenic strain to evade the human innate immune response (Szempruch et al., 

2016). Additionally, it was observed that nanotube-derived EVs fuse with murine 

erythrocytes in vitro, conferring greater rigidity to the erythrocyte PM which in turn enhances 

erythrocyte clearance in vivo and contributes to parasite-driven anaemia (Szempruch et al., 

2016). 

 

The modification of host cells extends to manipulation of gene expression following uptake 

of parasite EVs. For example, P. falciparum EVs deliver both miRNA and a functional RNA-

induced silencing complex to human endothelial cells which suppress host mRNAs involved 

in the integrity of the epithelial barrier, promoting sequestration of parasite cells to the 
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endothelium (Mantel et al., 2016). Furthermore, EVs secreted by protozoans interfere with 

host immune function. T. vaginalis-derived EVs facilitate infection by dampening IL-8 (a 

chemokine implicated in attracting neutrophils to respond to the pathogen) secretion from 

ectocervical cells (Twu et al., 2013). Likewise, internalisation of Leishmania mexicana EVs by 

naïve macrophages prevents activation of pro-inflammatory (and host-protective) 

transcription factors (Hassani and Olivier, 2013). Dendritic cells that internalise G. intestinalis 

MVs, on the other hand, go on to activate T cells in vitro, suggesting that parasite-derived 

EVs can also induce a protective immune response against parasites (Evans-Osses et al., 

2017). Interestingly, in the presence of Cryptosporidium parvum, host enterocytes release 

EVs that trigger local inflammation and adhere to the parasite, reducing host cell invasion by 

the parasite. This indicates that host cell-derived EVs could also interact with parasite cells in 

a protective response to infection (Hu et al., 2013). 

1.8 Helminth extracellular vesicles 

Compared to other groups of infectious organisms, much less is known about the role of 

helminth EVs (hEVs) during infection and how they are made by the parasites. Although the 

release of membranous vesicles from parasitic helminths had previously been observed 

(Andresen et al., 1989; Hall et al., 2011; Wilson et al., 2011), two reports were key to 

demonstrating a possible role for hEVs in communicating between the parasite and host. 

Firstly, Marcilla et al. (2012) demonstrated that Echinostoma caproni and F. hepatica 

secreted bona fide EVs by isolating the secreted EVs for ultrastructural observation and 

proteomic analysis. This revealed that E. caproni EVs and F. hepatica (Fh)EVs contained 

known immunomodulatory proteins previously associated with soluble trematode ESP, 

suggesting a potential for hEVs in interfering with the host immune response (Marcilla et al., 

2012). This was supported by the demonstration that E. caproni EVs were internalised by rat 

intestinal cells in vitro (Marcilla et al., 2012). 

The second report by Buck et al. (2014) showed that internalised hEVs exerted transcriptional 

changes in mouse intestinal cells in vitro, demonstrating that hEVs could be involved in both 

cell-cell and inter-phylum communication. These EVs, derived from the nematode 

Heligmosomoides bakeri (formally known as Heligmosomoides polygyrus (Behnke and Harris, 

2010)), were found to be enriched in specific miRNA species which, when transferred to host 

cells, dampened the type 2 immune response which would normally protect the host against 

gastrointestinal nematode infection (Buck et al., 2014). Moreover, when the EVs were 

administered to mice intranasally, they were found to modulate the induction of an 
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allergenic innate type 2 response by reducing bronchoalveolar lavage eosinophilia and the 

production of IL-5 and IL-13 by innate lymphoid cells (Buck et al., 2014), thereby 

demonstrating that hEVs can suppress the host immune response in vivo. 

 

Since these seminal papers, the release of EVs has been reported in cestodes (Ancarola et al., 

2017; Siles-Lucas et al., 2017; Zheng et al., 2017), trematodes (Chaiyadet et al., 2015; Wang 

et al., 2015), and nematodes from Clades I/2A (Eichenberger et al., 2018a; Hansen et al., 

2015), III/8B (Zamanian et al., 2015) and V/9 (Buck et al., 2014; Gu et al., 2017; Tzelos et al., 

2016). Additionally, it has been shown that hEVs are produced by a range of parasite life 

stages, from eggs (Galán-Puchades et al., 2016; Zhu et al., 2016b) to juvenile (Ancarola et al., 

2017; Nowacki et al., 2015; Zamanian et al., 2015) and adult worms (Buck et al., 2014; 

Cwiklinski et al., 2015a; Sotillo et al., 2016; Wang et al., 2015). The discovery that 

immunomodulatory hEVs could be released across the intra-mammalian stages of infection 

has opened up a new perspective on helminth biology and host-parasite interactions. 

 

1.8.1 Functions of helminth-derived extracellular vesicles 

Since the initial reports showing the uptake of nematode and trematode EVs by mammalian 

cell lines (Buck et al., 2014; Marcilla et al., 2012), other studies have described the 

internalisation of EVs derived from a range of helminths. Although uptake studies using 

lipophilic dyes should be interpreted with caution due to a lack of appropriate controls (Takov 

et al., 2017), molecules associated with hEVs have been found in infected host tissue in vivo, 

suggesting that hEVs are indeed taken up by host cells during infection (Chaiyadet et al., 

2015, 2017; Gu et al., 2017). Moreover, numerous studies have now demonstrated that hEVs 

influence host cell function and impact the host’s ability to generate a protective immune 

response.  

 

Further work on the immunosuppressive properties of H. bakeri EVs has shown that they 

have the capacity to block both type 1 and type 2 activation of bone marrow-derived and 

RAW264.7 murine macrophages, whilst neutralising H. bakeri EVs with antibodies enabled 

the murine host to expel the parasite in vivo, indicating the importance of these EVs in 

establishing an infection (Coakley et al., 2017). EVs from the cestode Echinococcus 

multilocularis also had an immunoregulatory effect on RAW264.7 macrophages and 

decreased the production of nitric oxide and the pro-inflammatory cytokines IL-1α and IL-1β 

by these cells (Zheng et al., 2017). Consistent with an immunomodulatory effect of hEVs on 

the host, the administration of E. caproni-derived EVs to mice reduced the symptoms of 
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disease following challenge infection with the parasite and increased the production of IL-10, 

indicating that exposure to EVs prior to infection induced a regulatory phenotype (Trelis et 

al., 2016). 

 

The immunomodulatory properties of hEVs are now being explored as potential therapies 

for inflammatory diseases, and FhEVs have recently been used to prevent the induction of 

ulcerative colitis in mice (Roig et al., 2018). Compared to mice that had not received FhEVs, 

FhEV-treated mice displayed lower levels of colonic ulceration, reduced neutrophil 

infiltration into colonic tissues, and a reduction in the levels of the pro-inflammatory 

cytokines TNF-α, IL-6 and IL17A following induction of colitis using dextran sulfate sodium 

(Roig et al., 2018). In this case, it was proposed that FhEVs interfered with pro-inflammatory 

mitogen activated protein kinase and NFκB signalling cascades in colon tissues, and that 

immune modulation occurred independently of the action of T/B cells, as similar effects were 

observed in Rag1–/– mice (which lack T/B cells) (Roig et al., 2018). 

 

Conversely, some hEVs have been shown to generate a pro-inflammatory response. EVs from 

the L3 stage of Brugia malayi elicited the classical activation of J774A.1 murine macrophages 

(Zamanian et al., 2015). Also, EVs were suggested to be the main immunogens secreted by 

B. malayi given that this response was only generated by the EV-containing fraction of B. 

malayi ESP (Zamanian et al., 2015). Interestingly, the same immunogenic response was not 

generated by Schistosoma mansoni EVs or the presence of S. mansoni cercariae, suggesting 

that this macrophage activation is a specific reaction to B. malayi (Zamanian et al., 2015). 

However, in a separate study, EVs from the trematode Schistosoma japonicum did polarise 

the activation of RAW264.7 murine macrophages towards a pro-inflammatory phenotype 

(Wang et al., 2015). 

 

Trematode EVs have been associated with increasing the virulence of infection. Human 

cholangiocytes exposed to EVs released by the carcinogenic liver fluke Opisthorchis viverrini 

displayed a significant upregulation in molecular pathways linked to cancer progression and 

wound healing. These cholangiocytes also secreted more of the pro-inflammatory cytokine 

IL-6 and the induction of this tumorigenic phenotype, along with enhanced local 

inflammation, implicates O. viverrini EVs in helping to drive the cholangiocarcinoma that 

arises during chronic O. viverrini infections (Chaiyadet et al., 2015). Of note, blocking EV 

uptake by cholangiocytes using CD63-antiserum reduced IL-6 secretion by these cells, 

suggesting that O. viverrini EVs could be a therapeutic target to prevent disease progression 
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(Chaiyadet et al., 2015). S. japonicum-derived EVs have also been implicated in the 

pathogenic consequences of infection by transferring miRNA that alters the expression of 

genes associated with liver disease to the hepatocytes of S. japonicum-infected mice (Zhu et 

al., 2016a) 

 

In tandem with functional studies, work aimed at characterising the molecular cargo of hEVs 

has revealed complex protein and RNA profiles that can be delivered to host cells. Proteomic 

characterisation of FhEVs shows that they contain an abundance of proteins previously 

associated with soluble ESP (such as fatty acid binding proteins and HDM-1) that are known 

to impair the host immune response (Cwiklinski et al., 2015a; Figueroa-Santiago and Espino, 

2017; Marcilla et al., 2012; Ramos-Benítez et al., 2017; Robinson et al., 2011; Wilson et al., 

2011). Further proteomic analysis of platyhelminth and nematode EVs shows that hEVs 

commonly carry proteins with immunomodulatory potential (Eichenberger et al., 2018a; 

Nowacki et al., 2015; Sotillo et al., 2016; Tzelos et al., 2016; Zamanian et al., 2015). For 

example, EVs secreted by the nematode Trichuris muris were recently characterised and 

found to contain secretory leukocyte protease inhibitor-like proteins which are known to 

dampen inflammatory pathways by suppressing the activation of the nuclear factor NF-κB 

(Eichenberger et al., 2018a; Wilkinson et al., 2011). 

 

Building on the discovery of nucleic acids in the EVs secreted by Dicrocoelium dendriticum 

(Bernal et al., 2014), characterisation studies have demonstrated that the presence of RNA 

within EVs is a conserved feature in both parasitic nematodes and platyhelminths. To date, a 

range of RNA biotypes have been detected within hEVs, including miRNA, mRNA, Y RNA, 

rRNA, snoRNA, siRNA and tRNA (Ancarola et al., 2017; Buck et al., 2014; Chow et al., 2019; 

Eichenberger et al., 2018a; Fromm et al., 2015; Gu et al., 2017; Hansen et al., 2015; Zhu et 

al., 2016b). miRNAs are small, non-coding RNA sequences which regulate expression of target 

genes (Jia et al., 2014), so there is particular interest in these as hEV cargo molecules. 

Although miRNA have pleiotropic functions in cells, hEV-transmitted miRNA sequences have 

consistently been mapped to genes with immune function in mammals, raising the possibility 

that they may participate in EV-mediated host-parasite communication by downregulating 

these genes (Bernal et al., 2014; Eichenberger et al., 2018a; Fromm et al., 2015; Hansen et 

al., 2015; Zhu et al., 2016b). 

 

Another putative function of hEVs is in tegument or cuticle repair (de la Torre-Escudero et 

al., 2016). In other organisms, membrane budding can occur as a repair mechanism in 
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response to PM damage (Andrews et al., 2014). This generates vesicles in a process which 

can involve both ESCRT proteins and lipid-modifying enzymes (Andrews et al., 2014). In 

nematodes and platyhelminths, the formation of ‘blebs’ on the outer tegument/cuticle in 

response to immune and chemotherapeutic challenge is a well-observed phenomenon and 

thought to be a mechanism by which the parasite attempts to maintain its membrane 

integrity (Abdeen et al., 2012; Apinhasmit and Sobhon, 1996; O’Neill et al., 2009; Robinson 

et al., 2003; Zeng et al., 2013). It has been suggested that these membrane blebs may be MVs 

owing to their similar sizes and putative mechanisms of formation (de la Torre-Escudero et 

al., 2016). However, although details have started to emerge about their potential functions, 

the mechanisms controlling hEV production remain poorly understood. 

 

1.8.2 Extracellular vesicle biogenesis in parasitic helminths 

Even though populations of EVs with sizes similar to exosomes (< 100 nm) and MVs (> 100 

nm) are known to be released by both nematodes and platyhelminths (Ancarola et al., 2017; 

Cwiklinski et al., 2015a; Eichenberger et al., 2018a; Marcilla et al., 2012), most work so far 

has focused on the function and composition of small hEVs (< 200 nm) and few studies have 

addressed hEV heterogeneity or their cellular and molecular origins. Only Cwiklinski et al. 

(2015a) have demonstrated that two biochemically discrete populations of hEV exist, 

separating FhEVs using differential centrifugation to isolate populations that pellet at 15,000 

x g (15K EVs) and at 120,000 x g (120K EVs) before carrying out downstream proteomic 

analysis. EVs with buoyant densities consistent with exosomes have been isolated from T. 

muris and S. mansoni by density gradient centrifugation (Eichenberger et al., 2018a; Sotillo 

et al., 2016) and the presence of exosomal markers (such as ALIX, TSG101 and HSP70) in small 

hEVs (including 120K FhEVs) indicates that some hEVs have an endocytic origin and are bona 

fide exosomes (Buck et al., 2014; Cwiklinski et al., 2015a; Marcilla et al., 2012; Sotillo et al., 

2016; Zamanian et al., 2015). However, the sub-cellular origins of these EVs, and thus their 

exosomal nature, have not been confirmed. 

 

Ultrastructural observations have identified putative secretory MVBs in the tegumental 

syncytium of platyhelminths, as well as putative MVs budding from the tegumental surface 

(Ancarola et al., 2017; de la Torre-Escudero et al., 2016; Marcilla et al., 2012; Wilson et al., 

2011). Immunogold labelling using leucine aminopeptidase as an FhEV marker has been used 

to support the idea of a tegumental origin of FhEVs (Marcilla et al., 2012), but this requires 

further clarification. Analysis of the protein content of the two FhEV populations by Cwiklinski 

et al. (2015) suggested that they differ in their cellular origins. The 120K EVs shared a similar 
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proteomic profile with the fluke tegument, suggesting that these EVs have a tegumental 

origin, whereas the enrichment of cathepsin L1 in the 15K EVs led the authors to propose 

that this FhEV population is secreted by gastrodermal cells, the main source of this protease 

(Cwiklinski et al., 2015a). 

Until recently, comparatively little had been known about the origin of EVs released by 

parasitic nematodes, with only the gut as a suggested source (Buck et al., 2014; Gu et al., 

2017). However, recent studies have suggested that the excretory system could also release 

EVs from parasitic nematodes. Harischandra et al. (2018) showed that ALIX, a protein 

associated with the ESCRT-dependent pathway of EV biogenesis, localised to the excretory 

duct of B. malayi, although ALIX has not actually been detected in B. malayi EVs. 

Furthermore, Hansen et al. (2019) showed that Ascaris suum EVs shared miRNA with the 

body fluid that is released by the excretory pore, suggesting an excretory system origin. 

However, all the shared miRNAs were also found in the worm’s intestine, showing that this 

could also be a source and leaving the origins of A. suum EVs uncertain. 

The molecular pathways driving EV biogenesis in helminths remain largely undefined, and 

much of our current understanding comes from work on F. hepatica. Proteomic analysis of 

FhEVs identified orthologous proteins to mammalian EV biogenesis pathway members, 

suggesting that similar mechanisms may operate in this parasite (Cwiklinski et al., 2015a; de 

la Torre-Escudero et al., 2016). Transcriptomic analysis of these molecules in F. hepatica 

showed that they are constitutively expressed across the intra-mammalian developmental 

stages of the parasite. Conversely, the expression of FhEV cargo molecules was found to be 

tightly regulated as the parasite progresses through the host, suggesting an active cargo 

sorting mechanism may occur (Cwiklinski et al., 2015a). 

Interpreting the composition of hEVs has yielded insights into their cellular and molecular 

origins. However, given that one cell type can release multiple populations of EVs that display 

similar size and composition through distinct mechanisms, the hEV preparations analysed to 

date are likely to be heterogenous groups of EVs with different origins. This makes it difficult 

to delineate their mode of biogenesis through characterisation studies alone (van Niel et al., 

2018). Molecular insight into EV biogenesis in helminths could come from C. elegans which 

has previously been employed as a model organism for parasitic nematodes (Burns et al., 

2015). In this free-living species, the small GTPase Ral-1 has been identified as a key regulator 

of MVB formation and exosome release, and this function was conserved in mammalian cell 
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lines (Hyenne et al., 2015). This protein has also been identified in hEV proteomic data (Buck 

et al., 2014; Cwiklinski et al., 2015a), so it could be inferred that Ral-1 is also involved in the 

generation of hEVs. Parallels between these species should be interpreted with caution, 

however, as the different molecular components involved in EV biogenesis are known to 

operate differently in different cell types and organisms (van Niel et al., 2018). Therefore, 

although comparisons to C. elegans provides a platform for studies in helminths (and 

parasitic nematodes in particular), there are limits to extrapolating this data and 

experimental investigations in parasitic helminths are required. 

 

1.8.3 Targeting extracellular vesicle biogenesis in F. hepatica 

F. hepatica is a complex metazoan parasite with a complex life cycle which complicates the 

development of novel vaccines and anthelmintics. As both juvenile and adult F. hepatica 

cause disease, all intra-mammalian life stages of the parasite need to be targeted to stop 

disease progression (Harrington et al., 2017). Putative EV biogenesis components are 

expressed in all intra-mammalian life stages of F. hepatica (Cwiklinski et al., 2015a), 

suggesting that EVs have important roles in the host-parasite interaction as the fluke 

develops in the host. Using vaccines to target hEVs and their membrane proteins has shown 

efficacy in preventing infection (Coakley et al., 2017; Kifle et al., 2017), but blocking hEV 

release altogether is another avenue of research that has yet to explored. 

 

This approach has shown promise in cancer therapy (El Andaloussi et al., 2013), and it has 

recently been demonstrated that blocking B. malayi EV release is an action of the 

anthelmintic ivermectin (Harischandra et al., 2018). It was suggested that this effect 

contributes to the immune-mediated killing of the parasite as culturing B. malayi in 

pharmacologically-relevant concentrations of ivermectin appears to have no toxic effect on 

B. malayi in vitro (Harischandra et al., 2018; Moreno et al., 2010). Based on this precedent, 

inhibiting the ability of F. hepatica to secrete EVs packed with immunomodulators in vivo 

could therefore alter the outcome of infection by enabling the host to mount a protective 

immune response against the parasite. However, before we can block EV production in F. 

hepatica, we need to identify the key regulators of EV biogenesis in the parasite. 
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1.9 Aims 

There are three major aims of this thesis: 

 

(1) Determine the cellular origins of FhEVs 

(2) Elucidate the molecular mechanisms responsible for FhEV production 

(3) Investigate whether FhEV production can be blocked 

 

These aims will be addressed by answering the following research questions: 

 

• Are canonical EV biogenesis pathways conserved in parasitic helminths? 

The mechanisms involved in EV formation, cargo sorting and release are well-described in 

mammalian systems. Here, a comparative genomics approach will be used to determine 

whether these EV biogenesis pathways are conserved in parasitic helminths. 

 

• What are the cellular origins of F. hepatica extracellular vesicles? 

To better understand the molecular mechanisms which drive FhEV biogenesis and release, 

we firstly need to identify their site of origin. Previous ultrastructural and proteomic analysis 

has implicated the tegument and gut of adult F. hepatica in the production and release of 

EVs (Cwiklinski et al., 2015a; Marcilla et al., 2012), but there has been no targeted analysis of 

their origins. Firstly, immunolocalisation using antibodies raised against various FhEV 

proteins (including putative EV biogenesis proteins) will be used to identify the tissues and 

cell types that produce EVs. Ultrastructural observations will be used in tandem to investigate 

the putative cellular origins of FhEVs. Secondly, potential routes of FhEV export will be 

investigated by ligating flukes cultured in vitro. 

 

• What is the molecular basis of FhEV secretion in F. hepatica? 

The gut and tegument are likely sites of FhEV secretion (Cwiklinski et al., 2015a; Marcilla et 

al., 2012). Here, targeted proteomic analysis will be performed to investigate potential EV 

biogenesis or vesicle trafficking pathways that may operate in these tissues. 

 

• Is it possible to disrupt EV biogenesis in F. hepatica? 

Targeting key regulators of EV biogenesis (such as SMases) using chemical inhibitors has been 

shown to significantly reduce the number of EVs released by mammalian cells (Essandoh et 

al., 2015; Menck et al., 2017; Wang et al., 2016). Here, adult flukes will be treated with the 
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SMase inhibitor GW4869 in vitro and its effect on FhEV production will be investigated using 

a variety of readouts. Additionally, pilot RNAi experiments will be performed to test the 

susceptibility of F. hepatica mRNAs encoding putative EV biogenesis proteins. This will allow 

future functional characterisation of putative EV biogenesis proteins for which there are no 

chemical inhibitors and enable testing of RNAi phenotypes in animal models of infection.
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Chapter 2 

Genomic analysis of extracellular vesicle biogenesis pathways in helminths 

 
2.1 Chapter summary 

Whilst proteomic analysis of helminth extracellular vesicles (hEVs) has given molecular 

insights into their production, EV biogenesis in these pathogens remains poorly understood. 

As the pathways controlling EV formation, cargo sorting and release are well-described in 

mammalian systems, in this chapter a comparative genomics approach was used to 

determine whether these pathways are conserved, and thus could operate, in parasitic 

helminths. Through a comprehensive review of the literature, over one hundred proteins 

implicated in EV production were identified and used as queries to interrogate a range of 

helminth genomes, including human pathogens, plant parasitic nematodes and free-living 

worms. It was found that orthologues exist at the genome level for many proteins involved 

in ESCRT-dependent and -independent pathways, suggesting that these could operate in 

helminths. However, further domain-level analysis of ESCRT-dependent pathway 

orthologues indicated that they may function in a non-canonical manner. The bioinformatics 

analysis also revealed divergences in the conservation of RNA-loading machinery between 

helminth phyla. These results were subsequently corroborated with hEV proteomic data 

which showed that many of the EV biogenesis protein orthologues identified are expressed 

at the protein level and in association with hEVs. The present study has, for the first time, 

demonstrated the conservation of EV biogenesis pathways at the genome level, and 

supported this with hEV proteomic data, to suggest that these pathways could operate in 

helminths. In doing so, a framework is provided on which to base future functional studies of 

EV biogenesis in these parasites. 

 
2.2 Introduction 

The secretion of extracellular vesicles (EVs) by cells is conserved across evolutionary lineages, 

from bacteria and single celled eukaryotes to large multicellular plants and animals (van Niel 

et al., 2018). Less is known, however, about the conservation of EV biogenesis pathways 

which ultimately determine EV composition, cargo, and function. EV biogenesis pathways 

have been well-described in mammalian cells, but the molecular processes driving EV 

formation in parasitic helminths remain unknown. Helminth (h)EVs have recently been 

identified as major players in the host-parasite interaction and provide a mechanism for the 

delivery of specific packages of parasite molecules (notably proteins, lipids and nucleic acids) 

to host cells. Internalisation of hEVs has been shown to modify host immune cell responses 
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and thus contribute to parasite survival (Buck et al., 2014; Coakley et al., 2017; Eichenberger 

et al., 2018b; Zheng et al., 2017). Therefore, blocking the formation and/or release of hEVs 

represents a promising strategy for anti-parasite therapy. However, the ability to design such 

interventions is currently hampered by our limited understanding of the machinery 

controlling EV production in these pathogens. 

 

EVs can be generated through an endocytic pathway (exosomes) or bud directly from the 

plasma membrane (PM) as microvesicles (MV). The endocytic pathway involves the 

invagination of the endosome-limiting membrane which causes the formation of intraluminal 

vesicles (ILVs) held within a larger membrane-bound structure termed the multivesicular 

body (MVB) (van Niel et al., 2018). The control of this process is well-described in mammalian 

systems where both endosomal complex required for transport (ESCRT)-dependent and 

ESCRT-independent pathways of ILV formation have been identified (Fig. 2.1A), as covered in 

Chapter 1. In brief, four proteinaceous subunits (ESCRT-0, I, II and III) comprise the ESCRT 

machinery which act in a sequential manner to produce ILVs (Fig. 2.1B). Firstly, ESCRT-0, -I 

and -II sequester ubiquitinated and sumoylated proteins onto membrane microdomains on 

the endosome membrane (Kunadt et al., 2015; Moreno-Gonzalo et al., 2018). Secondly, 

ESCRT-III is recruited through its protein component charged multivesicular body protein 6 

(CHMP6) which in turn nucleates the polymerisation of another ESCRT-III protein, CHMP4 

(Henne et al., 2012; Teis et al., 2008, 2010). This drives membrane invagination and finally, 

with the involvement of other ESCRT-III proteins (CHMP1, CHMP2, CHMP3, and IST1), the 

resulting filaments constrict the neck of the budding vesicle and perform reverse-topology 

membrane scission, releasing the ILV into the endosome lumen (Schöneberg et al., 2016). 

VPS4, an AAA ATPase, also contributes to this membrane fission and provides the mechanical 

energy to dissemble the ESCRT-III polymers so that they can be recycled (Monroe et al., 

2017). Additionally, a non-canonical form of ILV biogenesis involving the ESCRT machinery 

exists (Fig. 2.1B) where the proteins syntenin and syndecan interact with ESCRT components 

through ALIX (also called PDCD6IP) to cluster cargo in microdomains and form ILVs in a 

process governed by the small GTPase ARF6 and Ral-1 (a Ras-related GTPase) (Friand et al., 

2015; Ghossoub et al., 2014; Hyenne et al., 2015). 

 

The observation that MVBs can form after key components of the ESCRT machinery have 

been depleted by RNAi demonstrated that this process can occur in an ESCRT-independent 

manner (Stuffers et al., 2009), and enzymes that modify the lipid composition of the 

endosome-limiting membrane have been identified as driving ESCRT-independent formation 
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of ILVs (Fig. 2.1A). Lipid-modifying enzymes such as sphingomyelinases (SMases), also known 

as sphingomyelin phosphodiesterases (SMPDs), create lipid microdomains enriched in 

ceramide which induce membrane curvature (Gradilla et al., 2014; Trajkovic et al., 2008). 

Furthermore, the conversion of ceramide to sphingosine-1-phosphate (catalysed by 

sphingosine kinase) activates sphingosine-receptors that promote MVB maturation and 

regulate cargo loading into ILVs (Kajimoto et al., 2013; Kosaka et al., 2010). Other ESCRT-

independent and SMase-independent mechanisms regulating ILV biogenesis involve 

membrane microdomains featuring glycosphingolipids and flotillins (Phuyal et al., 2014) or 

enriched in tetraspanins (Andreu and Yáñez-Mó, 2014; Escola et al., 1998; Hurwitz et al., 

2016). 

 

The release of ILVs into the extracellular environment as exosomes is a two-step process 

which firstly requires the transport of the mature MVB to the cell surface, and secondly fusion 

of the MVB-limiting membrane with the PM. Small Rab GTPases, notably Rab27A, have been 

implicated in both the translocation of MVBs along microtubule networks and in promoting 

membrane fusion (Blanc and Vidal, 2017) which is also mediated by soluble N-

ethylmaleimide-sensitive factor activating protein receptor (SNARE) proteins (Fader et al., 

2009; Ruiz-Martinez et al., 2016). The released exosomes typically bear proteins reflecting 

their mode of EV biogenesis, such as the ESCRT components ALIX and TSG101, or the 

tetraspanin CD63, which have been used as exosome markers irrespective of their cellular 

origin (Kalra et al., 2016). 

 

Compared to the formation and release of exosomes, the mechanisms governing the 

biogenesis of MVs are less well-understood (van Niel et al., 2018). However, similar to the 

early stages of exosome formation, MV biogenesis involves the initial formation of 

membrane microdomains which induce outward protrusion of the PM, as discussed in 

Chapter 1. Components of exosome biogenesis pathways also have roles in this process, but 

additional proteins involved in cytoskeletal remodelling and membrane restructuring are 

required (Fig. 2.1A) (Raposo and Stoorvogel, 2013). Increases in cytosolic Ca2+ levels activate 

scramblase enzymes which induce membrane curvature by altering membrane symmetry 

(Wehman et al., 2011). Additionally, membrane budding is facilitated by Ca2+-dependent 

proteases such as calpain which cleave the underlying cytoskeleton (Fox et al., 1991). Further 

cytoskeletal rearrangements, regulated by small GTPases such as ARF6 and RhoA, constrict 

the neck of the budding MV and cause membrane fission (Muralidharan-Chari et al., 2009; 

Sedgwick et al., 2015). The different processes involved in the biogenesis of MVs, along with 
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their distinct site of formation, gives MVs a protein and lipid composition that differs from 

exosomes (Haraszti et al., 2016). 

 

Whilst the loading of cargo into EVs can occur through direct interactions with the EV 

biogenesis machinery, further proteins have been implicated in sequestering soluble and 

membrane-associated cargo into budding vesicles. Several proteins are involved in the active 

sorting of RNA into exosomes (Fig. 2.1C), these include argonaute 2 (Ago2) and major vault 

protein (MVP) (Iavello et al., 2016; Mantel et al., 2016; McKenzie et al., 2016; Teng et al., 

2017), as well as NSEP1 (also called Y-box protein 1), hnRNPQ (also called SYNCRIP) and 

hnRNPA2B1 which select RNA from the cytoplasm by recognising discrete sequence motifs 

(Santangelo et al., 2016; Shurtleff et al., 2016; Statello et al., 2018; Villarroya-Beltri et al., 

2013). Little is known about the packaging of nucleic acids into MVs, although this could occur 

through both active and passive mechanisms (Mateescu et al., 2017). 

 

Whilst proteomic analysis of hEVs has given some insights into EV production by parasitic 

helminths (de la Torre-Escudero et al., 2016), EV biogenesis in these pathogens remains 

poorly understood. As the pathways controlling EV formation, cargo sorting and release are 

well-described in mammalian systems, a comparative genomics approach was used in this 

chapter to determine whether these pathways are conserved in parasitic helminths, and thus 

could operate to produce EVs. 
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Figure 2.1 Mechanisms of extracellular vesicle biogenesis and cargo loading (based on studies in 

mammalian systems). (A) Intraluminal vesicle formation is driven by processes dependent or 

independent of the endosomal sorting complex required for transport (ESCRT) which generates 

multivesicular bodies (MVB). Trafficking of MVBs to the cell surface involves small Rab GTPases, whilst 

SNARE proteins facilitate MVB fusion with the plasma membrane (PM) to release exosomes. In 

contrast, microvesicles (MV) bud directly from the PM in a process driven by a combination of 

cytoskeletal restructuring and PM modifications. (B) ESCRT proteins can drive intralumenal vesicle 

(ILV) biogenesis in a canonical manner where the early ESCRT subunits (ESCRT-0, -I, -II) sequester cargo 

and recruit ESCRT-III which forms coils and constricts the neck of the budding ILV. Alternatively, the 

complex of syndecan and syntenin interact with ESCRT components through the ESCRT accessory 

protein ALIX to regulate the biogenesis of syndecan-syntenin-ALIX containing exosomes. (C) RNA 

species are packaged into budding intraluminal vesicles by RNA binding proteins. Ago2, Argonaute 2; 

NSEP1, nuclease-sensitive element-binding protein 1; MVP, major vault protein; A2B1, heterogenous 

nuclear ribonucleoprotein A2B1; hnRNPQ, heterogenous nuclear ribonucleoprotein Q. 
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2.3 Methods 

2.3.1 Species selection and sequence databases 

Twenty-five helminth species for which genomic data was available on WormBase ParaSite 

(parasite.wormbase.org, release WBPS7 (WS254)) were chosen as a representative sample 

of the Nematoda and Platyhelminthes, with a focus on human pathogens (Table 2.1). Fifteen 

species were selected from Nematoda Clades I, III, IV and V as defined by Blaxter et al. (1998) 

(or Clades 2A, 8B, 9A/B 10A/B and 12B as defined by van Megen et al. (2009)) and ten species 

from the four classes of Platyhelminthes (Cestoda, Trematoda, Monogenea and 

Rhabditophora). These species and their genome assemblies are listed in Table 2.1. 
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Table 2.1 Analysed species. WormBase ParaSite refers to unpublished genome assemblies publicly available through WormBase ParaSite (parasite.wormbase.org). 

 

 

 

 

 

 

 

 

 

 

 

 

Clade/class Species Genome assembly Reference 

I/2A Romanomermis culicivorax nRc.2.0 (Schiffer et al., 2013) 
I/2A Trichinella spiralis Trichinella_spiralis-3.7.1 (Mitreva et al., 2011) 
I/2A Trichuris trichiura TTRE2.1 (Foth et al., 2014) 
III/8B Ascaris lumbricoides A_lumbricoides_Ecuador_v1_5_4 WormBase ParaSite 
III/8B Enterobius vermicularis E_vermicularis_Canary_Islands_v1_0_4 WormBase ParaSite 
III/8B Dracunculus medinensis D_medinensis_Ghana_v2_0_4 WormBase ParaSite 
III/8B Brugia malayi Bmal-4.0 WormBase ParaSite 
III/8B Onchocerca volvulus O_volvulus_Cameroon_v3 (Cotton et al., 2016) 
IV/10A Steinernema carpocapsae  S_carpo_v1_submitted (Dillman et al., 2015) 
IV/10B Strongyloides stercoralis S_stercoralis_PV001_v2_0_4 (Hunt et al., 2016) 
IV/10B Bursaphelenchus xylophilus ASM23113v1_submitted (Kikuchi et al., 2011) 
IV/12B Meloidogyne incognita ASM18041v1a (Abad et al., 2008) 
V/9A Caenorhabditis elegans WBcel235 (C. elegans Sequencing Consortium, 1998) 
V/9B Heterorhabditis bacteriophora Heterorhabditis_bacteriophora-7.0 (Bai et al., 2013) 
V/9B Necator americanus N_americanus_v1 (Tang et al., 2014) 
Cestoda Echinococcus multilocularis EMULTI002 (Tsai et al., 2013) 
Cestoda Taenia solium Tsolium_Mexico_v1 (Tsai et al., 2013) 
Trematoda Clonorchis sinensis C_sinensis-2.0 (Huang et al., 2013) 
Trematoda Opisthorchis viverrini OpiViv1.0 (Young et al., 2014) 
Trematoda Echinostoma caproni E_caproni_Egypt_v1_5_4 WormBase ParaSite 
Trematoda Fasciola hepatica Fhep_Liv_v1 (Cwiklinski et al., 2015b) 
Trematoda Schistosoma haematobium S.haematobium.v3.0 (Young et al., 2012) 
Trematoda Schistosoma mansoni ASM23792v2 (Protasio et al., 2012) 
Monogenea Protopolystoma xenopodis P_xenopodis_South_Africa_v1_0_4 WormBase ParaSite 
Rhabditophora Schmidtea mediterranea SmedGD_c1.3 (Robb et al., 2008) 
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2.3.2 Phylogenetic tree construction 

NCBI taxonomy IDs were retrieved from the NCBI Taxonomy Database 

(https://www.ncbi.nlm.nih.gov/taxonomy) and used to generate a phylogenetic tree with 

collapsed internal nodes using phyloT (https://phylot.biobyte.de/) which was visualised using 

Interactive Tree of Life (https://itol.embl.de/; Letunic and Bork, 2016) with default 

parameters. 

 

2.3.3 Comparative genomics methodology 

An extensive literature search identified 113 proteins known to function in EV biogenesis in 

metazoans which were corroborated with hEV proteomic data. Based on the methodology 

of Dalzell et al. (2011), sequences of all isoforms of the selected proteins were retrieved from 

UniProt (www.uniprot.org; Bateman et al., 2017) and used as queries to interrogate the 

selected helminth genomes on WormBase Parasite using translated nucleotide BLAST 

(tBLASTn) and protein BLAST (BLASTp) with standard settings. The protein sequence of each 

primary BLAST hit underwent reciprocal tBLASTn and BLASTp on NCBI BLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al., 1990) with the relevant query 

protein being required as the primary hit. The putative parasite orthologues were then 

analysed for domain structure using InterPro (www.ebi.ac.uk/interpro; Mitchell et al., 2015) 

with the requirement that at least one functional domain had to match those of the query 

protein for the helminth protein to be accepted as a valid orthologue. 

 

2.3.4 Analysis of ESCRT interacting regions 

The domains and interacting motifs (relevant to EV biogenesis) of the protein components of 

the ESCRT pathway were retrieved from either InterPro (for domains) or UniProt (for 

interacting motifs). The domain architecture of the identified helminth orthologues was 

predicted using InterPro and compared to the domains of the query protein. Protein 

sequence alignments were produced using T-Coffee 

(https://www.ebi.ac.uk/Tools/msa/tcoffee/; Notredame et al., 2000) and the presence of 

interacting motifs in the helminth orthologues was assessed by manually searching for the 

motifs in the predicted protein sequences. 
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2.4 Results 

Twenty-five helminth genomes were interrogated with 113 query proteins reported to be 

involved in EV biogenesis in other metazoans (Tables A1 – A6, Appendix, section 8.1; see the 

CD enclosed in the paper version of this thesis). Fig. 2.2 shows a phylogenetic tree of the 

species examined. Twenty-five proteins – notably Rab GTPases, tetraspanins and annexins – 

could not be assigned a direct orthologue due to the high level of sequence identity between 

the various protein family members, so these were excluded from the study. Additionally, 15 

protein subfamilies were merged due to identical hits retrieved for each subfamily member. 

The remaining 73 proteins were grouped into members of the ESCRT-dependent pathway of 

exosome biogenesis (21 proteins, Table 2.2), the non-canonical ESCRT-associated exosome 

biogenesis pathway (5 proteins, Table 2.3), ESCRT-independent mechanisms of exosome 

biogenesis (17 proteins, Table 2.4), proteins involved in MV formation (12 proteins, Table 

2.5), EV membrane organisers and SNARE proteins (11 proteins, Table 2.6), and proteins 

involved in RNA sorting and export in EVs (7 proteins, Table 2.7). Eighteen of the proteins 

implicated in exosome biogenesis are also thought to participate in MV formation, as 

highlighted in Tables 2.2, 2.3 and 2.4. 

 
2.4.1 The ESCRT pathway is largely conserved in helminths 

The majority of the 21 components of the ESCRT pathway are well-conserved amongst 

helminths (Table 2.2), complementing earlier work showing the retention of the ESCRT 

machinery across eukaryotic lineages (Leung et al., 2008). The Cestoda and B. malayi (a Clade 

III/8B nematode) have the complete ESCRT machinery whilst this is most incomplete in H. 

bacteriophora (a Clade V/9B nematode) and P. xenopodis (Monogenea) which have 15 and 

14 orthologues, respectively. Amongst the platyhelminths, ESCRT-0, ESCRT-II and ESCRT 

auxiliary proteins are almost fully conserved, whereas constituents of ESCRT-I and III are 

lacking in some trematodes. Conversely, STAMBP (ESCRT-0) is only fully conserved in Clade 

III of the Nematoda and few orthologues of VPS25 (ESCRT-II) were identified. Proteins 

implicated in a non-canonical form of exosome biogenesis involving the ESCRT machinery are 

also conserved (Table 2.3), with the exception of syntenin-1 which is missing from some 

nematode clades. The ESCRT proteins are almost completely conserved in the free-living 

species examined. C. elegans (a Clade V/9A nematode) only lacks an orthologue of STAMBP 

(Table 2.2) and syntenin-1 (Table 2.3) whilst no orthologue could be identified for VPS28 

(Table 2.2) or ARF6 (Table 2.3) in the genome of S. mediterranea (Rhabditophora).
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Figure 2.2 Phylogenetic tree of the 25 helminth species examined. NCBI taxonomy IDs were retrieved 

from the NCBI Taxonomy Database (https://www.ncbi.nlm.nih.gov/taxonomy) and the tree with 

collapsed internal nodes was generated using phyloT (https://phylot.biobyte.de/) and visualised using 

Interactive Tree of Life (https://itol.embl.de/; Letunic and Bork, 2016). Clade annotations denote those 

described by Blaxter et al. (1998) (I, III, IV and V) or van Megen et al. (2009) (2A, 8B, 9A/B 10A/B and 

12B).
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Table 2.2 (Overleaf) Proteins of the ESCRT-dependent exosome biogenesis pathway in mammalian cells. ‘*’ indicates proteins also implicated in microvesicle formation. A 

coloured square indicates the presence of an orthologue in the helminth genome. The colour of the square represents the degree of conservation of the interacting regions 

relevant to extracellular vesicle biogenesis in the predicted protein sequence of the helminth orthologue. A blue square signifies that all interacting regions are conserved in 

the identified helminth orthologue. An orange square signifies incomplete conservation of interacting regions, but that > 50% of the interacting regions are conserved. A red 

square signifies that ≤ 50% of the interacting regions are conserved. See Tables A1 – A6 (Appendix, section 8.1; see the CD enclosed in the paper version of this thesis) for 

query protein identifiers, Dataset A1 (Appendix, section 8.2; enclosed CD) for helminth orthologue identifiers, and Table A7 (Appendix, section 8.1; enclosed CD) for details 

of the presence or absence of interacting regions in the predicted protein sequence of the helminth orthologue. Section 8.3 (Appendix; enclosed CD) contains the references 

for the EV biogenesis proteins and interacting regions identified in Tables A1 – A7. 
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Table 2.2 (Caption on previous page). Colour coding for the conservation of interacting regions: blue, conserved; orange, > 50% conserved; red, < 50% conserved; white, no 
orthologue. 
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I/2A Romanomermis culicivorax                      
I/2A Trichinella spiralis                      
I/2A Trichuris trichiura                      
III/8B Ascaris lumbricoides                      
III/8B Enterobius vermicularis                      
III/8B Dracunculus medinensis                      
III/8B Brugia malayi                      
III/8B Onchocerca volvulus                      
IV/10A Steinernema carpocapsae                       
IV/10B Strongyloides stercoralis                      
IV/10B Bursaphelenchus xylophilus                      
IV/12B Meloidogyne incognita                      
V/9A Caenorhabditis elegans                      
V/9B Heterorhabditis bacteriophora                      
V/9B Necator americanus                      
                       
Platyhelminthes                       
Class Species                      
Cestoda Echinococcus multilocularis                      
Cestoda Taenia solium                      
Trematoda Clonorchis sinensis                      
Trematoda Opisthorchis viverrini                      
Trematoda Echinostoma caproni                      
Trematoda Fasciola hepatica                      
Trematoda Schistosoma haematobium                      
Trematoda Schistosoma mansoni                      
Monogenea Protopolystoma xenopodis                      
Rhabditophora Schmidtea mediterranea                      
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Table 2.3 Proteins associated with the non-canonical ESCRT-associated exosome biogenesis pathway 

in mammalian cells. ‘*’ indicates proteins also implicated in microvesicle formation. ‘X’ indicates the 

presence of an orthologue in the helminth genome. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.4.2 Differences exist in the interacting regions of the ESCRT components 

The ESCRT subunits (ESCRT-0, -I, -II and -III) are made up of multiple protein components 

which assemble to drive reverse-topology membrane scission (Schöneberg et al., 2016). The 

interacting regions of the ESCRT-dependent pathway are the most well-defined in terms of 

EV biogenesis. Therefore, functionally important interacting motifs and domains of ESCRT 

proteins were identified then compared with the domain arrangements and sequences of 

helminth orthologues to ascertain whether the helminth proteins are likely to retain the 

functional interactions of their mammalian counterparts. The alignments revealed 

considerable sequence divergence between helminth and query proteins which are 
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I/2A Romanomermis culicivorax X  X X X 
I/2A Trichinella spiralis X  X  X 
I/2A Trichuris trichiura X  X X X 
III/8B Ascaris lumbricoides X X X X X 
III/8B Enterobius vermicularis X X X X X 
III/8B Dracunculus medinensis X  X X X 
III/8B Brugia malayi X X X X X 
III/8B Onchocerca volvulus X X X X X 
IV/10A Steinernema carpocapsae  X X X X X 
IV/10B Strongyloides stercoralis X X X X X 
IV/10B Bursaphelenchus xylophilus X   X X 
IV/12B Meloidogyne incognita   X X X 
V/9A Caenorhabditis elegans X  X X X 
V/9B Heterorhabditis bacteriophora   X  X 
V/9B Necator americanus X  X X X 
       
Platyhelminthes       
Class Species      
Cestoda Echinococcus multilocularis X X X X X 
Cestoda Taenia solium X X X X X 
Trematoda Clonorchis sinensis X X X X X 
Trematoda Opisthorchis viverrini X X  X X 
Trematoda Echinostoma caproni X X X X X 
Trematoda Fasciola hepatica X X X X X 
Trematoda Schistosoma haematobium X X X X X 
Trematoda Schistosoma mansoni X X X X X 
Monogenea Protopolystoma xenopodis X X X X X 
Rhabditophora Schmidtea mediterranea X X X  X 
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summarised in Table A7 (Appendix, section 8.1; enclosed CD). Although ESCRT-0 is complete 

in platyhelminths, several species are predicted to lack the VHS domains and ubiquitin-

interacting motifs (required for cargo recognition), as well as the FYVE domain of HGS (also 

called Hrs) which targets the ESCRT machinery to the endosomal membrane. In ESCRT-I, the 

cargo-binding UEV domain of TSG101 is wholly conserved but the UMA cargo-recognition 

domain of MVB12 is absent from most platyhelminth MVB12 orthologues. Additionally, the 

Clade I nematodes lack the VPS36 GLUE domain of ESCRT-II; therefore, these species are 

reliant on earlier ESCRT subunits for cargo recognition in the canonical ESCRT pathway. 

Furthermore, there are predicted differences in the intra-subunit interactions of helminth 

ESCRT orthologues. For instance, S. mediterranea lacks the regions required for interactions 

between HGS, STAM and STAMBP of ESCRT-0, and the regions that direct ESCRT-I formation 

are absent from some parasitic trematodes. 

 

Moreover, there are motifs absent from some helminth sequences that are important for 

inter-complex interactions in the ESCRT pathway. N. americanus (a Clade V/9B nematode) 

and P. xenopodis (Monogenea) have no orthologue for TSG101 (ESCRT-I) and have also lost 

the TSG101-interacting motifs from ESCRT-0. STAMBP orthologues are absent from most 

nematodes and even the species with an orthologue lack the MIT domain which binds ESCRT-

III subunits. The VPS36 GLUE domain (ESCRT-II) is important in accepting cargo from ESCRT-

I, yet it is absent from Clade I nematodes, P. xenopodis and B. xylophilus. 

 

H. bacteriophora (a Clade V/9B nematode) is the only nematode of the selected species 

lacking orthologues of ESCRT-III proteins. However, at the domain level, N. americanus (also 

Clade V/9B) is missing many of the interacting regions of the CHMP proteins, including those 

that interact with the AAA ATPase VPS4 which disassembles the ESCRT machinery. The loss 

of MIM domains from ESCRT-III subunits in several helminths corresponds to the loss of the 

MIM-interacting MIT domain in their orthologues of VPS4, although VPS4 itself is conserved. 

The VPS4 orthologue in S. haematobium, however, lacks catalytic domains and this species 

is one of the few that also lacks IST1 which regulates VPS4 localisation and assembly 

(Dimaano et al., 2008). ALIX interacts with CHMP4 (ESCRT-III) through its BRO1 domain 

(linking it to the ESCRT-III subunit in mammals), yet this domain appears to be absent from 

the T. trichiura and E. caproni orthologues. The interacting regions between ALIX and 

syntenin-1, or TSG101, are also not conserved in H. bacteriophora, P. xenopodis and S. 

mediterranea, showing that the ESCRT pathway is further reduced in some species. 
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2.4.3 There is incomplete conservation of proteins involved in ESCRT-independent 

mechanisms of exosome biogenesis 

In mammalian systems, exosome biogenesis can also be driven in an ESCRT-independent 

manner. Genes encoding orthologues of the proteins involved in this process are again well-

represented amongst helminth genomes, but there are some notable absences (Table 2.4). 

A commonality between the two helminth phyla is the absence of sphingosine-1-phosphate 

receptors 1 and 3 (S1PR1/3), which promote MVB maturation (Kajimoto et al., 2013), and the 

neutral (n)SMase SMPD3 which has been implicated in both exosome and MV formation 

(Menck et al., 2017). In addition, the acid (a)SMase SMPD1 is not conserved in platyhelminths 

but is conserved in the Nematoda, with the exception of T. trichiura which also lacks 

sphingosine kinase (SPHK) and phospholipid scramblase (PLS) orthologues. Clade I 

nematodes are missing the aSMase-like proteins SMPDL3a/b and leukotriene A4 hydrolase 

(LKHA4), whilst Clade III species, which have an almost complete ESCRT-dependent pathway, 

are lacking numerous components of lipid biosynthesis and transport. Of the Clade III 

nematodes, only O. volvulus has an orthologue of PLS and NPC2 (involved in lipid transport) 

and these proteins are only partially conserved in the other clades. Whereas Clade V/9B 

nematodes have reduced ESCRT machinery (Table 2.2), their lipid-related pathways are 

almost fully conserved (Table 2.4). In contrast, the monogenean P. xenopodis, which also had 

a reduced ESCRT complement, has the fewest orthologues of enzymes involved in lipid 

biosynthesis. Additionally, only the free-living S. mediterranea has an orthologue of PLA2 of 

the platyhelminth species examined. A prominent difference exists between the two phyla 

in the conservation of lipid transport enzymes which, whilst incomplete in nematodes, are 

fully conserved in platyhelminths. 
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Table 2.4 Lipid-related enzymes involved in ESCRT-independent exosome biogenesis in mammalian cells. ‘*’ indicates proteins also implicated in microvesicle formation. ‘X’ 

indicates the presence of an orthologue in the helminth genome. 
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I/2A Romanomermis culicivorax X X   X X   X X  X X X X X X 
I/2A Trichinella spiralis X X   X X   X X  X X  X X X 
I/2A Trichuris trichiura  X   X    X X  X X  X X X 
III/8B Ascaris lumbricoides X X  X X X   X X X X X  X X  
III/8B Enterobius vermicularis X X  X X X   X X X X X  X X  
III/8B Dracunculus medinensis X X   X X   X X X X X  X X  
III/8B Brugia malayi X X   X X   X X X X X  X X  
III/8B Onchocerca volvulus X X   X X   X X X X X X X X X 
IV/10A Steinernema carpocapsae  X X  X X X   X X X X X  X X X 
IV/10B Strongyloides stercoralis X X  X X X   X X X X X  X X X 
IV/10B Bursaphelenchus xylophilus X X  X X X   X X X X X  X X X 
IV/12B Meloidogyne incognita X X  X X X   X X X X X  X X  
V/9A Caenorhabditis elegans X X  X X X   X X X X X X X X  
V/9B Heterorhabditis bacteriophora X X  X X X    X X X X X X X  
V/9B Necator americanus X X  X X X   X X X X X X X X X 
                   
Platyhelminthes                   
Class Species                  
Cestoda Echinococcus multilocularis  X  X X X    X X X X X X X X 
Cestoda Taenia solium  X  X X X    X X X X X X X X 
Trematoda Clonorchis sinensis  X  X X X    X X X X X X X X 
Trematoda Opisthorchis viverrini  X  X  X    X X X X X X X X 
Trematoda Echinostoma caproni  X  X X X    X X X X X X X X 
Trematoda Fasciola hepatica  X  X X X    X X X X X X X X 
Trematoda Schistosoma haematobium  X  X X X    X X X X X X X X 
Trematoda Schistosoma mansoni  X  X X X    X X X X X X X X 
Monogenea Protopolystoma xenopodis  X        X X X X X X X X 
Rhabditophora Schmidtea mediterranea  X  X X    X X X X X X X X X 
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2.4.4 Proteins involved in microvesicle formation are conserved in helminths 

The selected helminth genomes were searched for orthologues of cytoskeleton and 

membrane-remodelling enzymes, as well as for members of the signalling cascade involved 

in MV budding and release. Whilst both phyla have an almost complete repertoire of these 

proteins, the cytoskeletal regulator DIAPH3 is absent from all but the Clade IV nematodes, E.

multilocularis (Cestoda) and the blood flukes. Fewest MV biogenesis orthologues were again 

found in the nematodes T. spiralis and T. trichiura (Clade I/2A) and H. bacteriophora (Clade 

V/9B), and the free-living Rhabditophora S. mediterranea is the only platyhelminth to have 

proteins absent from the signalling cascade. Some ESCRT-dependent and -independent 

pathway components also feature in MV formation and these proteins have been highlighted 

in Tables 2.2, 2.3 and 2.4. As described earlier, the majority of these components are well-

conserved with a few key losses. Of note is the loss of ARF6 (Table 2.3) from some of these 

species which is thought to start the signalling cascade which activates cytoskeleton 

remodelling in response to a Ca2+ influx (Muralidharan-Chari et al., 2009). The absence of 

orthologues of ARRDC1 (Table 2.5) is also of interest because this protein is responsible for 

recruiting members of the ESCRT pathway to the PM, resulting in the generation of a subset 

of small MVs (Nabhan et al., 2012). 

2.4.5 Potential differences in membrane-organising proteins exist between helminths 

and mammalian hosts 

Only two tetraspanins could be assigned a direct orthologue in this study: the tetraspanin 

CD63 antigen (a classic exosome marker involved in ILV formation (Edgar et al., 2014)) is 

almost universally conserved, whilst another CD63 family member (identified in trematode 

EV proteomic studies (Cwiklinski et al., 2015a; Sotillo et al., 2016)) appears to be trematode-

specific (Table 2.6). Flotillin-1 and flotillin-2 are other noted markers of EVs and, whilst these 

are conserved in platyhelminths, orthologues in nematodes are only present in the human 

pathogens A. lumbricoides, E. vermicularis and D. medinensis (Clade III/8B), as well as the 

entomopathogenic nematode R. culicivorax (Clade I/2A). The SNARE proteins, which 

participate in MVB fusion with the PM (Fader et al., 2009; Gross et al., 2012; Ruiz-Martinez 

et al., 2016), are well-conserved bar vesicle-associated membrane protein (VAMP) 7 and (in 

nematodes) VAMP3. The VAMPs have previously been noted as challenging to classify in 

helminths due to divergent sequences in these two phyla (Kloepper et al., 2008). Here, a clear 

orthologue of VAMP7 was found in only three of the sampled species (R. culicivorax, T.

trichiura and S. mediterranea). In some other species, BLAST queries using the VAMP7 

sequence retrieved VAMP proteins, but VAMP7 was not the reciprocal hit. 
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Table 2.5 Proteins involved in microvesicle formation in mammalian cells. ‘X’ indicates the presence of an orthologue in the helminth genome. 
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I/2A Romanomermis culicivorax X X X  X X X X X X X X 
I/2A Trichinella spiralis X X X   X   X X X X 
I/2A Trichuris trichiura X X X   X  X X X X X 
III/8B Ascaris lumbricoides X X X  X X X X X X X X 
III/8B Enterobius vermicularis X X X  X X X X X X X X 
III/8B Dracunculus medinensis X X X  X X X X X X X X 
III/8B Brugia malayi X X X  X X  X X X X X 
III/8B Onchocerca volvulus X X X  X X  X X X X X 
IV/10A Steinernema carpocapsae  X X X X X X  X X X X X 
IV/10B Strongyloides stercoralis X X X X X X  X X X X X 
IV/10B Bursaphelenchus xylophilus X X X X  X  X X X X X 
IV/12B Meloidogyne incognita X X X X X X  X X X X X 
V/9A Caenorhabditis elegans X X X  X X  X X X X X 
V/9B Heterorhabditis bacteriophora   X  X X X X X X X X 
V/9B Necator americanus X X X  X X X X X X X X 
              
Platyhelminthes              
Class Species             
Cestoda Echinococcus multilocularis X X X X X X  X X X X X 
Cestoda Taenia solium X X X  X X  X X X X X 
Trematoda Clonorchis sinensis X X X  X X  X X X X X 
Trematoda Opisthorchis viverrini X X X  X X  X X X X X 
Trematoda Echinostoma caproni X X X  X X  X X X X X 
Trematoda Fasciola hepatica X X X  X X  X X X X X 
Trematoda Schistosoma haematobium X X X X X X  X X X X X 
Trematoda Schistosoma mansoni X X X X X X  X X X X X 
Monogenea Protopolystoma xenopodis X X X  X X  X X X X X 
Rhabditophora Schmidtea mediterranea X X   X X  X X X X X 



47 
 

Table 2.6 Extracellular vesicle membrane organisers and soluble N-ethylmaleimide-sensitive factor activating protein receptor (SNARE) proteins associated with extracellular 

vesicle formation in mammalian cells. ‘X’ indicates the presence of an orthologue in the helminth genome.
  Membrane organisers SNAREs 

Nematoda 

 

 

 

 

 

Clade 

 

 

 

 

 

 

Species C
D

6
3

 a
n

ti
g

e
n

 

C
D

6
3

 r
e

ce
p

to
r 

F
lo

ti
ll

in
-1

 

F
lo

ti
ll

in
-2

 

S
y

n
ta

x
in

-1
A

 

S
y

n
ta

x
in

-5
 

Y
K

T
6

 

S
y

n
a

p
to

ta
g

m
in

-1
 

S
N

A
P

 

V
A

M
P

3
 

V
A

M
P

7
 

I/2A Romanomermis culicivorax X  X X X X X X X  X 
I/2A Trichinella spiralis     X X X X X X  
I/2A Trichuris trichiura X    X X X X X  X 
III/8B Ascaris lumbricoides X  X X X  X X X   
III/8B Enterobius vermicularis X  X X X X X X X   
III/8B Dracunculus medinensis X  X X X  X X X   
III/8B Brugia malayi X    X X X X X   
III/8B Onchocerca volvulus X    X X X X X   
IV/10A Steinernema carpocapsae  X    X X X X X   
IV/10B Strongyloides stercoralis X    X X  X X X  
IV/10B Bursaphelenchus xylophilus X    X X X X X   
IV/12B Meloidogyne incognita X    X X X X X   
V/9A Caenorhabditis elegans X    X X X X X   
V/9B Heterorhabditis bacteriophora X    X  X X X   
V/9B Necator americanus X    X X X X X   
             
Platyhelminthes             
Class Species            
Cestoda Echinococcus multilocularis X  X X X X X X X X  
Cestoda Taenia solium X  X X X X X X X X  
Trematoda Clonorchis sinensis X X X X X X X X X X  
Trematoda Opisthorchis viverrini X X X X X X X X X X  
Trematoda Echinostoma caproni X X X X X X X X X X  
Trematoda Fasciola hepatica X X X X X X X X X X  
Trematoda Schistosoma haematobium X X X X X X X X X   
Trematoda Schistosoma mansoni X X X X X X X X X   
Monogenea Protopolystoma xenopodis X  X X X X  X X X  
Rhabditophora Schmidtea mediterranea X  X X X X X X X X X 
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2.4.6 RNA-associated extracellular vesicle proteins differ between helminth phyla 

EVs are enriched in small RNA species by proteins which can be loaded into EVs alongside the 

RNA cargo (Statello et al., 2018). Interrogating helminth genomes with these protein 

sequences revealed that hnRNPA2B1, NSEP1 and Ago2 are well-conserved in nematodes and 

platyhelminths (Table 2.7). However, the phyla differ markedly in their genomic capacity to 

produce other proteins involved in RNA sorting into EVs. Orthologues of hnRNPQ are present 

exclusively in the Nematoda. Conversely, the vault complex components MVP and 

telomerase protein component 1 (TEP1) were lacking in nematodes whilst fully retained in 

platyhelminths. 

 
2.4.7 Conservation of extracellular vesicle biogenesis proteins is reflected in 

platyhelminth but not nematode extracellular vesicle proteomic data 

Through an exhaustive search of all available hEV proteomic data, 55 of the 74 query proteins 

listed in Tables 2.2 to 2.7 were identified (Fig. 2.3). This supports their involvement with hEVs 

and shows that they are expressed at the protein level in some parasitic helminths. 

Comparing the proteomes of platyhelminth and nematode EVs, however, reveals a stark 

difference in the proteins associated with the EVs of the two phyla. Whilst 55 EV biogenesis 

proteins were found in EVs released by platyhelminths, only 7 orthologues were present in 

EVs released by nematodes. The number of these proteins broken down into in their 

respective categories is illustrated in Fig. 2.3 and information regarding the species from 

which the EVs were derived is found in Tables A1 to A6 (Appendix, section 8.1; enclosed CD). 
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Table 2.7 Proteins involved in RNA sorting and transport in mammalian cells. ‘X’ indicates the presence 

of an orthologue in the helminth genome. 
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I/2A Romanomermis culicivorax X X X X   
I/2A Trichinella spiralis X X X X   
I/2A Trichuris trichiura X X X X   
III/8B Ascaris lumbricoides X X X X   
III/8B Enterobius vermicularis X X X X   
III/8B Dracunculus medinensis X X X X   
III/8B Brugia malayi X X X X   
III/8B Onchocerca volvulus X X X X   
IV/10A Steinernema carpocapsae  X X X X   
IV/10B Strongyloides stercoralis X X X X   
IV/10B Bursaphelenchus xylophilus X X X X   
IV/12B Meloidogyne incognita X X X X   
V/9A Caenorhabditis elegans X X X X   
V/9B Heterorhabditis bacteriophora X      
V/9B Necator americanus X X X X   
        
Platyhelminthes        
Class Species       
Cestoda Echinococcus multilocularis X  X X X X 
Cestoda Taenia solium X  X X X X 
Trematoda Clonorchis sinensis X  X X X X 
Trematoda Opisthorchis viverrini X  X X X X 
Trematoda Echinostoma caproni X  X X X X 
Trematoda Fasciola hepatica X  X X X X 
Trematoda Schistosoma haematobium X  X X X X 
Trematoda Schistosoma mansoni X  X X X X 
Monogenea Protopolystoma xenopodis X  X X X X 
Rhabditophora Schmidtea mediterranea X  X X X X 
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Figure 2.3 Proteins found associated with platyhelminth (A) or nematode (B) extracellular 

vesicles (EVs) by mass spectrometry that have been implicated in EV biogenesis in 

mammalian systems or other model organisms. Proteins marked with an asterisk (*) have 

been implicated in both exosome and microvesicle (MV) biogenesis. See Tables A1 to A6 

(Appendix, section 8.1; enclosed CD) for details of the EV biogenesis protein orthologues 

found in helminth EVs on a species by species basis (and corresponding references). 
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2.5 Discussion 

The generation of both exosomes and MVs in mammalian cells requires the formation of 

membrane microdomains, sequestration of cargo molecules, bending of the lipid bilayer, and 

finally, membrane scission to release the newly formed vesicle (van Niel et al., 2018). 

However, it is unknown whether the cellular machinery driving these processes could 

operate in parasitic helminths. Here, a comparative genomics approach was used to show 

the conservation of proteins involved in exosome and MV formation across the helminth 

phyla, including species where EV release has not yet been reported (indicating that they 

may also secrete EVs). It was found that conservation of the various EV biogenesis pathway 

members broadly follows an evolutionary route rather than being dependent on the 

environmental niches of individual species. This could suggest that EVs represent an essential 

mechanism by which helminths transfer molecular signals across a range of host body fluids 

and, accordingly, EVs have been detected in almost all body fluids (Armstrong and Wildman, 

2018). 

 

The conservation of the ESCRT machinery in helminths is unsurprising given that it mediates 

many essential cellular processes that involve membrane curvature (Christ et al., 2017). 

However, this complex is also intricately linked with EV biogenesis and some hEV proteomic 

data suggests an association between ESCRT and hEVs (Fig. 2.3). Through domain and 

sequence analysis, it was found that the ESCRT components involved in cargo recognition are 

the least conserved, with an absence of various cargo-recognition domains across ESCRT-0 

and ESCRT-I components, and a nematode-specific loss of the cargo-binding protein STAMBP 

(Table 2.2; Table A7, Appendix). Given that ESCRT-0 cargo recognition can be bypassed 

through the UEV domain of TSG101 (Garrus et al., 2001) (conserved in helminths) and that in 

several eukaryotic lineages the early ESCRT subunits have been shown to be non-essential 

for MVB formation (Leung et al., 2008), it is possible that the early ESCRT subunits also have 

a reduced importance in helminths. Additionally, Bro1-domain containing proteins such as 

ALIX (fully conserved) or others found in trematode EV proteomics (Chaiyadet et al., 2015; 

Cwiklinski et al., 2015a; Davis et al., 2019) may compensate for a decreased number of ESCRT-

I proteins in some trematodes by directly recruiting ESCRT-III to its site of action (Christ et al., 

2016; Kim et al., 2005). 

 

CHMP6 nucleates CHMP4 polymerisation (ESCRT-III) which is the main driver of ESCRT-

mediated membrane restructuring (Christ et al., 2017), yet CHMP6 is absent from some 

trematodes (Table 2.2) which suggests that an alternate nucleation process could occur. 
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CHMP4 can be recruited directly by ALIX in ILVs which form through a syndecan-syntenin-

ALIX axis (Baietti et al., 2012), relying on ESCRT components conserved in platyhelminths 

(Table 2.2). Once released, exosomes produced in this manner bear syndecan, syntenin and 

ALIX as exosomal markers (Friand et al., 2015), all of which have been identified in 

platyhelminth EV proteomic data (Fig. 2.3). VPS4-mediated recycling is also redundant in the 

biogenesis of these exosomes which could explain the lack of catalytic domains in the VPS4 

orthologues of some trematodes and the absence of the VPS4 recruiter, IST1 (Dimaano et al., 

2008), in S. haematobium (Table 2.2; Table A7, Appendix). Whilst this non-canonical ESCRT-

related process could function in platyhelminths, the lack of conservation of syntenin in 

parasitic nematodes suggests that the syndecan-syntenin-ALIX axis may not be important in 

exosome production in these species, and this is supported by the absence of syntenin and 

syndecan from nematode EVs (Fig. 2.3). 

 

As with the ESCRT machinery, the conservation of proteins involved in ESCRT-independent 

exosome formation could be explained by their essential functions in cell membrane 

maintenance, such as the role of SMases in membrane lesion removal (Andrews et al., 2014). 

Nonetheless, experimental evidence shows that they are also crucial drivers of EV biogenesis 

(see Table A3 for references, Appendix) and found in some hEV proteomic data (Fig. 2.3). A 

reduced complement of some lipid-related enzymes encoded in some helminth genomes 

could be related to a reliance of parasitic helminths on host lipids due to an inability to 

synthesise some lipids de novo (Frayha and Smyth, 1983). In this regard, it is noteworthy that 

the only platyhelminth with an orthologue of PLA2 is the free-living S. mediterranea. The 

conversion of sphingomyelin to ceramide by SMases has been identified as a key driver of 

ESCRT-independent exosome formation (see Table A3 for references, Appendix) but there is 

a lack of aSMase (SMPD1) and nSMase (SMPD3) orthologues in platyhelminths. Whilst 

orthologues of the related lipid-modifying enzymes SMPDL3a/b are conserved in this phylum 

and present in F. hepatica EVs (Table A3, Appendix), SMPDL3a lacks SMase activity and 

SMPDL3b is only thought to have SMase activity when tethered to a lipid bilayer (Gorelik et 

al., 2016a; Traini et al., 2014). Direct orthologues of each of these enzymes could not be 

determined using the methodology of this chapter; therefore, it is unknown to which isoform 

the helminth orthologues correspond. However, it has been demonstrated that SMase 

activity requires a neutral pH in some trematodes (Redman et al., 1997; Tallima et al., 2011), 

suggesting that the conserved nSMase, SMPD2, is a principal driver of sphingomyelin 

conversion in these species (although it remains to be determined whether SMPD2 is also 

involved in hEV formation). 
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Most studies of hEVs to date have focused on small EVs (Tables A1 to A6, Appendix). 

However, it has been suggested that MVs are released by helminths as membranous ‘blebs’ 

from their outer surface in a process utilising the same cellular machinery as described in 

other metazoans (de la Torre-Escudero et al., 2016). The conservation of most proteins 

involved in MV production (Table 2.5), including those which feature in the ESCRT-dependent 

and ESCRT-independent pathways (Tables 2.2, 2.3 and 2.4), supports this hypothesis. One 

poorly conserved protein is ARRDC1 which generates a specific subset of MVs in T cells by 

recruiting ESCRT components to the PM (Nabhan et al., 2012). Its absence suggests that it 

does not mediate ESCRT-dependent MV release in the examined helminths and raises 

questions as to whether ESCRT-dependent MV formation can occur in these parasites. 

 

Tetraspanins and flotillins are general markers of EVs in mammalian systems (Haraszti et al., 

2016; Keerthikumar et al., 2015; Kowal et al., 2016) and are involved in the formation of 

membrane microdomains and EV cargo sorting (Andreu and Yáñez-Mó, 2014; Phuyal et al., 

2014). Flotillins are involved in lipid raft formation in S. mansoni (Ressurreição et al., 2016). 

However, there is a lack of flotillins in hEV proteomic data which is a distinguishing feature 

of EVs released by these parasites. Given that flotillins promote the incorporation of 

cholesterol into the EV membrane (Strauss et al., 2010), their poor conservation at the 

genomic level in nematodes could also be linked to the finding of a reduced cholesterol 

content in the EVs of Heligmosomoides bakeri (a Clade V/9 nematode) compared to EVs 

derived from murine cells (Simbari et al., 2016). It has recently been reported that trematode 

CD63 family members form a distinct protein clade to those of vertebrates (Chaiyadet et al., 

2017), supporting the current finding that the CD63 family tetraspanin, termed CD63 

receptor, is trematode-specific (which is also supported by proteomic analysis of trematode 

EVs (Cwiklinski et al., 2015a; Sotillo et al., 2016)). CD63 receptor is therefore worth exploring 

as a potential biomarker of trematode infection; indeed, Chaiyadet et al. (2017) showed that 

O. viverrini CD63 family proteins could be detected in the biliary ducts of infected hamsters. 

 

hEVs carry RNA species (including miRNAs) which are capable of modifying gene expression 

in recipient cells, representing a mechanism by which parasites interfere with the host 

immune response (Buck et al., 2014; Coakley et al., 2017; Zhu et al., 2016a). Here, it was 

found that helminth genomes encode proteins known to associate with, and enrich, miRNA 

in mammalian EVs such as hnRNPA2B1, NSEP1 and Ago2 (see Table A6 for references, 

Appendix). However, most of these proteins have not been detected in hEV proteomic data, 

suggesting either that these proteins are present in low abundance making them difficult to 
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detect or that other proteins can act as RNA chaperones in helminths. Nematodes have a 

lineage-specific expansion of argonaute proteins (WAGOs) (Buck and Blaxter, 2013) and it 

was recently reported that a WAGO protein mediated the export of small interfering RNAs in 

H. bakeri EVs (Chow et al., 2019). This protein is conserved in Nematoda (Buck et al., 2014) 

and it has been postulated that it could be involved in nematode-specific sorting of RNA into 

hEVs in a similar manner to argonaute proteins in mammalian cells (Chow et al., 2019; Mantel 

et al., 2016; McKenzie et al., 2016) which could account for the absence of other RNA loading 

machinery in nematode EVs (Table A6, Appendix). 

 

No orthologues of the WAGOs reported by Chow et al. (2019) were identified in 

platyhelminths (data not shown), but another RNA-binding protein, MVP, is consistently 

found in platyhelminth EVs (Table A6, Appendix). Some ambiguity exists over whether vault 

proteins are loaded into EVs or are secreted as part of the vault complex which is isolated 

alongside EVs during ultracentrifugation due to its large size (Kong et al., 1999), but it has 

been shown that E. multilocularis secretes MVP in a signal peptide-independent manner 

(Goto et al., 2013). Whilst MVP has previously has been implicated in the stress response of 

S. mansoni (Reis et al., 2014), it has recently been reported to act in exosomal RNA loading 

in mammalian systems (Statello et al., 2018; Teng et al., 2017), so it is possible that MVP 

carries out a similar role during platyhelminth EV production. 

 

Interestingly, expanding the current search to include the additional component of the vault 

complex, poly [ADP-ribose] polymerase 4 (PARP4), reveals that it is not conserved in 

nematodes or platyhelminths; thus, revealing that this complex is absent from nematodes 

and only partially conserved in platyhelminths. TEP1 is conserved in platyhelminths and 

found in the EVs of some species (Table A6, Appendix). TEP1 specifically binds vault RNA 

(vRNA) (Smith, 2001) which is found enriched in mammalian EVs (van Balkom et al., 2015; 

Bellingham et al., 2012; Li et al., 2013a; Lunavat et al., 2015; Nolte-’t Hoen et al., 2012) and 

can downregulate target gene expression in a manner similar to miRNA (Persson et al., 2009). 

It is unknown whether hEVs are also enriched in vRNA, and vRNA orthologues in 

schistosomes have proven to be elusive due to highly diverged sequences (Copeland et al., 

2009; Reis et al., 2014). However, when the current search was expanded to include the vRNA 

processing enzyme, NSUN2 (Hussain et al., 2013), it was found to be conserved in 

platyhelminths (data not shown), suggesting that this phylum have the capacity to produce 

regulatory small vRNAs. A further speculation is that TEP1 is also involved in shuttling non-

coding RNA into the EVs of some platyhelminth species. The binding of TEP1 to hEV RNA 
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could be investigated by immunoprecipitation, whilst its role in RNA packaging could be 

determined using a cell-free model of EV biogenesis, as described by Shurtleff et al. (2016). 

 

Whilst numerous EV biogenesis protein orthologues were detected in platyhelminth EVs by 

proteomic analyses, few were identified in similar mass spectrometry-based studies of 

nematode EVs (Fig. 2.3). There may be both technical and biological reasons for this 

difference. To date, 15 platyhelminth EV proteomic data sets have been published as 

opposed to nine from nematodes, and different EV isolation procedures (and methods for 

protein extraction from the resulting EVs) may lead to different protein profiles being 

generated. Alternatively, nematode EV biogenesis proteins may be retained by the parent 

cell releasing the vesicles, or other mechanisms of EV formation may operate in this phylum. 

Interestingly, although the recent analysis of EVs released by T. muris identified over 360 

proteins, none of these were orthologues of the EV biogenesis proteins in Tables 2.2 to 2.7. 

Both nematode and platyhelminth EV proteomic data contain proteins belonging to families 

implicated in EV biogenesis (such as SNARE proteins) that have not been directly associated 

with EV biogenesis themselves. It is possible that these helminth proteins operate in an 

analogous manner to those already described in mammalian systems by providing an 

alternative mechanistic framework for EV production; thus, compensating for EV biogenesis 

pathway deficits identified at the genomic level. Therefore, although ultrastructural evidence 

supports the conserved use of MVBs for exosome formation in helminths (Buck et al., 2014; 

de la Torre-Escudero et al., 2016; Marcilla et al., 2012), the molecular basis of hEV production 

may differ. As new helminth genomes and hEV proteomic datasets are published, new 

insights will be gained into whether a reduced complement of EV biogenesis orthologues in 

some helminths is reflected in their ability to produce particular EV subtypes. Moreover, 

determining the spatial and temporal expression patterns of these EV biogenesis pathway 

members, in combination with functional studies, could reveal whether these proteins 

interact in a canonical manner and how EVs are made by parasitic helminths. Ultimately, a 

tangible outcome from these studies may be the design of therapeutic agents that block the 

production and/or release of EVs from pathogenic helminths. 
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Chapter 3 

Tracing the cellular origins of F. hepatica extracellular vesicles 

 
3.1 Chapter summary 

Identifying the tissue origins of F. hepatica extracellular vesicles (FhEVs) could give insights 

into their mechanism(s) of production. Despite some evidence of the gut and tegument being 

the source of FhEVs, there has been little targeted analysis of the origins of the EVs secreted 

by F. hepatica. In this chapter, antibodies raised against proteins enriched in FhEVs (hereafter 

called FhEV marker proteins) were used to probe adult F. hepatica tissue sections with the 

aim of determining the sites of FhEV production. Combining this immunolocalisation 

approach with ultrastructural analysis revealed that EV production in F. hepatica is more 

complex than first imagined. Whilst the gut and tegument were both stained, discrete 

immunofluorescence patterns were observed within the gastrodermal cells and tegumental 

syncytium for the different marker proteins, suggesting that multiple EV biogenesis pathways 

could operate in these locations. Additionally, the absence of immunolabelling for some 120K 

EV marker proteins in the tegument suggests that further sites of FhEV production exist. 

Accordingly, the protonephridial (excretory) system was identified as a potential site of 

production (or transit) of FhEVs, and flame cells were immunopositive for the ESCRT protein 

FhALIX. The localisation of several FhEV marker proteins to parenchymal cells, which were 

subsequently classified based on work in F. gigantica, implicates this tissue in having a 

hitherto unknown role in EV production. Other structures, such as putative neurosecretory 

cells, also displayed immunofluorescent labelling, indicating that some FhEV marker proteins 

have additional roles in the biogenesis and exocytosis of vesicles that are not secreted 

extracorporeally by the parasite. This chapter, therefore, shows that EV biogenesis and 

release in F. hepatica is a complex process, involving numerous cellular networks and 

molecular pathways. 

 

3.2 Introduction 

F. hepatica extracellular vesicles (FhEVs) have been identified as potent immunomodulators 

(Roig et al., 2018). Therefore, blocking their release, or otherwise impairing their function, 

could tip the balance of the host-parasite interaction in favour of the host and enable the 

elimination of the parasite. However, developing strategies to prevent the release of FhEVs 

requires a better understanding of their mechanisms of biogenesis. 
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Identifying the sites of FhEV biogenesis and secretion at the tissue and cellular levels could 

give insights into the mechanisms by which FhEVs form. Using differential centrifugation of 

parasite culture supernatants (at 15,000 x g and 120,000 x g), FhEVs can be separated into 

two discrete populations which are named 15K EVs and 120K EVs, respectively (Cwiklinski et 

al., 2015a). The site of release of these two EV populations is thought to differ. 15K EVs are 

believed to originate from the gastrodermal cells that line the gut (Cwiklinski et al., 2015a). 

F. hepatica gastrodermal cells are highly dynamic and, whilst only one cell type is known to 

exist, they cycle through phases of secretion and absorption, releasing digestive enzymes 

into the gut lumen before absorbing the products of digestion (Hanna, 1975; Robinson and 

Threadgold, 1975; Yamasaki et al., 1992). 15K EVs are enriched in the zymogen of cathepsin 

L1 and are therefore thought to be derived from the gastrodermal cells that produce this 

cysteine protease (Cwiklinski et al., 2015a). 

 

In contrast, the tegument was proposed as the source of 120K EVs (Cwiklinski et al., 2015a). 

The tegumental syncytium of F. hepatica is multifunctional and acts not only as a barrier to 

the external environment, but as a sensory, immunoregulatory, osmoregulatory and 

alimentary organ (Bennett, 1975b; Dalton et al., 2004; Hamilton et al., 2009). The proteomic 

profile of 120K EVs and the tegumental syncytium show considerable similarities and it has 

been suggested that 120K EVs could be derived from multivesicular body (MVB)-like 

structures that have been observed near the apical plasma membrane (APM) of the 

tegument of trematodes (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 2016; Marcilla 

et al., 2012). The presence of members of the ESCRT-dependent EV biogenesis pathway in 

the 120K EV proteome supports this by indicating that these EVs have an endosomal origin 

and could therefore be exosomes (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 2019). 

The tegument has also been implicated in the production of larger EVs in the form of blebs 

which are produced in response to stress (de la Torre-Escudero et al., 2016). As blebs bud 

directly from the APM of the tegument, it has been proposed that they could be akin to 

microvesicles (MVs) produced by mammalian cells, but generated in a mechanism of 

tegument repair through cytoskeletal remodelling of the APM (de la Torre-Escudero et al., 

2016). 

 

Despite these observations, definitive evidence that the gut and tegument are sources of 15K 

and 120K EVs is limited and the mechanisms by which FhEVs are generated remain largely 

unknown. In Chapter 2, a comparative genomics approach showed that EV biogenesis 

pathways are, for the most part, conserved in helminth genomes, indicating that they could 



58 
 

operate in these parasites. Moreover, orthologues of many of these EV biogenesis pathway 

components are expressed in adult F. hepatica and found associated with FhEVs at the 

protein level (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 2019). 

 

Determining the spatial expression patterns of FhEV proteins could help to reveal their sites 

of production, trafficking and release from the parasite. Therefore, in this chapter, antibodies 

raised against FhEV-enriched proteins (FhEV marker proteins), including orthologues of EV 

biogenesis proteins, were used to probe adult F. hepatica tissue sections in order to locate 

the sites of FhEV production and the cells involved in this process. To complement the 

immunofluorescence studies, transmission electron microscopy (TEM) was used to view 

potential sites of EV production at the ultrastructural level. This combined approach has 

provided the most detailed analysis of the origins of helminth EVs to date and has identified 

some new tissues and systems that may be involved in the production and trafficking of 

FhEVs. 

 

3.3 Methods 

3.3.1 Immunolocalisation 

Adult F. hepatica were collected from the bile ducts of sheep immediately after slaughter at 

a local abattoir (Linden Foods, Dungannon). Worms were fixed for 4 h in 4% 

paraformaldehyde in 0.1 M PBS (Sigma-Aldrich) at room temperature (RT) then washed three 

times in PBS for 30 min before being dissected. The tissue was then dehydrated in an 

ascending series of ethanol in dH2O (two washes in 50% (v/v) ethanol for 15 min, two washes 

in 70% (v/v) ethanol for 15 min, two washes in 90% (v/v) ethanol for 5 min and two washes 

in 100% ethanol for 5 min). The dehydrated tissue was then embedded in JB-4 resin (Sigma-

Aldrich) according to the manufacturer’s instructions. Semi-thin (2 µm) sections were cut 

using a glass knife on a pyramitome and placed on glass slides for microscopy. 

 

For immunofluorescence labelling, tissue sections were washed in PBS then incubated 

overnight at RT in primary antibody in antibody diluent (AbD): 0.2% (v/v) Triton X-100 in PBS. 

All primary antibodies were polyclonals, raised in rabbit (Genscript), apart from the 

tyrosinated α-tubulin antibody which was a mouse monoclonal (Sigma-Aldrich). Tissue 

sections were also incubated with pre-immune serum in AbD as a negative control. Details 

of the primary antibodies used, including their final concentrations and target peptides, are 

given in Table 3.1. Target peptides were predicted to be surface exposed using Genscript’s 

proprietary OptimumAntigenTM design tool and their antigenicity profiles are included in 
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Table 3.1. After incubation in the primary antibody, sections were washed three times for 10 

min in AbD before incubation in an appropriate secondary antibody-fluorophore conjugate 

(goat anti-rabbit IgG-FITC or goat anti-mouse IgG-TRITC, Sigma-Aldrich) at a 1:200 dilution in 

AbD for 1 h at RT in the dark. The sections were then washed four times for 30 min in PBS 

and mounted in glycerol containing 10% (v/v) PBS and 0.1 M propyl gallate (Sigma-Aldrich). 

For co-localisation of antigens, the two primary antibodies were incubated together in AbD 

on sections, followed by co-incubation with the two corresponding secondary antibodies. 

Prior to mounting, some sections were counterstained in 300 nM DAPI (ThermoFisher 

Scientific) in PBS for 15 min at RT then washed three times for 5 min in PBS. Sections were 

viewed with a Leica DM2500 microscope and Leica type N immersion oil was used at 100 x 

magnification. 

 

3.3.2 Toluidine blue staining 

After fluorescent images had been captured, the coverslips were carefully removed and the 

slides were washed for 1 h in dH2O. The sections were then stained in 1% (w/v) toluidine blue 

for 30 seconds at RT and viewed by brightfield microscopy using a Leica DM2500 microscope. 

Leica type N immersion oil was used at 100 x magnification. 

 

3.3.3 Measurements of cell sizes 

Measurements of cells in toluidine blue stained sections were made using ImageJ software 

version 1.48. The range and mean ± standard deviation of cells are provided. More than 8 

cells were measured for each cell type. For the putative flame cell, measurements represent 

the mean ± standard deviation of sequential sections of one cell because only one cell was 

identified. Flame cell duct length was measured from a single toluidine blue stained section 

and corroborated with FhALIX immunolabelled images of the same section. 

 

3.3.4 Western blotting 

Equal amounts (5 µg) of 15K and 120K EVs were added to NuPAGE® LDS Sample Buffer with 

NuPAGE® Sample Reducing Agent (ThermoFisher Scientific) and heated for 5 min at 95°C. The 

samples were briefly centrifuged then run on NuPAGE® Novex 4-12% Bis-Tris gels 

(ThermoFisher Scientific) with 5 µl of SeeBlueTM Plus2 Pre-stained Protein Standard 

(ThermoFisher Scientific) at 200 V, 125 mA and 200 W for 40 min. Proteins were transferred 

to nitrocellulose membranes (GE Healthcare) for 40 min at 30 V, 170 mA and 200 W. 

Following transfer, the membrane was blocked for 1 h at RT in TBST buffer (20 mM Tris-HCl, 

150 mM NaCl, and 1% Tween-20, pH 7.6) containing 5% skimmed milk. Blots were then 
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probed with anti-tyrosinated α-tubulin mouse monoclonal antibody (clone TUB-1A2, Sigma-

Aldrich) at a 1:2500 dilution in TBST containing 1% skimmed milk for 1 h at RT. Blots were 

then washed three times for 5 min in TBST and probed with an appropriate secondary 

antibody-alkaline phosphatase conjugate (Sigma-Aldrich), diluted at 1:10,000 in TBST, for 1 

h at RT. Following three 5 min washes in TBST, blots were developed with the BCIP/NBT 

substrate (Sigma-Aldrich). Blots were imaged using the Syngene G:BOX F3 system (Synoptics 

Ltd, UK). 

 

3.3.5 Transmission electron microscopy 

Blocks of glutaraldehyde-fixed, osmicated adult F. hepatica were provided by Dr Mark 

Robinson. The tissue had been processed according to Robinson et al. (2002). Briefly, whole 

worms were fixed in 4% (w/v) glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) 

containing (w/v) 3% sucrose for 30 min. Worms were then dissected, and mid-body sections 

were placed in fresh fixative for 4 h. Post-fixation, the tissue was washed in 0.1 M sodium 

cacodylate buffer (pH 7.4) containing 3% (w/v) sucrose for 24 h. Fixed tissue was then placed 

in 1% osmium tetroxide for 1 h and washed again in 0.1 M sodium cacodylate buffer (pH 7.4) 

containing 3% (w/v) sucrose for 24 h. The tissue was dehydrated in an ascending series of 

ethanol before infiltration and embedding in Agar 100 epoxy resin (Agar Scientific, UK). 

Ultrathin sections (80 nm) were cut using a diamond knife, mounted on uncoated copper 

grids, and stained with uranyl acetate and aqueous lead citrate by the TEM service at the 

Conway Institute, University College Dublin. The grids were viewed using a Jeol 1400 TEM 

operating at 80 kV at the Agri-Food and Biosciences Institute (Stormont, Northern Ireland). 



61 
 

Table 3.1 List of primary antibodies used for immunolocalisation.

Target protein Target identifier Antibody Target peptide 

Antigenicity/Surface/

Hydrophilcity Host 

Working 

concentration/dilution 

FhTSG101 BN1106_s410B000432 TSG101_18 KSYKYARDVTNDVKC 1.38/0.71/0.47 Rabbit 10 µg/ml 
FhALIX BN1106_s1871B000313 ALIX_2 CTSSKKRPAPDRPPP 3.21/1.00/0.94 Rabbit 10 µg/ml 
FhRal-A BN1106_s637B000246 RAL_28 CNKIDLTQERTVPFE 1.66/0.79/0.37 Rabbit 10 µg/ml 
FhSMPD2 BN1106_s7135B000046 NSM_65 CMDESPSDPDTKASG 3.23/1.00/1.00 Rabbit 10 µg/ml 
FhSMPDL3159 BN1106_s1285B000159 ASM_1_41 IEKGNDEGYAENKPC 2.55/0.93/0.88 Rabbit 5 µg/ml 
FhCD63 receptor BN1106_s1657B000161 CD63_9 CGAKFTHKDSAAGRT 2.34/0.86/0.41 Rabbit 10 µg/ml 
FhCaBP4 BN1106_s214B000744 CaBP4_16 CEEVRAGRGRPMPED 2.63/1.00/1.11 Rabbit 10 µg/ml 
FhDM9-containing protein BN1106_s5689B000026 DM9_26 CPSGRGDVPHNAVQG 1.38/0.71/0.03 Rabbit 7.5 µg/ml 
FhMyoferlin BN1106_s2378B000125 Myo_30 GEPKRAPENIQLRDC 2.74/0.86/0.79 Rabbit 10 µg/ml 
FhTIP BN1106_s92B000559 TiP_5 CYGASDSKRGTFLKP 2.02/0.71/0.32 Rabbit 7.5 µg/ml 
FhTeg1 Q9Y0H2 Teg1_44 CPKGDGDPKPEPKGD 3.40/1.00/1.50 Rabbit 10 µg/ml 
Tyrosinated α-tubulin - TUB-1A2   Mouse 1:100 
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3.4 Results 

3.4.1 ESCRT-associated proteins localise to the gut, tegument, protonephridial ducts and 

parenchymal tissue 

To determine the sites of FhEV production and release, antibodies were raised against 

proteins enriched in FhEVs (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 2019), 

including orthologues of known EV biogenesis proteins, and used to probe adult F. hepatica 

tissue sections. TSG101 and ALIX are both involved in the ESCRT-dependent pathway of EV 

biogenesis (Christ et al., 2017). Sections probed with an antibody raised against FhTSG101 

(an ESCRT-I protein) showed diffuse immunofluorescence at the interface between the 

parasite tissues and the external environment (Fig. 3.1, Fig. 3.2). These structures included 

the tegument, protonephridial ducts and gastrodermal cells, as well as the syncytial surface 

of the ventral sucker, Laurer’s canal, cirrus pouch and sperm duct epithelium. The cytoplasm 

of tegumental cell bodies was immunopositive for FhTSG101, as were clusters of vesicular 

structures in sub-tegumental parenchymal cells (Fig. 3.1B). There was also 

immunofluorescence in vesicular structures around the periphery (or in the interstitial 

material) of these cells, including beneath the tegument where the vesicles were more 

dispersed (Fig. 3.1B and Fig. 3.2C). Further FhTSG101-positive vesicular structures (displaying 

a likeness to those seen in the sub-tegumental area) occurred within the parenchymal cells 

deeper within the fluke, either clustered in one part of the cell or occupying the majority of 

the cytoplasm (Fig. 3.1D and Fig. 3.2). Small puncta of immunofluorescence were visible 

dispersed within the gastrodermal cells. Additional immunofluorescence was observed in 

compact, granular, discoid structures which were sparsely distributed throughout the 

parenchyma and in the sub-gastrodermal region. No specific immunofluorescence was seen 

in these areas when sections were probed with pre-immune control serum (Fig. 3.1A). 
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Figure 3.1 Immunolocalisation of FhTSG101 (green) with DAPI nuclear staining (blue) in adult F. 

hepatica tissue sections. (A) Pre-immune serum showing no specific immunofluorescence. (B) 

Immunolabelling in the tegumental and sub-tegumental areas. Arrowheads indicate tegumental cell 

bodies. (C) Diffuse immunofluorescence is seen in the gastrodermal cells that line the gut. (D) 

Immunolabelling of the lining of the protonephridial ducts (arrows) and pockets of vesicular structures 

in the parenchyma (arrowheads). G, gut; S, spine; T, tegument. Scale bars: 50 µm (A), 25 µm (B-D). 
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Figure 3.2 Immunolocalisation of FhTSG101 (green) and DAPI nuclear staining (blue) in adult F. 

hepatica tissue sections at high magnification. (A – D) Pockets of immunopositive vesicular structures 

(arrowheads) are distributed within the parenchyma, including in the sub-tegumental region (C). There 

is diffuse labelling of the protonephridial duct epithelium (arrows; A, C). Scale bars, 7.5 µm. 

 
FhALIX is another ESCRT-associated protein and displayed a similar immunolocalisation 

pattern to FhTSG101. In the parenchyma, the anti-FhALIX antibody labelled granular, discoid 

structures and vesicular structures clustered in and around parenchymal cells (Fig. 3.4B and 

D), whilst some parenchymal cell types exhibited discrete, granular immunofluorescence 

(Fig. 3.4C-D). Furthermore, the anti-FhALIX antibody labelled the main excretory-secretory 

sites of the fluke (gastrodermal cells, tegument and protonephridial ducts) but showed more 

granular immunofluorescence than FhTSG101-immunostaining (Fig. 3.3, Fig. 3.4). In the 

gastrodermal cells, foci of immunofluorescence were seen concentrated towards the cell 

apices and more dispersed towards the basolateral membrane (Fig. 3.3C-D). Puncta of 

immunofluorescence were also observed in rear cell extensions that penetrated backwards 

into the parenchymal tissue. Similar points of immunofluorescence were visible in the 

protonephridial duct epithelium, as well as the parenchyma lining the gastrodermis and 

protonephridial ducts (Fig. 3.4B). Additionally, there was diffuse labelling of the tegumental 

syncytium, but not of the APM, and strong labelling of the spines (Fig. 3.3B). 
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Immunofluorescence in the sub-tegumental region resembled that of FhTSG101, with 

uniform labelling of the cytoplasm of tegumental cell bodies and immunostaining of sub-

tegumental vesicular structures (Fig. 3.4A). No specific immunofluorescence was seen in 

these areas when sections were probed with pre-immune control serum (Fig. 3.3A). 

 
 

 
 
Figure 3.3 Immunolocalisation of FhALIX (green) in the gut and tegument of adult F. hepatica. (A) Pre-

immune serum showing no specific immunofluorescence. (B) Immunolabelling was observed within 

the tegumental syncytium and spines, but not at the apical plasma membrane. (C-D) Puncta of 

immunofluorescence (arrows) in the gastrodermal cells are principally concentrated towards the cell 

apices. G, gut; L, gut lumen; S, spines; T, tegument. Scale bars: 50 µm (A), 25 µm (C), 7.5 µm (B and D). 
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Figure 3.4 Immunolocalisation of FhALIX (green) in the parenchyma of adult F. hepatica. (A) 

Immunofluorescence is seen in the cytoplasm of tegumental cells (arrows) and in vesicular structures 

within sub-tegumental parenchymal cells (arrowheads). (B-D) Vesicular structures positive for FhALIX 

in the parenchymal tissue (arrowheads). Granular immunofluorescence is also seen in the lining of the 

protonephridial duct (PN) and in compact, discoid structures (arrows). A distinct, granular 

immunolocalisation pattern is seen in some parenchymal cells which have a unique morphology (C-D). 

Scale bars, 7.5 µm. 

 

Ral-A is associated with a non-canonical form of the ESCRT pathway which utilises only a 

limited selection of ESCRT components to form exosomes (Hyenne et al., 2016). The FhRal-A 

immunolocalisation pattern resembled that of FhALIX with immunofluorescence seen lining 

(and within) the protonephridial duct epithelium and at foci concentrated towards the 

gastrodermal cell apices (Fig. 3.5C-E). Further immunofluorescence was seen in the 

cytoplasm of tegumental cell bodies and in vesicular structures below the tegumental 

syncytium (Fig. 3.5B, F). Differences to FhALIX immunolabelling exist in the parenchyma 

where the FhRal-A-positive vesicular structures appeared more heterogeneous in size (Fig. 

3.5D-E). Additionally, immunofluorescence in the tegumental syncytium was concentrated in 

the spines and in discrete puncta towards the base of the syncytium (3.5F). Notably, the 

compact, discoid structures observed in FhALIX and FhTSG101 immunostaining were not 

PN
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visible. No specific immunofluorescence was seen in these areas when sections were probed 

with pre-immune control serum (Fig. 3.5A). 

 
 

Figure 3.5 Immunolocalisation of FhRal-A (green) with DAPI nuclear staining (blue) in adult F. hepatica 

tissue sections. (A) Pre-immune serum showing no specific immunofluorescence. (B) Immunolabelling 

in the tegument and sub-tegumental region. Arrowheads indicate tegumental cell bodies. (C-D) 

Immunofluorescence is seen in discrete puncta (arrows) concentrated towards the apices of the 

gastrodermal cells, and in groupings of vesicular structures (arrowheads) within sub-gastrodermal 

parenchymal cells. (E) Immunostaining of FhRal-A around the periphery of the protonephridial ducts 

(PN) and in the surrounding parenchymal cells (arrowhead). (F) FhRal-A immunoreactivity within the 

tegumental syncytium (arrow), sub-tegumental vesicular structures (arrowheads) and the cytoplasm 

of tegumental cell bodies. Asterisks highlight the nuclei of tegumental cell bodies. G, gut; L, gut lumen; 

T, tegument. Scale bars: 50 (A), 25 µm (B-C) 7.5 µm (D-F). 
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3.4.2 The neutral sphingomyelinase FhSMPD2 is also present in the gut and tegument, 

as well as vesicular structures in the parenchyma 

Although sphingomyelinases (SMases) operate in EV biogenesis independently of the ESCRT 

pathway (van Niel et al., 2018), the localisation pattern of the neutral SMase FhSMPD2 was 

not dissimilar to the ESCRT-associated proteins described earlier. There was diffuse, but 

intense, immunofluorescence in the gastrodermal cells, the tegumental cell bodies, and 

weaker immunolabelling of the protonephridial ducts (Fig. 3.6). Like FhRal-A, clusters of 

vesicular structures were visible within parenchymal cells and no discoid granular structures 

were immunolabelled in the parenchymal tissue (Fig. 3.6B, D and F). However, there were 

some differences in sections probed with the anti-FhSMPD2 antibody. Fewer vesicular 

structures appeared labelled within the interstitial material and there was only faint 

immunofluorescence in the basal part of the tegumental syncytium, whilst the spines 

displayed strong positive immunolabelling (Fig. 3.6E). No specific immunofluorescence was 

seen in these areas when sections were probed with pre-immune control serum (Fig. 3.6A). 

 

3.4.3 Acid-like sphingomyelinase (FhSMPDL3159)-positive immunofluorescence is located 

primarily around the periphery of cells and organs 

In contrast to the immunolocalisation patterns already described, sections probed with an 

antibody targeting the acid-like SMase FhSMPDL3159 (where the superscript 159 refers to the 

last three digits of the protein’s identifier, BN1106_s1285B000159, to distinguish it from 

other isoforms) showed more immunofluorescence in the extracellular regions of the 

parenchyma and around the periphery of cells (Fig. 3.7). Intense labelling was seen in the 

area surrounding the muscle layer of the sperm duct and gastrodermis (Fig. 3.7B and E), and 

foci of immunofluorescence were seen at the base of the gastrodermal cells (Fig. 3.7F). 

Immunolabelling was absent, however, from the gastrodermal cell bodies except for some 

very weak immunostaining of the lamellae (Fig. 3.7F). In the sub-tegumental region, faint 

immunofluorescence was visible around the periphery of the tegumental cell bodies and 

there was strong staining in the cytoplasmic connections which join the tegumental cell 

bodies to the tegumental syncytium (Fig. 3.7C, D). Only the base of the tegumental syncytium 

itself exhibited some immunoreactivity. There was also intense extracellular 

immunofluorescence within the ventral sucker (Fig. 3.7C). No specific immunofluorescence 

was seen in these areas when sections were probed with pre-immune control serum (Fig. 

3.7A). 
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Figure 3.6 Immunolocalisation of the neutral sphingomyelinase FhSMPD2 (green) with DAPI nuclear 

staining (blue) in adult F. hepatica tissue sections. (A) Pre-immune serum showing no specific 

immunofluorescence. (B-F) Diffuse immunofluorescence is visible in the gut (G) and with lower 

intensity in the lining of the protonephridial ducts (PN). Vesicular structures (arrowheads) packaged 

within parenchymal cells bordering the gut and protonephridial ducts also display immunopositivity. 

The arrow in (E) shows diffuse immunostaining in the tegumental cell bodies and faint 

immunofluorescence can be seen in the tegumental syncytium (T). Scale bars: 50 µm (A), 25 µm (B), 

7.5 µm (C-F). 
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Figure 3.7 Immunolocalisation of the acid-like sphingomyelinase FhSMPDL3159 (green) with DAPI 

nuclear staining (blue) in adult F. hepatica tissue sections. (A) Pre-immune serum showing no specific 

immunofluorescence. (B) Intense immunofluorescence (arrows) is seen surrounding the periphery of 

the sperm duct (SD) and within the parenchyma. (C-D) Immunoreactivity is seen in the extracellular 

regions of the oral sucker (OS) and sub-tegumental region. The anti-FhSMPDL3159 antibody also labels 

the cytoplasmic connections (arrows) and basal part of the tegumental syncytium (T). (E-F) Foci of 

intense immunofluorescence (arrowheads) in the sub-gastrodermal region and very faint labelling of 

the gastrodermal cell lamellae (arrow). G, gut; L, gut lumen; S, spine. Scale bars: 25 µm (A, C, E), 50 µm 

(B), 7.5 µm (D, F). 
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3.4.4 CD63 receptor-positive immunolabelling is seen in heterogeneously-sized vesicles 

in the gastrodermal region 

CD63 receptor (FhCD63rec) is enriched in FhEVs (Cwiklinski et al., 2015a; de la Torre-Escudero 

et al., 2019) and is part of the tetraspanin family of proteins which has been implicated in EV 

formation (Andreu and Yáñez-Mó, 2014). In tissue sections probed with the anti-FhCD63rec 

antibody, immunofluorescence was localised to heterogeneously-sized vesicular structures 

in the sub-gastrodermal region (Fig. 3.8). These were distributed in clusters within the 

interstitial material (or at the cell periphery) and appeared to converge on the gastrodermal 

cells. Vesicular structures were also observed within the gastrodermal cells and gut lumen, 

and these appeared larger than those labelled with anti-FhALIX and anti-FhRal-A antibodies. 

In the parenchymal tissue, a granular immunofluorescence was seen in the cytoplasm of 

some cells and in compact, discoid structures. In contrast to the other FhEV marker proteins, 

no immunofluorescence was seen in the tegument. No specific immunofluorescence was 

seen in these areas when sections were probed with pre-immune control serum (Fig. 3.8A). 

 

3.4.5 FhCaBP4 shows diffuse immunofluorescence in the gut and tegument, and labels a 

distinctive cell type in the parenchyma 

Antibodies were also raised against other proteins enriched in FhEVs to gain further insights 

into the sites of EV biogenesis and trafficking in F. hepatica. FhCaBP4 belongs to a family of 

trematode-specific calcium-binding proteins (Thomas and Timson, 2016). When sections 

were probed with an antibody against this protein, diffuse but uneven immunofluorescence 

was seen in the lining of the protonephridial ducts (3.9C) and similar labelling was observed 

in gastrodermal cell bodies (3.10B). More uniform immunofluorescence was present in the 

tegumental syncytium, with intense labelling of the spines, but this was much fainter at the 

APM (Fig. 3.9B, Fig. 3.10A). In the parenchyma, there was specific labelling of vesicular 

structures sequestered within a discrete cell type (Fig. 3.9B-C). Also in the parenchyma, 

immunofluorescence was seen in compact, discoid structures (some of which displayed 

unlabelled invaginations) and these appeared to converge on the sub-gastrodermal muscle 

layer (Fig. 3.10B-C). The shared immunofluorescence pattern between the cells and discoid 

structures suggests that the latter may be cross-sections of cellular extensions. Notably, none 

of the larger more dispersed groups of vesicular structures immunopositive for FhSMPD2, 

FhRal-A, FhALIX and FhTSG101 were observed with FhCaBP4 immunolabelling. No specific 

immunofluorescence was seen in these areas when sections were probed with pre-immune 

control serum (Fig. 3.9A).
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Figure 3.8 Immunolocalisation of CD63 receptor (green) in the sub-gastrodermal region of adult F. 

hepatica. (A) Pre-immune serum showing no specific immunofluorescence. (B-D) Immunolabelling of 

heterogeneously-sized vesicular structures around the periphery of sub-gastrodermal parenchymal 

cells, or in the interstitial material. G, gut; L, gut lumen. Scale bars, 25 µm (A-B), 7.5 µm (C-D). 
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Figure 3.9 Immunolocalisation of FhCaBP4 (green) in adult F. hepatica tissue sections. (A) Pre-immune 

serum showing no specific immunofluorescence. (B) Diffuse immunofluorescence is seen in the 

tegumental syncytium (T) and gut (G), whilst there is intense immunostaining of the spine (S), discoid 

structures in the parenchyma (arrowheads), and a specific parenchymal cell (asterisk). (C) A higher 

magnification image of parenchymal immunolabeling showing granular immunofluorescence in 

discoid structures (arrowheads), the protonephridial epithelium (arrows) and a discrete parenchymal 

cell (asterisk). G, gut; L, gut lumen; PN, protonephridia; S, spine; T, tegument. Scale bars: 50 µm (A), 

25 µm (B), 7.5 µm (C). 
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Figure 3.10 High magnification images of FhCaBP4 immunolocalisation (green) show that (A) the 

diffuse immunofluorescence in the tegumental syncytium does not extend to the apical plasma 

membrane, (B) the gut displays diffuse but uneven immunofluorescence, and (B-C) granular 

immunofluorescence is seen in discoid structures in the parenchyma (arrowheads) which converge on 

the region immediately behind the gut. Arrows in (C) indicate unlabelled invaginations in a discoid 

structure. G, gut; L, gut lumen; T, tegument. Scale bars, 7.5 µm. 
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3.4.6 FhDM9 and FhMyoferlin are expressed in an array of vesicular structures in the 

parenchyma and gastrodermal cells 

The localisation pattern of a 23 kDa member of the DM9 domain-containing protein family 

(FhDM9) which is secreted in FhEVs (Cwiklinski et al., 2015a) was also determined. The anti-

FhDM9 antibody labelled an array of vesicular structures of varying sizes within the 

parenchyma, including in the sub-gastrodermal and sub-tegumental regions (Fig. 3.11 and 

3.12). These included heterogeneously-sized vesicular structures loosely clustered within 

parenchymal cells and dispersed throughout the interstitial material (or at the periphery of 

cells) (Fig. 3.12). There were also smaller vesicular structures seen packed within cells and 

discoid structures (Fig. 3.12C) which resembled those observed with FhCaBP4 

immunolocalisation (Fig. 3.9). In the gastrodermal cells, FhDM9 was present in distinct 

vesicular structures comparable in size to those stained for FhCD63rec, in addition to larger 

vesicular structures in the gut lumen (Fig. 3.11). Some immunofluorescence was visible in the 

protonephridial epithelium; however, in contrast to other FhEV marker proteins, this 

labelling was mainly seen in perinuclear regions (Fig. 3.12B). Immunolabelling of FhDM9 in 

the tegumental syncytium was similar to that of FhTSG101, but there was more intense 

labelling of the APM (Fig. 3.12A). Whilst there was only faint FhDM9-positive 

immunoreactivity in the tegumental cell bodies, there were points of more intense staining 

within the cytoplasm of these cells. No specific immunofluorescence was seen in these areas 

when sections were probed with pre-immune control serum (Fig. 3.11A). 
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Figure 3.11 Immunolocalisation of FhDM9 (green) in the gastrodermal cells and sub-gastrodermal 

region of adult F. hepatica. (A) Pre-immune serum showing no specific immunofluorescence. (B-C) 

FhDM9-positive labelling is seen in vesicular structures (arrowheads) around the periphery of sub-

gastrodermal parenchymal cells, and concentrated at the apices of gastrodermal cells, in addition to 

globular structures within the gut lumen (arrows). G, gut; L, gut lumen. Scale bars: 50 µm (A-B), 7.5 

µm (C). 
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Figure 3.12 Immunolocalisation of FhDM9 (green) in the tegument and parenchyma of adult F. 

hepatica. (A-B) Immunopositive vesicular structures are seen both individually (arrowheads) and in 

large groupings (V) in the sub-tegumental region. There is diffuse immunofluorescence in the 

tegumental syncytium (T) which is more intense at the apical plasma membrane (A, arrow). Strong 

immunoreactivity is also visible around the protonephridial duct (PN) epithelial cell nucleus (B, arrow). 

(C-D) Puncta of immunofluorescence around the periphery of parenchymal cells (arrowheads), as well 

as granular immunolabelling of discoid structures (arrows) and a discrete cell type (asterisk). Scale 

bars, 7.5 µm. 

 

Similarly to FhDM9, the F. hepatica orthologue of myoferlin (FhMyoferlin), a protein that 

promotes EV fusion with target cells (Blomme et al., 2016), localised to heterogeneous 

vesicular structures within sub-gastrodermal parenchymal cells and the interstitial material 

(Fig. 3.13). Furthermore, there was FhMyoferlin-positive labelling of vesicular structures of 

various sizes lying just beneath the APM of the gastrodermal cells (Fig. 3.13B-C). 

Immunofluorescence was also located in the lining of the protonephridial ducts (Fig. 3.13D) 

and in the spines in the tegument. No specific immunofluorescence was seen in these areas 

when sections were probed with pre-immune control serum (Fig. 3.13A). 
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Figure 3.13 Immunolocalisation of FhMyoferlin (green) in adult F. hepatica tissue sections. (A) Pre-

immune serum showing no specific immunofluorescence. (B-C) Labelling of heterogeneously-sized 

vesicular structures (arrowheads) in the gastrodermal cells (G) and sub-gastrodermal region. (D) 

Granular immunofluorescence in the protonephridial duct epithelium (arrow) and a neighbouring 

discoid structure (arrowhead). G, gut; L, gut lumen; PN, protonephridia; T, tegument. Scale bars: 50 

µm (A), 7.5 µm (B-D). 

 
3.4.7 Intense T-cell immunomodulatory protein immunofluorescence is visible in 

vesicular structures in the gastrodermal cells and specific parenchymal cells 

In sections probed with an antibody targeting T-cell immunomodulatory protein (FhTIP) (Fig. 

3.14 and Fig. 3.15), intense immunofluorescence was also seen in vesicular structures 

concentrated at the apices of the gastrodermal cells (Fig. 3.14C), but these were more 

uniform in size than the FhMyoferlin-positive vesicles (Fig. 3.13B). The same structures were 

visible at the base of gastrodermal cells and in gastrodermal cell extensions which penetrate 

the sub-gastrodermal parenchymal tissue. Whilst similar sized vesicular structures in the sub-

gastrodermal parenchyma were also positive for FhTIP, they displayed weaker labelling (Fig. 

3.14C-D). In contrast, strong immunofluorescence was seen in compact, discoid structures 

that converge on the sub-gastrodermal muscle layer (Fig. 3.14D). The anti-FhTIP antibody 

also labelled vesicular structures within the cytoplasm of specific parenchymal cells which 
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had a discrete morphology (Fig. 3.15). No specific immunofluorescence was seen in these 

areas when sections were probed with pre-immune control serum (Fig. 3.14A). 

 

 
 

Figure 3.14 Immunolocalisation of T-cell immunomodulatory protein (green) in adult F. hepatica tissue 

sections. (A) Pre-immune serum showing no specific immunofluorescence. (B) A sequential section 

showing FhTIP-positive immunoreactivity at the apices of the gastrodermal cells (arrows) and 

throughout the parenchyma (arrowheads). (C-D) High magnification images of the gastrodermal 

region showing intense immunofluorescence in vesicular structures (arrowheads) at the apices of 

gastrodermal cells (G) and ramifying throughout the sub-gastrodermal muscle. Additionally, there is 

slight immunopositivity of pockets of vesicular structures (V) in the sub-gastrodermal region. G, 

gastrodermal cells; L, gut lumen; V, vesicular structures. Scale bars: 50 µm (A-B), 7.5 µm (C-D). 
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Figure 3.15 Immunofluorescent cells in the parenchyma labelled by the anti-FhTIP antibody. (A) The 

distribution of immunopositive cells (asterisks) in the parenchymal tissue. (B-C) High magnification 

images of the top right hand-corner cell (B) and bottom right hand corner cell (C) pictured in (A) reveal 

that they contain numerous vesicle-like structures. Also visible are puncta of immunofluorescence 

(arrowheads) disseminated around the periphery of other parenchymal cells. Scale bars: 25 µm (A), 

7.5 µm (B-C). 
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3.4.8 FhTeg1 immunofluorescence is visible in the tegumental region and discrete 

structures in the parenchyma 

Tegumental antigen 1 (FhTeg1) has previously been identified in 120K EVs and F. hepatica 

tegumental extracts (Cwiklinski et al., 2015a; Wilson et al., 2011). Accordingly, FhTeg1 

immunofluorescence was distributed throughout the tegumental syncytium (3.16B). 

However, the FhTeg1-specific immunolabelling pattern was not uniform like that observed 

for FhTSG101 (Fig. 3.1), and instead localised to discrete puncta that concentrated at the 

base of the syncytium and along the APM (Fig. 3.16B). These puncta were also seen in the 

cytoplasmic connections that join the syncytium to the underlying tegumental cell bodies 

(Fig. 3.16B). The tegumental cell bodies displayed diffuse labelling punctured by larger foci 

of immunofluorescence within the cytoplasm (Fig. 3.16C), consistent with pockets of T1 

bodies arising from Golgi complexes (Hanna, 1980). Notably, the tegumental syncytium that 

covers the ventral sucker was not labelled. Within the ventral sucker, there was 

immunofluorescence in compact, anucleate, duct-like structures which are also present in 

the parenchyma, and there was highly specific labelling of a certain parenchymal cell type 

(Fig. 3.17). This resembles the parenchymal immunolocalisation of FhCaBP4 (Fig. 3.9, Fig. 

3.10). However, unlike FhCaBP4, the gut and protonephridia were not labelled. No specific 

immunofluorescence was seen in the areas labelled with anti-FhTeg1 antibody when sections 

were probed with pre-immune control serum (Fig. 3.16A). 
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Figure 3.16 Immunolocalisation of FhTeg1 (green) with DAPI nuclear staining (blue) in adult F. hepatica 

tissue sections. (A) Pre-immune serum showing no specific immunofluorescence. (B) Puncta of 

immunofluorescence line the apical plasma membrane (arrow) and are distributed within the 

tegumental syncytium (T) and cytoplasmic connections (arrowheads). (C) Asterisks mark tegumental 

cell bodies which display foci of immunofluorescence (arrowheads) within their cytoplasm. Scale bars: 

75 µm (A), 7.5 µm (B-C). 
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Figure 3.17 Immunolocalisation of FhTeg1 (green) with DAPI nuclear staining (blue) in the parenchyma 

of adult F. hepatica. (A) A low magnification image shows the specificity of the cell type 

immunopositive for FhTeg1 in the parenchyma (arrow). PN, protonephridia. (B-C) High magnification 

images of the cells labelled with the anti-FhTeg1 antibody (asterisks) shows a granular labelling pattern 

which is also present in compact, anucleate, duct-like structures (arrowheads). Scale bars: 50 µm (A), 

7.5 µm (B-C). 
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3.4.9 Tyrosinated α-tubulin localises to structures in the parenchyma and discrete 

puncta at the apices of the gastrodermal cells 

α-tubulin has been used as a marker of EVs that pellet at low centrifugal forces (Menck et al., 

2017) and isotypes of α-tubulin have been implicated in EV cargo sorting and release (Silva 

et al., 2017). By Western blot, a monoclonal antibody against tyrosinated α-tubulin was 

found to specifically label the 15K EV pellet, not the 120K EVs (Fig. 3.18A). To determine the 

origin of tyrosinated α-tubulin-positive 15K EVs, adult F. hepatica tissue sections were probed 

with the anti-tyrosinated α-tubulin antibody. Immunofluorescence was seen localised to 

discrete puncta at the apices of gastrodermal cells (Fig. 3.18C-D). Further labelling was 

observed in vesicular structures tightly packed within a certain parenchymal cell type, and 

compact, discoid structures (3.18C). No specific immunofluorescence was seen in these areas 

when the primary antibody was omitted (Fig. 3.18B). The immunolocalisation patterns of the 

FhEV marker proteins are summarised in Table 3.2. 
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Figure 3.18 (A) A Western blot showing that only the 15K EV pellet is positive for tyrosinated α-tubulin. 

(B-D) Immunolocalisation of tyrosinated α-tubulin (red) in adult F. hepatica tissue sections. (B) 

Immunofluorescence is not observed in the negative control. Immunofluorescence is seen in foci in 

the parenchyma (C, arrows) and at the apices of the gastrodermal cells (C-D, arrowheads). 15K, 15K 

extracellular vesicles; 120K, 120K extracellular vesicles; G, gastrodermal cells, L, gut lumen; PN, 

protonephridia. Scale bars: 50 µm (B-C), 7.5 µm (D). 
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3.4.10 Tyrosinated α-tubulin co-localises with FhTeg1 in the parenchyma  

The cell type and discoid structures labelled by the anti-tyrosinated α-tubulin antibody (Fig. 

3.18C) appear morphologically similar to those labelled with the anti-FhTeg1 antibody (Fig. 

3.17) and antibodies against other FhEV marker proteins (FhTSG101, FhCD63rec, FhCaBP4, 

FhDM9, FhMyoferlin and FhTIP). To determine whether these antibodies label the same 

structures in the parenchyma, co-localisation studies were performed with tyrosinated α-

tubulin and FhTeg1. Fig. 3.19 shows that immunofluorescence specific for both proteins was 

observed in the same cell type and within compact, discoid structures (putative cell 

processes). This demonstrates that tyrosinated α-tubulin does co-localise with FhTeg1 in the 

parenchyma. 

 

3.4.11 FhTeg1-positive parenchymal cells are basophilic and have cellular processes 

To try to identify the parenchymal cell type being labelled with the anti-FhTeg1 and anti-

tyrosinated α-tubulin antibodies, the same sections used for FhTeg1 immunolocalisation, 

along with sequential sections, were stained with toluidine blue (Fig. 3.20). Toluidine blue is 

basic dye that stains acidic components of cells shades of blue (Sridharan and Shankar, 2012). 

This revealed that FhTeg1-positive cells have a basophilic cytoplasm (dark blue), a slightly 

basophilic nucleus (light blue), and a darker blue, highly basophilic nucleolus (Fig. 3.20C-H). 

This cell type was located amongst more ovoid-shaped parenchymal cells which have a pale 

blue (and hence weakly basophilic) cytoplasm. The FhTeg1-positive vesicular structures were 

not visible by toluidine blue staining suggesting that these exhibit similar basophilia to the 

cytoplasm of the cell. The cells were approximately 17.7–23.5 µm (mean 21 ± 2.3 µm) in 

length and 7.4–14.2 µm (mean 10.9 ± 2.5 µm) in width. Sequential sections showed that the 

cells have tapered ends from which processes extend. 
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Figure 3.19 Tyrosinated α-tubulin (magenta) and FhTeg1 (green) co-localise in adult F. hepatica tissue 

sections. Cell nuclei were counterstained with DAPI (cyan). (A-B) Tyrosinated α-tubulin localises to 

specific cells (arrows) and other structures (arrowheads) in the parenchyma. (C-D) FhTeg1-positive 

immunofluorescence is seen in the same cells (arrows) and structures (arrowheads) within the 

parenchyma labelled by the anti-tyrosinated α-tubulin antibody. (E-F) Three-colour composite images 

of the above panels to show that tyrosinated α-tubulin and FhTeg1 co-localise. Scale bars, 25 µm (A, 

C, E) and 7.5 µm (B, D, F). G, gut; GP, genital pore. 
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Figure 3.20 Toluidine blue staining of cells immunopositive for FhTeg1. (A-B) Immunofluorescent 

labelling of FhTeg1-positive cells (arrows). (C, E and G) Low magnification and high magnification 

images of the cell in (A) stained by toluidine blue (arrows), showing that it stains dark blue in 

comparison to the surrounding parenchymal tissue. (G) is the same cell in a sequential section. 

Arrowheads indicate the cellular processes. (D, F and H) High magnification images (including 

sequential sections) of the cell in (B) stained by toluidine blue (arrows), showing that it stains dark blue 

in comparison to the surrounding parenchymal tissue. Arrowheads indicate the cellular processes. 

Scale bars, 7.5 µm (A, D-H), 25 µm (B-C). 
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3.4.12 Cells immunopositive for other FhEV marker proteins show the same properties as 

FhTeg1-positive parenchymal cells 

FhTeg1 and other FhEV marker proteins (FhTSG101, FhCD63rec, FhCaBP4, FhDM9, 

FhMyoferlin and FhTIP) displayed similar immunolocalisation patterns in the parenchyma. 

Toluidine blue staining of the same sections used for immunolocalisation of these FhEV 

marker proteins (and sequential sections) revealed morphological similarities between the 

stained cells (see Fig. 3.21 for examples). As seen with FhTeg1-positive cells, these cells 

ranged from 17.0–23.9 µm (mean 20.4 ± 2.2 µm) in length and 5.5–15.3 µm (mean 11.4 ± 2.8 

µm) in width and had tapered ends with processes extending from the cell body (Fig. 3.21B, 

D, F). They also displayed a similar level of basophilia in the cytoplasm and were surrounded 

by larger, weakly basophilic parenchymal cells. These comparisons suggest that these FhEV 

marker proteins (FhTSG101, FhCD63rec, FhCaBP4, FhDM9, FhMyoferlin, FhTeg1, FhTIP and 

tyrosinated α-tubulin) are labelling the same cell type in the parenchyma. Furthermore, it is 

likely that cross-sections of the cellular extensions from these cells are the same compact, 

anucleate, discoid, duct-like structures seen labelled throughout the parenchyma, given that 

they display a similar level of basophilia and immunofluorescence patterns to the cell bodies. 

 

In summary, it appears that several FhEV marker proteins (FhTSG101, FhCD63rec, FhCaBP4, 

FhDM9, FhMyoferlin, FhTeg1, FhTIP and tyrosinated α-tubulin) label a particular type of 

secretory cell which are distributed throughout the parenchymal tissue and are associated 

with cellular extensions. Given the size, morphology, distribution, and vesicular contents of 

these cells, it is possible that these are a type of neurosecretory cell, like those described 

using immunofluorescence microscopy by Magee et al. (1989). The cellular extensions and 

granular, discoid, duct-like structures also resemble neurosecretory cell processes, as 

characterised by Sukhdeo et al. (1988). To gain further evidence that these immunolabelled 

structures were part of the nervous system, co-localisation with synapsin and NPF (Brownlee 

et al., 1994) were attempted, but this was without success on tissue sections. Table 3.2 

summarises the FhEV marker proteins present in these putative neurosecretory cells and 

processes. 
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Figure 3.21 Cells immunopositive for FhEV marker proteins (left hand column) and the same cell 

stained with toluidine blue (right hand column). (A-B) A cell immunoreactive for FhCaBP4 (arrow) and 

putative cellular extensions (arrowheads). (C-D) A cell immunoreactive for FhDM9 (arrow) and 

putative cellular extensions (arrowheads). (E-F) A cell immunoreactive for FhTIP (arrow) and putative 

cellular extensions (arrowheads). Scale bars, 7.5 µm. 

 
3.4.13 Tyrosinated α-tubulin does not co-localise with FhRal-A in the parenchyma 

A distinct parenchymal immunofluorescence pattern was observed with some FhEV marker 

proteins (FhTSG101, FhALIX, FhRal-A, FhSMPD2, FhDM9, FhMyoferlin and FhTIP) which 

labelled larger, more dispersed clusters of vesicles within certain parenchymal cells and the 

interstitial material. To show that these are different to the putative neurosecretory cells and 

processes, co-localisation was carried out between tyrosinated α-tubulin and FhRal-A (Fig. 
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3.22). The immunolocalisation for each protein matched that observed previously (see Fig. 

3.5 for FhRal-A and Fig. 3.18 for tyrosinated α-tubulin). In brief, the anti-tyrosinated α-tubulin 

antibody labelled compact, discoid structures and vesicular structures tightly packed within 

a discrete cell type in the parenchyma (putative nerve fibres and neurosecretory cells, 

respectively), as seen in Fig. 3.22A-B. In contrast, sections probed with the anti-FhRal-A 

antibody showed immunofluorescence in larger groupings of vesicular structures within 

parenchymal cells (Fig. 3.22C-D). When these images were merged, tyrosinated α-tubulin and 

FhRal-A did not co-localise (Fig. 3.22E-F). Additionally, when the sections were stained with 

toluidine blue (Fig. 3.22G-H), the vesicular structures labelled by FhRal-A appeared more 

basophilic (dark blue) against a pale coloured (and hence weakly basophilic) cytoplasm, 

whilst tyrosinated α-tubulin-positive structures stained a more uniform blue. 

 

3.4.14 FhEV marker proteins predominantly display immunofluorescence in the PC2 

parenchymal cell type 

To further characterise the parenchymal cells labelled by antibodies against FhRal-A and 

other FhEV marker proteins (FhTSG101, FhALIX, FhRal-A, FhSMPD2, FhDM9, FhMyoferlin and 

FhTIP), sections used for immunolocalisation, along with sequential sections, were stained 

with toluidine blue (see Fig. 3.23 for examples). This revealed that FhEV marker proteins label 

parenchymal cells with diverse morphologies and staining patterns. Firstly, the pockets of 

vesicular structures labelled by antibodies targeting FhTSG101, FhALIX and FhDM9 stained 

dark blue (displaying basophilia) and were located within the very pale blue (weakly 

basophilic) cytoplasm of large, rectangular parenchymal cells. These cells were 48.6–89.2 µm 

(mean 66.3 ± 13.4 µm) in length and 17.7–31.4 µm (mean 24.6 ± 5.5 µm) in width and 

resemble PC1 type cells using the classification of parenchymal cells in F. gigantica proposed 

by Pankao et al. (2006). Figure 3.24 shows an example of a PC1-like cell in F. hepatica. 

 

A second grouping of cells containing vesicular structures positive for FhTSG101, FhALIX, 

FhDM9, FhRal-A, FhSMPD2, FhMyoferlin and FhTIP, ranged from 29.2 to 59.8 µm (mean 41.7 

± 9.2 µm) in length and 8.7 to 35.1 µm (mean 16.9 ± 6.7 µm) in width (giving the cells a 

rectangular or ovoid shape). With toluidine blue staining, some of these cells displayed slight 

basophilia whilst the vesicular structures (which can occupy the majority of the cytoplasm) 

stained dark blue, indicating that they are basophilic. These cells were commonly located in 

sub-gastrodermal and sub-tegumental regions, and displayed a likeness to the PC2 type 

parenchymal cell described by Pankao et al. (2006). An example of a PC2-like cell is shown in 

Figure 3.24. 
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Figure 3.22 Tyrosinated α-tubulin (magenta) and FhRal-A (green) do not co-localise in adult F. hepatica 

tissue sections. Cell nuclei were counterstained with DAPI (cyan). (A-B) Tyrosinated α-tubulin localises 

to structures in the parenchyma (arrows) and a specific parenchymal cell (asterisk). (C-D) FhRal-A 

localises to large (V) and small (arrowheads) groupings of vesicular (continued overleaf)                      
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Figure 3.22 (Caption continued from previous page) structures dispersedly packed within parenchymal 

cells. FhRal-A does not localise to the same cell labelled by the anti-tyrosinated α-tubulin antibody 

(asterisk). (E-F) Three colour composite images of the above panels show the distinct localisation 

patterns of structures and cells labelled by anti-tyrosinated α-tubulin (arrows and asterisk) and anti-

FhRal-A antibodies (V, arrowheads). (G-H) Toluidine blue staining of the same sections shows that the 

structures positive for FhRal-A (V, arrowheads) stain dark blue (displaying basophilia) whilst those 

positive for tyrosinated α-tubulin (arrows, asterisk) stain a more light blue (displaying less basophilia). 

G, gut. Scale bars: 25 µm (A, C, E, G), 7.5 µm (B, D, F, H). 

 
 

A third, spindle-shaped cell type immunopositive for FhTSG101 and FhALIX had the 

characteristics of PC3 type parenchyma cells (Pankao et al., 2006) with a highly basophilic 

cytoplasm and lengths and widths in the ranges of 28.7–39.6 µm (mean 34.1 ± 3.9 µm) and 

4.9–9.9 µm (mean 7.6 ± 1.9 µm), respectively (Fig. 3.24). This cell type was found nestled 

amongst the PC1 and PC2 parenchymal cell types, sometimes in sub-tegumental regions. The 

toluidine blue staining also revealed that the vesicular structures (positive for FhALIX, FhRal-

A, FhCD63rec, FhDM9, FhMyoferlin and FhTIP) labelled within the gastrodermal cells, and 

those within the gut lumen (seen with FhDM9 immunolocalisation), display a similar level of 

basophilia to the gastrodermal cell cytoplasm (Fig. 3.23G-H). Table 3.2 summaries the 

parenchymal cell types labelled by antibodies against the different FhEV marker proteins. 
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Figure 3.23 (Caption overleaf). 
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Figure 3.23 (Previous page) Parenchymal cells containing vesicular structures immunopositive for 

FhEV marker proteins (green, left hand side) and the same cells stained with toluidine blue (right hand 

side). Panels (C) and (E) have DAPI nuclear staining (blue). Arrowheads indicate immunopositive 

clusters of vesicular structures within parenchymal cells. (A-B) Sub-gastrodermal parenchymal cells 

labelled by the anti-FhTSG101 antibody have a slightly basophilic cytoplasm and contain many 

vesicular structures. They resemble the PC2 cell type described by Pankao et al. (2006). (C-D) 

Parenchymal cells packed with FhRal-A-positive vesicular structures have a weakly basophilic 

cytoplasm whilst the structures themselves are highly basophilic. These cells resemble the PC2 cell 

type characterised by Pankao et al. (2006). (E-F) Parenchymal cells in the region bordering the 

gastrodermal cells (G) and protonephridia (PN) are packed with FhSMDP2-positive, basophilic 

vesicular structures. These cells resemble the PC2 cell type described by Pankao et al. (2006). (G-H) 

The anti-DM9 antibody labels vesicular structures that display basophilia in sub-gastrodermal 

parenchymal cells which have the characteristics of the PC2 cell type described by Pankao et al. (2006). 

G, gut; L, gut lumen; PN, protonephridia. Scale bars, 7.5 µm (A-B, E-H), 25 µm (C-D). 

 

 

 
 
Figure 3.24 Toluidine blue staining of the sub-tegumental region of adult F. hepatica shows PC1, PC2 

and PC3-like cells based on the classifications of parenchymal cells in F. gigantica by Pankao et al. 

(2006). By brightfield microscopy, PC1-like cells have an empty, weakly basophilic cytoplasm and large 

ovoid shape. PC2-like cells are smaller and have a slightly basophilic cytoplasm containing numerous 

structures. PC3-like cells are spindle-shaped and have a highly basophilic cytoplasm. S, spine; T, 

tegument. Scale bar, 25 µm. 
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3.4.15 Toluidine blue staining shows that a parenchymal cell labelled by the anti-FhALIX 

antibody is a flame cell 

Toluidine blue staining also showed that the anti-FhALIX antibody labels another cell type in 

the parenchymal tissue (Fig. 3.4C-D, Fig. 3.25). This cell type had a different morphology to 

the parenchymal cells (Fig. 3.23, Fig. 3.24) and putative neurosecretory cells (Fig. 3.20, Fig. 

3.21) described previously. Firstly, the cell body was smaller (approximately 13.3 ± 2.3 µm) 

µm in length and 9.0 ± 1.4 µm in width) (Fig. 3.25). Secondly, whilst ovoid in shape, there was 

a distinctive tuft at one end of the cell which was approximately 7.5 ± 0.6 µm long and 7 ± 

0.3 µm wide at the base (Fig. 3.25). Thirdly, a large cellular extension protruded from the 

same end of the cell as the tuft and staining of sequential sections revealed this to be a duct-

like structure (Fig. 3.25). 

 

The cell body, tuft, and duct-like structure of this cell type were basophilic (although the tuft 

stained lighter blue than the cell body) (Fig. 3.25). Conversely, the putative lumen of the duct-

like structure stained very pale blue, like the surrounding parenchymal cells (Fig. 3.25). 

Notably, FhALIX immunolocalisation showed only weak immunofluorescence in the tuft, 

whilst the cell body and duct-like structure displayed granular immunofluorescence (Fig. 

3.4C). Another feature of the cell in Fig. 3.25 is the large vacuole at the head of the cell which 

stained only light blue with toluidine blue (Fig. 3.25C-D) and is not labelled by the anti-FhALIX 

antibody (Fig. 3.4C-D). Furthermore, toluidine blue staining (corroborated with 

immunofluorescent labelling) shows that the duct-like structure extends at least 107.2 µm 

from the cell body through the parenchymal tissue of the fluke (Fig. 3.25A-B). The 

morphology and size of this cell type suggest that it is a flame cell, like those described 

previously by TEM (Gallagher and Threadgold, 1967; Pantelouris and Threadgold, 1963).
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Figure 3.25 (Caption overleaf) 
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Figure 3.25 (Previous page) Toluidine blue staining of a discrete cell type labelled by the anti-FhALIX 

antibody reveals its unique morphology. Arrowheads indicate the putative duct extending from the 

cell body. (A) A low magnification image of the putative flame cell immunopositive for FhALIX. The 

dashed ellipsoid highlights the cell of interest and the putative duct. (B) Toluidine blue staining of the 

images shown in (A) shows the distribution of the FhALIX-positive cell in the parenchymal tissue. (C-F) 

Toluidine blue staining of sequential sections of the FhALIX-positive cell seen in (A) show that it has a 

basophilic cytoplasm and distinctive morphology. Arrows indicate the putative cilia of the flame cell. 

G, gut. Scale bars: 50 µm (A), 25 µm (B), 7.5 µm (C-F). 

.
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Table 3.2 Summary of the immunolocalisation studies of FhEV marker proteins in adult F. hepatica tissue sections. -, no labelling; ±, faint labelling; +, ++ and +++, increasing 
intensities of positive labelling. No + or - symbol signifies that labelling could not be determined in that structure. PC1, PC2 and PC3 type cells refer to the classification of 
parenchymal cells in F. gigantica by Pankao et al. (2006). 
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Tegument             
Apical plasma membrane +++ - - - - - + ++ - - +++ - 
Syncytium +++ ++ + ± + - ++ + - - ++ - 
Spines - +++ +++ +++ - - +++ ++ +++ +++ ++ - 
Basal lamina - - - - - - - - - - - - 
Cytoplasmic connections - - - - ++ - - ± - - +++ - 
Tegumental cell bodies ++ ++ ++ ++  - - + - - +++ - 
Gut             
Gastrodermal cells +++ ++ ± ++ - ± ++ + ± - - - 
Vesicular structures in gastrodermal cells + +++ +++ - - +++ - +++ +++ +++ - - 
Lamellae +++ ± - ± ± - - ± - - - +++ 
Gut lumen - - + ± - +++ - +++ - ± - +++ 
Parenchyma             
Vesicular structures in PC1 type cells +++ +++ - -   - +++ - - - - 
Vesicular structures in PC2 type cells +++ +++ +++ +++   - +++ ++ + - - 
PC3 type cells +++ +++ - -  - - - - - - - 
Vesicles in interstitial material/cell periphery +++ + ++ ++  +++ - +++ + + - - 
Interstitial material - - - - +++ - - - - - - - 
Flame cells  ++           
Protonephridial ducts ++ + + + - - ++ + + - - - 
Nerve cell bodies ++  - -  + +++ +++ +++ +++ +++ +++ 
Nerve fibres ++ ++ - -  + +++ +++ +++ +++ +++ +++ 
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3.4.16 Transmission electron microscopy shows an assortment of vesicular structures in 

gastrodermal cells and the tegumental syncytium 

To gain more insight into how FhEVs may form and be released from the sites identified in 

the immunolocalisation study, adult F. hepatica tissue sections were viewed by TEM. Given 

that ultrastructural analysis of adult F. hepatica has already been performed extensively, the 

following descriptions will focus on this tissue in the context of EV formation and release. 

However, immunoelectron microscopy would be required to confirm the comparisons 

between the immunofluorescence patterns and the F. hepatica ultrastructure. 

 

The majority of FhEV marker proteins localised to the gastrodermal cells or to distinct 

vesicular structures within the gastrodermal cell cytoplasm (Table 3.2). Ultrastructural 

analysis of the gastrodermal cells showed that they are packed with electron-dense vesicles 

concentrated at the cell apices (Fig. 3.26). Some of these could be the vesicular structures 

immunoreactive for FhALIX, FhRal-A, FhCD63rec, FhDM9, FhMyoferlin and FhTIP which 

showed the same distribution. Further electron-lucent vesicular structures were visible 

within the gut lumen, some of which occurred in clusters. It could be that these aggregates 

of vesicles are the globular structures labelled by the anti-DM9 antibody (Fig. 3.11B-C). 

However, it is unclear whether these electron-lucent vesicular structures are cross-sections 

of lamellae extending from the gastrodermal cells, or true vesicles. Of note, ‘ballooning’ of 

the lamellae tips was observed (Fig. 3.26B) which could suggest the origins of these structures 

if they are truly vesicular in nature. Additional, small vesicular structures were present 

amongst the cell lamellae (Fig. 3.26C). These could be responsible for localisation of some 

FhEV marker proteins to the lamellae (Table 3.2). 

 

The FhEV marker proteins FhTSG101, FhCaBP4, FhDM9 and FhTeg1 localised to the 

tegumental syncytium and apical plasma membrane (Table 3.2). Fig. 3.27A shows the 

tegumental syncytium at the ultrastructural level and Fig. 3.27B shows that it contains 

structures resembling MVBs just beneath the apical plasma membrane, like those previously 

described in Echinostoma caproni (Marcilla et al., 2012). It is therefore possible that these 

MVB-like structures are immunopositive for FhTSG101, FhCaBP4, FhDM9 and FhTeg1, but 

immunogold labelling is required to confirm this. Additionally, the distribution of type 1 and 

type 2 secretory bodies within the tegumental syncytium could reflect the distribution of the 

puncta of immunofluorescence that were observed concentrated towards the base of the 

syncytium in sections probed with antibodies against FhRal-A (Fig. 3.5F) and FhSMPD2 (Fig. 

3.6E). 
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Figure 3.26 Putative sites of extracellular vesicle release from the gastrodermal cells. (A-C) 

Gastrodermal cells containing electron-dense secretory vesicles (arrows). Numerous vesicular 

structures are also present within the gut lumen (black arrowheads). (B) The origin of some of the 

luminal vesicular structures could be from the ‘ballooning’ tips of the gastrodermal cell lamellae. The 

inset displays a higher magnification image of the circled region showing a lamellar tip undergoing 

such swelling (black arrowhead). (C) Small vesicular structures can also be observed amongst the 

lamellae. The inset shows a close-up of the encircled region, showing small vesicular structures (white 

arrowhead). N, nucleus. Scale bars, 2 µm (A-C), 0.5 µm (B and C insets). 
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Figure 3.27 The tegumental syncytium of adult F. hepatica as a putative site of extracellular vesicle 

release. (A) A lower magnification image of the tegumental syncytium. The apical plasma membrane 

(APM) is highlighted. (B) A higher magnification image of the apical plasma membrane showing the 

presence of multivesicular body-like structures (arrowheads). Also present within the syncytium are 

numerous mitochondria (M), T1 secretory bodies (black arrows) and T2 secretory bodies (white 

arrows). Scale bars, 2 µm (A), 0.5 µm (B). 
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3.4.17 Ultrastructural observations confirm a similar parenchymal cell type classification 

in F. hepatica 

The immunolocalisation studies identified the parenchymal tissue as a site where EV 

biogenesis protein orthologues and other FhEV marker proteins were present in the fluke. 

Several markers were localised to cells which resembled PC1, PC2 and PC3 cells (Table 3.2) 

using the classification of parenchymal cells in F. gigantica proposed by Pankao et al. (2006). 

Fig. 3.28 shows F. hepatica parenchymal cells at the ultrastructural level which also fit into 

the PC1, PC2 and PC3 categories. 

 

 
 

Figure 3.28 The parenchymal tissue of adult F. hepatica. Labelled are putative PC1, PC2 and PC3 type 

parenchymal cells based on the classification of Pankao et al. (2006). Scale bar, 2 µm. 

 

The FhEV marker proteins, FhTSG101, FhALIX, FhCaBP4, FhDM9, FhMyoferlin, FhTIP, FhTeg1, 

and tyrosinated α-tubulin localised to putative neuronal tissue within the parenchyma. By 

TEM, cross-sections of nerve fibres were observed throughout the parenchymal tissue (Fig. 

3.29A) which resembled the morphology and distribution of the discoid structures observed 

by immunofluorescence microscopy. At high magnification, various neurosecretory vesicles 

were seen within the nerve fibres (Fig. 3.29B), as first described by Sukhdeo et al. (1988). 

These vesicles could be responsible for the granular labelling pattern observed by 

immunofluorescence microscopy, which would suggest that some FhEV marker proteins are 

also present in neurosecretory vesicles. Additionally, occasional invaginations of the nerve 
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fibre membrane were visible (Fig. 3.29B) which could be the unlabelled invaginations seen in 

some of the immunopositive discoid structures (Fig. 3.10C). 

 

 
 
Figure 3.29 The neuronal tissue of adult F. hepatica is packed with neurosecretory vesicles. (A) Cross-

sections of neurosecretory fibres (arrowheads) show they are distributed throughout the parenchyma 

and have a discoid shape. (B) A higher magnification image of a nerve fibre cross-section shows that it 

is full of electron-dense vesicles (arrowheads) and has visible invaginations from the external 

membrane (arrows). Scale bars, 2 µm (A), 0.5 µm (B). 
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3.4.18 Vesicular structures are present within flame cells and the protonephridial ducts 

Another cell type in the parenchyma was labelled by the anti-FhALIX antibody. The distinctive 

morphology of this cell type suggested that it was a flame cell (Fig. 3.25). The unique shape 

of F. hepatica flame cells was described at the ultrastructural level by Pantelouris and 

Threadgold (1963) and an example is shown in Fig. 3.30. The cell body has a large nucleus 

and is attached to a bundle of cilia (the ‘flame’) (Fig. 3.30A). This bundle of cilia could be the 

discrete tuft observed at the cell apices by immunofluorescence microscopy which was not 

immunopositive for FhALIX (Fig. 3.4C). A granular immunostaining pattern was also seen in 

the body of this cell. Within the flame cell body in Fig. 3.30, there are numerous vesicular 

structures, including an electron-dense MVB-like structure (Fig. 3.30B). Immunolabelling of 

these vesicular structures could be responsible for the granular immunofluorescence pattern 

seen with the anti-FhALIX antibody. 

 

From the flame cells extend the protonephridial (excretory) ducts. By electron microscopy, 

various vesicular structures were observed in the epithelial cells of the protonephridia, both 

proximal (Fig. 3.30C) and distal (Fig. 3.31C) to the flame cell. Some of these appeared to 

contain smaller vesicular structures or electron-dense granules. Large, multilaminate vesicles 

were also present within the duct lumen, and there were numerous lipid droplets located 

within the epithelial cells or wrapped in lamellae in the duct lumen (Fig. 3.31). Whilst the lipid 

droplets in the epithelial cells did not appear to be labelled by antibodies against FhEV marker 

proteins, the cytoplasm of the epithelial cells did display immunofluorescence (Table 3.2). 

The granular nature of this immunofluorescence could be because the vesicular structures 

observed by electron microscopy were positive for some FhEV marker proteins. 
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Figure 3.30 The flame cells of adult F. hepatica contain vesicular structures. (A) A cross-section through 

a flame cell. The arrow indicates the tuft of cilia (the ‘flame’) protruding from the cell body which 

contains vesicular structures (arrowheads). (B) A high magnification image of (A) showing a vesicular 

structure (arrow) and an electron-dense multivesicular body (arrowhead). (C) Another view of a flame 

cell (FC), showing the tightly packed cilia and vesicular structures (arrowheads) within the proximal 

tubule cells of the protonephridial duct. N, nucleus. Scale bars, 500 nm (A-C). 
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Figure 3.31 Vesicular structures are present within the protonephridial ducts. (A) The epithelium of 

the protonephridial duct (arrowheads) contains many lipid droplets (arrows). (B-C) There are vesicular 

and multivesicular structures present within the epithelial cells (arrowheads) and multilaminate 

vesicles (V) visible within the duct lumen. There are also many lipid droplets (LD) which are wrapped 

in a layer of lamellae (arrows). ‘M’ indicates the positions of mitochondria. N, nucleus. Scale bars, 5 

µm (A), 2 µm (B-C). 
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3.5 Discussion 

In this chapter, a combination of immunolocalisation and ultrastructural analysis was used 

to investigate the potential sites where EVs are produced and trafficked within adult F. 

hepatica. Although definitive answers about FhEV origins at the sub-cellular level would 

require immunogold labelling, this was not possible here due to the time constraints of the 

project. However, with the current approach, numerous possible sites of EV biogenesis were 

identified, indicating that EV production and release in F. hepatica is more complex than first 

thought.  

 

The gastrodermal cells had previously been suggested as a source of F. hepatica 15K EVs 

(Cwiklinski et al., 2015a). Accordingly, tyrosinated α-tubulin, identified here as a marker of 

15K EVs by Western blot, was localised to the apices of the gastrodermal cells. TEM showed 

that vesicular structures were present in this area, and the ballooning of lamellar tips 

suggested that these could be released from the budding of lamellae, as was first proposed 

by Threadogold (1978). A similar process has been described in Trypanosoma brucei where 

EVs are shed from the tips of nanotubes in an ESCRT-independent process (Szempruch et al., 

2016), which could also explain why the ESCRT-components FhALIX and FhTSG101 did not 

share this immunolocalisation pattern. Notably, in this regard, ESCRT components have been 

found to be enriched in F. hepatica 120K EVs as opposed to 15K EVs (Cwiklinski et al., 2015a; 

de la Torre-Escudero et al., 2019), supporting the lamellar tips as a source of 15K EVs. 

Alternatively, the vesicular structures observed by TEM could be unilamellar vesicles which 

egress from the tips of lamellae in a process akin to the formation of unilamellar vesicles 

derived from mammalian intestinal cell microvilli (McConnell et al., 2009). Further work, such 

as immunogold labelling of tyrosinated α-tubulin, is required to confirm that these vesicular 

structures seen in the F. hepatica gut lumen are not simply cross-sections of lamellae, and to 

clarify the mechanism of their secretion. 

 

Further FhEV marker proteins localised to vesicular structures within the gastrodermal cell 

cytoplasm. Antibodies targeting FhALIX and FhRal-A labelled small vesicular structures, whilst 

those raised against FhCD63rec, FhDM9, FhMyoferlin and FhTIP labelled medium-sized 

vesicular structures. FhMyoferlin-positive immunofluorescence was also detected in larger 

vesicular structures which appear to be like the saposin-containing secretory granules 

described in F. gigantica (Grams et al., 2006). These heterogeneously-sized vesicles were 

concentrated towards the APM of gastrodermal cells, a distribution shared by electron-dense 

vesicles seen at the ultrastructural level. These vesicles are thought to secrete digestive 
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enzymes into the gut lumen after undergoing exocytosis at the APM (Collins et al., 2004; 

Hanna, 1975; Yamasaki et al., 1992). However, the possibility exists that at least some of 

them are released intact into the gut lumen. Indeed, globular structures, immunopositive for 

FhDM9 and FhCD63rec, were visible within the gut lumen and Yamasaki et al. (1992) found 

electron-dense vesicles, immunopositive for cathepsin L proteases, located on the 

extracellular side of the APM (thus in the gut lumen). It is unclear how the vesicles could be 

released intact, but an atypical form of secretion could occur where the vesicles are released 

during the dynamic restructuring of the cell body as it cycles between secretory and 

absorptive phases (Robinson and Threadgold, 1975), or during feeding after the rupture of 

the gastrodermal cell APM (Halton, 1967). Alternatively, the electron-dense vesicles may not 

be released and their putative immunolabelling could be because FhEV marker proteins are 

also involved in secretory vesicle biogenesis, exocytosis, or, like FhDM9 (Cwiklinski et al., 

2015a), secreted as a soluble protein. 

 

Another option is that the labelled vesicles in the gastrodermal cells could be endosomal. 

TEM identified small vesicular structures amongst the lamellae proximal to the gastrodermal 

cell apices. These resemble structures described as exosome-like in the gut lumen of S. 

mansoni (Hall et al., 2011). Whilst no MVBs were observed in the gut in this study, MVB-like 

structures have been seen to extrude their contents at the APM of F. hepatica gastrodermal 

cells (Yamasaki et al., 1992). However, the presence of lysosomes and autophagosomes 

complicates the identification of secretory MVBs in gastrodermal cells because these 

organelles can also secrete their contents (van Niel et al., 2018). Indeed, lysosomal secretion 

has been suggested to occur in the gut of S. mansoni (Hall et al., 2011). Moreover, ESCRT 

proteins, which have previously been used as endosomal markers, were recently shown to 

associate with lysosomes (Skowyra et al., 2018) and myoferlin has been implicated in 

lysosomal exocytosis of hydrolytic enzymes (Miyatake et al., 2018). Therefore, some vesicles 

that were labelled in the gastrodermal cells could be lysosomal, although further research is 

required to confirm whether these are trafficking material into or out of the cell. 

 

An additional, diffuse immunolabelling pattern in the gastrodermal cells was observed for 

FhSMPD2 and FhCaBP4 which resembled the immunostaining described for these proteins 

in S. mansoni and F. gigantica, respectively (Subpipattana et al., 2012; Tallima et al., 2011). 

The diversity of immunolabelling patterns for FhEV marker proteins in the gut could be 

caused by the dynamic nature of the gastrodermal cells (Robinson and Threadgold, 1975) 

with cells variously ‘captured’ in both secretory and absorptive phases at the time of fixation. 
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It is also possible that such variation may arise because the gastrodermal cells are capable of 

secreting a heterogeneous mix of EV subtypes, generated by multiple EV biogenesis 

pathways. 

 

Components of both the ESCRT-dependent (FhALIX and FhTSG101) and ESCRT-independent 

(FhSMPD2) pathways of EV biogenesis were identified in the gastrodermal cells, and the 

presence of FhRal-A suggests that it could also be involved in EV formation in the gut. Ral-A 

is thought to initiate a pathway involving syntenin and ALIX which results in the budding of 

ILVs (Hyenne et al., 2016). This pathway is conserved in trematodes (Chapter 2, section 2.41) 

and syntenin has been localised to the gut of S. mansoni (Figueiredo et al., 2014). In F. 

hepatica, antibodies targeting FhALIX and FhRal-A both showed immunolabelling of small 

vesicular structures within the gastrodermal cell cytoplasm, suggesting that the two proteins 

could interact. The gut could therefore be a source of exosomes generated in a FhRal-A-

dependent manner, although co-localisation and functional studies would be required to 

verify this. 

 

Several of the FhEV marker proteins were also localised to the tegument. FhDM9 

immunolabelling is like that described for another 16.5 kDa DM9 domain-containing protein 

in F. hepatica (Gaudier et al., 2012), with diffuse labelling in the lower part of the tegumental 

syncytium which appears more intense at the APM. FhTSG101, an ESCRT-I component, was 

also present in the APM, where structures resembling the putative MVBs previously 

described in E. caproni (Marcilla et al., 2012) and F. hepatica (de la Torre-Escudero et al., 

2016) were observed. The presence of these proteins (which are both associated with 120K 

EVs) and MVB-like structures in the APM supports the proposition by Cwiklinski et al. (2015) 

that 120K EVs are exosomal and formed at the APM in an ESCRT-dependent manner. It is 

notable, however, that the ESCRT-associated protein, FhALIX, is absent from the APM but 

present within the syncytium. A similar immunofluorescence pattern was seen for other FhEV 

marker proteins, suggesting that they are not involved in the secretion of EVs from the APM, 

but could have other roles in the syncytium. FhCaBP4, for example, is a 120K EV-associated 

protein (Cwiklinski et al., 2015a) which showed intense immunostaining of the tegumental 

syncytium, but not the APM. This suggests that FhCaBP4-positive 120K EVs may not originate 

in the tegument and that FhCaBP4 could have other roles in the syncytium such as signalling 

and calcium-sensing, as suggested previously (Orr et al., 2012). 
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Antibodies against FhRal-A and the neutral SMase FhSMPD2 labelled tegumental cell bodies 

and the base of the syncytium. This distribution resembles that of T1 secretory bodies 

(Hanna, 1980; Threadgold, 1967), suggesting that these proteins may have roles in trafficking 

these vesicles within the syncytium in addition to their roles in EV biogenesis. In contrast, 

FhTeg1 was distributed along the APM of the tegument. As FhTeg1 immunolabelling was not 

observed at any other secretory interface, the tegument is likely to be the source of FhTeg1-

positive 120K EVs. FhTeg1 is synthesised in T1 tegumental cell bodies before being 

transported to the tegumental syncytium (Hanna and Trudgett, 1983). However, it is notable 

that despite extensive ultrastructural analysis of tegumental cell bodies, there has been no 

indication that they are involved in EV biogenesis. Therefore, it could be that EV biogenesis 

proteins are only synthesised in the tegumental cell bodies but operate within the syncytium, 

possibly contributing to MV/bleb formation at the APM (de la Torre-Escudero et al., 2016). 

Immunoelectron microscopy could help demonstrate that these proteins are associated with 

EV formation in the syncytium and are not associated with EVs as a result of contamination 

by sloughed tegument. 

 

FhMyoferlin immunostaining was not observed in the tegumental syncytium, unlike 

myoferlin from S. japonicum (Xiong et al., 2013). However, antibodies against FhMyoferlin 

(as well as FhALIX, FhRal-A, FhSMPD2, FhCaBP4, FhDM9, FhTIP, and FhTeg1) showed intense 

immunolabelling of the spines. Although previously thought to be inert blocks of actin (Stitt 

et al., 1992), spines have been shown to be immunoreactive for calmodulin (Russell et al., 

2012) and helminth defence molecule-1 (Martínez-Sernández et al., 2014), suggesting a more 

complex composition. Ultrastructural analysis revealed the presence of occasional 

cytoplasm-containing ‘membrane-bound granules’ within the spines of Paragonimus 

westermani (Fukuda et al., 1987) which may explain the labelling in F. hepatica. The 

significance of this to fluke biology, however, remains to be determined. 

 

Another possible site of FhEV biogenesis and release identified in this study is the 

protonephridial system. The platyhelminth protonephridial system has been well-described 

and is thought to function in excretion and osmoregulation (Rink et al., 2011; Scimone et al., 

2011; Wilson and Webster, 1974). However, a secretory role for this cellular network has also 

been proposed (McCullough and Fairweather, 1991; Pantelouris and Threadgold, 1963; 

Skelly and Shoemaker, 2001; Wilson, 1969) and is supported by the presence of numerous 

secretory organelles (such as endoplasmic reticula and Golgi complexes) in the 

protonephridial duct tubule cells (Wilson and Webster, 1974). Indeed, the protonephridial 
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ducts are the principal source of lipid released by F. hepatica (Burren et al., 1967), including 

some commonly found enriched in EVs (Burren et al., 1967; Haraszti et al., 2016; Skotland et 

al., 2019). Nevertheless, the lipid composition of FhEVs is unknown and it should be noted 

that antibodies against FhEV marker proteins labelled neither the lipid droplets, nor their 

proteinaceous lamellar coat. Instead, a granular immunofluorescence pattern was observed 

within the protonephridial duct epithelium which could be caused by labelling of the 

vesicular structures seen by TEM. Notably, it has been suggested that the protonephridial 

system and tegument display a similar antigenic profile (Hanna and Trudgett, 1983). As 120K 

EVs were suggested to originate from the tegument because of proteomic overlap (Cwiklinski 

et al., 2015a), it could be that some of these 120K EVs are actually derived from the 

protonephridial system. However, proteomic analysis of the protonephridial duct epithelium 

would be necessary to support this. 

 

As well as immunolocalisation showing FhALIX in the protonephridial ducts, FhALIX was 

localised to flame cells embedded in the parenchymal tissue. Flame cells have a unique 

morphology at the ultrastructural level, but they are rare and difficult to identify in tissue 

sections by light microscopy (Stephenson, 1947). Furthermore, it is challenging to distinguish 

between immunofluorescence in the protonephridial system and the neurosecretory 

network without immunogold labelling (Basch and Gupta, 1988). These complications could 

explain why other FhEV marker proteins found in the protonephridial duct epithelium were 

not clearly observed in flame cells. The anti-FhALIX antibody, however, labelled a cell 

identifiable as a flame cell given the morphology of the tuft, its connection to a large duct, 

and its distribution in the parenchyma (Wilson and Webster, 1974). TEM of flame cells 

showed that they contain vesicles similar to those observed in the protonephridial duct 

epithelium. These could give rise to the granular immunofluorescence pattern seen with 

FhALIX immunolocalisation. The capacity for F. hepatica flame cells to secrete vesicles is 

supported by the work of Gallagher and Threadgold (1967) who show comparable vesicles in 

the duct lumen proximal to the flame cell apex. Analysis of flame cell architecture in cestodes 

has given further insights into flame cell vesicle biogenesis and indicates that vesicles in the 

protonephridial duct lumen are derived from the ciliated tuft of the flame cell, whilst those 

within the flame cell body are produced by invagination of the plasma membrane (Valverde-

Islas et al., 2011). It remains to be determined whether FhEVs are released from flame cells 

or the lining of the protonephridial ducts, but recently the nematode excretory system was 

suggested a source of Brugia malayi EVs based on ALIX immunolocalisation (Harischandra et 
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al., 2018), and the ciliated cells of the free-living Caenorhabditis elegans have been shown to 

release EVs into the environment (Silva et al., 2017; Wang et al., 2014a). 

 

Immunofluorescence was also present in the cells that comprise the parenchymal tissue. A 

preliminary characterisation of these cells was performed (using toluidine blue staining) 

based on their classification in F. gigantica (Pankao et al., 2006). Most FhEV marker proteins 

appeared to label the contents of PC2 type cells. Parenchymal cells function in the synthesis 

of interstitial fibres (Pankao et al., 2006; Threadgold and Gallagher, 1966), glycogen storage 

and metabolism (Hanna, 1976; Threadgold and Arme, 1974), and the transport of substances 

between organs (Gallagher and Threadgold, 1967). PC2 type cells in particular are thought to 

have a role in the storage and modification of lipids scavenged from the host (Pankao et al., 

2006). It is therefore possible that PC2 type cells are involved in the assimilation and 

processing of FhEV lipid components (involving some of the proteins targeted by 

immunolocalisation in this study) which are then transported to the secretory organs 

(through junctional complexes or across the interstitial material; Bennett, 1977) where they 

are either further modified or released as EVs by the fluke. This could explain why labelled 

vesicles similar to those seen within the PC2 type cells were observed within the interstitial 

material and surrounding the gut, protonephridial ducts and tegument. It should be 

considered, however, that further subtypes of PC2 type cells exist: FhMyoferlin and FhALIX 

both labelled PC2 type cells, but FhMyoferlin-stained PC2 cells were located in the sub-

gastrodermal region whilst FhALIX-stained cells were distributed throughout the fluke. This 

suggests that these PC2-type cells could have distinct protein profiles and vesicle biogenesis 

pathways. Interestingly, labelled vesicles within the PC2-type cells were basophilic which 

suggests that they could be endosomal in nature (Hu et al., 2015), although attempts to 

confirm this using the endosomal markers lysobisphosphatidic acid (Chu et al., 2005) and 

Rab7 (Friand et al., 2015) were unsuccessful. 

 

A distinctive immunolocalisation pattern was seen in the parenchyma for FhTSG101, FhALIX, 

FhCD63rec, FhCaBP4, FhDM9, FhMyoferlin, FhTIP and FhTeg1, and tyrosinated α-tubulin 

which labelled putative neurosecretory cells and fibres. This is supported by the co-

localisation with the tyrosinated form of α-tubulin, a modification which promotes the 

retrograde transport of neurosecretory vesicles in mammalian neurons (Nirschl et al., 2016). 

It is unlikely that neurosecretory vesicles are released extracorporeally by the fluke, but they 

may also contain FhEV marker proteins because of shared mechanisms of biogenesis and 

trafficking (Janas et al., 2016). Indeed, predicted GO terms using I-TASSER (a homology 
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modelling server, https://zhanglab.ccmb.med.umich.edu/I-TASSER/; Zhang et al., 2018) for 

FhCaBP4 and FhMyoferlin include neurotransmitter metabolic process (GO:0042133) and 

synapse part (GO:0044456), respectively, suggesting that they could function in the 

neurobiology of F. hepatica. 

 

The peripheral immunolocalisation pattern of the acid-like sphingomyelinase FhSMPDL3159 

was unique amongst the FhEV marker proteins and could also be ascribed to other molecular 

functions such as signalling (Heinz et al., 2015). Whether FhSMPDL3159 is also involved in EV 

biogenesis in the fluke remains to be determined, but being a secreted protein would enable 

it to act on the plasma membrane of cells (Heinz et al., 2015), perhaps in MV formation. 

 

Tracing the cellular origins of FhEVs has been complicated by the possible roles of FhEV 

proteins in other cellular processes unrelated to EVs. Despite this, it was shown that F. 

hepatica is capable of producing numerous subtypes of EVs derived from multiple cell types 

and released from different secretory sites. The additional complexity found in this study is 

unsurprising given that a single cell type releases several subtypes of EVs generated through 

multiple biogenesis pathways (van Niel et al., 2018; Zabeo et al., 2017). Indeed, from this 

study it appears that the gastrodermal cells could be capable of secreting a number of EVs 

with different protein profiles. Despite the challenge of trying to determine the sites of EV 

formation in a large multicellular organism, this investigation has made some interesting 

findings. As well as re-affirming the tegument and gut as primary sources of FhEVs, the 

parenchyma and protonephridial system were identified as additional sites of FhEV 

biogenesis, trafficking and secretion, although the relative contribution of these tissues to 

the 15K and 120K EV populations is unknown. Further research could therefore identify the 

principal sources of FhEV release and, based on this study, address the sub-cellular origins of 

FhEVs to gain further insights into their mechanisms of formation. 
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Chapter 4 

Determining the route of release of F. hepatica extracellular vesicles 

 
4.1 Chapter summary 

The tegument and gut of F. hepatica have both been proposed as sites of release of 

extracellular vesicles (EVs) and the immunofluorescence data reported in Chapter 3 also 

implicated the protonephridial system. However, definitive evidence is lacking, and the 

relative contributions of these tissues to F. hepatica (Fh)EV secretion remain unknown. To 

begin to address this, ligation was used to mechanically block the oral sucker, excretory pore, 

or both to determine the effect on FhEV release from live adult flukes in vitro. A number of 

readouts, including FhEV total protein concentration, nanoparticle tracking analysis, and 

Western blotting against FhEV marker proteins, revealed that 15K and 120K EVs are 

predominately derived from the gut, whilst the tegument releases FhEVs to a lesser extent. 

The data also suggest that the protonephridial system may contribute to the 120K EV 

population. To investigate potential mechanisms of FhEV release at a molecular level, laser 

microdissection was used to isolate distinct regions of the tegument and the gastrointestinal 

tract from tissue sections for proteomic analysis (the protonephridial system remains 

intractable to laser microdissection). The laser microdissected tegument proteome provided 

a molecular basis to support previous hypotheses regarding metabolism and nutrient 

acquisition in the tegument. The gut proteome (the first reported for a helminth parasite) 

revealed a discrete protein composition which gave novel insights into different aspects of 

haematophagy in F. hepatica and supported the proposition that the final stages of protein 

digestion occur within the gastrodermal cells. To try to identify the molecular processes 

driving FhEV formation in the tegument and gastrodermal cells, a comparative analysis of 

the protein profiles of the different excretory/secretory product components was carried 

out. This supported the ligation experiment in suggesting that both the gut and tegument 

contribute to sub-populations of 15K and 120K EVs. Furthermore, shared proteins were 

identified that are involved in EV biogenesis (such as cytoskeletal-remodelling and lipid-

modifying enzymes), indicating possible molecular mechanisms by which FhEVs form in both 

these tissues. These proteins represent candidates to target with molecular inhibitors and 

RNAi to disrupt EV biogenesis in F. hepatica. 
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4.2 Introduction 

Adult F. hepatica maintain chronic infections by releasing excretory/secretory products (ESP) 

to modulate the host immune response. Several studies have built up a comprehensive 

profile of the ESP (Cwiklinski et al., 2015a; Di Maggio et al., 2016; Morphew et al., 2007; 

Robinson et al., 2009; Wilson et al., 2011) and identified individual immunomodulatory 

components (Dalton et al., 2013; Donnelly et al., 2005, 2010; Robinson et al., 2011; Roig et 

al., 2018). Recently it was revealed that F. hepatica ESP is compartmentalised into soluble 

ESP (sESP) and proteins associated with two populations of extracellular vesicles (EVs) which 

can be separated from parasite culture supernatants by ultracentrifugation at 15,000 x g and 

120,000 x g (hereafter called 15K EVs and 120K EVs, respectively) (Cwiklinski et al., 2015a; 

Marcilla et al., 2012). Each of these ESP fractions has a distinct protein profile, with 1105 

proteins identified in 15K EVs (de la Torre-Escudero et al., 2019, unpublished), 256 in 120K 

EVs (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 2019), and 71 proteins in the sESP 

(Cwiklinski et al., 2015a). It was initially proposed that the gastrodermal cells and tegument 

release 15K and 120K EVs, respectively (Cwiklinski et al., 2015a), and that these are also the 

main sources of sESP (Robinson et al., 2009; Wilson et al., 2011). However, in Chapter 3 it 

was shown that F. hepatica (Fh)EV secretion is more complex than first thought, with both 

tissues possibly contributing to both FhEV populations. Furthermore, the protonephridial 

(excretory) system was identified as another potential source of FhEVs.  

 

The tegument forms the interface of the adult parasite with the bile ducts and, as well as a 

suggested secretory function, has roles in immunomodulation, osmoregulation, signal 

transduction, and nutrient acquisition (Dalton et al., 2004). Because of its importance to 

parasite survival, the tegument has been subjected to various proteomic analyses (Haçariz 

et al., 2014; Wilson et al., 2011). However, the suggestion that the tegument is involved in 

FhEV production provides a novel context for its analysis (Chapter 3; Cwiklinski et al., 2015a; 

Marcilla et al., 2012). It has been proposed that 120K EVs, which share a considerable 

proportion of their proteins with the tegument, may be derived from multivesicular bodies 

(MVBs) at the tegument apical plasma membrane (APM) (Cwiklinski et al., 2015a). 

Meanwhile, the formation of microvesicles (MVs), which bud directly from the cell surface, 

has been linked to the generation of membrane blebs which form at the tegument APM after 

exposure to immunological and chemotherapeutic agents, perhaps enabling the parasite to 

maintain membrane integrity (de la Torre-Escudero et al., 2016; Toner et al., 2010b, 2010c). 
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Conversely, targeted proteomic analysis of the gut has yet to be performed because its 

inaccessibility makes it intractable to traditional extraction techniques (Hall et al., 2011). The 

gut is lined by gastrodermal cells which cycle between phases of secretion and absorption 

and thus exhibit considerable variation in their cellular architecture (Robinson and 

Threadgold, 1975; Threadgold, 1978). Digestion by F. hepatica occurs predominately 

extracellularly in the gut lumen (Dalton et al., 2004; Halton, 1967; Lowther et al., 2009) and 

in their secretory phase gastrodermal cells secrete large amounts of digestive enzymes 

(primarily cathepsins L1, L2 and L5) to degrade the ingested bloodmeal (Collins et al., 2004; 

Hanna, 1980; Robinson et al., 2009) while the by-products of digestion are periodically 

regurgitated in the vomitus to prevent the accumulation of toxic haem (Halton, 1967). 

Gastrodermal cells release sESP by exocytosis of secretory vesicles (Hanna, 1980; Yamasaki 

et al., 1992), but the mechanism of FhEV release remains unknown. It has been postulated 

that FhEVs are released by budding from gastrodermal cell lamellae (Chapter 3; de la Torre-

Escudero et al., 2016), or during the extensive remodelling of gastrodermal cells as they 

transition between phases (Chapter 3), or that FhEVs are released en masse following 

rupture of the gastrodermal cell APM during feeding (de la Torre-Escudero et al., 2019). 

The role of the protonephridial system in protein secretion remains to be elucidated but it is 

believed to be the main route of lipid export by the parasite (Burren et al., 1967). This system 

has been well-studied at the ultrastructural level and is a cellular network composed of 

branched ducts which connect terminal flame cells, embedded within the parenchyma, to 

the excretory pore at the posterior of the fluke (Gallagher and Threadgold, 1967; Pantelouris 

and Threadgold, 1963; Wilson and Webster, 1974). Chapter 3 showed that both the duct 

epithelium cells and flame cells expressed certain FhEV marker proteins, implicating this 

system in EV export. 

Although the tegument, gut and protonephridial system have been implicated in FhEV 

secretion, direct evidence for the release of EVs from these tissues is lacking. Therefore, in 

this chapter ligation was used to determine the routes of FhEV export by mechanically 

blocking the oral sucker, excretory pore, or both, of live flukes cultured in vitro. 

Subsequently, laser microdissection (LMD) was used to generate the first biologically 

exclusive tissue fractions of the tegument and gastrodermal cells for proteomic analysis, 

shedding light on the molecular processes that occur in these tissues and identifying 

potential targets to disrupt EV biogenesis in F. hepatica. 
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4.3 Methods 

4.3.1 Ligation of adult F. hepatica and in vitro culture 

Adult flukes were obtained from sheep livers as described in Chapter 3, section 3.3.1. After 

thoroughly washing the flukes in PBS containing 0.1% (w/v) glucose at 37°C, those that had 

regurgitated their gut contents were selected for ligation using the method of Rohrbacher 

(1957). Adult flukes were placed in a Petri dish containing warm PBS and manipulated with 

a paintbrush so that a pre-tied knot of sterile surgical thread (5-0 Prolene® Polypropylene 

Suture, Ethicon) could be slipped over the region immediately behind either the oral sucker 

or the excretory pore, or both. The knots were then tied finger tight and the ligatures were 

double knotted as shown in Fig. 4.1. Any flukes that were damaged by the ligation process 

were discarded. Flukes were ligated in groups of 30 and then triplicates of each group were 

maintained at 1 worm/ml in RPMI-1640 culture medium containing 0.1% (w/v) glucose, 100 

U/ml penicillin and 100 µg/ml streptomycin (Sigma-Aldrich) for 3 h at 37°C to collect parasite 

secretions. Groups of non-ligated control flukes (also in triplicate) were maintained under 

the same culture conditions. The wet weight of each group was used to normalise 

downstream analysis to account for the varying sizes/masses of the worms in each group. 

During culture, the integrity and survival of the flukes was monitored visually. 

 

After 3 h, EVs were isolated from the culture media by differential centrifugation as 

described by Marcilla et al. (2012) to determine the effect of ligation on the release of the 

15K EVs and 120K EVs characterised by Cwiklinski et al. (2015). Firstly, the media underwent 

a 10 min 300 x g centrifugation at 4°C followed by a 2000 x g centrifugation for 30 min at 4°C 

to remove large debris, eggs and cells. Next, the supernatant was centrifuged for 45 min at 

15,000 x g at 4°C (this produced the 15K EV pellet). The resulting supernatant was passed 

through a 0.2 µm ultrafiltration membrane and centrifuged at 120,000 x g for 1 h at 4°C to 

generate the 120K EV pellet. Both EV pellets were resuspended in an equal volume of filter-

sterilised PBS, snap-frozen and stored at -80°C for further analysis. 

 

4.3.2 Determining particle and protein concentrations 

The protein concentration of the EVs was determined using the PierceTM BCA Protein Assay 

Kit (ThermoFisher Scientific) after lysis of the EVs in radioimmunoprecipitation assay buffer 

(50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.1% SDS (w/v), 1% (w/v) sodium deoxycholate, 

1% (v/v) Triton X-100, pH 7.4). Nanoparticle tracking analysis (NTA) was carried out using the 

NanoSight NS300 system (Malvern Instruments Ltd, United Kingdom) equipped with a red 

laser (638 nm), SCMOS camera, and NanoSight NTA software version 3.2 at the Panoz 
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Institute, Trinity College Dublin. 15K and 120K EVs that had undergone a single freeze-thaw 

cycle (conditions thought not to affect EV morphology (Ramirez et al., 2018)) were diluted in 

filter-sterilised PBS to within the desired particle concentration before being loaded into the 

sample chamber using sterile 1 ml syringes. PBS was checked before use to confirm it 

contained negligible particles. Five 1 min videos of each sample were recorded to achieve a 

representative particle number of each sample. The samples were advanced between each 

video recording followed by a 10 second delay to let the particles reach a steady flow rate 

before video recordings. Data for each replicate is presented as the average of the five 

recordings. All measurements for each experimental group were performed in biological 

triplicate and the sample chamber was cleaned using MilliQ water and 10% ethanol (v/v) 

between loading each replicate. The dilution factor for each sample was set to take into 

account the wet weight of flukes in each replicate and the volume in which the EV pellet was 

resuspended. Videos were recorded with the camera level at 13 and gain at 1.3. The viscosity 

was set to water (0.964 - 0.972 cP). Post-acquisition video analysis was performed to 

determine the concentration and size distribution of particles using a detection threshold of 

5 for 120K EVs, and a detection threshold of 5 and 15 for 15K EVs to account for a more 

heterogeneous size profile of this population. The 15K particle size and concentration is 

presented as an average of these two detection thresholds. Settings were kept consistent for 

all measurements of 15K and 120K EVs. 

 

4.3.3 Western blotting 

Antibodies to FhEV proteins were used as markers to determine the effect of ligation on the 

release of EVs from adult F. hepatica during in vitro culture. Western blots were carried out 

as described in Chapter 3, section 3.3.4, with the following alterations. Sample volumes from 

ligated and non-ligated flukes were normalised according to the wet weight of the flukes in 

each group before being added to NuPAGE® LDS Sample Buffer with NuPAGE® Sample 

Reducing Agent (ThermoFisher Scientific). Also, due to the paucity of EV sample 

preparations, in some instances following transfer the membrane was cut horizontally and 

each half probed with a separate antibody. Details of the primary antibodies used and their 

final concentrations are listed in Table 4.1. Densitometric quantification was performed with 

ImageJ software version 1.48. 

 

4.3.4 Statistical analysis 

Data are presented as the mean of three biological replicates, +/- standard deviation. 

Significance values were calculated using a two-tailed t-test with two-sample unequal 
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variance. Statistical analysis was performed using Excel version 16.0.9126.2295 (Microsoft). 

A p value < 0.05 was considered significant. 

 

4.3.5 Laser microdissection 

Paraffin-embedded tissue sections of adult F. hepatica (as described by Hanna et al. (2011)) 

were a generous gift from Professor Robert E. B. Hanna of the Agri-Food and Biosciences 

Institute (Stormont, Northern Ireland). For paraffin embedding, adult F. hepatica had been 

removed from the bile ducts of rats and washed in RPMI-1640 at 37°C before being flat-fixed 

in 10% (w/v) neutral buffered formalin. Following 24 h fixation, the flukes had been free-

fixed for a further 24 h, dehydrated in ethanol, cleared in Clearene (Surgipath Europe Ltd) 

and embedded in a wax block following conventional procedures (Hanna et al., 2011). Thick 

(10 µm) sections (to maximise tissue recovery) were placed on polyester membrane steel-

framed slides (Leica Microsystems Ltd, UK) and lightly stained in 1% (w/v) toluidine blue for 

2 seconds at RT to allow visualisation of the tissue. For LMD, the gastrodermal cells and 

tegument were excised from the tissue sections using an ultraviolet laser on either the LMD7 

(Leica Microsystems Ltd, UK) or PALM MicroBeam Laser Micro-dissector (Zeiss) system, 

depending on equipment availability. Tissue samples were collected in the caps of 0.5 ml 

microcentrifuge tubes. LMD consisted of four independent experiments. 

 

4.3.6 Mass spectrometry 

LMD samples were sent to the Fingerprints Proteomics Facility at the University of Dundee 

for mass spectrometry analysis. To extract proteins from the paraffin-embedded tissue, 90 

µl of lysis buffer (4% SDS, 100 mM DTT in 100 mM Tris-HCl, pH 8.5) was added directly to the 

tissue and then heated for 1 h at 95°C. Following this, the samples were processed using the 

filter-aided sample preparation (FASP) protocol, as described by Wiśniewski et al. (2009), and 

proteins were double digested with trypsin (2 x 2.5 µg). The resulting peptides were desalted 

and resuspended in 30 µl 1% formic acid. Fifteen µl of the resulting suspension was delivered 

to an analytical column (Eksigen C18-CL NanoLC Column, 3 µm; 75 µm x 15 cm) and the 

fractionated peptides were analysed in a nanoESI QqTOF mass spectrometer (5600 

TripleTOF, ABSCIEX) as described by Cwiklinski et al. (2015a). Peak list files were generated 

by Protein Pilot v4.5 (Applied Biosystems) using default parameters and exported to Mascot 

v2.4.1 (Matrix Science) for database searching. 
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Table 4.1 List of primary antibodies used for Western blots. 
 

 Target protein Target identifier Antibody Target peptide Host  Working 

concentration/dilution 

Source 

Polyclonal peptide 

antibodies 

FhTSG101 BN1106_s410B000432 TSG101_18 KSYKYARDVTNDVKC Rabbit 1 µg/ml GenScript 

 FhALIX BN1106_s1871B000313 ALIX_2 CTSSKKRPAPDRPPP Rabbit 1 µg/ml GenScript 
 FhRal-A BN1106_s637B000246 RAL_28 CNKIDLTQERTVPFE Rabbit 1 µg/ml GenScript 
 FhSMPDL3159 BN1106_s1285B000159 ASM_1_41 IEKGNDEGYAENKPC Rabbit 1 µg/ml GenScript 
 FhCD63 receptor BN1106_s1657B000161 Cd63_9 CGAKFTHKDSAAGRT Rabbit 0.125 µg/ml GenScript 
 FhDM9-containing 

protein 
BN1106_s5689B000026 DM9_23 MYRHQQPAREVSLSC Rabbit 1 µg/ml GenScript 

 FhMyoferlin BN1106_s2378B000125 Myo_30 GEPKRAPENIQLRDC Rabbit 1 µg/ml GenScript 
 FhTeg1 Q9Y0H2 Teg1_44 CPKGDGDPKPEPKGD Rabbit 1 µg/ml GenScript 
Polyclonal 

commercial 

antibodies 

Actin - Anti-Actin (20-33) 
antibody 

Residues 20-33 Rabbit 1:400 Sigma-Aldrich 

 HSP70 - Anti-HSP70 
antibody 

CQEVISWLDANTLAEKDE Rabbit 1 µg/ml AbCam 

Monoclonal 

commercial 

antibodies 

Tyrosinated α-
tubulin 

- TUB-1A2 - Mouse 1:2500 
 

Sigma-Aldrich 

Anti-serum FhCL1   Recombinant F. hepatica 
cathepsin L1 

Sheep 1:15,000 J. P. Dalton, 
unpublished 

 SbEnolase   Recombinant Schistosoma 

bovis enolase 
Rabbit 1:1000 (de la Torre-

Escudero et al., 
2010) 

 FhPRX   Recombinant F. hepatica 
peroxiredoxin 

Sheep 1:15,000 (Sekiya et al., 2006) 
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4.3.7 Database searching of proteomic results 

Mascot was set up to search a database comprised of the gene models identified within the 

F. hepatica genome (version 1.0, 101,780 entries; Cwiklinski et al., 2015b) assuming trypsin 

digestion with 1 missed cleavage permitted. The F. hepatica gene model sequences can be 

accessed through WormBase ParaSite (http://parasite.wormbase.org/) under accession 

PRJEB6687 (genomic read data and gene model transcripts). Mascot was searched with a 

fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10.0 ppm. 

Carbamidomethyl of cysteine was specified in Mascot as a fixed modification. Gln->pyro-Glu 

of the N-terminus, oxidation of methionine, dioxidation of methionine, acetyl of the N-

terminus, BHAc of lysine and NHS-LC-Biotin of the N-terminus were specified in Mascot as 

variable modifications. An additional search against the NCBI database or Rattus norvegicus 

gene models (http://www.ensembl.org/Rattus_norvegicus/Info/Index) was run to identify 

potential host proteins. 

 

4.3.8 Criteria for protein identification 

Scaffold (version Scaffold_4.7.5, Proteome Software Inc., Portland, Oregon) was used to 

validate MS/MS based peptide and protein identifications. Peptide identifications were 

accepted if they could be established at > 95.0% probability by the Scaffold Local FDR 

algorithm. Protein identifications were accepted if they could be established at > 99.0% 

probability and contained at least 2 identified peptides. Protein probabilities were assigned 

by the Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins that contained similar 

peptides and could not be differentiated based on MS/MS analysis alone were grouped to 

satisfy the principles of parsimony. Proteins sharing significant peptide evidence were 

grouped into clusters and only those with at least two unique peptide matches present in 

two or more of the four replicates were accepted. Quantitative analysis was performed in 

Scaffold using a t-test (Benjamini-Hochberg correction, significance level p < 0.05) as the 

statistical method and emPAI as the quantitative method. Normalisation was performed with 

zero as the minimum value. Quantitative values of normalised total spectra were averaged 

across the replicates and rounded to the nearest integer to give relative protein abundance. 

 

4.3.9 Functional annotation of proteins 

Proteins were manually grouped into functional classifications based on their Uniprot 

annotations (www.uniprot.org; Bateman et al., 2017). Proteins were also subjected to KEGG 

pathway analysis (Kanehisa et al., 2012) using the DAVID functional annotation tools 

(https://david.ncifcrf.gov/home.jsp; Huang et al., 2009a, 2009b). Since these tools are 
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currently not supported for F. hepatica, human orthologues (identified using BLASTp with an 

E value < 1 x 10-5 as a cut-off) were used to perform the analysis. A minimum of 5 members 

was used as an acceptance threshold for a KEGG pathway. 

 

4.4 Results 

4.4.1 Ligation affects F. hepatica extracellular vesicle release 

To determine the principal source of FhEV release, adult F. hepatica were ligated at the oral 

sucker, excretory pore, or both, and then maintained for 3 h in vitro. At the end of the 3 h 

incubation period, the flukes remained motile and most still had their ligatures attached: 88% 

of the oral sucker ligated flukes, 94% of the excretory pore ligated flukes, and 95% of the 

flukes ligated at both the oral sucker and excretory pore (double ligation, DL). Fig. 4.1 shows 

representative images of the ligated flukes following incubation. In comparison to the 15K 

EV pellet recovered from non-ligated control fluke culture media (Fig. 4.1A), the oral sucker 

ligation (OSL) 15K EV pellets were much smaller and colourless (Fig. 4.1B), whilst the 

excretory pore ligation (EPL) 15K EV pellets (Fig. 4.1C) and DL 15K EV pellets (Fig. 4.1D) looked 

similar to the controls (although the latter appeared a pink colour rather than brown). The 

120K EV pellets were too faint to be compared in this way. 

 

4.4.2 Oral sucker ligation markedly reduces the level of gut-associated proteins within 

the 15K EV population 

Analysis was carried out to determine protein concentration, particle concentration, and 

particle size of 15K and 120K EVs collected from control and ligated flukes. Fig. 4.2 shows that 

OSL resulted in a 31% reduction in 15K EV protein concentration and a 25% reduction in 15K 

EV particle concentration compared to control 15K EVs, although these reductions were not 

statistically significant. Additionally, it was estimated that OSL flukes released protein 

associated with 15K EVs at a rate of approximately 790 ng/fluke/h and 15K EV particles at ~ 

4.27 x 108 particles/fluke/h, as opposed to the control flukes which released approximately 

115 ng/fluke/h and ~ 5.69 x 108 particles/fluke/h. 

 

It has been proposed that the particle number:protein µg (P/µg) ratio can be used as an 

estimation of the purity of an EV preparation (Webber and Clayton, 2013). The authors 

suggest that a high purity EV preparation would have a relatively high P/µg ratio (> 3 x 1010 

P/µg) compared to preparations that are somewhat contaminated with protein (2 x 109 to 2 

x 1010 P/µg), or to preparations considered impure (< 1.5 x 109 P/µg). Here, the P/µg ratio 

was used to assess the purity of FhEV preparations and to assess whether ligation-induced 
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damage could cause the flukes to shed more protein which may have aggregated and 

contaminated the EVs. In this regard, both OSL 15K EVs and the corresponding control 15K 

EVs could be considered low purity preparations (averaging 5.37 x 108 P/µg and 4.95 x 108 

P/µg, respectively), but there was no significant difference in the P/µg ratio between the 

groups which indicates that neither 15K EV preparation was more contaminated with protein 

(Fig. 4.2C). The quantity of protein per particle was estimated to be 2.02 femtograms (fg, 10-

15 g)/particle in the control 15K EV pellet and ~ 1.84 fg/particle in the OSL 15K EV pellet. 

 

Using NTA, the sizes of FhEVs were also measured to determine whether ligation could affect 

the release of FhEVs within a particular size range. There was no significant difference in the 

average sizes of 15K EVs collected from OSL flukes compared to the control 15K EVs which 

had average sizes of 224 and 219 nm, respectively. There was, however, a significant 

difference (p < 0.05) in the average size distribution between the OSL and control 15K EVs. 

The size distribution is a measure of the spread of the size distribution profile. This was 131 

nm for control 15K EVs and 127 nm for OSL 15K EVs, respectively, showing that OSL 15K EVs 

had a narrower size distribution profile. Fig. 4.2E shows representative NTA traces which 

display the size distribution profile. 
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Figure 4.1 Representative images of ligated adult F. hepatica after 3 h in vitro culture (left-hand 

panels), and the resulting 15K EV pellet recovered from the culture media (right-hand panels). The 

dashed circle highlights the location of the pellet. (A) Non-ligated control. (B) Oral sucker ligated. (C) 

Excretory pore ligated. (D) Oral sucker and excretory pore ligated. 
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Figure 4.2 The effect of oral sucker ligation (OSL) on 15K and 120K EV protein (A) and particle (B) 

concentration (expressed as a percentage of the controls), and the particle number:protein µg (P/µg) 

ratio of 15K (C) and 120K (D) EVs. Experiments were carried out in biological triplicate and mean values 

± standard deviation are shown. (D) Representative traces of nanoparticle tracking analysis of control 

15K EVs and OSL 15K EVs. (F) Representative traces of nanoparticle tracking analysis of control 120K 

EVs and OSL 120K EVs. 
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In Chapter 3 (section 3.5), it was proposed that the 15K EVs and 120K EVs could be composed 

of further EV sub-populations with different cellular origins and protein compositions. 

Western blotting was therefore used to determine whether ligation affected the release of 

particular EV subtypes bearing different protein markers. These changes may otherwise be 

overlooked by analysis of total protein and particle concentration alone. 

 

The FhEV marker proteins were categorised based on their putative functions and potential 

origins. Firstly, FhALIX, FhTSG101 and FhRal-A were grouped together as EV biogenesis 

proteins. Secondly, FhSMPDL3159, tyrosinated α-tubulin, CD63 receptor (FhCD63rec) and 

cathepsin L1 (FhCL1) were grouped together as gut-associated proteins (Chapter 3; Collins et 

al., 2004; Cwiklinski et al., 2015). Thirdly, the following were grouped as stress-associated 

proteins with potential roles in membrane integrity: FhMyoferlin orthologues have been 

implicated in plasma membrane repair (Xiong et al., 2013); HSP70 and peroxiredoxin (FhPRX) 

are antioxidants thought to be secreted across the tegument in an atypical manner (Robinson 

et al., 2009); whilst actin and the fluke-specific DM9-containing protein (FhDM9) both localise 

to the tegument APM (Chapter 3; Marcilla et al., 2012). An increased abundance of these 

proteins in the EV pellets of ligated flukes could indicate that ligation invoked a stress 

response in the parasite with potential shedding of tegumental material. 

 

Fig. 4.3 shows the effect of OSL on the release of 15K EV proteins in the different categories. 

There was a marked increase in the release of the stress-associated proteins actin and 

FhDM9, whilst there were no significant changes in the release of antioxidants (HSP70 and 

FhPRX) or EV biogenesis proteins in the 15K EV population (Fig. 4.3A-B). Conversely, and 

consistent with their association with the gut, the proteins FhSMPDL3159, tyrosinated α-

tubulin, FhCL1 and FhCD63rec showed at least a 65% reduction within the 15K EV population 

after OSL, with all but FhCL1 being statistically significant (Fig. 4.3C). Collectively, these 

experiments demonstrate that whilst OSL did not affect the average size or purity of 15K EVs 

compared to the controls, it did reduce protein and particle concentrations and had a marked 

impact on 15K EV protein composition; specifically, a significant reduction of some gut-

associated proteins and a significant increase of some tegument-associated proteins. 
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Figure 4.3 The effect of oral sucker ligation (OSL) on the release of 15K EVs as determined by Western 

blot against selected EV markers. Experiments were carried out in biological triplicate, with 

representative blots shown in the left-hand panel, and mean densitometric values expressed as a 

percentage of the controls (± standard deviation) in the right-hand panel. *, p < 0.05; **, p < 0.01 

(Student’s t-test). 
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4.4.3 Oral sucker ligation shows a significant reduction in the release of 120K EVs 

OSL showed an even greater effect on the release of 120K EVs, with a > 50% reduction (p < 

0.01) in protein concentration (Fig. 4.2A) and a > 65% reduction in particle concentration (Fig. 

4.2B) compared to the control 120K EVs. Additionally, it was estimated that OSL flukes 

released protein associated with 120K EVs at a rate of approximately 70 ng/fluke/h and 120K 

EV particles at ~ 2.58 x 107 particles/fluke/h, as opposed to the control flukes which released 

approximately 140 ng/fluke/h and ~ 7.90 x 107 particles/fluke/h. 

 

Similar to the 15K EVs, the 120K EVs could be regarded as low purity preparations (Fig. 4.2D). 

Although not significant, OSL 120K EVs on average had a lower particle number:protein µg 

ratio (3.65 x 108 P/µg) than the control 120K EVs (5.62 x 108 P/µg). Also, the protein content 

of control 120K EVs was approximately 1.82 fg/particle whilst that of OSL 120K EVs was ~ 

2.63 fg/particle. There was no significant difference in the size distribution or particle sizes 

between the OSL 120K EV and control 120K EV preparations (Fig. 4.2F). However, with an 

average size of 150 nm and size distribution of 45 nm, control 120K EVs were significantly 

smaller than the control 15K EVs (p < 0.0001) and displayed a narrower size distribution (p < 

0.0000001). 

 

The reductions in protein and particle concentration were reflected in Western blots, which 

also showed a marked reduction in the levels of FhEV proteins in the OSL 120K EV population 

(Fig. 4.4). As F. hepatica releases fewer 120K EVs than 15K EVs (Cwiklinski et al., 2015a), the 

Western blots were limited to selected markers. Nevertheless, the release of FhSMPDL3159-

positive and FhCD63rec-postive 120K EVs was significantly reduced by OSL (p < 0.01 and p < 

0.05, respectively), and there was a substantial decrease in FhTSG101 band intensity relative 

to control 120K EVs. These findings indicate that OSL markedly reduced the release of 120K 

EVs by F. hepatica. 
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Figure 4.4 The effect of oral sucker ligation (OSL) on the release of 120K EVs as determined by Western 

blot against selected EV markers. Experiments were carried out in biological triplicate, with 

representative blots shown in the left-hand panel, and mean densitometric values expressed as a 

percentage of the controls (± standard deviation) in the right-hand panel. Ctrl, control. *, p < 0.05; **, 

p < 0.01 (Student’s t-test). 

 

4.4.4 Excretory pore ligation increases the release of 15K EVs but reduces the release of 

120K EVs 

In contrast to the effect of OSL on 15K EV release, EPL showed an increase (though not 

significant) of 28% and 25% in protein and particle concentrations, respectively, in 

comparison to control 15K EVs (Fig. 4.5A-B). Accordingly, it was estimated that EPL flukes 

released protein associated with 15K EVs at a rate of approximately 650 ng/fluke/h and 15K 

EV particles at ~ 4.23 x 109 particles/fluke/h, as opposed to the control flukes which released 

approximately 590 ng/fluke/h and ~ 3.73 x 109 particles/fluke/h. 

 

Control and EPL 15K EV preparations had particle number:protein µg ratios of 6.20 x 109 P/µg 

and 6.52 x 109 P/µg, respectively (Fig. 4.5C). These values indicate that both had moderate 

purity levels, but there was no significant difference between them. There were also no 

differences in the sizes of control and EPL 15K EVs which both averaged 234-235 nm and 

displayed similar size distributions (Fig. 4.5E). The protein content of control 15K EVs was 

approximately 0.16 fg/particle whilst that of EPL 15K EVs was ~ 0.15 fg/particle. 

 

Similar to the protein and particle concentrations, increases in FhEV marker proteins were 

observed within the EPL 15K EV preparation relative to the control 15K EVs (Fig. 4.6). EPL 

substantially increased the release of 15K EVs positive for the stress-associated proteins 

FhMyoferlin, HSP70, actin, and FhDM9 (Fig. 4.6A). To a lesser extent, there were increases in 

the release of 15K EVs bearing the EV biogenesis proteins FhTSG101 and FhRal-A (Fig. 4.6B), 
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and gut-associated proteins (Fig. 4.6C), indicating that EPL increases the number of 15K EVs 

derived from the gut. 

 

EPL caused a decrease in 120K EV protein and particle concentrations by approximately 40-

50% (Fig. 4.5A-B), although these values displayed greater variation between replicates than 

in the other ligation experiments. This variation is reflected in the particle number:protein 

µg ratios (Fig. 4.5D), although on average it appears that the EPL 120K EVs were less pure 

than the control 120K EVs. From these values it could also be estimated that EPL flukes 

released protein associated with 120K EVs at a rate of approximately 90 ng/fluke/h and 120K 

EV particles at ~ 1.55 x 109 particles/fluke/h, as opposed to the control flukes which released 

approximately 170 ng/fluke/h and ~ 3.09 x 109 particles/fluke/h. Additionally, the 

approximate protein content of control 120K EVs was 0.05 fg/particle whilst that of EPL 120K 

EVs was 0.06 fg/particle. 

 

NTA showed that there were no differences in the average sizes of control and EPL 120K EVs 

which both measured 163-164 nm (Fig. 4.5F). Although there was variation between 

replicates, the average band intensity for FhTSG101, FhSMPDL3159 and FhCD63rec was 

reduced in the EPL 120K EV population relative to the control 120K EVs by Western blot (Fig. 

4.7). A significant reduction (p < 0.05) in 120K EVs positive for FhRal-A was seen with EPL, 

performed in biological duplicate due to paucity of the sample. 
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Figure 4.5 The effect of excretory pore ligation (EPL) on 15K and 120K EV protein (A) and particle (B) 

concentration (expressed as a percentage of the controls), and the particle number:protein µg (P/µg) 

ratio of 15K (C) and 120K (D) EVs. Experiments were carried out in biological triplicate and mean values 

± standard deviation are shown. (D) Representative traces of nanoparticle tracking analysis of control 

15K EVs and EPL 15K EVs. (F) Representative traces of nanoparticle tracking analysis of control 120K 

EVs and EPL 120K EVs. 
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Figure 4.6 The effect of excretory pore ligation (EPL) on the release of 15K EVs as determined by 

Western blot against selected EV markers. Experiments were carried out in biological triplicate, with 

representative blots shown in the left-hand panel, and mean densitometric values expressed as a 

percentage of the controls (± standard deviation) in the right-hand panel. 
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Figure 4.7 The effect of excretory pore ligation (EPL) on the release of 120K EVs as determined by 

Western blot against selected EV markers. Experiments were carried out in biological triplicate, with 

the exception of DM9 and Ral-A which were performed in biological duplicate. Representative blots 

are shown in the left-hand panel, and mean densitometric values expressed as a percentage of the 

controls (± standard deviation) in the right-hand panel. Ctrl, control. *, p < 0.05 (Student’s t-test). 

 

4.4.5 Ligating both the oral sucker and the excretory pore does not affect 15K EV protein 

and particle concentrations but significantly alters 15K EV protein composition 

Fig. 4.8 shows that, remarkably, DL had no effect on protein concentration, particle 

concentration or purity (which was of moderate purity according to the particle 

number:protein µg ratio) of 15K EVs compared to the controls. Furthermore, DL had no 

significant effect on the size distribution of 15K EVs, although DL 15K EVs were 10 nm smaller 

on average (Fig. 4.8E). It was also estimated that control and DL flukes released 15K EV-

associated protein and particles at approximately the same rate: 590 ng/fluke/h and 3.73 x 

109 particles/fluke/h for control flukes, and 590 ng/fluke/h and 3.58 x 109 particles/fluke/h 

for DL flukes. Equally, there was minimal variation in 15K EV protein content between the 

control and DL flukes (0.16-0.17 fg/particle). 

 

In contrast, Western blotting showed clear differences in the release of some 15K EV proteins 

from DL flukes compared to control flukes (Fig. 4.9). There was a marked increase in the 

stress-associated proteins FhMyoferlin, HSP70, actin, FhDM9 and FhTeg1 which in some 

cases showed a doubling of band intensity (Fig. 4.9A). On the other hand, the antioxidant 

FhPRX showed almost no change compared to the controls, nor was there much difference 

in the release of EV biogenesis proteins (Fig. 4.9A-B). Gut-associated proteins, however, 

displayed a 40-75% reduction (Fig. 4.9C), indicating that (similarly to OSL) DL markedly 

reduced the release of 15K EVs carrying these proteins from the gut. From these findings it 
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can be inferred that 15K EVs derived from DL flukes had a different protein profile compared 

to the control 15K EVs and were enriched in certain proteins. Additionally, DL flukes showed 

a similar pattern of release of stress-associated proteins to EPL flukes which supports the 

idea that some of these stress-associated proteins are tegumentally-derived and are not 

released from the gut. 

 

4.4.6 Ligating both the oral sucker and excretory pore significantly reduces the release 

of 120K EVs 

In contrast to the effect on 15K EVs, DL substantially altered 120K EV release (Fig. 4.8). DL 

120K EV protein concentration was reduced by > 70% (Fig. 4.8A), and the particle 

concentration was only ~ 10% that of the control 120K EVs (Fig. 4.8B). Additionally, it was 

estimated that control flukes released protein associated with 120K EVs at a rate of 

approximately 170 ng/fluke/h and 120K EV particles at 3.09 x 109 particles/fluke/h, whilst the 

rates of 120K EV release by DL flukes were ~ 50 ng/fluke/h and ~ 3.35 x 108 particles/fluke/h. 

Furthermore, DL significantly reduced the purity of the 120K EV preparation, from 1.88 x 1010 

to 7.01 x 109 (Fig. 4.8D), although both 120K EV preparations were within the moderate purity 

bracket set by Webber and Clayton (2013). Likewise, the estimated protein content of DL 

120K EVs was almost three times greater than control 120K EVs (0.14 fg/particle compared 

to 0.05 fg/particle). Whilst the average sizes of control and DL 120K EVs remained similar 

(163 nm and 161 nm, respectively), there was a significant difference (p < 0.05) in the size of 

the smallest 10% of particles. For control 120K EVs, 10% of particles were below 113 nm in 

size whilst for DL 120K EVs 10% of particles were smaller than 106 nm (Fig. 4.8F). 

 

Western blotting similarly demonstrated a decrease of over 50% in the level of FhALIX, 

FhTSG101, FhSMPDL3159, enolase, FhCD63rec and FhRal-A in the DL 120K EV population (Fig. 

4.10). These findings indicate that DL significantly inhibited the release of 120K EVs by F. 

hepatica. The effect of OSL, EPL, and DL on the release of FhEV proteins as determined by 

Western blot is summarised in Table 4.2. 

 

 



136 
 

 
Figure 4.8 The effect of oral sucker and excretory pore ligation (double ligation, DL) on 15K and 120K 

EV protein (A) and particle (B) concentration (expressed as a percentage of the controls), and the 

particle number:protein µg (P/µg) ratio of 15K (C) and 120K (D) EVs. Experiments were carried out in 

biological triplicate and mean values ± standard deviation are shown. (D) Representative traces of 

nanoparticle tracking analysis of control 15K EVs and DL 15K EVs. (F) Representative traces of 

nanoparticle tracking analysis of control 120K EVs and DL 120K EVs. 
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Figure 4.9 The effect of oral sucker and excretory pore ligation (double ligation, DL) on the release of 

15K EVs as determined by Western blot against selected EV markers. Experiments were carried out in 

biological triplicate, with representative blots shown in the left-hand panel, and mean densitometric 

values expressed as a percentage of the controls (± standard deviation) in the right-hand panel. *, p < 

0.05; *** p < 0.001 (Student’s t-test). 
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Figure 4.10 The effect of both oral sucker and excretory pore ligation (double ligation, DL) on the 

release of 120K EVs as determined by Western blot against selected EV markers. Experiments were 

carried out in biological triplicate, with representative blots shown in the left-hand panel, and mean 

densitometric values expressed as a percentage of the controls (± standard deviation) in the right-

hand panel. *, p < 0.05; ***, p < 0.001; ****, p < 0.0001; ****** p < 0.000001 (Student’s t-test). 

 

 

Table 4.2 Summary of the effect of oral sucker ligation (OSL), excretory pore ligation (EPL), and double 

ligation (DL) on the release of 15K and 120K EV proteins by adult F. hepatica as determined by Western 

blot relative to control EVs. ↑, > 25% increase; ↑↑, > 50% increase; ↑↑↑ > 75% increase; ↓ < 25% 

decrease; ↓↓, < 50% decrease; ↓↓↓, < 75% decrease; -, ≤ 25% change compared to control EVs. A 

blank space signifies a Western blot was not performed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 OSL EPL DL 

 15K 120K 15K 120K 15K 120K 

FhMyoferlin -  ↑↑↑  ↑↑↑  
HSP70 -  ↑  ↑↑  
Actin ↑↑↑  ↑↑↑  ↑↑↑  
FhPRX -  -  -  
FhDM9 ↑↑↑  ↑↑↑ ↓ ↑↑↑  
FhTeg1     ↑  
FhALIX ↑  -  - ↓↓ 
FhTSG101 ↑ ↓↓ ↑ ↓ - ↓↓ 
FhRal-A -  ↑↑↑ ↓↓↓ - ↓↓↓ 
FhSMPDL3159 ↓↓ ↓↓↓ - ↓↓ ↓↓ ↓↓↓ 
Tyr-α-tubulin ↓↓↓  ↑  ↓↓  
FhCL1 ↓↓  -  ↓  
FhCD63rec ↓↓↓ ↓↓↓ - ↓ ↓↓↓ ↓↓↓ 
Enolase      ↓↓↓ 
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4.4.7 Laser microdissection of the tegument and gastrodermal cells 

From the ligation experiment, data obtained in Chapter 3, and the literature (Cwiklinski et 

al., 2015a; de la Torre-Escudero et al., 2016; Marcilla et al., 2012), it is likely that the gut and 

tegument are major sites of EV secretion by adult F. hepatica. To gain insights into the 

molecular processes that could contribute to FhEV release from these sites, the tegument 

and gut were isolated by LMD from adult F. hepatica tissue sections and analysed by mass 

spectrometry. Fig. 4.11 shows representative images of these tissue sections before and after 

LMD was performed, showing the successful isolation of the gastrodermal cells (Fig. 4.11C) 

and tegument (Fig. 4.11F). 

 

4.4.8 The proteome of the tegument supports its barrier function 

Mass spectrometry identified 102 proteins in the LMD tegument that had two or more 

peptides detected in at least two replicates (Table 4.3). Ninety of those proteins had 

functional annotations, 22 of which had not been described in the previous F. hepatica 

tegument proteome dataset (Wilson et al., 2011) or in the surface protein fraction (SPF) 

generated by Haçariz et al. (2014). These 22 proteins have been highlighted with asterisks in 

Table 4.3. Furthermore, 80 LMD tegument proteins could be assigned human orthologues 

and were mapped to KEGG pathways. 

 

The proteins detected in the LMD tegument were grouped by function (Table 4.3) and Fig. 

4.12A shows their relative contributions to the total tegument proteome. Structural proteins, 

including motor (10 matches), cytoskeletal (5 matches), cytoskeletal-binding/modifying (8 

matches) and extracellular matrix/cell adhesion proteins (9 matches), comprised the most 

abundant group (45%) of proteins. Additionally, 18% of the LMD tegument proteins mapped 

to KEGG pathways belonged to Focal adhesion (hsa04510) and Tight junction (hsa04530) 

pathways (Fig. 4.12B), reflecting the barrier function of the tegument. 
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Figure 4.11 Sections of adult F. hepatica (stained with 1% toluidine blue) before and after laser microdissection. The left-hand panels show the gastrodermal cells (A) and 

tegument (D) before laser microdissection whilst the centre panels show the same sections with the gut (B) and tegument (E) removed. The right-hand panels show the 

recovered gastrodermal cells (C) and tegument (F). Scale bars, 100 µm. 
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Metabolic proteins comprised the second largest functional group (Fig. 4.12A) and made up 

the highest proportion (72%) of proteins mapped to KEGG pathways (Fig. 4.12B). Proteins 

which function in both the malate dismutation pathway and the tricarboxylic acid (TCA) cycle 

were detected (Table 4.3) and comprised 8% (12 matches) and 11% (7 matches) of the total 

protein content, respectively. Proteins that could assist in the uptake of metabolic substrates 

from the host were also identified, such as two cholesterol-binding low-density lipoprotein 

receptors (Table 4.3) and myoglobin, an O2 carrier (Ordway and Garry, 2004). Other well-

represented groups were cell maintenance proteins (including chaperones and antioxidants) 

and signal transduction proteins which constituted 7% (11 matches) and 5% (10 matches) of 

the total identified proteins, respectively (Fig. 4.12A), with the calcium-binding proteins 

CaBP4 and calmodulin-like protein 2 being particularly abundant. Four vesicle-trafficking 

proteins were also identified, consistent with vesicle transport within the tegumental 

syncytium (Table 4.3). 

 

Uncharacterised proteins represented a considerable proportion (16%, 12 matches) of the 

LMD tegument proteome (Fig. 4.12A). The three most abundant were analysed using the I-

TASSER homology modelling server (Zhang et al., 2018). These were predicted to resemble a 

desmoplakin-like protein (BN1106_s2053B000154) which associates with junctional 

complexes (Fontao et al., 2003), a vinculin-like protein (BN1106_s378B000167) which is 

involved in linkage of integrin to the cytoskeleton (Le Clainche et al., 2010), and an 

orthologue of a bacterial ABC transporter (Zhou et al., 1998; BN1106_s487B000135). 

Additionally, six host proteins were detected in the LMD tegument. However, these shared a 

high degree of sequence conservation with F. hepatica proteins, so were likely parasite 

proteins that had matched to host peptides (Di Maggio et al., 2016). 
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Table 4.3 Proteins identified in the laser microdissected (LMD) tegument of adult F. hepatica and compared with proteins identified in the gastrodermal cells (this study), and 

previously reported surface, tegument and excretory/secretory proteins (ESP). A dot indicates a shared protein. Asterisks indicate the proteins which have not been described 

in the previous F. hepatica tegument proteome dataset (Wilson et al., 2011) or in the surface protein fraction (SPF) generated by Haçariz et al. (2014). R1 – 4 = replicate 1 – 

4. 1(Haçariz et al., 2014), 2(Wilson et al., 2011), 3(Cwiklinski et al., 2015a), 4(de la Torre-Escudero et al., 2019), 5(de la Torre-Escudero et al., unpublished). 
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R1 R2 R3 R4 

Structural proteins              
Motor/cytoskeletal              
Myosin heavy chain* BN1106_s323B000258 17 17 23 24 ●        
Paramyosin* BN1106_s1922B000122 9 10 9 10 ●        
Filamin BN1106_s296B000186 4 3 4 2 ● ●    ●   
Filamin-C* BN1106_s1515B000336 3 3 2 2 ●      ●  
Myosin heavy chain BN1106_s323B000257 5 3 2 3 ● ●       
Myosin heavy chain BN1106_s3182B000117 8 8 0 3 ● ●     ●  
Alpha-actinin sarcomeric BN1106_s4069B000247 8 10 3 10 ● ● ●    ● ● 
Tropomyosin-2 BN1106_s4130B000080 1 2 1 5 ● ●     ●  
Actin BN1106_s2907B000133 4 3 1 3  ● ●  ●  ● ● 
Titin BN1106_s1119B000202 3 2 3 1   ●      
Myosin regulatory light chain BN1106_s527B000393 2 0 2 1  ●       
Dynein heavy chain* BN1106_s1314B000437 2 2 0 0       ●  
Dynein light chain BN1106_s949B000142 2 2 2 2  ● ●    ●  
Dynein light chain BN1106_s1582B000145 1 2 2 1  ● ●    ●  
Dynein light chain  BN1106_s3147B000076 2 3 2 1  ● ●    ●  
Cytoskeletal-binding/modifying              
Spectrin beta chain, brain 4 BN1106_s4255B000066 3 5 2 1 ● ●       

LMD tegument 

unique peptides 
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R1 R2 R3 R4 

Calpain (C02 family) BN1106_s204B000249 8 8 3 2 ●  ●    ●  
Calponin homolog BN1106_s2140B000163 4 4 1 1 ● ●       
Gelsolin BN1106_s2349B000191 1 1 3 6  ● ●    ● ● 
Lymphocyte cytosolic protein 1 BN1106_s1403B000129 11 8 8 8  ● ● ● ●  ● ● 
Gelsolin BN1106_s2349B000188 5 5 3 8  ● ●    ● ● 
Myophilin BN1106_s3026B000096 2 2 0 0  ● ●    ●  
Adenylyl cyclase-associated protein BN1106_s4290B000110 2 2 0 0  ●     ●  
Extracellular matrix/cell adhesion              
Heparan sulfate proteoglycan BN1106_s25B000189 4 3 8 3 ● ●    ●   
Alpha 1 type IIA collagen* BN1106_s849B000266 4 4 4 0 ●        
Collagen alpha-1(V) chain* BN1106_s457B000392 3 3 1 2 ●        
Collagen alpha-1(V) chain* BN1106_s2714B000202 4 3 3 1 ●        
Fasciclin I-like protein* BN1106_s1922B000120 6 5 4 2 ●     ●   
Collagen alpha-2(I) chain* BN1106_s104B000457 4 3 2 2 ●        
Collagen alpha-1(V) chain* BN1106_s849B000265 2 3 3 2 ●        
Collagen alpha-2(V) chain* BN1106_s1528B000125 3 3 3 1         
Collagen type XV alpha* BN1106_s26B000447 2 1 2 2         
              
Metabolism              
Malate dismutation              
2-oxoglutarate dehydrogenase BN1106_s425B000529 11 11 4 4 ● ● ●    ●  
Succinate dehydrogenase flavoprotein subunit BN1106_s1501B000239 5 8 3 4 ●  ●    ●  
Phosphoenolpyruvate carboxykinase BN1106_s246B000252 4 3 5 2 ● ● ●  ●  ●  
Enolase BN1106_s3227B000227 5 5 1 2 ● ● ●  ● ● ● ● 
Cytosolic malate dehydrogenase BN1106_s1459B000183 2 3 3 0 ● ● ●    ● ● 
Malic enzyme BN1106_s233B000262 8 8 5 2 ● ● ●  ●  ● ● 

LMD tegument 

unique peptides 
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Fructose-bisphosphate aldolase BN1106_s1518B000071 3 2 3 1 ● ● ● ● ●  ● ● 
Fructose-bisphosphate aldolase BN1106_s4469B000065 2 2 2 3 ● ● ● ● ● ● ● ● 
Succinate-Coenzyme A ligase BN1106_s5004B000026 2 2 1 0 ● ● ●      
Mitochondrial acetate:succinate CoA-transferase BN1106_s11911B000016 2 2 0 1 ● ● ●    ●  
Hexokinase A BN1106_s175B000200 2 2 1 3   ●  ● ● ● ● 
Glyceraldehyde 3-phosphate dehydrogenase BN1106_s5174B000030 1 2 2 0  ● ●    ● ● 
Tricarboxylic acid cycle-related              
Glutamate dehydrogenase (NAD(P)+) BN1106_s5767B000030 6 5 5 6 ● ● ●   ● ● ● 
Glutamate dehydrogenase (NAD(P)+) BN1106_s8641B000016 4 4 3 4 ● ● ●   ● ● ● 
Malate dehydrogenase BN1106_s6797B000034 1 2 2 2 ● ● ●    ●  
Propionyl-CoA carboxylase alpha chain BN1106_s1252B000359 12 13 8 12 ● ●     ● ● 
Propionyl-CoA carboxylase beta chain BN1106_s1551B000468 9 10 3 8  ● ●    ● ● 
Mut protein* BN1106_s3452B000178 5 5 6 7       ●  
NAD(P) transhydrogenase BN1106_s2286B000106 1 2 3 1  ● ●    ●  
Other mitochondrion-associated proteins              
Universal minicircle sequence binding protein* BN1106_s1987B000231 2 2 3 0 ●      ●  
Phosphate carrier protein, mitochondrial BN1106_s115B000512 2 2 1 1  ●     ●  
Stomatin-like protein* BN1106_s1304B000099 2 2 0 0       ●  
Amino acid metabolism              
Ornithine aminotransferase BN1106_s398B000241 3 4 1 3  ● ●   ●   
Retinol metabolism              
Retinol dehydrogenase* BN1106_s2277B000049 2 3 1 1       ● ● 
Retinol dehydrogenase* BN1106_s2507B000140 2 2 0 0       ●  
              
Cell maintenance              
Chaperones              

LMD tegument 

unique peptides 
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Heat shock protein 70 BN1106_s309B000234 4 4 3 3 ● ● ●  ●  ● ● 
Major egg antigen (P40)* BN1106_s369B000200 5 4 3 4 ●      ●  
Mortalin BN1106_s2487B000188 2 4 3 3 ● ●       
Chaperonin GroEL BN1106_s4703B000071 2 3 1 1 ● ● ●    ●  
Heat shock protein 70 BN1106_s2091B000373 4 3 1 1 ● ● ●  ●  ● ● 
Heat shock protein 90 BN1106_s1320B000236 2 1 1 2 ● ● ●  ●  ● ● 
Detoxification              
Glutathione S-transferase sigma class BN1106_s1081B000242 3 3 3 2 ● ● ●  ● ● ● ● 
Thioredoxin BN1106_s4026B000080 2 3 2 1 ● ● ● ● ● ● ● ● 
Peroxiredoxin BN1106_s444B000267 3 3 1 3 ● ●     ●  
Peroxiredoxin BN1106_s1614B000280 2 2 2 1 ● ●    ● ● ● 
TyrA protein* BN1106_s232B000326 3 2 0 1 ●      ●  
              
Signal transduction              
Signalling              
Tyrosine 3-monooxygenase BN1106_s3172B000053 2 2 2 1 ● ● ●    ●  
14-3-3 epsilon BN1106_s686B000273 2 3 1 0 ● ● ●  ●  ●  
cAMP-dependent protein kinase* BN1106_s2316B000078 2 2 0 3       ●  
Bcl-2 homologous antagonist BN1106_s5167B000050 2 2 0 1  ●       
Calcium-binding              
CaBP4 BN1106_s214B000744 3 5 4 7 ● ● ●  ●  ● ● 
Tegumental calcium-binding EF-hand protein BN1106_s214B000742 2 2 3 2 ● ● ●  ●  ●  
Tegumental calcium-binding EF-hand protein BN1106_s214B000741 2 2 0 1  ● ●    ●  
Calmodulin-like protein 2 BN1106_s2277B000048 2 3 2 5  ● ●  ●  ●  
Ubiquitination pathway              
Ubiquitin-activating enzyme E1 BN1106_s5276B000036 2 2 1 2 ● ●     ●  

LMD tegument 

unique peptides 
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Ubiquitin-protein ligase BRE1 BN1106_s208B000185 3 2 1 1 ● ●     ● ● 
              
Vesicle biogenesis and trafficking              
Annexin BN1106_s819B000364 5 3 5 2 ● ● ●  ● ● ● ● 
Annexin BN1106_s500B000161 3 3 2 1 ● ● ●  ●  ● ● 
SH3-domain GRB2-like endophilin B BN1106_s335B000427 3 2 3 2  ● ●    ● ● 
CD59-like BN1106_s63B000399 2 2 2 1   ●    ●  
              
Transcriptional regulation and protein biosynthesis              
Four and a half LIM domains protein BN1106_s1168B000108 3 3 3 1 ● ●     ●  
Elongation factor 1-alpha BN1106_s4252B000085 2 1 4 2 ● ● ●    ●  
              
Pumps and transporters              
ATP:ADP antiporter BN1106_s3313B000078 4 5 0 1 ● ●     ●  
              
Scavenger proteins              
Low-density lipoprotein receptor* BN1106_s2354B000024 2 4 3 1 ●     ●   
Low-density lipoprotein receptor* BN1106_s60B000536 4 2 0 0 ●     ●   
Myoglobin BN1106_s284B000288 2 2 1 2  ● ● ● ● ● ●  
              
Protease inhibitors              
Cystatin-1 BN1106_s4651B000094 2 3 2 0 ● ●    ● ● ● 
Serpin BN1106_s3864B000104 2 2 0 0 ● ●   ●  ●  
              
No attributable function              
Uncharacterised protein BN1106_s378B000167 14 13 11 11 ●      ●  

LMD tegument 

unique peptides 
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Uncharacterised protein BN1106_s487B000135 5 5 3 4 ●      ● ● 
Uncharacterised protein BN1106_s2053B000154 15 12 4 9 ●      ●  
Uncharacterised protein BN1106_s538B000488 3 2 0 1 ●      ●  
Uncharacterised protein BN1106_s263B000603 3 3 4 1       ● ● 
Uncharacterised protein BN1106_s551B000321 3 2 2 2       ● ● 
Uncharacterised protein BN1106_s6006B000040 2 3 1 1       ● ● 
Uncharacterised protein BN1106_s1074B000200 2 2 2 1       ● ● 
Uncharacterised protein BN1106_s4767B000028 2 2 0 1       ● ● 
Uncharacterised protein BN1106_s2053B000153 2 2 0 0       ●  
Uncharacterised protein BN1106_s6821B000024 2 1 2 0       ● ● 
Uncharacterised protein BN1106_s6720B000015 2 1 0 2      ● ● ● 

LMD tegument 

unique peptides 
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Figure 4.12 (A) The percentage distribution of F. hepatica laser microdissected (LMD) tegument 

proteins within different functional groups based on their relative abundance. The number of matches 

corresponds to the number of different proteins that were detected in each category. (B) The number 

of proteins in the LMD tegument that are associated with KEGG pathways. 
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4.4.9 The gastrodermal cell proteome reflects its role in haematophagy 

The protein composition of the gastrodermal cells differed markedly from the LMD 

tegument. Mass spectrometry identified 226 gastrodermal cell proteins (Table 4.4), 63 of 

which were also detected in the LMD tegument while 163 were exclusive to the gut (Fig. 

4.13). Furthermore, 180 gastrodermal cell proteins could be assigned human orthologues 

and were mapped to KEGG pathways. Notably, 69 of the proteins found in the gastrodermal 

cells had previously been described in the SPF (Haçariz et al., 2014), but were not present in 

the LMD tegument (Table 4.4). Likewise, 58 of the proteins described in the tegument extract 

of Wilson et al. (2011) were not detected in the LMD tegument, but were present in the 

gastrodermal cells (Table 4.4). 

 

 

Figure 4.13 Venn diagram showing the number of proteins shared between the laser microdissected 

tegument and gut. 

 

Functional annotation of gastrodermal cell proteins showed that proteases and protease 

inhibitors represented the most abundant group, comprising 18% (21 matches) of the total 

protein content (Table 4.4, Fig. 4.14A). Amongst these were the cysteine proteases 

cathepsins L1, L2 and L5 which are secreted into the gut lumen and act in the extracellular 

digestion of haemoglobin (Lowther et al., 2009; Robinson et al., 2008b, 2008a, 2009), as well 

as seven aminopeptidases, including leucine aminopeptidase and aspartyl aminopeptidase, 

which complete the degradation of host-derived peptides (Dalton et al., 2004). Several of 

these proteolytic enzymes were described in previous tegument proteomic data (Haçariz et 

al., 2014; Wilson et al., 2011), but were not detected in the LMD tegument (Table 4.4). 

Protease inhibitors, including serpin, cystatin, and two kunitz-type proteinase inhibitors, 

were also detected in the gastrodermal cell proteome (Table 4.4), although these 

represented only 2% (four matches) of the total protein content. 
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Other proteins associated with digestion and nutrient uptake were identified in the 

gastrodermal cells. Scavenger proteins constituted 4% of gastrodermal cell proteins (Fig. 

4.14A). These included proteins involved in the uptake of lipids (fatty acid-binding and 

lipoprotein-binding proteins) and the iron-binding protein, ferritin (Table 4.4). Moreover, 11 

matches corresponded to membrane pumps and transporters, such as phosphatidylcholine 

transfer protein, vacuolar-ATPase, and a Na+/K+ ATPase. 

 

Metabolic proteins represented the second most abundant functional group (Fig. 4.14A) and 

55% of gastrodermal cell proteins mapped to KEGG metabolic pathways (Fig. 4.14B), which 

is a lower proportion of proteins than in the LMD tegument (72%). Like the LMD tegument, 

proteins from both aerobic and anaerobic carbohydrate metabolic pathways were detected, 

with proteins from the malate dismutation pathway having a greater representation (8%, 18 

matches) of the total protein content than TCA cycle-related proteins (5%, 9 matches). Other 

identified enzymes included a purine nucleoside phosphorylase (a component of the purine 

metabolic pathway), lipid metabolic enzymes (such as sphingomyelinases) and five proteins 

that act in amino acid metabolism (Table 4.4). 

 

Proteins which participate in the cell cycle through transcriptional regulation (10 matches), 

protein synthesis (29 matches) and post-translational modification of proteins (5 matches) 

were well-represented, constituting 15% of gastrodermal cell proteins (Fig. 4.14A). Amongst 

these, components of the ribosome represented 11% of the gastrodermal cell total protein 

content and Ribosome (hsa03010) was the second most represented KEGG pathway (Fig. 

4.14B). Structural proteins also comprised 15% (35 matches) of the gastrodermal cell 

proteome (Fig. 4.14A) and included talin, abnormal long morphology protein 1 and 

extracellular matrix proteins which have not been described in either the tegument or 

secretome of F. hepatica (Table 4.4). Signal transduction proteins, such as CaBP4 and 22.4 

kDa tegument protein (Table 4.4), represented a similar level (6%, 11 matches) of the total 

protein content to those in the LMD tegument (5%, 10 matches), whilst there was a relatively 

high proportion (11%, 24 matches) of cell maintenance proteins in the gastrodermal cells 

(Fig. 4.14A). 

 

Five percent (16 matches) of gastrodermal cell proteins were uncharacterised (Table 4.4, Fig. 

4.14A) and the three most abundant were analysed using I-TASSER (Zhang et al., 2018). As 

for the LMD tegument, two of the uncharacterised proteins were predicted to be vinculin 

(BN1106_s378B000167) and desmoplakin-like protein (BN1106_s2053B000154) whilst the 
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third (BN1106_s1647B000242) was not identified in the LMD tegument and had a predicted 

structure resembling α-2-macroglobulin, a protease inhibitor which can inhibit blood 

coagulation (Rehman et al., 2013). The only host proteins that were detected were 

cytoskeletal, nuclear or heat shock proteins. However, these 11 proteins were likely F. 

hepatica proteins that have matched to host peptides as these proteins are highly conserved 

(Di Maggio et al., 2016). 

 

Transcriptome profiles of the gastrodermis of Schistosoma japonicum and Schistosoma 

mansoni females have previously been generated using LMD (Gobert et al., 2009; Nawaratna 

et al., 2011). In S. japonicum, 147 genes were upregulated in the gastrodermis relative to the 

female germinal tissues, whilst 358 genes were upregulated in the S. mansoni gastrodermis 

relative to the whole female microdissected control (Gobert et al., 2009; Nawaratna et al., 

2011). Whilst the data from these studies only show the genes that were upregulated, 19 S. 

japonicum gastrodermis transcripts and 23 S. mansoni gastrodermis transcripts had 

orthologues expressed at the protein level in F. hepatica gastrodermal cells (Table 4.4). These 

primarily included digestive enzymes (cathepsins and peptidases), as well as structural and 

signalling proteins. 

 

4.4.10 Comparisons between the tegument, gut and excretory/secretory products 

indicate that the gastrodermal cells are the principal source of secreted proteins 

The main purpose of this proteomic analysis was to investigate the secretory processes which 

could occur in the tegument and gastrodermal cells. In addition to the protein biosynthesis 

machinery described earlier, 15 gastrodermal cell proteins were matched to the ER/Golgi-

mediated secretory pathway, whilst these were absent from the LMD tegument (Table 4.4). 

Moreover, 14 proteins were mapped to the Protein processing in the endoplasmic reticulum 

(hsa04141) KEGG pathway (Fig. 4.14B). Additionally, proteins involved in atypical protein 

secretion were identified in the gastrodermal cells (Table 4.4), including Rab11B and the 

neutral sphingomyelinase SMPD2, which are implicated in exosome biogenesis, as well as 

ADP-ribosylation factor (ARF)1 and Ras-like GTP-binding protein Rho1 (Rho1) which promote 

MV formation at the plasma membrane (van Niel et al., 2018). 

 

To further explore the relative contributions of the tegument and gastrodermal cells to the 

ESP of F. hepatica, a comparative analysis was performed between the protein profiles of 

these tissues and the F. hepatica secretome (Cwiklinski et al., 2015a). Firstly, a comparison 

with the total ESP revealed 17 proteins that were only shared with the LMD tegument (Fig. 
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4.15A) and 61 proteins that were only shared with the gastrodermal cells (Fig. 4.15B). 

Secondly, as the total ESP of F. hepatica can be compartmentalised into sESP and proteins 

associated with 15K and 120K EVs (Cwiklinski et al., 2015a; Marcilla et al., 2012), a 

comparison was carried out between the LMD tegument or gastrodermal cells and the 

different ESP components. Fig. 4.16A shows that the LMD tegument shares 77% of its 

proteins with 15K EVs, 36% with 120K EVs and 18% with the sESP. Of those shared LMD 

tegument proteins, 42% were exclusive (not also shared with gastrodermal cells) to the LMD 

tegument and 15K EVs, 43% were exclusive to the LMD tegument and 120K EVs, and 22% 

were exclusive to the LMD tegument and sESP (Fig. 4.17). 

 

It is also noteworthy that several LMD tegument proteins were shared between the different 

ESP components (Fig. 4.16A), and that four LMD tegument proteins were detected in all 

components of the ESP. These were glutathione S-transferase sigma class 

(BN1106_s1081B000242), cystatin-1 (BN1106_s4651B000094), fructose-bisphosphate 

aldolase (BN1106_s4469B000065) and an uncharacterised protein (BN1106_s6821B000024) 

which, when examined using I-TASSER, resembled cubilin, a co-transporter that facilitates 

the uptake of nutrients (Kozyraki et al., 1999, 2001). Additionally, five proteins were exclusive 

(not shared with the gastrodermal cells) to the LMD tegument and ESP minus vomitus (actin, 

lymphocyte cytosolic protein 1, hexokinase A, calmodulin-like protein 2 and myoglobin) 

(Table 4.3). 

 

In comparison, 64% of gastrodermal cell proteins were shared with 15K EVs, 26% with 120K 

EVs, and 14% with the sESP (Fig. 4.16B). Of those shared gastrodermal cell proteins, 68% 

were exclusive (not also shared with the LMD tegument) to the gastrodermal cells and 15K 

EVs, 64% were exclusive to the gastrodermal cells and 120K EVs, and 55% were exclusive to 

the gastrodermal cells and sESP (Fig. 4.17). Notably, all 18 proteases detected in the 

gastrodermal cells have previously been described in F. hepatica ESP: 11 in F. hepatica 

vomitus, 16 in 15K EVs, 13 in 120K EVs, and 6 in the sESP (Table 4.4). 

 

Many gastrodermal cell proteins were also shared between the different components of the 

ESP (Fig. 4.15B) and six gastrodermal cell proteins were identified in all ESP components. 

These were lysosomal Pro-X carboxypeptidase (BN1106_s1620B000120), glutathione S-

transferase sigma class (BN1106_s1081B000242), cystatin-1 (BN1106_s4651B000094), 

fructose-bisphosphate aldolase (BN1106_s4469B000065), cathepsin B4/5/7 

(BN1106_s13444B000002), and SMPDL3 (BN1106_s1285B000159). Of those, glutathione S-
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transferase sigma class, cystatin-1 and fructose-bisphosphate aldolase were also found in the 

LMD tegument, signifying that these three proteins are common to the tegument, 

gastrodermal cells, and all ESP components. 
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Table 4.4 Proteins identified in the gastrodermal cells of adult F. hepatica and compared with proteins identified in the laser microdissected (LMD) tegument (this study), and 

previously reported surface, tegument, and excretory/secretory proteins (ESP). A dot indicates a shared protein. A comparison has also been made with transcripts 

upregulated in the gastrodermis of Schistosoma japonicum and Schistosoma mansoni where a dot indicates that the transcript of the F. hepatica protein was described.            

R1 – 4 = replicate 1 – 4. 1(Haçariz et al., 2014), 2(Wilson et al., 2011), 3(Cwiklinski et al., 2015a), 4(de la Torre-Escudero et al., 2019), 5(de la Torre-Escudero et al., unpublished), 

6(Gobert et al., 2009), 7(Nawaratna et al., 2011). 

 

Protein Identifier 

 

LM
D

 t
e

g
u

m
e

n
t 

Previously detected 

S
u

rf
a

ce
 p

ro
te

in
 f

ra
ct

io
n

1
 

T
e

g
u

m
e

n
t2

 

V
o

m
it

u
s2

 

E
S

P
 m

in
u

s 
v

o
m

it
u

s2
 

S
o

lu
b

le
 E

S
P

3
 

1
5

K
 E

V
s4

, 
5
 

1
2

0
K

 E
V

s3
, 

4
 

S
. 

ja
p

o
n

ic
u

m
 g

a
st

ro
d

e
rm

is
6
 

S
. 

m
a

n
so

n
i 

g
a

st
ro

d
e

rm
is

7
 

 

R1 R2 R3 R4 

Proteases and inhibitors                
Proteases                
Leucine aminopeptidase 2 BN1106_s617B000566 15 11 18 17  ● ● ●   ● ●  ● 
Xaa-Pro dipeptidase (M24 family) BN1106_s468B000343 6 4 5 13  ●  ● ●  ● ●   
Leucine aminopeptidase 2 BN1106_s617B000567 5 4 5 6  ● ● ●   ● ●  ● 
Lysosomal Pro-X carboxypeptidase BN1106_s1620B000120 5 4 5 3    ● ● ● ● ● ● ● 
Leucine aminopeptidase 1 BN1106_s7079B000034 5 4 4 12  ● ● ●   ● ●  ● 
Cathepsin B6/8 BN1106_s793B000177 5 3 4 5      ● ● ● ● ● 
Cathepsin L1 BN1106_s8490B000026 4 4 5 5  ● ● ● ● ● ● ●  ● 
Cathepsin L2 BN1106_s8098B000020 3 3 5 7  ● ● ●  ● ● ● ● ● 
Natterin-4 (DM9 domain-containing protein) BN1106_s586B000374 3 3 5 6  ● ●    ● ●  ● 
Cathepsin L1 BN1106_s10332B000010 3 2 3 1  ● ● ● ●     ● 
Cathepsin L5 BN1106_s4636B000039 2 3 2 5    ● ●      
Cathepsin B4/5/7 BN1106_s13444B000002 2 2 3 5      ● ● ● ● ● 
Cathepsin L5 BN1106_s6354B000017 2 2 2 2    ● ●  ● ●   
Cysteine protease-related protein BN1106_s1772B000188 1 2 2 5       ● ●  ● 

Gastrodermal cell 

unique peptides 
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R1 R2 R3 R4 

Aspartyl aminopeptidase BN1106_s2165B000367 1 2 2 4 ● ● 
Legumain-like BN1106_s1861B000097 1 1 3 4 ● ● ● ● ● 
Mitochondrial processing peptidase BN1106_s37B000342 1 0 2 2 ● 
Protease inhibitors 

Cystatin-1 BN1106_s4651B000094 4 3 4 7 ● ● ● ● ● 
Serpin BN1106_s3864B000104 3 2 5 2 ● ● ● ● 
FH-KTM kunitz-type proteinase inhibitor BN1106_s318B000274 2 2 3 2 ● ● ● ● ● 
FH-KTM kunitz-type proteinase inhibitor BN1106_s8826B000029 1 2 2 2 ● ● ● ● 

Metabolism 

Malate dismutation 

2-oxoglutarate dehydrogenase BN1106_s425B000529 10 8 8 11 ● ● ● ● 
Succinate dehydrogenase flavoprotein subunit BN1106_s1501B000239 7 7 10 13 ● ● ● 
Phosphoenolpyruvate carboxykinase BN1106_s246B000252 7 5 7 8 ● ● ● ● ● 
Enolase BN1106_s3227B000227 7 4 9 8 ● ● ● ● ● ● ● 
Cytosolic malate dehydrogenase BN1106_s1459B000183 4 3 3 3 ● ● ● ● ● 
Malic enzyme BN1106_s233B000262 3 5 6 5 ● ● ● ● ● ● 
Fructose-bisphosphate aldolase BN1106_s1518B000071 3 2 2 6 ● ● ● ● ● ● ● 
Succinate-Coenzyme A ligase BN1106_s6083B000078 3 2 2 4 ● ● ● 
Transketolase BN1106_s2937B000224 3 2 2 2 ● ●
Fructose-bisphosphate aldolase BN1106_s4469B000065 3 1 2 4 ● ● ● ● ● ● ● ● 
Succinate-Coenzyme A ligase BN1106_s5004B000026 2 3 2 4 ● ● ● 
Succinate dehydrogenase iron-sulphur protein BN1106_s3430B000064 2 2 3 4 ● ● ● 
Phosphoglycerate kinase BN1106_s3033B000087 2 2 2 3 ● ● ● ● 
Mitochondrial acetate:succinate CoA-transferase BN1106_s11911B000016 2 2 2 2 ● ● ● ● ● 

Gastrodermal cell 
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R1 R2 R3 R4 

Transaldolase BN1106_s8460B000014 2 2 1 1       ●
    

Triosephosphate isomerase BN1106_s3213B000041 2 0 2 6  ●
 

●
  ●
 

●
 

●
 

●
   

Mitochondrial acetate:succinate CoA-transferase BN1106_s3703B000103 1 1 2 3  ● ●    ●    
Dihydrolipoamide dehydrogenase BN1106_s8157B000032 1 0 2 4  ●    ● ●    
Tricarboxylic acid cycle-related                
Glutamate dehydrogenase (NAD(P)+) BN1106_s5767B000030 9 10 10 15 ● ● ●   ● ● ●   
Glutamate dehydrogenase (NAD(P)+) BN1106_s8641B000016 4 5 4 7 ● ● ●   ● ●    
Malate dehydrogenase BN1106_s6797B000034 4 4 3 5 ● ● ●    ●    
Fumarate hydratase class I BN1106_s436B000498 3 1 3 7  ● ●    ●    
Protein GOT-2.2 BN1106_s4453B000138 2 3 2 4           
Kynurenine aminotransferase BN1106_s2620B000162 2 1 3 5           
1-aminocyclopropane-1-carboxylate synthase BN1106_s1834B000181 2 1 2 0  ●         
Pyruvate carboxylase BN1106_s1091B000125 1 0 4 0  ● ●        
Propionyl-CoA carboxylase alpha chain BN1106_s1252B000359 0 0 6 2 ● ●     ● ●   
Other mitochondrion-associated proteins                
Universal minicircle sequence binding protein BN1106_s1987B000231 4 5 3 1 ●      ●    
Adenylate kinase  BN1106_s1855B000093 2 0 2 1  ● ●    ●    
ATP:ADP antiporter BN1106_s297B000426 1 0 2 2  ● ●    ●    
Lipid metabolism                
Hydroxyacyl-Coenzyme A dehydrogenase BN1106_s3104B000160 4 2 3 4   ●    ●    
Leukotriene A4 hydrolase BN1106_s98B000759 2 1 3 7  ●     ● ●   
Sphingomyelin phosphodiesterase (SMPDL3) BN1106_s1285B000159 2 1 2 1      ● ● ●   
Inorganic pyrophosphatase BN1106_s1848B000328 1 0 3 2  ●     ●    
Neutral sphingomyelinase (SMPD2) BN1106_s7135B000046 0 2 2 1       ●    
Aldo-keto reductase BN1106_s1026B000549 0 2 2 0  ●     ●    
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R1 R2 R3 R4 

Amino acid metabolism                
Methylthioadenosine phosphorylase BN1106_s547B000278 2 2 3 7      ●     
Alpha-aminoadipic semialdehyde synthase BN1106_s771B000469 1 2 3 0  ● ●        
2-oxoisovalerate dehydrogenase E2 component BN1106_s2088B000140 4 3 3 7   ●   ●     
2-oxoisovalerate dehydrogenase E1 component BN1106_s5274B000066 4 1 4 7       ●    
Asparaginase/glutaminase BN1106_s1295B000507 1 1 2 2       ●    
Other metabolic processes                
Retinal dehydrogenase 1 BN1106_s645B000322 1 1 2 2  ● ●  ●  ●  ●  
Purine nucleoside phosphorylase BN1106_s683B000339 0 1 2 2  ●     ●    
                
Cell cycle                
Transcriptional regulation                
Ebna2 binding protein P100 BN1106_s375B000232 5 4 4 7       ●    
Four and a half LIM domains protein BN1106_s1168B000108 3 2 4 3 ● ●     ●    
Heterogeneous nuclear ribonucleoprotein A1 BN1106_s3553B000143 2 3 2 3  ●         
Histone H2B BN1106_s8822B000019 2 2 3 2  ● ●    ●    
Heterogeneous nuclear ribonucleoprotein A2 BN1106_s1270B000089 2 2 2 3           
Prohibitin BN1106_s1317B000170 2 2 2 0   ●        
KH-type splicing regulatory protein BN1106_s3948B000057 2 1 0 3           
Histone H2A BN1106_s2003B000165 1 1 2 2   ●        
Splicing factor, arginine/serine-rich BN1106_s6B000373 1 0 2 2           
Cell division cycle and apoptosis regulator protein 1 BN1106_s1139B000359 0 1 3 4           
Protein biosynthesis                
Elongation factor 2 BN1106_s1739B000159 9 10 12 15  ●     ● ●   
40S ribosomal protein S3 BN1106_s1303B000672 5 2 7 5           

Gastrodermal cell 

unique peptides 
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R1 R2 R3 R4 

Elongation factor 1-alpha BN1106_s4252B000085 4 5 6 14 ● ● ●    ●    
40S ribosomal protein RPS16 BN1106_s13848B000008 4 2 3 4           
60S acidic ribosomal protein P0 BN1106_s2970B000126 4 1 2 5           
Small subunit ribosomal protein S18e BN1106_s1385B000133 3 3 5 5  ●         
40S ribosomal protein S24 BN1106_s1600B000257 3 1 2 1   ●        
Ribosomal protein L19 BN1106_s1888B000145 2 2 3 5           
60s ribosomal protein L12 BN1106_s5230B000038 2 2 2 5       ●    
40s ribosomal protein S14 BN1106_s11983B000006 2 2 2 3           
40s ribosomal protein S17 BN1106_s1676B000260 2 2 2 2           
40S ribosomal protein S21 BN1106_s2398B000171 2 1 3 3  ●         
60s ribosomal protein L4 BN1106_s5854B000082 2 1 2 7           
Ribosomal protein L5 BN1106_s801B000129 2 1 2 2  ●         
40S ribosomal protein RPS15A BN1106_s4329B000099 2 1 2 2       ●    
60S ribosomal protein L23a BN1106_s2798B000065 2 1 0 5           
60S ribosomal protein L10 BN1106_s3175B000175 2 0 2 4  ●         
Eukaryotic translation elongation factor 1 gamma BN1106_s1164B000121 1 1 3 4  ● ●    ●    
40S ribosomal protein S4 BN1106_s507B000153 1 1 2 7   ●        
Ribosomal protein L7a BN1106_s4248B000039 1 1 2 4           
60S ribosomal protein L18a BN1106_s2662B000418 1 1 2 3           
60s ribosomal protein L17 BN1106_s3958B000080 1 1 2 2           
40S ribosomal protein S8 BN1106_s446B000198 1 0 3 5   ●        
60S ribosomal protein L8 BN1106_s1935B000255 1 0 2 3           
Nascent polypeptide-associated complex subunit BN1106_s2014B000189 1 0 2 2       ●    
Eukaryotic translation elongation factor 1 beta BN1106_s4543B000079 1 0 2 2  ● ●        
60S ribosomal protein L26 BN1106_s338B000296 1 0 2 2           
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R1 R2 R3 R4 

60S ribosomal protein L31 BN1106_s13522B000004 0 2 2 1           

40S ribosomal protein S10 BN1106_s1026B000539 0 0 3 2       ●    
Protein modification                
Protein disulfide isomerase BN1106_s4999B000041 6 3 5 10  ● ●    ●    
Aspartate aminotransferase BN1106_s4453B000140 3 4 4 4   ●   ●     
Peptidyl-prolyl cis-trans isomerase BN1106_s5284B000043 3 1 2 5  ●   ●     ● 
Oligosaccharyltransferase complex subunit delta BN1106_s1713B000125 2 3 3 7           
Oligosaccharyltransferase complex subunit alpha BN1106_s1832B000342 2 1 3 5  ● ●        
                
Structural proteins                
Motor/cytoskeletal                
Myosin heavy chain BN1106_s323B000258 16 12 19 29 ●        ●  
Paramyosin BN1106_s1922B000122 8 4 11 21 ●          
Filamin BN1106_s296B000186 5 0 5 6 ● ●    ●    ● 
Actin BN1106_s658B000223 4 4 6 9  ● ●  ●  ●  ●  
Filamin-C BN1106_s1515B000336 4 3 3 5 ●      ●   ● 
Myosin heavy chain BN1106_s323B000257 3 1 4 5 ● ●       ●  
Myosin heavy chain BN1106_s3182B000117 3 0 2 9 ● ●     ●  ●  
Beta-tubulin 4 BN1106_s1153B000359 2 2 3 3  ● ●    ●    
Actin BN1106_s101B000531 2 2 3 2  ● ●  ●    ●  
Alpha-tubulin 2 BN1106_s925B000543 2 1 2 0  ● ●        
Talin BN1106_s149B000360 2 0 2 1           
Alpha-actinin sarcomeric BN1106_s4069B000247 1 2 1 4 ● ● ●    ● ●  ● 
Tropomyosin BN1106_s647B000405 1 1 5 3  ●         
Lamin BN1106_s1106B000091 1 1 2 5           

Gastrodermal cell 
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R1 R2 R3 R4 

Tropomyosin-2 BN1106_s4130B000080 1 1 1 7 ● ●     ●    
Tubulin beta-3 BN1106_s4860B000047 1 1 0 7  ● ●    ●    
Titin BN1106_s98B000745 1 0 2 2   ●        
Cytoskeletal-binding/modifying                
Spectrin beta chain, brain 4 BN1106_s4255B000066 7 3 8 8 ● ●         
Merlin/moesin/ezrin/radixin BN1106_s1300B000145 6 8 9 18  ● ●    ● ●   
Ezrin-radixin-moesin-binding phosphoprotein 50 BN1106_s1037B000175 4 3 6 6  ●     ●    
Calpain (C02 family) BN1106_s204B000249 4 0 4 7 ●  ●    ●  ●  
Rho GDP-dissociation inhibitor BN1106_s4672B000098 2 2 3 1  ●         
Myophilin BN1106_s3747B000111 2 1 2 3  ● ● ● ●      
Ras-like GTP-binding protein Rho1 BN1106_s1908B000177 1 2 2 1   ●    ● ●   
Calponin homolog BN1106_s2140B000163 1 1 4 2 ● ●         
Translationally controlled tumour protein BN1106_s17035B000006 3 2 3 5  ●     ●    
Abnormal long morphology protein 1 BN1106_s1644B000226 0 0 2 2          ● 
Extracellular matrix/cell adhesion                
Heparan sulfate proteoglycan BN1106_s25B000189 5 3 12 10 ● ●    ●     
Alpha 1 type IIA collagen BN1106_s849B000266 3 2 4 4 ●          
Collagen alpha-1(V) chain BN1106_s457B000392 2 2 2 3 ●          
Fasciclin-1 BN1106_s100B000380 2 2 2 2           
Collagen alpha-1(V) chain BN1106_s2714B000202 2 0 2 3 ●          
Fasciclin I-like protein BN1106_s1922B000120 1 1 3 3 ●     ●     
Collagen alpha-2(I) chain BN1106_s104B000457 1 1 2 2 ●          
Collagen alpha-1(V) chain BN1106_s849B000265 1 0 2 3 ●          
                
Cell maintenance                
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Chaperones                

ER calcistorin BN1106_s2763B000063 10 5 7 9  ● ●   ● ●    
Heat shock protein 70 BN1106_s309B000234 7 6 8 10 ● ● ●  ●  ● ●  ● 
Major egg antigen (P40) BN1106_s369B000200 6 3 5 6 ●      ●  ●  
Mortalin BN1106_s2487B000188 5 5 10 14 ● ●         
Chaperonin GroEL BN1106_s4703B000071 4 3 6 9 ● ● ●    ●    
T-complex protein 1, gamma subunit BN1106_s746B000284 4 3 1 2  ●     ●    
78 kDa glucose-regulated protein BN1106_s1147B000259 3 3 4 3   ●        
T-complex protein 1, theta subunit BN1106_s1242B000159 3 2 2 7  ●     ● ●   
Heat shock protein 70 BN1106_s2091B000373 3 1 3 6 ● ● ●  ●  ● ●  ● 
Endoplasmin BN1106_s1277B000102 3 1 1 5       ● ●   
Heat shock protein 90 BN1106_s1320B000236 2 2 4 5 ● ● ●  ●  ● ●   
T-complex protein 1, subunit 7 (Eta) BN1106_s5514B000140 2 2 2 3       ●    
T-complex protein 1, zeta subunit BN1106_s3867B000081 2 1 3 3       ●    
T-complex protein 1, beta subunit BN1106_s1793B000159 1 1 4 6  ●     ●    
Calnexin BN1106_s553B000158 1 1 2 3       ●    
T-complex protein 1, epsilon subunit BN1106_s3324B000219 1 0 2 4  ●     ●    
Stress-induced-phosphoprotein 1 BN1106_s1094B000139 1 0 2 3  ●     ●    
Hypoxia upregulated 1-related BN1106_s117B000696 0 0 2 3           
Detoxification                
Glutathione S-transferase sigma class BN1106_s1081B000242 4 4 5 6 ● ● ●  ● ● ● ●   
Thioredoxin BN1106_s4026B000080 3 2 2 3 ● ● ● ● ● ● ● ●   
Peroxiredoxin BN1106_s444B000267 3 1 3 4 ● ●     ●    
Peroxiredoxin BN1106_s1614B000280 2 2 2 2 ● ●    ● ● ●   
Thioredoxin BN1106_s5618B000057 1 2 2 5  ● ●  ●      

Gastrodermal cell 
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TyrA protein BN1106_s232B000326 1 1 2 3 ●
      ●
    

                
Signal transduction                
Signalling  4 4 6 6           
Tyrosine 3-monooxygenase BN1106_s3172B000053 4 2 4 5 ● ● ●    ●    
14-3-3 epsilon BN1106_s686B000273 2 2 1 3 ● ● ●  ●  ●    
14-3-3 protein beta BN1106_s3904B000042 1 1 2 2  ● ●   ● ● ●  ● 
Nucleoside diphosphate kinase BN1106_s344B000191 1 1 2 2  ●   ●  ●   ● 
Protein CBR-FTT-2 BN1106_s4074B000042 1 0 2 3   ●        
Camp-dependent protein kinase type II-alpha BN1106_s417B000229 4 4 6 6       ● ●   
Calcium-binding                
CaBP4 BN1106_s214B000744 6 4 8 11 ● ● ●  ●  ● ● ●  
22.4 kDa tegument protein BN1106_s214B000748 4 4 4 4  ● ●    ●  ●  
Tegumental calcium-binding EF-hand protein BN1106_s214B000742 1 1 2 3 ● ● ●  ●  ●    
Ubiquitination pathway                
Ubiquitin-activating enzyme E1 BN1106_s5276B000036 1 3 1 6 ● ●     ●    
Ubiquitin-protein ligase BRE1 BN1106_s208B000185 1 1 2 3 ● ●     ● ●  ● 
                
Secretory pathway                
ER/Golgi apparatus-related                
Venom allergen-like 11 protein BN1106_s1956B000118 5 4 5 6       ●    
Calreticulin BN1106_s2673B000071 2 1 3 6       ●    
Transitional endoplasmic reticulum ATPase BN1106_s5369B000082 2 1 1 2  ●     ● ●   
Preprotein translocase secy subunit Sec61 BN1106_s2995B000137 1 1 2 2         ●  
Atlastin-1 BN1106_s3190B000098 0 1 2 2           
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Vesicle biogenesis and trafficking                

Annexin BN1106_s819B000364 8 8 9 11 ● ● ●  ● ● ● ● ●  
Annexin BN1106_s945B000218 4 2 5 8  ● ●  ● ● ● ● ●  
Coatomer subunit beta BN1106_s771B000471 3 0 3 2       ●    
ADP-ribosylation factor 1 BN1106_s4512B000085 2 2 2 2  ●     ●    
SAR1 gene homolog B BN1106_s1405B000146 2 2 2 0           
Coatomer protein complex subunit alpha BN1106_s649B000500 2 1 2 3       ●    
Annexin BN1106_s500B000161 1 3 2 5 ● ● ●  ●  ● ● ●  
Coatomer subunit gamma BN1106_s5131B000049 1 0 3 7       ●    
Ras-related protein Rab-11B BN1106_s844B000259 1 0 3 3   ●    ● ●   
Protein transport protein Sec23A BN1106_s2174B000116 1 0 2 3       ●    
                
Pumps and transporters                
Smdr2 BN1106_s274B000296 8 7 12 18      ● ● ●  ● 
ATP synthase subunit beta BN1106_s1866B000129 7 5 7 8  ● ●    ●    
ATP synthase subunit alpha BN1106_s4332B000087 6 6 5 10  ● ●  ●  ● ●   
ATP:ADP antiporter BN1106_s3313B000078 2 2 5 8 ● ●     ●    
V-type H+-transporting ATPase subunit A BN1106_s2110B000156 2 2 3 4  ●     ●    
Innexin BN1106_s503B000225 2 2 2 2         ●  
Phosphatidylcholine transfer protein BN1106_s538B000493 2 2 1 2       ● ●   
Sodium potassium transporting ATPase alpha subunit BN1106_s521B000167 2 1 1 3  ●     ● ●   
Vacuolar H+-ATPase SFD subunit BN1106_s2350B000136 1 2 2 2   ●    ●    
Vacuolar ATP synthase subunit e BN1106_s1399B000513 1 1 2 3   ●    ●    
ATP synthase subunit beta vacuolar BN1106_s1633B000182 0 0 3 5   ●    ●    
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Scavenger proteins                

Lipid-binding                
High density lipoprotein-binding protein BN1106_s810B000521 10 9 8 16  ●     ●    
Low-density lipoprotein receptor BN1106_s2354B000024 4 3 8 3 ●     ●     
Fatty acid binding protein Fh_3 BN1106_s1849B000099 3 2 6 5  ● ●    ● ●   
Low-density lipoprotein receptor BN1106_s60B000536 2 2 3 3 ●     ●     
Fatty acid binding protein Fh_2 BN1106_s1228B000120 2 1 2 2  ● ●   ● ●    
Iron-binding                
Ferritin BN1106_s3950B000041 2 2 2 3  ● ●  ● ● ● ●   
                
No attributable function                
Uncharacterised protein BN1106_s378B000167 9 8 8 10 ●      ●    
Uncharacterised protein BN1106_s1647B000242 4 1 5 4           
Uncharacterised protein BN1106_s487B000135 3 3 4 3 ●      ● ●   
Uncharacterised protein BN1106_s2053B000154 2 2 5 6 ●      ●    
Uncharacterised protein BN1106_s1136B000209 2 1 5 6       ●    
Uncharacterised protein BN1106_s538B000488 2 1 2 4 ●      ●    
Uncharacterised protein BN1106_s567B000346 2 1 2 1       ●    
Uncharacterised protein BN1106_s306B000260 2 1 2 0           
Uncharacterised protein BN1106_s808B000203 2 0 3 1           
Uncharacterised protein BN1106_s10667B000018 1 2 3 4       ● ●   
Uncharacterised protein BN1106_s2196B000154 1 1 3 5       ●    
Uncharacterised protein BN1106_s551B000322 1 1 2 5       ●    
Uncharacterised protein BN1106_s2296B000150 1 0 4 9       ●    
Uncharacterised protein BN1106_s1614B000277 1 0 2 4           
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Uncharacterised protein BN1106_s4305B000064 0 0 2 3           

Uncharacterised protein BN1106_s1154B000147 0 0 2 3       ●    

Gastrodermal cell 

unique peptides 
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Figure 4.14 (A) The percentage distribution of F. hepatica gastrodermal cell proteins within different 

functional groups based on their relative abundance. The number of matches corresponds to the 

number of different proteins that were detected in each category. (B) The number of proteins in 

gastrodermal cells that are associated with KEGG pathways. 
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Figure 4.15 Venn diagrams showing the number of proteins shared between (A) the tegument and 

total excretory/secretory proteins (ESP) which are not found in the gastrodermal cells (highlighted in 

bold) and (B) the gastrodermal cells and total excretory/secretory proteins (ESP) which are not found 

in the tegument (highlighted in bold). Tegument and gastrodermal cell proteomes are from this study. 

The total ESP proteomes are composed of data from Cwiklinski et al. (2015) and de la Torre-Escudero 

et al. (2019, unpublished). 
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Figure 4.16 Venn diagrams showing the number of proteins shared between (A) the tegument, 15K 

EVs, 120K EVs and soluble excretory/secretory proteins (ESP), and (B) the gastrodermal cells (gut), 15K 

EVs, 120K EVs and soluble excretory/secretory proteins (ESP). Tegument and gastrodermal cell 

proteomes are from this study. EV and ESP proteomes are composed of data from Cwiklinski et al. 

(2015) and de la Torre-Escudero et al. (2019, unpublished). 
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Figure 4.17 Venn diagrams showing the number of proteins shared between (A) 15K EVs and the 

tegument or gastrodermal cells (gut), (B) 120K EVs and the tegument or gastrodermal cells (gut), and 

(C) soluble excretory/secretory proteins (sESP) and the tegument or gastrodermal cells (gut). 

Tegument and gastrodermal cell proteomes are from this study. EV and ESP proteomes are composed 

of data from Cwiklinski et al. (2015) and de la Torre-Escudero et al. (2019, unpublished). 
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4.5 Discussion 

The immunolocalisation data generated in Chapter 3 indicated that EVs could be released 

from the tegument, gut and protonephridial system of adult F. hepatica. In this chapter, 

ligation was used to mechanically block the latter two tissues to assess the impact on EV 

release from adult flukes cultured in vitro. This approach has previously been used to 

investigate nutrient and drug uptake by F. hepatica (Meaney et al., 2005a; Mottier et al., 

2006; Rohrbacher, 1957; Toner et al., 2010a), as well as the export of lipids from the parasite 

(Burren et al., 1967), but this is the first study to assess the effects of ligation on FhEV release. 

The ligation experiment had three main findings: 1) The gut is a major source of 15K and 120K 

EVs; 2) The protonephridial system may release 120K EVs; 3) The tegument contributes to 

both 15K and 120K EV populations and could shed MVs/blebs as part of a stress response. 

 

OSL showed that there is a subset of 15K EVs bearing proteins such as FhCD63rec and FhCL1 

that predominately originate from the gut. Additionally, the substantial increase in the 

release of tegument-associated proteins in the OSL 15K EV population suggests that, whilst 

OSL reduced overall 15K EV protein and particle concentrations by less than a third, some of 

that material was shed from the tegument as a result of ligation. This perhaps masked the 

effect of OSL on total 15K EV concentrations compared to the non-ligated controls, indicating 

that a greater proportion of 15K EVs may be gut-derived than is obvious from OSL. 

Furthermore, the large reduction in the release of 120K EVs following OSL shows that the 

gastrointestinal tract is a major source of 120K EVs, rather than the tegument as previously 

suggested (Cwiklinski et al., 2015a). 

 

Whilst variability in the EPL 120K EV replicates makes it difficult to draw firm conclusions of 

the effects of EPL on 120K EV release, DL clearly reduced the release of 120K EVs more than 

by OSL alone, suggesting that the protonephridial system also releases 120K EVs. The 

protonephridial system is additionally the source of most lipids found in F. hepatica ESP 

(Burren et al., 1967). However, although DL showed a comparable impact on lipid release 

(Burren et al., 1967) and 120K EV particle concentration (a reduction of ~ 90%), TEM shows 

that the lipid droplets observed by Burren et al. (1967) are morphologically distinct 

(Cwiklinski et al., 2015a; Marcilla et al., 2012; Roig et al., 2018) and not likely to be a 

component of the 120K EVs isolated by ultracentrifugation. As EPL did not reduce 15K EV 

release by any of the measured parameters, it appears that the protonephridial system does 

not contribute to the 15K EV population. Together, these findings support the proposal of 

Cwiklinski et al. (2015) that most 15K EVs are derived from the gut. 
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A small number of 120K EVs were still released by F. hepatica following DL. Whilst these could 

be leakage from the gut and the protonephridial system due to incomplete ligation, it could 

also indicate that some 120K EVs originate from the tegument. TEM studies have observed 

MVB-like structures releasing small (< 50 nm) EVs at the tegument APM (de la Torre-Escudero 

et al., 2016; Wilson et al., 2011) and it is notable that the DL 120K EV population contained a 

significantly higher proportion of smaller particles. Particles of this size are at the lower 

detection limits of NTA (Théry et al., 2018) which could explain why the 120K EV particle 

concentration decreased more than the protein concentration following DL, giving a lower 

120K EV particle number:protein µg ratio compared to control 120K EVs. 

 

Alternatively, this lower ratio may be because ligation-induced damage caused protein 

aggregates to be shed from the tegument which contributed to the DL 120K EV pellet. In this 

regard, there was a significant increase in stress-associated proteins in the DL 15K EVs. 

Notably, however, 15K EV purity was not affected by DL and neither were the 15K EV protein 

or particle concentrations, despite the significant reduction in gut-associated proteins in the 

DL 15K EV population. This may suggest that ligation induced the release of membranous 

blebs which are shed from the tegument as part of a localised damage response to maintain 

membrane integrity (Andrews et al., 2014; de la Torre-Escudero et al., 2016; Toner et al., 

2010b). It has been postulated that these blebs are akin to MVs and formed using EV 

biogenesis machinery (de la Torre-Escudero et al., 2016). Notably, the levels of 15K EV 

biogenesis proteins were unaffected by DL, despite their localisation to the gastrodermal 

cells and protonephridia (Chapter 3). As these proteins also localised to the tegument 

(Chapter 3), it is possible that they are recruited to the APM for bleb/MV formation in times 

of cellular stress. 

 

Therefore, similar to OSL, the increased release of stress-associated proteins (possibly carried 

by blebs/MVs) could have masked the impact of DL on 15K EV protein and particle 

concentrations. Indeed, like with OSL 15K EVs, there was proportionally a greater reduction 

in the release of gut-associated proteins in DL 15K EVs than seen in the overall 

concentrations. Although previous ultrastructural studies showed that ligating F. hepatica 

caused minimal disruption to the tegument around the ligature and did not affect fluke 

viability (Meaney et al., 2005a; Rohrbacher, 1957; Toner et al., 2009, 2010a), this molecular 

analysis suggests that ligation may induce a generalised stress response, manifested by the 

release of tegumental blebs/MVs. However, further TEM and localisation studies are 

required to confirm the origins of the material in the DL EV pellets. 
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The results of the ligation experiment also support the proposition that 15K and 120K EVs 

are two biologically distinct populations (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 

2019). DL caused a significant reduction in the level of FhRal-A in the 120K EVs, whilst no 

effect was observed in the level of FhRal-A in the DL 15K EV population. This suggests that, 

even though the same protein may operate in their secretion, the two EV populations have 

different origins. At the cellular level, FhRal-A-positive 120K EVs may originate from within 

or around the protonephridial ducts or gastrodermal cells (Chapter 3, section 3.4.1), whilst 

FhRal-A-positive 15K EVs may be tegumentally derived. However, immunogold labelling is 

required to confirm the sub-cellular origins of each EV subtype. 

 

This study is the first to use NTA to analyse particles released by F. hepatica and this data 

further supports the distinction between the 15K and 120K EV populations. Whilst NTA size 

measurements for control 15K EVs are in agreement with previous TEM observations 

(Cwiklinski et al., 2015a), the control 120K EVs were on average 60 nm larger in diameter 

than 120K EVs visualised by TEM (Cwiklinski et al., 2015a; Roig et al., 2018). This may be due 

to the tendency of NTA to be biased towards larger sizes in non-uniform samples (Maas et 

al., 2015) or to shrinkage that can occur during processing of EVs for TEM (van Niel et al., 

2018). Cryo-electron microscopy better preserves the native structure of EVs for size 

measurements (van Niel et al., 2018), so could be used in the future to resolve the differences 

between NTA and TEM. 

 

NTA also revealed that both control 15K and 120K EVs had relatively low particle:protein 

ratios, indicative of moderate or low purity. It is perhaps unsurprising that EVs collected from 

large, multicellular organisms are less pure than those recovered from cell monoculture. 

However, the purity values determined by Webber and Clayton (2013) are arbitrary and it 

has been proposed that a lower purity threshold of > 1 x 108 be applied to EVs derived from 

schistosomes (Sotillo et al., 2016). Although a similar threshold could be applied to FhEVs in 

this study (which would deem the preparations pure), this value is likely to vary between 

species (Webber and Clayton, 2013) so further isolation methods, such as density gradient 

centrifugation, should be tested before an optimum FhEV particle:protein ratio purity value 

can be assigned. 

 

As the ligation experiment showed that the gastrodermal cells and tegument are active in 

FhEV secretion, their proteomes were analysed following their isolation by LMD. It was not 

possible to perform LMD of the protonephridial system due to difficulties in identifying its 
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constituent cells by light microscopy (as discussed in Chapter 3, section 3.5). LMD has 

previously been used to isolate helminth tissue for transcriptomic analysis (Gobert et al., 

2009; Nawaratna et al., 2011; Ranjit et al., 2006), but this is its first use to investigate sub-

proteomes of helminths. 

 

A total of 265 proteins were identified in this study, with 163 proteins exclusive to the 

gastrodermal cells and 39 proteins exclusive to the LMD tegument, showing that these 

tissues, which interface with the host, have markedly different proteomes. There were also 

differences in the LMD tegument proteome to those described previously (Haçariz et al., 

2014; Wilson et al., 2011). Such variation is likely due to differing techniques of tegument 

enrichment and detergent extraction of proteins. The advantages of LMD over previous 

isolation methods, however, are notable. Fixing flukes immediately after their removal from 

the bile ducts preserves physiological levels of protein expression (Ostasiewicz et al., 2010) 

which is unlikely the case for earlier studies where flukes were subjected to cold-shock and 

in vitro culture prior to tegument isolation (Wilson et al., 2011). Furthermore, by generating 

biologically exclusive tissue samples, this study suggests that up to 25% (Wilson et al., 2011) 

and 33% (Haçariz et al., 2014) of proteins previously identified as tegumental (such as 

proteases, nuclear proteins and ribosomal proteins) may actually be contaminants from the 

gastrodermal cells which would also be removed during traditional freeze/thaw/vortex and 

detergent extraction steps (Haçariz et al., 2014; Wilson et al., 2011). This study therefore 

validates the use of LMD for helminth sub-proteome analysis. 

 

The tegument of F. hepatica protects internal fluke tissue from the harsh environment of the 

bile ducts (Dalton et al., 2004). The predominance of cytoskeletal proteins in the LMD 

tegument supports this barrier function, whilst the cytoskeletal-modifying enzymes and cell 

maintenance proteins could function in repairing damaged tissue and proteins to maintain 

tegument integrity. Similarly, cystatin-1 and serpin (cysteine and serine protease inhibitors, 

respectively) could protect the tegument against host proteases, but may additionally 

regulate endogenous proteases such as cathepsins which have been identified in Fasciola-

infected bile (Morphew et al., 2007). 

 

The abundance of metabolic proteins identified in the LMD tegument reflects the high 

number of mitochondria in the syncytium (Threadgold, 1963). Whilst anaerobic carbohydrate 

metabolism (namely malate dismutation) is believed to predominate in adult F. hepatica 

(Tielens et al., 1984, 1987), previous studies have focussed on whole flukes without taking 
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into account the metabolic capabilities of specific tissues (Tielens, 1999). Using LMD, this 

study identified components of the aerobic TCA cycle, indicating that aerobic metabolism 

may also occur in the tegument (and gastrodermal cells). This supports the hypothesis that 

sufficient oxygen reaches the outer surface of adult F. hepatica such that aerobic metabolism 

can proceed (Tielens, 1994; Tielens et al., 1984). The O2 carrier myoglobin (detected in the 

LMD tegument) may enhance oxygen delivery to the tissue, although this needs further 

investigation. 

 

Consistent with their digestive function, proteases were the most abundant functional group 

in the gastrodermal cells (representing 16% of the total protein content). All the identified 

proteases have previously been found in the parasite secretome and participate in 

extracellular digestion of host haemoglobin in the gut lumen (Lowther et al., 2009). However, 

while cathepsin L cysteine proteases dominate the secretome (Morphew et al., 2007; 

Robinson et al., 2008a, 2009), leucine aminopeptidase was the most abundant protein in the 

gastrodermal cells. Immunogold labelling has shown that leucine aminopeptidase localises 

to the gastrodermal cell lamellae, indicating that it functions intracellularly to complete 

digestion of absorbed haemoglobin-derived peptides in the cytosol (Acosta et al., 2008; 

Dalton et al., 2004). The numerous proton pumps identified in the gastrodermal cells could 

facilitate digestion by maintaining the gut lumen at a relatively low pH (around 5.5) which 

serves to activate cathepsin Ls and relax the structure of haemoglobin, making it susceptible 

to proteolysis (Lowther et al., 2009). 

 

Other gastrodermal cell proteins may also be indirectly involved in haematophagy. The 

protease natterin-4 is an orthologue of a fish venom protein that prevents human blood 

coagulation (Magalhães et al., 2005). Similarly, the abundant uncharacterised protein 

BN1106_s1647B000242 was a predicted structural orthologue of α-2-macroglobulin, another 

inhibitor of blood coagulation (Rehman et al., 2013). Thus, these proteins may promote blood 

feeding by acting as anticoagulants in the fluke gut. Natterin-4 has also been detected in 

FhEVs (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 2019) and BN1106_s1647B000242 

has a predicted N-terminal signal peptide, indicating that both proteins are released into the 

gut lumen. Interestingly, both of these proteins are targets of an immune response in 

resistant mammalian hosts (Cameron et al., 2017; Wilson et al., 2008) and are fluke-specific, 

which makes them potential targets for therapeutic interventions. 
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A comparison with the transcripts upregulated in the gut of schistosomes revealed that 13% 

of S. japonicum transcripts and 6% of S. mansoni transcripts had orthologues expressed at 

the protein level in F. hepatica gastrodermal cells. This low percentage could be because the 

schistosome studies only reported the transcripts that were upregulated in the gastrodermis 

relative to other schistosome tissues (Gobert et al., 2009; Nawaratna et al., 2011); therefore, 

negating transcripts expressed at similar levels elsewhere in the flukes. Another explanation 

is that these organisms could use different proteins to carry out similar processes in the 

gastrodermal cells. In support of this, the expressed proteases varied amongst the species 

with transcripts of cathepsins A, C, and D upregulated in the schistosome gastrodermis but 

not detected in the gastrodermal cells of F. hepatica. This indicates that, whilst digestive 

processes are dominant in the gastrodermal cells of each species, the proteases involved may 

differ. 

 

Both the F. hepatica LMD tegument and gastrodermal cells shared proteins exclusively with 

the 15K EVs and 120K EVs. This supports the findings of Chapter 3 and the ligation experiment 

which suggested that both the tegument and the gastrodermal cells secrete EVs that 

comprise subsets of the 15K EV and 120K EV populations. Of the 36% of proteins shared 

between the LMD tegument and 120K EVs, almost half were absent from the gastrodermal 

cells, supporting the results of DL which indicated that the tegument could release a relatively 

small number of 120K EVs. Although no exosome biogenesis proteins were identified in the 

LMD tegument, motor proteins and other proteins associated with vesicle trafficking were 

detected and shared with 120K EVs (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 

2019). These could be involved in the transport of MVBs along microtubules to the APM for 

120K EV release, or in the transfer of T1/T2 secretory bodies to the glycocalyx. Exosome 

biogenesis proteins may instead be expressed in tegumental cell bodies or in sub-tegumental 

parenchymal cells (Chapter 3) which were not isolated here by LMD. Though technically 

challenging, fluorescent antibodies targeting markers of tegumental cell bodies, such as 

FhTeg1 (Chapter 3), could be used in combination with LMD (Anthony and Gause, 2006; 

Anthony et al., 2006) to specifically isolate tegumental cell bodies for transcriptomic analysis 

to reveal more about their secretory processes. 

 

Whilst there was a much higher proportion (77%) of LMD tegument proteins shared with 15K 

EVs, this could be attributed to the description of over four times as many 15K EV proteins, 

leading to greater coverage of the LMD tegument proteome. However, almost half of the 

shared proteins were exclusively shared with the LMD tegument (not gastrodermal cells), 
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indicating that the tegument does release a subset of 15K EVs. Shared proteins included 

proteins associated with MV formation, such as cytoskeletal remodelling proteins and 

calcium-sensitive signal transduction proteins, supporting the proposition that an increase in 

intracellular Ca2+ concentration could activate a signalling cascade that induces cytoskeletal 

re-organisation and enables budding of MVs from the tegument APM (de la Torre-Escudero 

et al., 2016). The same mechanism could drive the formation of stress-induced blebs/MVs 

(de la Torre-Escudero et al., 2016) which may have comprised some of the 15K EV 

populations from ligated flukes. 

 

More proteins were shared exclusively between gastrodermal cells and FhEVs, supporting 

the ligation experiment in suggesting that the gut is the principal source of 15K and 120K EVs. 

Amongst the shared proteins, those associated with both exosome (sphingomyelinases and 

Rab11) and MV (ARF1, Rho1 and calpain) formation were identified. However, like in the LMD 

tegument, members of the ESCRT pathway and other EV biogenesis proteins enriched in 

FhEVs were not found. This could be because these proteins have low expression levels in F. 

hepatica (Cwiklinski et al., 2015a) so were not detected in the gut. Indeed, some EV 

biogenesis proteins (VPS4, SNAP and FhCD63rec) were identified, but not in sufficient 

replicates to pass the stringent acceptance criteria for protein matches used in this study. 

Another possibility is that some EV biogenesis proteins may be predominantly expressed in 

the parenchyma where vesicles are synthesised and the gastrodermal cells may just act as a 

conduit for release (as proposed in Chapter 3). Alternatively, some FhEVs bearing proteins 

such as FhALIX could originate from other sources like the protonephridia (Chapter 3). An 

atypical form of FhEV secretion may also occur in gastrodermal cells. Shared proteins with 

15K EVs included coatomers and Sec23 which are more commonly associated with 

intracellular vesicles (Hanna et al., 2017). This supports the proposal that some 15K EVs may 

be released as intact vesicles from the gastrodermal cells following rupture of the APM or as 

the cellular architecture is restructured between secretory and absorptive phases (Chapter 

3; de la Torre-Escudero et al., 2019). 

 

This chapter further emphasises the complexity of EV biogenesis and release in adult F. 

hepatica. Nonetheless, it was revealed that the gut is the principal source FhEVs, with the 

tegument and protonephridia contributing to a lesser extent. Extrapolating this finding to an 

in vivo setting suggests that most FhEVs are delivered from the gut into the bloodstream, 

either for feeding or immunomodulatory purposes, which is reflected in the abundance of 

digestive enzymes and immunomodulatory proteins associated with FhEVs (Cwiklinski et al., 
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2015a; de la Torre-Escudero et al., 2019, unpublished). Thus, future in vitro FhEV functional 

studies should focus on physiologically-relevant interactions between FhEVs and the 

cells/proteins they may encounter in the blood. The proteomes of the LMD-generated 

tegument and gastrodermal cells not only gave insights into metabolism, digestion, and 

nutrient acquisition, but supported the origins of FhEV sub-populations and indicated 

proteins which could be involved in EV formation in these tissues. Targeting these using 

chemical inhibitors or RNAi would confirm their role in EV biogenesis and determine whether 

it is possible to disrupt EV formation or release in F. hepatica. 
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Chapter 5 

Targeting F. hepatica extracellular vesicle biogenesis 

5.1 Chapter summary 

The conversion of sphingomyelin to ceramide by sphingomyelinases (SMases) is a key driver 

of ESCRT-independent EV biogenesis. Proteomic analysis in Chapter 4 revealed that F. 

hepatica (Fh)SMases are shared between FhEVs and the gastrodermal cells which were also 

shown to be a principal site of FhEV secretion. This indicated that FhSMases could play a role 

in FhEV biogenesis, making them potential targets for inhibitors of FhEV production. In this 

chapter, FhSMases were firstly compared to their human counterparts by phylogenetic and 

sequence analysis. This revealed that fluke acid-like SMases formed a distinct phylogenetic 

clade and lacked key functional residues found in the catalytic domains of human SMases. 

Conversely, catalytic residues were conserved in F. hepatica neutral SMase, as were residues 

that interact with the SMase inhibitor GW4869. Indeed, FhEV-associated SMase activity was 

shown to be susceptible to GW4869 and treating adult F. hepatica with GW4869 in vitro led 

to a major reduction in 120K EV release (as determined by FhEV total protein concentration, 

nanoparticle tracking analysis and Western blotting against FhEV markers), suggesting that a 

ceramide-dependent mechanism could drive 120K EV formation. In contrast, the release of 

15K EVs was only moderately impacted. Analysis of GW4869-treated fluke tissue by light and 

transmission electron microscopy revealed that the inhibitor caused major disruption to the 

parenchymal tissue and severe vacuolation of the tegument. In particular, there was an 

absence of basophilic vesicular structures (to which several FhEV marker proteins were 

localised in Chapter 3) in the sub-gastrodermal cells, indicating that these could be a source 

of 120K EVs. Finally, in a pilot experiment, transcripts of FhSMases (and other putative EV 

biogenesis proteins) were silenced in juvenile flukes using double-stranded RNA. 

Nanoparticle tracking analysis detected EV-sized particles in juvenile fluke secretions, 

indicating that this method could be used as a phenotypic readout of silencing which is an 

important step before investigating the effects of blocking FhEV production in an animal 

model of infection. 

 

5.2 Introduction 

Despite mounting evidence of the importance of helminth extracellular vesicles (EVs) at the 

host-parasite interface (Chaiyadet et al., 2015; Coakley et al., 2017; Roig et al., 2018; Trelis 

et al., 2016), no targeted attempts have been made to block their release from the parasite. 

This has been due to our limited understanding of the molecular machinery controlling 



179 
 

helminth EV production. Chapter 4 showed that the gut is the principal site of F. hepatica 

(Fh)EV secretion and comparative proteomic analysis revealed that sphingomyelinases 

(SMases) were shared between the gastrodermal cells and FhEVs. SMases, also known as 

sphingomyelin phosphodiesterases (SMPDs), are recognised as key drivers of EV formation 

and hydrolyse sphingomyelin in lipid bilayers to produce phosphorylcholine and ceramide 

(Verderio et al., 2018). The accumulation of ceramide (with its inverted cone shape) in 

membrane microdomains induces negative membrane curvature and the budding of nascent 

vesicles (Elsherbini and Bieberich, 2018; Verderio et al., 2018). 

 

Multiple SMase family members exist in mammalian cells and are categorised by their pH 

optima (Clarke et al., 2011; Duan, 2006; Schuchman, 2010). To date, acidic and neutral 

SMases have been implicated in EV biogenesis. The acid (a)SMase, SMPD1, acts on the 

plasma membrane (PM) outer leaflet (following translocation from lysosomes) to promote 

the outward budding of microvesicles (Bianco et al., 2009; Serban et al., 2016). Conversely, 

the neutral (n)SMases, SMPD2 and SMPD3, act on the cytosolic leaflet of the endosomal 

membrane to induce the formation of intraluminal vesicles within multivesicular bodies 

(MVBs), generating exosomes independently of the ESCRT pathway (Kosaka et al., 2010; 

Menck et al., 2017; Trajkovic et al., 2008). However, aSMase has also been implicated in 

exosome biogenesis (Gradilla et al., 2014; Truman et al., 2012), whilst nSMases were shown 

to be involved in the shedding of PM-derived vesicles (Menck et al., 2017), indicating that it 

is specifically the enrichment of ceramide in the membrane that is important for EV 

formation (Verderio et al., 2018). Reciprocal BLAST searches in Chapter 2 (section 2.4.3) 

revealed that only SMPD2 is conserved in F. hepatica, but flukes were also found to possess 

orthologues of the acid-like SMases, SMPDL3a/b, which are enriched in FhEVs (Cwiklinski et 

al., 2015a; de la Torre-Escudero et al., 2019). In Chapter 3, FhSMPD2 was localised to the 

tegument, gastrodermal cells, and basophilic vesicular structures in the sub-gastrodermal 

region, whilst the acid-like FhSMPDL3159 localised predominately to the periphery of a variety 

of cells in the parenchyma (including in sub-tegumental and sub-gastrodermal regions). 

 

The limited repertoire of FhSMases and their association with FhEVs could therefore make 

FhSMases promising targets for the disruption of EV biogenesis in F. hepatica. This chapter 

explores the role of FhSMases in FhEV biogenesis by firstly carrying out phylogenetic and 

sequence analysis of FhSMases to predict functional attributes compared to their human 

counterparts. Secondly, the susceptibility of FhSMase activity to the specific, non-

competitive SMase inhibitor GW4869 (Luberto et al., 2002) was assayed before the inhibitor 
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was used to treat adult F. hepatica in vitro to determine its effect on fluke morphology and 

FhEV release. Finally, pilot RNAi studies designed to complement and confirm the results of 

chemical inhibition by GW4869 were performed. Importantly, a phenotypic readout was 

developed to determine the effects of silencing putative EV biogenesis proteins on FhEV 

release, thereby providing a framework for future RNAi studies. 

 

5.3 Methods 

5.3.1 Phylogenetic analysis 

The evolutionary relationship of Homo sapiens (Hs) SMases (HsSMPD1, P17405; HsSMPD2, 

O60906; HsSMPD3, Q9NY59; HsSMPDL3a, Q92484; HsSMPDL3b, Q92485), Ovis aries (Oa) 

SMases (OaSMPD1, NP_001159673; OaSMPD2, XP_011994425; OaSMPD3, XP_011965997; 

OaSMPDL3a, XP_014961526; OaSMPDL3b, XP_011981694) and F. hepatica orthologues 

(FhSMPD2, BN1106_s7135B000046; FhSMPDL3159, BN1106_S1285B000159; FhSMPDL3138, 

BN1106_S3568B000138) was inferred using the neighbour-joining method (Saitou and Nei, 

1987). The bootstrap consensus tree inferred from 1000 replicates was taken to represent 

the evolutionary history of the taxa analysed (Felsenstein, 1985). Branches corresponding to 

partitions reproduced in less than 50% bootstrap replicates were collapsed. The evolutionary 

distances were computed using the Poisson correction method (Zuckerandl and Pauling, 

1965) and are in the units of the number of amino acid substitutions per site. All positions 

containing gaps and missing data were eliminated. There were a total of 239 positions in the 

final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013). 

 

5.3.2 Sequence alignments 

Residues 25 – 246 of HsSMPD2 and 22 – 271 of FhSMPD2 were aligned using EMBOSS Needle 

(https://www.ebi.ac.uk/Tools/psa/emboss_needle/; Li et al., 2015) with default settings. The 

multiple sequence alignment of the catalytic domains of HsSMPDL3a (residues 39 – 296), 

HsSMPDL3b (residues 22 – 280), FhSMPDL3159 (residues 66 – 293), and FhSMPDL3138 

(residues 33 – 304) was performed using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/; Sievers et al., 2011) with input sequences 

dealigned. Catalytic residues and N-glycosylation sites were retrieved from the literature 

(Airola et al., 2017; Gorelik et al., 2016a; Lim et al., 2016; Tomiuk et al., 2000; Traini et al., 

2014, 2017) and the latter were also predicted using the NetNGly 1.0 Server 

(http://www.cbs.dtu.dk/services/NetNGlyc/; Gupta and Brunak, 2002) with default settings. 

The presence of glycosylphosphatidylinositol (GPI) anchors in F. hepatica protein sequences 
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was predicted using PredGPI (http://gpcr.biocomp.unibo.it/predgpi/pred.htm; Pierleoni et 

al., 2008) with default settings. 

 

5.3.3 GW4869 inhibition assay 

The susceptibility of FhSMases to GW4869 was assayed using the AmplexTM Red 

Sphingomyelinase Assay Kit (ThermoFisher Scientific) under neutral conditions. In brief, 4 µg 

15K EVs or 2 µg 120K EVs were mixed with GW4869 (dissolved in DMSO) before 1 x reaction 

buffer was added to make up the volume to 100 µ l. Next, 100 µ l sphingomyelinase assay 

reaction mixture was added which contained horseradish peroxidase, choline oxidase, 

alkaline phosphatase and Amplex Red® to give final concentrations of 0.1 mU/ml, 0.01 

mU/ml, 0.4 mU/ml, and 5 µM, respectively. The final concentrations of GW4869 were 5, 25, 

or 50 µM. DMSO was also added to EVs as a vehicle control (1% final concentration) as in 

GW4869-containing reaction mixtures. Assays were then incubated, in triplicate, for 15 min 

(120K EVs) or 1 h (15K EVs) in the dark at 37°C before fluorescence measurements were made 

using a POLARstar Omega Spectrophotometer (BMG LABTECH, Germany) (excitation 544 

nm/emission 590 nm). Of note, adding DMSO or GW4869 to the sphingomyelinase assay 

reaction mixture without EVs had no effect on the fluorescence readings. 

 

5.3.4 Treatment of F. hepatica with GW4869 in vitro and extracellular vesicle isolation 

Adult flukes were obtained from sheep livers as described in Chapter 3, section 3.3.1. After 

thoroughly washing the flukes in PBS containing 0.1% (w/v) glucose at 37°C, those that had 

regurgitated their gut contents were incubated in triplicate groups of 30 at 2 worms/ml in 

RPMI-1640 culture medium containing 0.1% (w/v) glucose, 100 U/ml penicillin, 100 µg/ml 

streptomycin (Sigma-Aldrich) and either 25 µM GW4869 (Sigma-Aldrich) or 0.5% DMSO 

(vehicle control) for 3 h at 37°C. At the end of the 3 h incubation period, the media was 

replaced with fresh media (with the same composition) and the flukes were incubated for a 

further 3 h to collect parasite secretions. The wet weight of each group was determined and 

used to normalise downstream analysis to account for the varying sizes/masses of the worms 

in each group. During culture the integrity and survival of the flukes was monitored visually. 

FhEVs were isolated as described in Chapter 4, section 4.3.1. 

 

5.3.5 Analysis of adult F. hepatica extracellular vesicles 

Protein concentration was determined using the PierceTM BCA Protein Assay Kit 

(ThermoFisher Scientific) as described in Chapter 4, section 4.3.2. Particle concentration and 

size were analysed by nanoparticle tracking analysis (NTA) as described in Chapter 4, section 
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4.3.2. Western blots were carried out as described in Chapter 3, section 3.3.4 with the 

following alterations. Sample volumes from GW4869-treated and untreated flukes were 

normalised according to the wet weight of the flukes in each group before being added to 

NuPAGE® LDS Sample Buffer with NuPAGE® Sample Reducing Agent (ThermoFisher 

Scientific). Also, due to the paucity of EV sample preparations, in some instances following 

transfer the membrane was cut horizontally and each half probed with a separate antibody. 

Details of the primary antibodies used and their final concentrations are listed in Chapter 4, 

Table 4.1. Densitometric quantification was performed with ImageJ software version 1.48. 

Statistical analysis was carried out as described in Chapter 4, section 4.3.4. 

 

5.3.6 Processing of adult F. hepatica for microscopy 

Following 6 h in vitro culture, triplicates of control and GW4869-treated flukes were fixed 

and processed for microscopy as described in Chapter 3, section 3.3.5. Semi-thin (2 µm) and 

ultrathin (80 nm) sections were cut and mounted by the TEM service at the Conway Institute, 

University College Dublin, as described in Chapter 3, sections 3.3.1 and 3.3.4, respectively. 

The semi-thin sections were stained with 1% (w/v) toluidine blue for 30 seconds at room 

temperature (RT), and ultrathin sections were stained as described in Chapter 3, section 

3.3.5. Toluidine blue stained sections were viewed by brightfield microscopy using a Leica 

DM2500 microscope and Leica type N immersion oil was used at 100 x magnification. 

Ultrathin sections were viewed using a Jeol 1400 TEM operating at 80 kV at the Agri-Food 

and Biosciences Institute (Stormont, Northern Ireland). 

 

5.3.7 Complementary DNA synthesis 

Complementary (c)DNA for target-specific PCR product generation was synthesised from 

mRNA extracted from adult F. hepatica. Flukes were obtained from the bile ducts of sheep 

livers immediately after slaughter at a local abattoir (Linden Foods, Dungannon) and 

homogenised in 500 µ l TRIzolTM Reagent (ThermoFisher Scientific) for total RNA extraction. 

Subsequently, 100 µ l chloroform was added and samples were shaken for 15 seconds then 

left to sit for 3 min at RT to aid dissociation of nucleoprotein complexes. The samples were 

then centrifuged at 12,000 x g for 15 min and the upper aqueous phase was recovered and 

mixed with 250 µ l isopropanol at RT for 10 min to precipitate the RNA. Next, samples were 

centrifuged at 12,000 x g for 10 min at 4°C and the resulting RNA pellet was washed in 75% 

ethanol (v/v) and centrifuged at 7500 x g for 5 min at 4°C. The supernatant was removed and 

the RNA pellet was air dried for 10 min at RT then the RNA was dissolved in 50 µ l molecular 

grade (m)H2O. RNA concentration and purity were measured using the POLARstar Omega 
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Spectrophotometer. For cDNA synthesis, 1 µg RNA was mixed with 2 µ l Oligo(dT)15 Primer 

(Promega) and made up to 14 µ l with mH2O then incubated at 70°C for 10 min. Next, 5 µ l M-

MLV Reverse Transcriptase 5 x Buffer, 1 µ l M-MLV Reverse Transcriptase RNase H Minus 

Point Mutant, 1.3 µ l dNTP Mix, and 0.5 µ l Recombinant RNasin® Ribonuclease Inhibitor 

(Promega) were added then incubated for 1 h at 50°C. The cDNA was then denatured at 70°C 

for 5 min and stored at -20°C. 

 

5.3.8 Double-stranded RNA synthesis 

Using cDNA, specific PCR products targeting F. hepatica orthologues of mammalian EV 

biogenesis proteins were generated as double-stranded (ds)RNA templates. Primers against 

target sequences were designed using Primer3Plus (http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi; Untergasser et al., 2012), setting the amplicon size to 180-

210 base pairs, melting temperature to 59-61°C, GC content to 45-60%, and primer length to 

21-23 nucleotides. Primers were selected that spanned at least one intron. Primer and 

amplicon sequence specificity was determined using nucleotide BLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al., 1990). Forward and reverse primers 

were both labelled at the 5’ end with the T7 RNA polymerase promoter sequence, 5’-

TAATACGACTCACTATAGGGT-3’. The primers used to generate dsRNA template PCR products 

are listed in Table 5.1. The PCR program used for DNA amplification was run using the 

following parameters: preheat lid at 105°C; 1 cycle at 95°C for 1 min; 35 cycles at 95°C for 15 

seconds, optimum primer annealing temperature (listed in Table 5.1) for 15 seconds, 72°C 

for 10 seconds; 1 cycle at 72°C for 5 min. PCR product dsRNA templates underwent clean-up 

using the ChargeSwitch® PCR Clean-Up Kit (ThermoFisher Scientific) then were run on 1% 

agarose gels containing SYBR Safe DNA Gel Stain (ThermoFisher Scientific) to assess purity 

(i.e. a single PCR product of the expected size). PCR product sequences were confirmed by 

Sanger sequencing at Source BioScience (Cambridge, UK). A non-specific negative control 

(dsCTRL) dsRNA PCR product template targeting a bacterial neomycin phosphotransferase 

(not present in the F. hepatica genome) was generated from the cloning vector pEGFP-NI 

(Clontech Laboratories Inc., France) using two sets of primers with the T7 promoter sequence 

incorporated in either the forward or reverse primer (Table 5.1). The primers targeting 

FhALIX (BN1106_s1871B000313), FhSMPDL3138 (BN1106_s3568B000138), and FhMyoferlin 

(BN1106_s2378B000125) did not generate a pure PCR product so were not pursued for 

dsRNA synthesis. The T7 RiboMAX Express RNAi System (Promega) was used to synthesise 

dsRNA from the cleaned-up PCR product templates, according to the manufacturer’s 

instructions. A 1:100 dilution of dsRNA products was visualised on a 1% agarose gel 
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containing SYBR Safe DNA Gel Stain (ThermoFisher Scientific) to verify the sizes of the dsRNA 

products. dsRNA concentrations were measured using the POLARstar Omega 

Spectrophotometer. dsRNA was stored at -20°C until use. 

5.3.9 In vitro excystment of F. hepatica metacercariae 

F. hepatica metacercariae (Italian isolate) were purchased from Ridgeway Research Ltd (UK)

and stored in distilled (d)H2O at 4°C. For parasite use, the viscose tubing (on which the 

parasites were supplied) was placed in a Petri dish lid containing 2% bleach solution then 

metacercariae were scraped into the solution using a plastic card. To remove the 

metacercariae outer cyst wall, the metacercariae were transferred into a watch glass in 2% 

bleach solution which was then vigorously pipetted until the outer cyst walls were almost 

completely removed. The metacercariae were then washed five times in dH2O before being 

transferred into a new watch glass and stored overnight at 4°C. For excystment, two solutions 

of either 0.9% NaCl (Honeywell Research Chemicals), 1.2% NaHCO3 (Sigma-Aldrich) and 8 

mg/ml sodium tauroglycocholate (ThermoFisher Scientific) in dH2O, or N/20 HCl containing 

8 mg/ml L-cysteine (Sigma-Aldrich) in dH2O were prepared and warmed to 37°C. Immediately 

before excystment, the two solutions were combined then added to the metacercariae. The 

parasites were then incubated at 37°C for 2.5 h to excyst. The newly excysted juveniles (NEJs) 

were then washed seven times in warm PBS before being placed in RPMI-1640 containing 

100 U/ml penicillin and 100 µg/ml streptomycin (Sigma-Aldrich) at 37°C. Any remaining 

metacercariae that had not excysted were incubated in excystment media for a further 1.25 

h at 37°C then NEJs were collected and washed as described. 

5.3.10 Delivery of double-stranded RNA 

dsRNA was delivered to NEJs based on the method of McVeigh et al. (2014). Immediately 

after the excystment procedure, NEJs were separated into groups of 30 and incubated in 2 

ml round-bottomed tubes in 100 µ l RPMI-1640 containing antibiotics and 100 ng/µ l dsRNA 

(complementary to target transcripts or dsCTRL) for 72 h at 37°C in 5% CO2. No dsRNA was 

added to the untreated control group. At the end of the 72 h period, the media was removed 

and the juvenile worms were snap-frozen in liquid nitrogen and stored at -80°C. Two 

independent RNAi experiments were performed. 



185 
 

Table 5.1 Primers used for the generation of templates for dsRNA synthesis. A dash signifies that the target did not amplify. 
 

Target Identifier Forward primer (5’-3’) Reverse primer (5’-3’) 

Annealing 

temp. (°C) Amplicon (bp) 

FhALIX BN1106_s1871B000313 TAATACGACTCACTATAGGGTATGTTCGGATCATCCTCGTCG TAATACGACTCACTATAGGGTGCATCGTTTCCATGCATCCTC 62 183 
FhSMPDL3159 BN1106_s1285B000159 TAATACGACTCACTATAGGGTTTCTTCGAACCTGGTGTACGG TAATACGACTCACTATAGGGTTGTGTCGTTCGGTTCGAGATT 60 218 
FhSMPDL3138 BN1106_s3568B000138 TAATACGACTCACTATAGGGTCCGTGTCAACAATTTCACCCC TAATACGACTCACTATAGGGTAAAATTTGTGGTCCCTGGGGT - 214 
FhMyoferlin BN1106_s3585B000136 TAATACGACTCACTATAGGGTCAATTCGAACGGGGCATGATC TAATACGACTCACTATAGGGTCCGAAAGCGACCGGGAATATA 60 191 
FhMyoferlin BN1106_s2615B000090 TAATACGACTCACTATAGGGTTGCTGAACAAATGGCTCTTGC TAATACGACTCACTATAGGGTTACTGCCGGTCTCAGTTGAAC 58 191 
FhMyoferlin BN1106_s2378B000125 TAATACGACTCACTATAGGGTAACCTTCGGACACATCTGGTC TAATACGACTCACTATAGGGTATCGTCGGTGCCCAATAGATC - 200 
FhSMPD2 BN1106_s7135B000046 TAATACGACTCACTATAGGGTTTGCACATCCAGTTCATCGGA TAATACGACTCACTATAGGGTTTTCTGTACGGATTGTCGGCA 57 222 
FhRal-A BN1106_s637B000246 TAATACGACTCACTATAGGGTCGTCGGCAACAAAATCGACTT TAATACGACTCACTATAGGGTTGTTATGCAGTAGCGCTCGAA 63 164 
FhTSG101 BN1106_s410B000432 TAATACGACTCACTATAGGGTAATGTGGACGAAGCTGTGGAT TAATACGACTCACTATAGGGTTTCTCTCGGCACTGTTGTACC 55 212 
dsCTRL U55762 GGTGGAGAGGCTATTCGGCTA TAATACGACTCACTATAGGGTCCTTCCCGCTTCAGTGACAA 55 223 
dsCTRL U55762 TAATACGACTCACTATAGGGTGGTGGAGAGGCTATTCGGCTA CCTTCCCGCTTCAGTGACAA 55 223 
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5.3.11 Assessment of transcript knockdown 

Groups of 30 NEJs were ground under liquid nitrogen in 2 ml round-bottomed tubes and 

polyadenylated mRNA was extracted using the Dynabeads mRNA DIRECT Purification Kit 

(ThermoFisher Scientific) with the modifications described by McVeigh et al. (2014). After 

treatment with TURBO DNase (ThermoFisher Scientific), the mRNA was used to generate 

cDNA using the High-Capacity RNA-to-cDNA Kit (ThermoFisher Scientific), according to the 

manufacturer’s instructions. To assess target transcript knockdown, quantitative real-time 

PCR (qPCR) was performed on a RotorGene Q 5-plex HRM PCR system (Qiagen) as described 

by McVeigh et al. (2014). The qPCR primers were designed as described in section 5.3.8 and 

are listed in Table 5.2. β-actin, a housekeeping gene that has been used for a range of targets 

in juvenile F. hepatica (McVeigh et al., 2014), was amplified in samples as a reference 

transcript using the primers listed in Table 5.2. qPCR was performed in technical triplicate. 

Reaction mixtures of 10 µ l were made using 5 µ l FastStart SYBR Green Master (Roche), mH2O, 

1 µ l cDNA (or 1 µ l mH2O as a no template control), and forward and reverse primers at final 

concentrations of 0.2 µM. The qPCR parameters were 95°C for 10 min then 40 cycles of 95°C 

for 10 seconds, 60°C for 15 seconds, and 72°C for 30 seconds. The relative expression of 

target genes was calculated and normalised to β-actin using Pfaffl’s Augmented ΔΔCt 

method (Pfaffl, 2001) which generates a ratio of target transcript change relative to the 

untreated control, where a value of 1 represents no change. One-way ANOVA with Tukey’s 

post-test was subsequently performed on the ratios of relative transcript change using 

Graphpad Prism version 5 and statistical significance was calculated relative to the effect of 

dsCTRL on target transcript abundance. 

 

Table 5.2 Primers used for quantitative real-time PCR. 

Target Sequence identifier Forward primer (5’-3’) Reverse primer (5’-3’) 

Amplicon 

(bp) 

FhSMPDL3159 BN1106_s1285B000159 TTCTTCGAACCTGGTGTACGG CATCACGAGCCCACTGAAGA 267 
FhMyoferlin BN1106_s3585B000136 CAATTCGAACGGGGCATGATC GATATCCACAGCCGGTCCAG 216 
FhMyoferlin BN1106_s2615B000090 TGCTGAACAAATGGCTCTTGC TGCGGTAAGTCCTCTGCTTT 229 
FhSMPD2 BN1106_s7135B000046 TTGCACATCCAGTTCATCGGA CTCGCCGTTACCATAGTGCT 256 
FhRal-A BN1106_s637B000246 CGTCGGCAACAAAATCGACTT ACTCCCACTGGACGAGACTT 214 
FhTSG101 BN1106_s410B000432 AATGTGGACGAAGCTGTGGAT GTAGGCCAGCTTTCTCTCGG 223 

 
 
5.3.12 Juvenile fluke maintenance and collection of parasite secretions 

For the detection of dsRNA target proteins and to collect juvenile parasite secretions, 

metacercariae were excysted as described in section 5.3.9 and cultured in vitro according to 

McCusker et al. (2016). In brief, groups of 100 NEJs (in triplicate) were transferred into 2 ml 

round-bottomed tubes containing 1.5 ml 50:50 sterile-filtered chicken serum (Sigma-
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Aldrich):RPMI-1640 containing antibiotics and cultured for 10 days at 37°C in 5% CO2. The 

flukes were then washed three times in RPMI-1640 and viable flukes were transferred into 

fresh RPMI-1640 containing antibiotics and incubated for a further 21 h to collect parasite 

secretions. The RPMI-1640 was then removed and juvenile flukes were snap-frozen and 

stored at -80°C. 

 

RPMI-1640 containing juvenile fluke secretions was immediately centrifuged at 300 x g for 

10 min at 4°C and the resulting supernatant was spun again at 700 x g for 30 min at 4°C to 

remove larger debris. The final supernatant was snap-frozen and stored at -80°C. As a 

negative (vehicle) control for downstream NTA, RPMI-1640 media that had been incubated 

under the same conditions, but without parasites, was centrifuged and frozen in the same 

way to account for any particulates in the medium. 

 

5.3.13 Protein concentration assay and Western blotting of juvenile F. hepatica 

homogenate 

Groups of juvenile flukes were ground under liquid nitrogen in 2 ml round-bottomed tubes 

before 50 µ l radioimmunoprecipitation assay buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM 

EDTA, 0.1% SDS (w/v), 1% (w/v) sodium deoxycholate, 1% (v/v) Triton X-100, pH 7.4) 

containing cOmpleteTM Protease Inhibitor Cocktail (Roche) was added. Homogenates were 

then incubated for 1 h at 4°C and clarified by centrifugation. The supernatants were snap-

frozen and stored at -80°C. Homogenate protein concentrations were determined using the 

PierceTM BCA Protein Assay Kit (ThermoFisher Scientific). Western blots of homogenates were 

carried out as described in Chapter 3, section 3.3.4. Details of primary antibodies are given 

in Chapter 4, Table 4.1. Due to the paucity of juvenile fluke sample preparations, following 

transfer the membrane was cut horizontally and each half probed with a separate antibody. 

 

5.3.14 Nanoparticle tracking analysis of juvenile fluke secretions 

NTA was carried out using the NanoSight NS300 system (Malvern Instruments Ltd, United 

Kingdom) at the Panoz Institute, Trinity College Dublin, as described in Chapter 4, section 

4.3.2, with the following alterations. After a single freeze-thaw cycle, RPMI-1640 containing 

juvenile fluke secretions was diluted (1:1.3 ratio) with filter-sterilised PBS before analysis. 

The negative control RPMI-1640 was diluted and analysed in the same way to detect any 

particles already present in the medium. A detection threshold of 5 was used for post-

acquisition video analysis. Final particle concentrations are shown as an average of the 

secretions collected from three groups of juvenile flukes. 
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5.4 Results 

5.4.1 Phylogenetic and sequence analysis of F. hepatica sphingomyelinases 

Phylogenetic analysis revealed that human and sheep SMases and F. hepatica orthologues 

group by functional similarity, rather than into species-specific clades (Fig. 5.1A). In each case, 

the mammalian SMases grouped more closely than their F. hepatica orthologues. Whilst 

FhSMPD2 grouped with its nSMase family orthologues (HsSMPD2 and OaSMPD2), 

FhSMPDL3159 and FhSMPDL3138 formed their own discrete cluster within the acid-like SMase 

family, set apart from HsSMPD1, OaSMPD1, HsSMPDL3a/b, and OaSMPDL3a/b. Despite their 

phylogenetic segregation, the predicted domain architectures of FhSMPDL3159 and 

FhSMPDL3138 supported the reciprocal BLAST searches performed in Chapter 2 by showing 

they were more similar to HsSMPDL3a/b (Fig. 5.1B): both have a predicted N-terminal signal 

peptide and metallo-phosphatase catalytic domain, but lack the N-terminal saposin domain 

of HsSMPD1 (Gorelik et al., 2016b). FhSMPDL3138 also had an additional predicted 

transmembrane region but neither protein was predicted to have a GPI anchor which is a 

feature of SMPDL3b (Heinz et al., 2015). FhSMPD2 displayed the same domain architecture 

as HsSMPD2 (Fig. 5.1B), including two transmembrane regions which are essential for activity 

(Tomiuk et al., 2000). 

 

To further investigate potential activities of FhSMases, their catalytic domains were aligned 

with their human orthologues (Fig. 5.2). Alignments of the catalytic domains of HsSMPD2 and 

FhSMPD2 (Fig. 5.2A) revealed 28% sequence identity and 46% sequence similarity. 

Functionally important residues were conserved in FhSMPD2, including Asp111 and Lys116 of 

the DK switch, a motif involved in both catalysis and interactions with the neutral 

sphingomyelinase inhibitor GW4869 (Airola et al., 2017). 

 

The catalytic domains of HsSMPDL3a/b were less conserved (Fig. 5.2B). The catalytic domain 

of FhSMPDL3159 had 17% sequence identity (33% similarity) with HsSMPDL3a and 18% 

sequence identity (33% similarity) with HsSMPDL3b, whilst that of FhSMPDL3138 had 27% 

sequence identity (44% similarity) with both HsSMPDL3a/b. Fewer functionally important 

residues were conserved, particularly in FhSMPDL3159 which lacked residues such as His97 and 

Lys140 which are important in substrate recognition and binding (Gorelik et al., 2016a). N-

linked glycosylation is also important for HsSMPDL3a function (Traini et al., 2017). Whilst 

FhSMPDL3159 had four possible N-glycosylation sites (Asn50, Asn209, Asn267 and Asn297) and 

FhSMPDL3138 had three (Asn96, Asn188 and Asn362), the only conserved site was Asn356 in 

FhSMPDL3138 which is a conserved feature of the acid-like SMase protein family (Traini et al., 
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2017). Like in HsSMPDL3a/b, only the terminal Asn residues of the acid sphingomyelinase 

(SMPD1) consensus motif NXXXCXXXN (where X is any amino acid) were conserved in the 

fluke acid-like SMases, and there was limited deviation from the phosphodiesterase 

consensus motif (Fig. 5.2B). 

 

 
 

Figure 5.1 (A) A bootstrapped (1000 trials) neighbour-joining phylogenetic tree of human neutral 

(HsSMPD2 and HsSMPD3) and acid-like sphingomyelinase (SMase) family members (HsSMPD1, 

HsSMPDL3a and HsSMPDL3b) and sheep neutral (OaSMPD2 and OaSMPD3) and acid-like 

sphingomyelinase family members (OaSMPD1, OaSMPDL3a and OaSMPDL3b) with F. hepatica 

orthologues (FhSMPD2, FhSMPDL3159 and FhSMPDL3138). Numbers next to nodes represent bootstrap 

values (given as percentages). Values over 65% are displayed. (B) Cartoon representation of domains 

in human neutral (HsSMPD2) and acid-like sphingomyelinases (HsSMPDL3a and HsSMPDL3b) in 

comparison to F. hepatica neutral (FhSMPD2) and acid-like sphingomyelinase (FhSMPDL3159 and 

FhSMPDL3138) orthologues. Catalytic domains (EEP, endonuclease/exonuclease/phosphatase; MPP, 

metallo-phosphodiesterase) are in black, signal peptides (SP) in dark grey, and transmembrane regions 

(TM) in blue. Protein domain architectures were generated using InterPro (www.ebi.ac.uk/interpro; 

Mitchell et al., 2015). 
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Figure 5.2 (A) Pairwise alignment of catalytic domain residues of human (Hs)SMPD2 and F. hepatica 

(Fh)SMPD2. Lines between residues indicate exact sequence matches and colons indicate conservative 

substitutions. Residues shaded in grey are involved in Mg2+ coordination and catalysis. The DK switch 

is underlined. (B) Multiple sequence alignment of catalytic domain residues of HsSMPDL3a/b with 

FhSMPDL3159/138. Asterisks indicate exact sequence matches and colons indicate conservative 

substitutions. Residues shaded in grey are involved in metal coordination and catalysis and N-

glycosylation sites are shaded in red. Phosphodiesterase consensus motifs are underlined. NXXXCXXXN 

is the acid sphingomyelinase consensus motif.  
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5.4.2 F. hepatica sphingomyelinase activity is susceptible to GW4869 

To determine whether FhSMase activity was sensitive to the SMase inhibitor GW4869, 

isolated FhEVs (which carry FhSMases (Cwiklinski et al., 2015; de la Torre-Escudero et al., 

2019)) were treated with increasing concentrations of GW4869 (Fig. 5.3). Treatment of FhEVs 

with 5 µM GW4869 had no significant effect on SMase activity, but 25 µM GW4869 decreased 

15K and 120K-associated SMase activity by 27% and 35%, respectively. Treatment with 50 

µM GW4869 decreased 120K-associated SMase activity by 64%, but the increased GW4869 

concentration had no additional inhibitory effect on 15K EV-associated activity. 

 

 
Figure 5.3 The effect of GW4869 on sphingomyelinase activity associated with 15K (A) or 120K (B) EVs. 

Bars represent percentage sphingomyelinase activity of EVs treated with either the vehicle control or 

increasing concentrations of GW4869 (n = 3). Mean values ± standard deviation are shown. **, p < 

0.01; ***, p < 0.001; *****, p < 0.00001 (Student’s t-test). 

 
 
5.4.3 Treatment of flukes with GW4869 in vitro impacts both 15K and 120K extracellular 

vesicle release but to different extents 

As FhSMase activity was sensitive to GW4869, adult F. hepatica were maintained for 6 h in 

vitro in the presence of 25 µM GW4869 (or 0.5% DMSO as a vehicle control) to determine 

the effect on FhEV release. At the end of the 6 h incubation period, the flukes remained 

motile, but GW4869 treatment resulted in a significant (p < 0.05) 25% reduction in 15K EV 

protein concentration and a 24% reduction in 15K EV particle concentration compared to 

control 15K EVs (Fig. 5.4). Additionally, it was estimated that GW4869-treated flukes released 

protein associated with 15K EVs at a rate of approximately 470 ng/fluke/h and 15K EV 

particles at ~ 2.04 x 109 particles/fluke/h, as opposed to the control flukes which released 

approximately 630 ng/fluke/h and ~ 2.69 x 109 particles/fluke/h. 
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There was no significant difference in the particle number:protein µg (P/µg) ratio (a measure 

of EV purity; Webber and Clayton, 2013) between the 15K EVs from control and GW4869-

treated flukes (averaging 4.31 x 109 P/µg and 4.35 x 109 P/µg, respectively), indicating that 

neither 15K EV preparation was more contaminated with protein (Fig. 5.4C). Similarly, 

GW4869 treatment had no effect on the quantity of protein per particle (estimated to be 

0.23 fg/particle for 15K EVs derived from both treated and untreated flukes). Finally, NTA 

measurements showed that GW4869 treatment had no significant effect on the average size 

of 15K EVs, with those collected from control or GW4869-treated flukes having average sizes 

of 253 and 256 nm, respectively, and similar size distributions (Fig. 5.4E). 

 

Western blotting was also used to assess whether GW4869 treatment could affect the 

release of FhEVs bearing particular protein markers. As in Chapter 4, FhEV marker proteins 

were grouped according to putative functions and origins. As shown in Fig. 5.5A, GW4869 did 

not increase the release of stress-associated proteins, but there was a significant (p < 0.05) 

33% decrease in the level of FhMyoferlin. Whilst GW4869 treatment had no effect on the 

levels of FhTSG101 and FhALIX in the 15K EV population (Fig. 5.5B), there was a 25% reduction 

in the level of FhRal-A (though not significant), and similarly gut-associated proteins were 

reduced by 16 – 31%, although this was only significant (p < 0.05) for FhSMPDL3159 (Fig. 5.5C). 

Collectively, these results demonstrate that GW4869 treatment impacted 15K EV release and 

composition. 

 

Whilst GW4869 treatment had a modest effect on 15K EV release, it substantially impacted 

the release of 120K EVs, with a 55% reduction (p < 0.01) in protein concentration (Fig. 5.4A) 

and an 80% (p < 0.05) reduction in particle concentration (Fig. 5.4B) compared to control 

120K EVs. Furthermore, it was estimated that GW4869-treated flukes released protein 

associated with 120K EVs at a rate of approximately 17 ng/fluke/h and 120K EV particles at ~ 

3.24 x 107 particles/fluke/h, as opposed to the control flukes which released approximately 

38 ng/fluke/h and ~ 1.59 x 108 particles/fluke/h. 

 

The 120K EVs from GW4869-treated flukes had a lower particle number:protein µg ratio (1.95 

x 109 P/µg) than the control 120K EVs (4.16 x 109 P/µg) and, although this difference was not 

significant, it shows a trend towards more protein aggregates in the 120K EV pellet derived 

from GW4869-treated flukes (Fig. 5.4D). This is reflected in the protein content of the 120K 

EVs: 0.24 fg/particle for control 120K EVs compared with 0.53 fg/particle for the 120K EVs 

from GW4869-treated flukes. There was no significant difference in 120K EV particle size or 
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size distribution (Fig. 5.4F), but on average 120K EVs from GW4869-treated flukes were 

smaller (167 nm) than those from the controls (174 nm). Western blotting showed an 86% (p 

< 0.05) and 89% (p < 0.001) reduction in the release of FhSMPDL3159-positive and FhCD63rec-

positive 120K EVs (Fig. 5.6), respectively, reflecting the change in particle concentration 

rather than total protein concentration. These findings show that GW4869 treatment 

substantially reduced the release of 120K EVs by adult F. hepatica. 
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Figure 5.4 The effect of GW4869 treatment on 15K and 120K EV protein (A) and particle (B) 

concentration (expressed as a percentage of the controls), and the particle number:protein µg (P/µg) 

ratio of 15K (C) and 120K (D) EVs. Experiments were carried out in biological triplicate and mean values 

± standard deviation are shown. (D) Representative traces of nanoparticle tracking analysis of 15K EVs 

derived from control or GW4869-treated adult F. hepatica. *, p < 0.05 (Student’s t-test). (F) 

Representative traces of nanoparticle tracking analysis of control 120K EVs and 120K EVs from 

GW4869-treated flukes. 
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Figure 5.5 The effect of GW4869 treatment on the release of 15K EVs as determined by Western blot 

against selected EV markers. Experiments were carried out in biological triplicate, with representative 

blots shown in the left-hand panel, and mean densitometric values expressed as a percentage of the 

controls (± standard deviation) in the right-hand panel. Ctrl, control. *, p < 0.05 (Student’s t-test). 
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Figure 5.6 The effect of GW4869 treatment on the release of 120K EVs as determined by Western blot 

against selected EV markers. Experiments were carried out in biological triplicate, with representative 

blots shown in the left-hand panel, and mean densitometric values expressed as a percentage of the 

controls (± standard deviation) in the right-hand panel. Ctrl, control. *, p < 0.05; ***, p < 0.001 

(Student’s t-test). 

 

5.4.4 GW4869 treatment causes widespread disruption to F. hepatica tissue 

Upon histological examination, the morphology of flukes treated with the vehicle control 

(0.5% DMSO) appeared normal and basophilic following toluidine blue staining (Fig. 5.7). In 

contrast, the parenchymal tissue of GW4869-treated F. hepatica was extensively vacuolated 

and weakly basophilic (Fig. 5.7). Similarly, Fig. 5.8 shows that the tegumental syncytium was 

severely vacuolated following treatment with GW4869, whereas the morphology of the 

spines and sub-tegumental region appeared similar to the controls. 
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Figure 5.7 Toluidine blue staining of tissue sections from control (A, C) and GW4869-treated (B, D) 

adult F. hepatica. The parenchyma of GW4869-treated flukes is less basophilic and shows extensive 

vacuolation (asterisks). G, gut; PN, protonephridial duct; T, tegument; V, vitelline follicle. Scale bars, 

50 µm (A-B), 7.5 µm (C-D). 

 

5.4.5 Transmission electron microscopy reveals GW4869-induced disruption at the 

ultrastructural level 

Fluke tissue sections were also analysed by TEM to observe the GW4869-induced damage at 

the ultrastructural level. Whilst the tegument of control F. hepatica appeared normal (Fig. 

5.9A), the tegumental syncytium of GW4869-treated flukes was severely vacuolated (Fig. 

5.9B-C). Furthermore, numerous autophagosomes were present (Fig. 5.9C) and fewer T2 

secretory bodies were visible, while the distribution and number of T1 secretory bodies 

appeared similar to the controls. Although there were no signs of blebbing, in some regions 

the APM was irregular and highly convoluted (Fig. 5.9C). The spines appeared normal. 

 

In comparison to controls (Fig. 5.10A), the gastrodermal cells of GW4869-treated flukes 

appeared to be undergoing higher levels of autophagy, as evidenced by the abundance of 

autophagosomes (Fig. 5.10B-C). Some vacuolation was also visible in the gastrodermal cells 
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following GW4869 treatment (Fig. 5.10B-C), but the lamellae appeared normal (Fig. 5.10B-

C). 

 

Furthermore, TEM revealed that, compared to the controls (Fig. 5.11A), the parenchymal 

tissue of GW4869-treated F. hepatica appeared highly disorganised and the vacuoles seen by 

light microscopy are electron-lucent (Fig. 5.11B-D). Fig. 5.11B shows vacuolation of 

parenchymal tissue in close proximity to a protonephridial duct. However, there were some 

cells (such as the putative neurosecretory cell displayed in Fig. 5.11C) which appeared 

unaffected by GW4869 treatment. Further vacuolation was visible in the cytoplasm of the 

vitelline cells, and the vitelline cell protein clusters were loosely-packed (Fig. 5.12). 

Additionally, compared to the controls (Fig. 5.13A-B), more vacuolation was evident in the 

protonephridial duct epithelia of GW4869-treated F. hepatica (Fig. 5.13C-D), although the 

lipid droplets within the ducts appeared normal. 

 

 

 
 

Figure 5.8 Toluidine blue staining of tissue sections from control (A, C) and GW4869-treated (B, D) 

adult F. hepatica. The tegumental syncytium of GW4869-treated flukes is severely vacuolated 

(arrowheads) whilst the sub-tegumental region and spines appear similar to the controls. G, gut; PN, 

protonephridial duct; S, spine; T, tegument; V, vitelline follicle. Scale bars, 25 µm (A-B), 7.5 µm (C-D). 



199 

Figure 5.9 Transmission electron micrographs of the tegumental syncytium of control (A) or GW4869-

treated (B-C) adult F. hepatica. In comparison with control flukes (A), the tegumental syncytium of 

GW4869-treated flukes (B-C) is highly vacuolated (asterisks) and there is an accumulation of 

autophagosomes (arrows). The apical plasma membrane (APM) of GW4869-treated flukes is highly 

convoluted in some areas, whilst the spines (S) appear normal. Scale bars, 2 µm (A, C), 5 µm (B).
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Figure 5.10 Transmission electron micrographs of the gastrodermal cells of control (A) or GW4869-

treated (B-C) adult F. hepatica. Compared to the controls (A), there is an accumulation of 

autophagosomes (arrows) in the gastrodermal cells of GW4869-treated flukes, which also display 

some vacuolation (asterisks). The lamellae (arrowheads) appear normal. Scale bars, 2 µm (A), 1 µm (B-

C). 
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Figure 5.11 Transmission electron micrographs of the parenchyma of control (A) or GW4869-treated 

(B-D) adult F. hepatica. Compared to controls (A), the parenchyma of GW4869-treated flukes (B-D) 

displays large electron-lucent vacuoles (asterisks), whilst a putative neurosecretory cell (C, arrow) 

appears unaffected by GW4869 treatment. PN, protonephridial duct; V, vitelline follicle. Scale bars, 5 

µm (A, C), 10 µm (B), 2 µm (D). 
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Figure 5.12 Transmission electron micrographs of the vitelline cells of control (A) or GW4869-treated 

(B) adult F. hepatica. Compared to the vitelline cells of control adult F. hepatica (A), those of GW4869-

treated flukes (B) contain loosely packed protein clusters (arrowheads) and vacuoles within the 

cytoplasm (arrows). Scale bars, 1 µm (A), 2 µm (B). 
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Figure 5.13 Transmission electron micrographs of the protonephridial ducts of control (A-B) or 

GW4869-treated (C-D) adult F. hepatica. Vacuolation is more evident in the protonephridial ducts of 

GW4869-treated flukes (C, arrowheads), but the lipid droplets (arrows) appear unaffected at the 

ultrastructural level. Scale bars, 10 µm (A), 2 µm (B, D), 5 µm (C). 

 

5.4.6 Transcripts of F. hepatica sphingomyelinases and other putative extracellular 

vesicle biogenesis proteins are susceptible to RNAi 

Due to the technical challenges associated with delivering dsRNA uniformly to large flukes, 

RNAi is currently only feasible in juvenile F. hepatica. Here, NEJs were treated in vitro with 

dsRNA complementary to transcripts encoding putative EV biogenesis proteins. No 

differences in fluke viability were observed at the end of the 72 h treatment period. Of the 

transcripts targeted, there were significant reductions in the levels of FhSMPD2 (64%, p < 

0.01), FhSMPDL3159 (93%, p < 0.01) and FhTSG101 (76%, p < 0.05) following dsRNA treatment 

(Fig. 5.14). FhRal-A also showed a marked (though not significant) reduction of 84% in 

transcript abundance (Fig. 5.14). This shows that putative F. hepatica EV biogenesis proteins 

are susceptible to RNAi at the transcript level. 
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Figure 5.14 Suppression of target transcripts by RNAi in juvenile F. hepatica. Ratio of abundance of 

target transcripts (ΔΔCt) is relative to the expression of β-actin in samples treated with dsRNA relative 

to their transcript abundance in untreated samples. Statistical significance values are determined 

relative to the effect of negative control dsRNA (dsCTRL, targeting a bacterial neomycin 

phosphotransferase) on target transcript abundance. Experiments were carried out in biological 

duplicate and mean values ± standard deviation are shown. *, p < 0.05; **, p < 0.01 (one-way ANOVA 

with Tukey’s post-test). 

 

5.4.7 Extracellular vesicle biogenesis proteins are detectable in juvenile F. hepatica 

To detect the expression of EV biogenesis proteins, NEJs were maintained in vitro for 10 days 

in 50:50 chicken serum:RPMI-1640 before being transferred into RPMI-1640 to collect 

parasite secretions. The chicken serum:RPMI-1640 media has been shown to stimulate fluke 

development and promote an excretory/secretory product profile that resembles ex vivo 

juvenile flukes (McCusker et al., 2016). The Western blots of juvenile fluke homogenates in 

Fig. 5.15A show that three bands (two closely-spaced at ~ 55-65 kDa and another at ~ 75 

kDa) were detected for FhSMPDL3159, and one band at ~ 62 kDa was detected for FhTSG101. 

 

5.4.8 Extracellular vesicle-sized particles are detected in juvenile fluke secretions 

NTA was performed to determine whether particles could be detected in juvenile F. hepatica 

secretions. Fig. 5.15B shows that there was a significant difference (p < 0.01) in the number 

of particles detected in RPMI-1640 containing fluke secretions (2.13 x 109 particles/ml) 

compared to the RPMI-1640 negative control (3.08 x 107 particles/ml). After removing the 

number of particles detected in the negative control as a background reading, it was 

calculated that the juvenile flukes released 3.85 x 105 particles/fluke/h. Moreover, particles 
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released by juvenile flukes had an average size of 223 nm and their size profile showed two 

distinct peaks between 150-250 nm, compared to that of RPMI which showed a non-descript 

particle trace (Fig. 5.15C). 

 

 

 

Figure 5.15 (A) Western blots probing for FhSMPDL3159 and FhTSG101 in juvenile F. hepatica 

homogenate. (B) The concentration of particles secreted by juvenile flukes in RPMI-1640 compared to 

a media only negative control. Groups of juvenile flukes (in triplicate) were maintained in vitro in 50:50 

chicken serum:RPMI-1640 for 10 days then fluke secretions were collected in RPMI-1640 over a 21 h 

period. The media was then centrifuged to remove larger debris. Mean values ± standard deviation 

are shown. (C) Representative nanoparticle tracking analysis traces of the RPMI-1640 negative control 

and RPMI-1640 containing juvenile fluke secretions. **, p < 0.01 (Student’s t-test). 
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5.5 Discussion 

The BLAST survey conducted in Chapter 2 indicated that F. hepatica has a distinct SMase 

repertoire to humans. By using phylogenetic analysis and sequence alignments, this chapter 

elaborated on those findings and showed that fluke acid-like SMases clustered separately to 

their mammalian counterparts and that key functional residues were not conserved. These 

included N-glycosylation sites essential for HsSMPDL3a activity (Traini et al., 2017), indicating 

that the fluke acid-like enzymes may have distinct functions or catalytic mechanisms. 

HsSMPDL3a does not have SMase activity but is an acidic nucleotide phosphodiesterase 

(Traini et al., 2014). Conversely, HsSMPDL3b is a neutral nucleotide phosphodiesterase (with 

comparatively low activity) and is thought to have SMase activity when tethered by a GPI 

anchor to a lipid bilayer (Gorelik et al., 2016a). Neither fluke acid-like SMase was predicted 

to have a GPI anchor, but FhSMPDL3138 could be tethered to lipid bilayers by its predicted 

transmembrane region. In addition, proteomic analysis has shown that FhSMPDL3159 and 

FhSMPDL3138 are associated with FhEV membranes (Cwiklinski et al., 2015a; de la Torre-

Escudero et al., 2019) and FhSMPDL3159 was localised to the periphery of cells (Chapter 3, 

section 3.4.3). Conceivably, the localisation pattern of FhSMPDL3159 and FhSMPDL3138 could 

permit SMase activity, but direct biochemical characterisation of these proteins would be 

required to confirm this. 

 

Functionally important residues and motifs were conserved in FhSMPD2, including the DK 

switch which acts in both catalysis and interactions with the nSMase inhibitor GW4869 

(Airola et al., 2017). Indeed, treating FhEVs with GW4869 inhibited FhEV-associated nSMase 

activity in a dose-dependent manner. Residual activity following GW4869 treatment could 

have been due to the activities of FhSMPDL3159 and FhSMPDL3138 which may be less sensitive 

to the inhibitor. Alternatively, due to the primary sequence divergence between FhSMPD2 

and HsSMPD2, the fluke enzyme may have a different pharmacological profile to its human 

counterpart. In this regard, Zhou et al. (2017) showed that an insect SMPD2 was less 

susceptible to GW4869 inhibition than the human enzyme, and even 100 µM GW4869 was 

unable to eliminate insect SMase activity. It should be noted that the putative target of 

GW4869, FhSMPD2, was not identified in 120K EVs by mass spectrometry (Cwiklinski et al., 

2015a; de la Torre-Escudero et al., 2019) despite the apparent susceptibility of 120K EV-

associated SMase activity to GW4869. This may be because FhSMPD2 is present at relatively 

low levels so was not detected in 120K EVs, or because the fluke acid-like enzymes, which 

are enriched in 120K EVs (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 2019), have 

GW4869-sensitive SMase activity. Expressing the individual proteins in recombinant systems 
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could elucidate which FhSMase isoform is responsible for the activity associated with the 

FhEV populations. 

Treating adult F. hepatica with GW4869 in vitro had a minor impact on 15K EV release but 

caused a major reduction in the release of 120K EVs. Differing effects of GW4869 on the 

release of large and small EVs have been reported in the literature (Bianco et al., 2009; Menck 

et al., 2017). However, in contrast to this study, Menck et al. (2017) reported that GW4869 

increased the release of larger EVs collected from various mammalian cell lines by 

ultracentrifugation at a comparable 14,000 x g. This difference could be attributed to the 

different SMase repertoire of F. hepatica and the absence of an SMPD3 orthologue (see 

Chapter 2, Table 2.3) which was shown by RNAi to be partly responsible for the increased 

release of larger EVs (Menck et al., 2017). Indeed, the relatively minor effect of GW4869 on 

15K EV release suggests that FhSMase-driven biogenesis only contributes a subset of 15K 

EVs, with the majority of the population formed independently of FhSMase activity. 

The inhibition of 120K EV secretion by GW4869 reflects the impact of GW4869 on 

exosome/small EV release reported in the literature (Essandoh et al., 2015; Li et al., 2013b; 

Menck et al., 2017; Willms et al., 2016) and suggests that 120K EVs could form in a ceramide-

dependent manner. Some 120K EVs, however, were still released following GW4869 

treatment, indicating either that GW4869 does not completely inhibit FhSMase activity (as 

was demonstrated in the assays using isolated EVs), or that multiple/hybrid EV biogenesis 

pathways exist in F. hepatica, a proposition supported by the enrichment of ESCRT proteins 

in the 120K EVs in particular (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 2019). 

As GW4869 treatment of flukes in vitro had measurable effects on FhEV release, GW4869-

treated fluke tissue was examined by microscopy to provide insight into its mechanism of 

action. Whilst increased autophagy indicated that there was some disruption to the gut, 

more severe disruption was observed in the parenchymal tissue of GW4869-treated flukes, 

including in sub-gastrodermal and sub-protonephridial regions. There was also an absence 

of basophilia in the disrupted parenchymal cells which suggests that GW4869 inhibited the 

formation of the sub-gastrodermal, basophilic vesicular structures that were labelled by the 

anti-FhSMPD2 antibody (amongst others) in Chapter 3. This indicates that these basophilic 

vesicles are more likely a source of 120K EVs rather than 15K EVs because secretion of the 

latter was not affected by GW4869 to the same extent. Additionally, this supports the 

differential origins of 15K EVs and 120K EVs bearing the same markers (Cwiklinski et al., 2015; 
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de la Torre-Escudero et al., 2019; Chapter 4, section 4.5). For example, GW4869 treatment 

had no effect on the release of FhCD63rec-positive 15K EVs (which may be synthesised and 

secreted by gastrodermal cells) but had a significant impact on the release of FhCD63rec-

positive 120K EVs (which may be synthesised in the parenchymal cells before being trafficked 

to the gastrodermal cells for secretion). Immunolocalisation of FhEV marker proteins in the 

GW4869-treated flukes could further elucidate the impact of GW4869 on the different FhEV 

populations. 

 

In addition to the effects on parenchymal cells, GW4869 caused vacuolation of the 

tegumental syncytium and furrowing of the apical plasma membrane (APM). These effects 

were similar to those of the anthelmintic clorsulon which were ascribed to the impairment 

of the tegumental osmoregulatory system causing an influx of fluid (Meaney et al., 2005b). 

However, the subsequent flooding into the sub-tegumental tissue (observed with other 

fasciolicides (Halferty et al., 2009)) was not visible here and it is unclear at present how 

GW4869 could affect tegumental osmoregulation. Instead, the disruption to parenchymal 

cells could be attributed to the inhibition of sphingomyelin hydrolysis by GW4869. In support 

of this, the ultrastructural effects of GW4869 were broadly similar to those seen in 

sphingomyelin storage diseases such as Niemann-Pick disease where sphingomyelin 

accumulates in the cell (Elleder, 1989). Sphingomyelin is an essential component of cell 

membranes (Bollinger et al., 2005), but its accumulation may have destabilised PMs by 

altering membrane fluidity, leading to a flux of fluid between cells. Accordingly, the 

disorganised structure of hepatocytes in Niemann-Pick disease has been ascribed to the 

inhibition of lipid processing, resulting in a loss of PM surface tension (Elleder, 1989). The 

parenchyma and tegument may have been particularly sensitive to the dysregulation of lipid 

metabolism as they are thought to be centres of lipid processing and consumption, 

respectively, in the liver fluke (Pankao et al., 2006). 

 

It has been postulated that, on exposure to external stresses, non-essential organs are shut 

down by F. hepatica (Dawes, 1968; Halferty et al., 2009) which may account for the disruption 

seen in the vitelline follicles. Interestingly, at the ultrastructural level both lipid droplets in 

the protonephridial ducts and electron-dense vesicles within putative neurosecretory cells 

appeared unaffected by GW4869, suggesting that FhSMases are not involved in their 

formation. 
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Breakdown of the tegumental syncytium, evidenced by the presence of autophagic vacuoles, 

and potential shedding of protein aggregates may have caused the trend towards lower 

purity levels in 120K EVs following GW4869 treatment. GW4869 is not thought to be 

cytotoxic and has been administered to mice over weeks without adverse effects (Dinkins et 

al., 2014; Essandoh et al., 2015). However, whilst mammals have SMases that are refractory 

to GW4869 (Luberto et al., 2002), the limited repertoire of FhSMases may have amplified the 

impact of GW4869 treatment on F. hepatica, resulting in the drastic morphological effects 

observed. Interestingly, however, GW4869 treatment did not induce the increase in 15K EV 

stress-associated proteins observed in the ligation experiment (Chapter 4) and no blebbing 

was visible at the tegument APM. This indicates that, despite the ultrastructural damage, 

GW4869-treated flukes did not undergo the same damage-response as ligated flukes 

(Chapter 4). Although treatment with GW4869 was non-lethal in vitro, it could conceivably 

impair the release of immunomodulatory FhEVs in vivo such that the host immune system 

could eliminate the parasite. Therefore, the potential for FhSMases as novel drug targets may 

warrant further investigation. 

 

Silencing FhSMases by RNAi could reveal whether disruption of FhEV secretion by GW4869 

resulted from direct inhibition of FhSMase activity and confirm which FhSMase gene product 

is involved. Currently, RNAi is only feasible in NEJs, but it remains to be determined whether 

juvenile F. hepatica actually secrete EVs. Although soluble excretory/secretory products from 

NEJs have been characterised (Robinson et al., 2009), so far studies of NEJ EVs have been 

impeded by the technical challenges (and costs) of collecting enough parasite material for 

meaningful analysis. However, as juvenile life stages of other helminths, including 

Trematoda, release EVs (Ancarola et al., 2017; Hansen et al., 2019; Harischandra et al., 2018; 

Nowacki et al., 2015), it is likely that EVs are also secreted by juvenile F. hepatica. Here, direct 

analysis of juvenile fluke secretions by NTA revealed EV-sized particles released by relatively 

small numbers of juvenile F. hepatica. Whilst these particles have yet to be confirmed as EVs, 

their size distribution profile showed two peaks at 145 nm and 215 nm, resembling the sizes 

of the 120K and 15K EVs released by adult F. hepatica (as measured by NTA). Detecting EV-

enriched molecules in juvenile fluke secretions and the visualisation of EVs by TEM would still 

be required to show that the particles detected by NTA are EVs (Théry et al., 2018). 

Nevertheless, NTA of FhEVs from economically viable numbers of juvenile flukes could 

facilitate the study of EV biogenesis in F. hepatica by providing a phenotypic readout for 

changes in FhEV release following silencing of putative EV biogenesis proteins. An additional, 

though technically challenging, step to increase NTA specificity would be to label the putative 
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juvenile FhEVs with quantum dot-conjugated antibodies targeting FhEV markers then 

performing fluorescence NTA (Carnell-Morris et al., 2017). 

 

It was also demonstrated that the transcripts of putative EV biogenesis proteins are 

susceptible to RNAi and that those proteins could be detected by Western blot in juvenile 

fluke homogenates, providing a basis on which to build future RNAi studies. Western blotting 

of FhSMPDL3159 in juvenile fluke homogenate revealed an additional, higher molecular 

weight band that was not detected for this protein in adult FhEVs (de la Torre-Escudero et 

al., 2019). This may be due to differential glycosylation of FhSMase isoforms: e.g. the N-

glycosylation patterns of mammalian SMPDL3a/b proteins vary with temporal and spatial 

development (Gorelik et al., 2016a; Heinz et al., 2015; Traini et al., 2014, 2017). Further work, 

such as the enzymatic removal of N-glycans, is required to confirm this and investigate its 

functional significance. Although other putative EV biogenesis proteins (such as FhRal-A) 

were not detected by Western blots of juvenile fluke homogenate, they are expressed at low 

levels by F. hepatica (Cwiklinski et al., 2015a) so their detection may require a greater number 

of worms or older, larger parasites. 

 

In this chapter, inhibiting FhEV biogenesis with GW4869 indicated that a ceramide-driven 

mechanism of EV formation could occur in F. hepatica. Pilot RNAi studies suggest that this 

approach could be used to corroborate the effects of GW4869 and enable progression into 

animal infection models to determine the impact of blocking FhEV release on pathogenesis 

and parasite survival. 
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Chapter 6: Final discussion 

Helminth extracellular vesicles (hEVs) are emerging as important mediators of the host-

parasite interaction, with functions that range from immunomodulation to promoting 

pathogenesis (Chaiyadet et al., 2015; Coakley et al., 2017; Roig et al., 2018; Zamanian et al., 

2015). Consequently, hEVs are being investigated for their therapeutic potential, both as 

treatments for immune disorders (Eichenberger et al., 2018b; Roig et al., 2018) and as targets 

for novel anti-parasitic interventions. The latter have so far focussed on preventing the 

internalisation of hEVs by host cells (Chaiyadet et al., 2015; de la Torre-Escudero et al., 2019) 

and on the potential of hEVs as vaccine candidates (Kifle et al., 2017). However, the effect of 

blocking hEV release on parasite survival within the host has yet to be investigated due to 

our limited understanding of the molecular machinery that drives hEV biogenesis and 

secretion. 

 

Accordingly, this body of work aimed to develop our knowledge of the molecular 

mechanisms underlying hEV formation by investigating three major themes. The first was to 

investigate the conservation of canonical EV biogenesis pathways across helminth phyla to 

determine whether these could operate in helminths. The second was to identify sites of EV 

secretion by F. hepatica to provide insight into their mechanisms of formation. The third was 

to disrupt F. hepatica (Fh)EV release by targeting putative EV biogenesis molecules. This 

would demonstrate that targeted inhibition of hEV production is possible; thus, providing 

proof-of-concept for future studies aimed at disrupting parasite-to-host communication for 

therapeutic purposes. 

 

6.1 Extracellular vesicle biogenesis pathways are conserved in helminths but differ 

between phyla 

Although EV release is a conserved phenomenon in helminths (Eichenberger et al., 2018a, 

2018b; Hansen et al., 2019; Marcilla et al., 2012; Zamanian et al., 2015; Zheng et al., 2017), 

it was unknown whether the molecular pathways involved in exosome and microvesicle (MV) 

formation are also conserved across helminth phyla. The findings of Chapter 2 established 

that ESCRT-dependent and -independent EV biogenesis pathways were broadly conserved, 

including in the free-living species analysed. Accordingly, both ESCRT-dependent and -

independent pathways have been implicated in the production of Caenorhabditis elegans 

EVs that function in worm-to-worm communication and cuticle development (Hyenne et al., 

2015; Wang et al., 2014a). Since these pathways were also conserved in the free-living 
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platyhelminth S. mediterranea, it seems probable that it could also release EVs, perhaps with 

functions similar to those described in C. elegans. Indeed, the secretion of EVs by free-living 

species for inter-worm communication could have been co-opted during the adaptation to 

parasitism by helminths to transfer molecular signals to the host. 

 

Despite the overall conservation of ESCRT proteins in helminths, there were notable losses 

of some functional domains typically required for interactions between ESCRT proteins in 

their mammalian counterparts, indicating that non-canonical pathways may operate in 

helminths. Atypical ESCRT pathways have been described for intraluminal vesicle (ILV) 

formation during viral infection where alternative proteins, such as the Bro1 domain-

containing protein histidine domain phosphotyrosine phosphatase (HD-PTP), are recruited 

to link ESCRT subunits instead of canonical pathway members (Parkinson et al., 2015). Similar 

Bro1 domain-containing proteins have been found associated with hEVs (Chaiyadet et al., 

2015; Davis et al., 2019; Siles-Lucas et al., 2017), so it is possible that these, or other helminth-

specific molecules, enable interactions between ESCRT subunits in the absence of canonical 

interacting regions. 

 

Furthermore, the loss of genes encoding some key lipid-modifying enzymes in helminth 

genomes could have interesting implications for the formation and composition of hEVs. Like 

in insects (Zhou et al., 2017), only one neutral sphingomyelinase (nSMase) orthologue was 

identified in helminths (SMPD2), and genes encoding sphingosine-1-phosphate receptors 1/3 

were absent across all species analysed. This reduced complement of lipid-interacting 

proteins may be associated with the limited capacity of parasitic helminths for lipid 

biosynthesis (International Helminth Genomes Consortium, 2019), with the worms instead 

obtaining lipids (and lipid precursors) from the host (Frayha and Smyth, 1983). How the lack 

of these genes affects the lipids incorporated into hEVs remains to be seen. The only lipid 

profile of hEVs to date has been generated from H. bakeri-derived small EVs (Simbari et al., 

2016). This revealed that the EVs of these parasitic nematodes have a reduced cholesterol 

and sphingomyelin content compared to mammalian exosomes but are enriched in fusogenic 

plasmalogens (Simbari et al., 2016). Whilst it is tempting to speculate that these differences 

in EV lipid content are a result of the reduced complement of lipid-modifying enzymes 

described in Chapter 2, further studies of hEV lipid composition are required to confirm this 

and investigate possible implications for hEV biogenesis. 
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A major finding of Chapter 2 was the difference between nematodes and platyhelminths in 

the conservation of proteins which sort RNA into EVs. A recent publication has elaborated on 

mechanisms of RNA loading into parasitic nematode EVs by demonstrating that a worm-

specific argonaute (WAGO) protein interacts with specific small interfering RNAs to mediate 

their transfer into EVs (Chow et al., 2019). It was postulated in Chapter 2 that major vault 

protein (MVP), which is involved in selective sorting of RNA into mammalian EVs, could 

mediate a similar mechanism in platyhelminths since it is frequently associated with 

platyhelminth EVs (Ancarola et al., 2017; Bernal et al., 2014; Chaiyadet et al., 2015; de la 

Torre-Escudero et al., 2019; Siles-Lucas et al., 2017; Zheng et al., 2017) and has been detected 

in the lumen of 120K EVs (Cwiklinski et al., 2015a). Further experimental work, such as 

immunoprecipitation of MVP from platyhelminth EVs, could reveal whether it indeed binds 

RNA encapsulated within platyhelminth EVs and help to elucidate EV RNA sorting 

mechanisms in platyhelminths. 

 

The review of hEV proteomic data conducted in Chapter 2 also revealed a dearth of EV 

biogenesis protein orthologues in nematode EVs. This indicates that, despite the 

conservation of EV biogenesis pathway members at the genomic level, fundamental 

differences in EV biogenesis may exist between helminth phyla. Whether the same pathways 

are utilised in nematodes but the EV biogenesis proteins are not released with nematode 

EVs, or nematodes use altogether different EV biogenesis mechanisms, requires further 

research. It does appear, however, that parasitic nematode EV biogenesis is a regulated 

process which changes as the parasite develops, giving rise to sex-specific and development-

related differences in EV composition (Hansen et al., 2019; Harischandra et al., 2018). 

 

6.2 F. hepatica produces multiple subtypes of extracellular vesicles with different cellular 

origins 

FhEVs can be separated into two distinct populations by differential centrifugation at 15,000 

x g (15K EVs) and 120,000 x g (120K EVs) which were originally proposed to originate from 

the gut and the tegument, respectively (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 

2019; Marcilla et al., 2012). However, whilst the present work supports the biological 

distinction between 15K and 120K EVs, it shows that these populations are likely to contain 

further EV subtypes which have different origins and compositions. Immunolocalisation 

studies in Chapter 3 revealed that FhEV marker proteins, identified by previous proteomic 

analysis (Cwiklinski et al., 2015a; de la Torre-Escudero et al., 2019), were expressed in 

multiple sites in adult F. hepatica tissue sections, suggesting that FhEVs are derived from 
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multiple cell types. Heterogeneity amongst the FhEV populations was supported in Chapters 

4 and 5 where it was shown that ligation and GW4869 treatment of flukes, during in vitro 

culture, impacted the release of EVs bearing different marker proteins (from within the 15K 

and 120K EV populations) to different extents. This may indicate that EVs within these 

populations are released from different tissue locations and/or through different biogenesis 

pathways. Moreover, the novel application of laser microdissection (LMD) in helminths to 

isolate the gastrodermal cells and tegument for proteomic analysis revealed that both these 

tissues shared proteins exclusively with either the 15K or 120K EVs, supporting that each 

tissue contributes a subset of EVs to each population. Potential mechanisms of biogenesis 

and release will now be addressed in each of the sites potentially involved in FhEV production 

that were identified in this body of work. These are also summarised in Fig. 6.1. 

 

6.2.1 The parenchyma 

The localisation of several FhEV marker proteins to vesicular structures within the 

parenchyma in Chapter 3 indicates that parenchymal cells play a previously unknown role in 

EV biogenesis (Fig. 6.1). Immunolabelling of parenchymal cells resembling the PC2-type 

described in F. gigantica (Pankao et al., 2006) suggested that these cells have a secretory 

function in addition to their roles in lipid storage and metabolism. Whether all these EV 

biogenesis proteins localised to the same cells was not determined. Indeed, there may be 

subsets of PC2-type cells with distinct vesicle biogenesis pathways given that some FhEV 

marker proteins only localised to sub-gastrodermal regions (e.g. FhMyoferlin and 

FhCD63rec), whereas others appeared to be distributed throughout the parenchyma (e.g. 

FhALIX and FhDM9). 

 

For the parenchymal vesicular structures to be secreted extracorporeally, they would have 

to be trafficked to suitable sites within the fluke that are permissive to their release. In this 

regard, vesicular structures similar in size to those immunolabelled within the parenchymal 

cells were also seen outside the cells (around their periphery or in the interstitial material) 

and in close proximity to the gut, tegument and protonephridial ducts, indicating that these 

vesicular structures are trafficked within the parenchyma to these potential sites of release 

(Fig. 6.1). Moreover, similarly-sized vesicular structures were visible in rear extensions of 

gastrodermal cells that protruded into the parenchymal tissue, suggesting that there is a 

transition of these vesicles between the parenchyma and the basolateral membrane of 

gastrodermal cells (from where they may conceivably be released). A possible mechanism 

for how the EVs could be transferred between cells is adsorptive-mediated transcytosis 



215 

which was recently reported to enable EVs released by erythrocytes to cross the blood-brain 

barrier (Matsumoto et al., 2017). Such a process in gastrodermal cells could be mediated by 

Rab11 (detected in the gastrodermal cell proteome and enriched on the surface of 120K EVs; 

de la Torre-Escudero et al., 2019) which has been shown to mediate transcytosis of vesicles 

across canine kidney cells (Casanova et al., 1999; Wang et al., 2000), although these 

hypotheses require experimental investigation. 

6.2.2 The gut 

As had been proposed by Cwiklinski et al. (2015), the gut was found to be the dominant site 

of 15K EV release. In particular, those EVs immunopositive for tyrosinated α-tubulin, 

FhSMPDL3159, FhCL1 and FhCD63rec were shown by oral sucker ligation to originate from the 

gastrointestinal tract. Tyrosinated α-tubulin was localised to the gastrodermal cell apices 

where some evidence of budding of the lamellar tips was observed by transmission electron 

microscopy (TEM). This suggests a microvesicle-like origin for tyrosinated α-tubulin-positive 

15K EVs, although this requires confirmation by immunogold labelling. An atypical form of 

EV secretion may also occur in gastrodermal cells where 15K EVs enriched in FhCL1 are 

released into the gut lumen following rupture of the apical plasma membrane (APM) during 

feeding (Halton, 1967; de la Torre-Escudero et al., 2019) or during the dynamic cytoskeletal 

remodelling which occurs as the cells cycle between secretory and adsorptive phases 

(Robinson and Threadgold, 1975). Release of intact vesicles from within the cell is supported 

by the shared proteins between gastrodermal cells and 15K EVs which include some more 

commonly associated with intracellular vesicles (e.g. coatomers and Sec23A). 

Unexpectedly, oral sucker ligation also demonstrated that the majority of 120K EVs originate 

from the gut. ESCRT proteins are enriched on the surface of 120K EVs (de la Torre-Escudero 

et al., 2019) and ESCRT-associated proteins were localised to the gastrodermal cells, 

suggesting that these may interact to produce a sub-population of 120K EVs in an ESCRT-

dependent process. However, it remains to be determined whether these EVs are actually 

synthesised within the gastrodermal cells or whether these cells just act as a conduit for 

release of vesicles trafficked from the parenchyma (see section 6.2.1). As the gut is the 

principal site of EV secretion in adult F. hepatica, it would suggest that during infection the 

majority of FhEVs are delivered into the bloodstream for feeding or immunomodulatory 

purposes. Accordingly, EVs could represent a novel target for serology-based diagnostic tools 

(Meningher et al., 2017). The different modes of EV biogenesis and release in the 

gastrodermal cells are illustrated in Fig. 6.1. 
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6.2.3 The tegument 

The in vitro ligation experiment, supported by the LMD proteomic analysis, showed that the 

tegument could also contribute to 15K and 120K EV release, although to a lesser extent than 

the gut. Tegumental EV secretion is shown in Fig. 6.1. It has been postulated that an increase 

in the concentration of intracellular Ca2+ could trigger a signalling cascade that induces 

cytoskeletal remodelling and enables budding of MVs from the tegument APM (de la Torre-

Escudero et al., 2016). This mechanism is supported by the LMD proteomic analysis of 

Chapter 4 which identified a range of calcium-sensitive signal transduction proteins and 

cytoskeletal remodelling proteins that are shared between the tegument and FhEVs. 

Additionally, the suggestion that MVs are released from the tegument in response to external 

stresses (de la Torre-Escudero et al., 2016) is supported by the ligation experiment which 

indicated that ligation induced the shedding of tegument-derived membranous material that 

comprised part of the 15K EV population released by ligated flukes. 

 

It is also possible that some FhEVs originate from multivesicular body (MVB)-like structures 

that have been observed beneath the tegument APM by TEM (de la Torre-Escudero et al., 

2016). These may be formed in the tegument in an ESCRT-dependent process involving 

FhALIX and FhTSG101 (which were both localised to the tegumental syncytium) before being 

transferred to the APM by motor and vesicle-trafficking proteins identified in the LMD 

tegument proteome. However, immunogold labelling would be required to show that these 

proteins are involved in exosome formation and release as opposed to the trafficking of 

T1/T2 secretory bodies that occurs within the tegumental syncytium (Hanna, 1980). Several 

FhEV marker proteins were also localised to the spines which represent an unexplored site 

of secretion. Vesicles have been visualised within the crystalline matrix of the spines of 

Paragonimus westermani (Fukuda et al., 1987) and other studies have localised proteins, 

such as helminth defence molecule-1 and calmodulin-2 (Martínez-Sernández et al., 2014; 

Russell et al., 2012), to F. hepatica spines which suggests that these have a more complex 

composition than initially described (Stitt et al., 1992). Given the success of using LMD to 

isolate fluke tissue in Chapter 4, this technique could again be used in combination with mass 

spectrometry analysis to characterise the spines and reveal novel functions at the host-

parasite interface. 

 

6.2.4 The protonephridial system 

Compared to the gut and the tegument, the role of the protonephridial system in the host-

parasite interaction has been somewhat overlooked. During infection, the protonephridial 
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system has been associated with the excretion of lipids and anthelmintics (Burren et al., 

1967; Kusel et al., 2009; Wilson and Webster, 1974), but the current work suggests an 

additional role in the release of FhEVs (Fig. 6.1). The in vitro ligation experiment indicated 

that a sub-population of 120K EVs are released from the excretory pore. These EVs may be 

derived from the putative MVBs identified in the protonephridial duct epithelial cells by TEM. 

Indeed, several EV biogenesis proteins were localised to the protonephridial duct epithelium 

(FhALIX, FhTSG101, FhRal-A and FhSMPD2), and FhALIX was detected in a flame cell, which 

suggests that 120K EVs may also be generated (or at least transported) by this organ system. 

Upon release, these protonephridial-derived 120K EVs could drain from the biliary ducts into 

the host gut and be internalised by intestinal epithelial cells (IECs), as was originally suggested 

for 120K EVs derived from the tegument (Cwiklinski et al., 2015a; Marcilla et al., 2012). As 

IECs are involved in immune surveillance (Allaire et al., 2018), 120K EVs could potentially 

offload their immunomodulatory cargo to interfere with signalling between IECs and the 

underlying gut-associated lymphoid tissue, preventing the induction of a host-protective 

immune response (Cwiklinski et al., 2015a). 

 

Recently, the excretory system has also been suggested as a source of EVs from the 

nematodes Ascaris suum and Brugia malayi (Hansen et al., 2019; Harischandra et al., 2018). 

Interestingly, ALIX was localised to the excretory duct of B. malayi (Harischandra et al., 2018) 

which could indicate a conserved role of this protein in the formation of EVs released from 

the excretory ducts of helminths. Notably, EV biogenesis proteins did not localise to lipid 

droplets in the protonephridia of F. hepatica, nor did SMase inhibition appear to impact lipid 

droplet formation. Although the molecular mechanisms responsible for lipid droplet 

formation remain unresolved, initial characterisation of the lipid droplets released from the 

excretory pore suggested that they have a complex composition and function in the removal 

of lipid (or lipid-soluble) metabolic waste products from parasite tissues (Burren et al., 1967; 

Moss, 1970). The effects of excreting such vast quantities of lipid (10% of the fluke’s total 

lipid content during 4 h in vitro culture; Burren et al., 1967) on host cell physiology, however, 

are unknown and it would be interesting to determine whether these bioactive lipids (or 

proteins in the lipid droplets’ lamellar coat) also participate in the host-parasite interaction. 

 

6.3 Disrupting extracellular vesicle biogenesis in F. hepatica 

Here, it was shown for the first time that it is possible to disrupt EV biogenesis in a helminth 

by targeting putative EV biogenesis molecules (SMases) with a chemical inhibitor (Fig. 6.1). 

SMases have already been investigated as potential drug targets in pathogenic protozoans 



218 
 

(Coppens, 2013; Dickie et al., 2018; Hanada et al., 2000; Young and Smith, 2010; Zhang et al., 

2009) and their functional role in helminths warrants further investigation. In particular, 

SMPDL3a/b have been associated with immunomodulation (Heinz et al., 2015; Traini et al., 

2014) and FhSMPDL3159 is targeted by the immune response of sheep resistant to F. hepatica 

infection (Cameron et al., 2017). Whilst treatment with GW4869 significantly inhibited FhEV 

release from flukes in vitro, it is not clear if this would be sufficient to impair parasite survival 

in vivo. However, it was recently demonstrated that treating B. malayi with the anthelmintic 

ivermectin in vitro caused a 44-82% reduction in small EV release (as measured by 

nanoparticle tracking analysis) which is comparable to the 80% reduction in 120K EV particle 

concentration seen with GW4869 treatment. Although the effects of ivermectin on the 

secretion of other EV populations was not investigated, this reduction in small EV release by 

B. malayi was suggested to be a factor in enabling immune-mediated parasite killing in vivo 

(Harischandra et al., 2018). Here, GW4869 was shown to moderately impact 15K EV release 

which points to the operation of SMase-independent modes of 15K EV biogenesis in F. 

hepatica. However, as SMases are involved in lipid metabolism and RNA sorting into EVs 

(Kosaka et al., 2010; Verderio et al., 2018), it would be interesting to analyse the lipid content 

and RNA cargo of the 15K EVs derived from GW4869-treated flukes to determine whether 

these were altered. The miRNA cargo of H. bakeri EVs has been shown to downregulate the 

expression of genes involved in host innate immunity (Buck et al., 2014) and analysis of the 

miRNA cargo of FhEVs revealed members of miRNA families associated with 

immunoregulation and carcinogenesis (Fromm et al., 2015). Thus, disrupting the loading of 

RNA into FhEVs could interfere with the parasite’s ability to manipulate the host micro-

environment.  

 

6.4 Future directions 

F. hepatica is susceptible to RNAi (McCammick et al., 2016; McVeigh et al., 2014) and pilot 

experiments in Chapter 5 were successful in silencing selected mRNAs encoding putative EV 

biogenesis proteins. Such an approach has been key to identifying the molecules involved in 

EV biogenesis in mammalian cells (Baietti et al., 2012; Colombo et al., 2013; Hyenne et al., 

2015; Trajkovic et al., 2008) and could corroborate the results of the GW4869 experiment 

and identify other regulators of EV biogenesis in F. hepatica. Once stable knockdown of EV 

biogenesis components (and inhibition of FhEV secretion) has been achieved in juvenile F. 

hepatica, the in vivo consequences of silencing should be investigated in an animal model of 

infection to determine the impact of blocking FhEV release on pathogenesis and parasite 

survival. 
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Future work should also identify the sub-cellular origins of FhEVs to provide further insights 

into their formation and vesicle trafficking in F. hepatica. In this regard, performing 

immunogold labelling to target FhEV marker proteins would clarify the nature of the 

immunolabelled vesicular structures in the parenchymal cells observed in Chapter 3, as well 

as elucidate how these are exported from the cell. This technique could also reveal whether 

the vesicular structures observed at the periphery of parenchymal cells are associated with 

the PM or are present in the interstitial material; thus, clarifying whether vesicular transport 

in the parenchyma takes place via junctional complexes between cells or across the 

interstitial material. Furthermore, immunoelectron microscopy could reveal whether the 

puncta of immunofluorescence observed in the gastrodermal cells and tegumental 

syncytium are associated with MVBs or classical secretory vesicles.  

 

Immunoelectron microscopy could also address the mechanisms that give rise to the 

potential heterogeneity within 15K and 120K EV populations implied by the current 

immunolocalisation and in vitro culture experiments. Separating these sub-populations using 

density gradient centrifugation followed by Western blots against the FhEV marker proteins 

described here could clarify the potential EV heterogeneity issue and allow purification of 

further EV subtypes for functional studies. However, isolating a sub-population of EVs 

derived from a single cell type of a large multicellular organism, such as the liver fluke, is 

complicated by shared biogenesis mechanisms between different cell types which could give 

rise to FhEV sub-populations with similar buoyant densities and molecular markers. Thus, 

separating these to homogeneity is likely to remain a substantial challenge. Instead, 

focussing on achieving high purity FhEV preparations could be a more desirable goal to 

enable the study of FhEVs in the absence of contaminants such as protein aggregates. A 

recent study suggested that size-exclusion chromatography yielded higher purity FhEVs than 

differential centrifugation (Davis et al., 2019), and novel technologies such as those based on 

acoustofluidics could help to further separate FhEVs from contaminants (Wu et al., 2019). 

The heterogenous nature of FhEVs also indicates that they could carry out a diverse array of 

functions. So far, the immunomodulatory potency of FhEVs has been demonstrated (Roig et 

al., 2018), but FhEVs are also known to interact with antibodies in the bloodstream (Cameron 

et al., 2017; de la Torre-Escudero et al., 2019). Whilst their immunogenicity could imply that 

FhEVs have potential as vaccine candidates (Kifle et al., 2017), FhEVs may instead be 

sequestering host immune effector molecules away from the parasite. This mechanism has 

been described for cancer cell-derived exosomes which act as a sink to shield their parent 

cells from antibodies and complement (Aung et al., 2011; Capello et al., 2019). As FhEVs share 
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a considerable number of proteins with the gastrodermal cells and tegument, they could 

function in ‘distracting’ the host immune response away from these tissues. Work to uncover 

the interactions between FhEVs and host blood components would help to support this 

hypothesis. 

 

In the free-living nematode C. elegans, EVs have a role in worm-to-worm communication. 

EVs shed into the environment by male-specific ciliated neuronal cells alter the locomotion 

of other male C. elegans worms, causing them to avoid each other whilst searching for a 

hermaphroditic mate (Wang et al., 2014a). It is therefore possible that hEVs, in addition to 

their roles in parasite-to-host signalling, could facilitate communication between helminths. 

The development of F. hepatica in the bile ducts was found to be strongly influenced by the 

presence of other flukes and independent of host immunity, leading to the conclusion that 

inter-worm communication (though direct contact or ESP components) was taking place 

(Hanna et al., 2011). Moreover, some dioecious parasitic worms such as schistosomes and 

filarial nematodes must communicate within the host to seek out a mate for reproductive 

development (Steinauer, 2009). Little is known about this process, but it would require the 

transfer of stable molecular signals between worms at biologically relevant concentrations. 

Whilst a small peptide has been implicated as the chemoattractant between S. mansoni 

males and females (Ghaleb et al., 2006), hEVs circulating in host body fluids could protect 

signalling molecules from degradative enzymes in the extracellular environment and allow 

their transfer to co-infecting parasites. Uptake experiments using fluorescently-labelled EVs, 

similar to those used to study hEV internalisation by host cells in vitro (Harischandra et al., 

2018; de la Torre-Escudero et al., 2019), could be used to investigate this. 

 

6.5 Conclusions 

To conclude, the findings of this body of work have made a significant contribution to our 

knowledge of FhEVs by identifying their sites of formation and release, as well as the possible 

molecular mechanisms that underlie their biogenesis. This work also shows that EV 

biogenesis in F. hepatica is more complex than first thought, with the parasite capable of 

secreting a range of FhEV subtypes from a variety of tissues/organ systems and utilising 

multiple biogenesis pathways. Nonetheless, it was revealed that it is possible to disrupt FhEV 

secretion by targeting EV biogenesis molecules. This thesis has therefore laid down the 

framework for future studies of EV biogenesis in helminths that may determine the effects 

of blocking hEV release on parasite survival and thus investigate the therapeutic potential of 

this approach. 
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Figure 6.1 Cartoon summary of proposed extracellular vesicle (EV) biogenesis, trafficking, and release 

in adult F. hepatica. Representative EV biogenesis proteins and cargo are labelled at each location. ① 

EVs are produced in parenchymal PC2 type cells by mechanisms involving FhSMPD2 and ESCRT-

associated proteins before being trafficked to other tissues for extracorporeal secretion. FhSMPD2-

dependent EV production in the sub-gastrodermal region is inhibited by GW4869. ② EVs from the 

parenchyma enter gastrodermal cells and are trafficked by Rab11 to the apical plasma membrane 

(APM) for secretion into the blood. Gastrodermal cells also produce EVs within multivesicular bodies 

(MVBs) in an ESCRT-dependent process, whilst microvesicles (MV) bearing tyrosinated α-tubulin (Tyr-

tub) bud from the tips of lamellae. Additionally, vesicles enriched in cathepsin L1 (CL1) are released en 

masse following rupture of the gastrodermal cell APM. ③ Sub-tegumental parenchymal cells and 

tegumental cell bodies (TCB) transport vesicles or EV biogenesis proteins to the tegumental syncytium 

(TS) where MVBs release exosomes into the bile following fusion with the APM. MVs/blebs also bud 

directly from the APM following cytoskeletal remodelling by calpain and gelsolin. ④ EVs derived from 

flame cells (FC), the parenchyma, or the protonephridial duct (PN) lining enter the protonephridial 

duct lumen and are carried to the excretory pore before draining into the bile ducts. G, gut; L, lumen; 

N, nucleus; PC1, parenchymal cell type 1; S, spine.
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Chapter 8: Appendix 

8.1 Supporting tables A1 – A7 

Table A1 Supporting information for Table 2.2 including query proteins, query protein identifiers, references for the role of the query proteins in extracellular 
vesicle (EV) biogenesis, and whether orthologues of EV biogenesis proteins have been identified in helminth EV proteomic data. Proteomic data are from EVs 
collected from adult worms unless otherwise stated. Abbreviations for species from which helminth EVs were collected are as follows: AsABF, Ascaris suum 
adult body fluid EVs; AsEx, A. suum EVs released extracorporeally; Bm, Brugia malayi; Dd, Dicrocoelium dendriticum; EgHc, Echinococcus granulosus hydatid 
cyst; EmM, Echinococcus multilocularis metacestode; Fh15K, Fasciola hepatica 15K EVs; Fh15Ks, F. hepatica 15K EV surface proteome; Fh120K, F. hepatica 
120K EVs; Fh120Ks, F. hepatica 120K EV surface proteome; FhT, F. hepatica total EV proteome (Davis et al., 2019); Hb, Heligmosomoides bakeri; McM, 
Mesocestoides corti metacestode; Ovi, Opisthorchis viverrini; Sj, Schistosoma japonicum; Sm, Schistosoma mansoni; SmS, S. mansoni schistosomula; Tc, 
Teladorsagia circumcincta; TcrM, Taenia crassiceps metacestode. 
 

Protein Query identifier Species of 

query 

sequence 

Reference for EV 

biogenesis 

Present in 

helminth EVs 

Reference for helminth EVs 

ESCRT-0         
HGS O14964 H. sapiens (Colombo et al., 

2013; Edgar et al., 
2014; Tamai et al., 
2010; Vilette et al., 
2015) 

Fh15K (de la Torre-Escudero et al., 
unpublished) 

STAM1/2 Q92783/O75886 H. sapiens (Baietti et al., 2012; 
Colombo et al., 2013) 

EmM (Zheng et al., 2017) 

STAMBP O95630 H. sapiens (Davies et al., 2013; 
McCullough et al., 
2004) 

Fh15K, Fh120Ks (de la Torre-Escudero et al., 2019, 
unpublished) 

ESCRT-I      
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TSG101 Q99816 H. sapiens (Baietti et al., 2012; 
Colombo et al., 2013) 

EgHC, Fh15K, 
Fh15Ks, 
Fh120Ks, FhT 

(Davis et al., 2019; de la Torre-Escudero 
et al., 2019, unpublished; Siles-Lucas et 
al., 2017) 

VPS28 Q9UK41 H. sapiens (Colombo et al., 
2013) 

Sj (Zhu et al., 2016a) 

VPS37a/b/c/d Q8NEZ2/Q9H9H4/A5D8V6/Q86XT2 H. sapiens (Colombo et al., 
2013) 

EgHC (Siles-Lucas et al., 2017) 

MVB12a/b Q96EY5/Q9H7P6 H. sapiens (Colombo et al., 
2013) 

EgHC, Fh15K (de la Torre-Escudero et al., 
unpublished; Siles-Lucas et al., 2017) 

ESCRT-II      
VPS SNF8 Q96H20 H. sapiens (Baietti et al., 2012; 

Colombo et al., 2013) 
EgHC (Siles-Lucas et al., 2017) 

VPS25 Q9BRG1 H. sapiens (Colombo et al., 
2013) 

EgHC, Fh15K, 
FhT 

(Davis et al., 2019; de la Torre-Escudero 
et al., unpublished; Siles-Lucas et al., 
2017) 

VPS36 Q86VN1 H. sapiens (Colombo et al., 
2013) 

Fh15K, Fh120Ks (de la Torre-Escudero et al., 2019, 
unpublished) 

ESCRT-III      
CHMP1a/b Q9HD42/Q7LBR1 H. sapiens (Colombo et al., 

2013) 
EgHC, EmM, 
Fh120K, Fh15K, 
FhT 

(Cwiklinski et al., 2015; Davis et al., 
2019; de la Torre-Escudero et al., 
unpublished; Siles-Lucas et al., 2017; 
Zheng et al., 2017) 

CHMP2a/b O43633/Q9UQN3 H. sapiens (Baietti et al., 2012; 
Colombo et al., 2013) 

EgHC, Fh120K, 
Fh15K, FhT, 
TcrM 

(Ancarola et al., 2017; Cwiklinski et al., 
2015; Davis et al., 2019; de la Torre-
Escudero et al., unpublished; Siles-
Lucas et al., 2017) 

CHMP3 Q9Y3E7 H. sapiens (Colombo et al., 
2013) 

  

CHMP4a/b/c Q9BY43/Q9H444/Q96CF2 H. sapiens (Baietti et al., 2012; 
Colombo et al., 2013) 

Fh15K, FhT (Davis et al., 2019; de la Torre-Escudero 
et al., unpublished) 
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CHMP5 Q9NZZ3 H. sapiens (Colombo et al., 
2013) 

EgHC, Fh120K, 
Fh15K, FhT, Sm 

(Cwiklinski et al., 2015; Davis et al., 
2019; de la Torre-Escudero et al.,
unpublished; Siles-Lucas et al., 2017; 
Sotillo et al., 2015) 

CHMP6 Q96FZ7 H. sapiens (Colombo et al., 
2013) 

IST1 P53990 H. sapiens (Bajorek et al., 2009; 
Teis et al., 2008) 

Fh15K, Fh15Ks, 
Fh120K, TcrM 

(Ancarola et al., 2017; Cwiklinski et al., 
2015; de la Torre-Escudero et al., 2019, 
unpublished) 

ESCRT-related 

components

VPS4a/b Q9UN37/O75351 H. sapiens (Adell et al., 2014; 
Baietti et al., 2012; 
Colombo et al., 2013) 

AsEx, EgHC, 
EmM, Fh120K, 
Fh15K, FhT, 
McM, SmS, 
TcrM 

(Ancarola et al., 2017; Cwiklinski et al., 
2015; Davis et al., 2019; de la Torre-
Escudero, unpublished; Hansen et al., 
2019; Nowacki et al., 2015; Siles-Lucas 
et al., 2017; Zheng et al., 2017) 

VTA1 Q9NP79 H. sapiens (Colombo et al., 
2013) 

EmM, Fh15K, 
Fh15Ks, 
Fh120K, FhT 

(Cwiklinski et al., 2015; Davis et al., 
2019; de la Torre-Escudero et al., 2019, 
unpublished; Zheng et al., 2017)  

PDCD6IP/ALIX Q8WUM4 H. sapiens (Baietti et al., 2012; 
Colombo et al., 2013) 

Hb, EgHC, Ovi, 
Fh15K, Fh15Ks, 
Fh120K, FhT, 
Sm, SmS 

(Buck et al., 2014; Chaiyadet et al., 
2015; Cwiklinski et al., 2015; Davis et 
al., 2019; de la Torre-Escudero et al., 
2019, unpublished; Nowacki et al., 
2015; Siles-Lucas et al., 2017; Sotillo et 
al., 2015) 

LITAF Q99732 H. sapiens (Zhu et al., 2013) Fh15K, Fh120K (Cwiklinski et al., 2015; de la Torre-
Escudero et al., unpublished) 
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Table A2 Supporting information for Table 2.3 including query proteins, query protein identifiers, references for the role of the query proteins in extracellular 
vesicle (EV) biogenesis, and whether orthologues of EV biogenesis proteins have been identified in helminth EV proteomic data. Proteomic data are from EVs 
collected from adult worms unless otherwise stated. Abbreviations for species from which helminth EVs were collected are as follows: Bm, Brugia malayi; Dd, 
Dicrocoelium dendriticum; EgHc, Echinococcus granulosus hydatid cyst; EmM, Echinococcus multilocularis metacestode; Fh15K, Fasciola hepatica 15K EVs; 
Fh15Ks, F. hepatica 15K EV surface proteome; Fh120K, F. hepatica 120K EVs; Fh120Ks, F. hepatica 120K EV surface proteome; FhT, F. hepatica total EV 
proteome (Davis et al., 2019); Hb, Heligmosomoides bakeri; McM, Mesocestoides corti metacestode; Ovi, Opisthorchis viverrini; Sj, Schistosoma japonicum; 
Sm, Schistosoma mansoni; SmS, S. mansoni schistosomula; Tc, Teladorsagia circumcincta; TcrM, Taenia crassiceps metacestode. 
 

Protein Query 

identifier 

Species of 

query 

sequence 

Reference for EV 

biogenesis 

Present in helminth 

EVs 

Reference for helminth EVs 

Syndecan-
1 

P18827 H. sapiens (Baietti et al., 2012) EgHC (Siles-Lucas et al., 2017) 

Syntenin-
1 

O00560 H. sapiens (Baietti et al., 2012) EgHC, EmM, Ovi, 
Fh15K, Fh120K, FhT, 
Sm 

(Chaiyadet et al., 2015; Cwiklinski et al., 2015; Davis et al., 
2019; de la Torre-Escudero et al., unpublished; Samoil et al., 
2018; Siles-Lucas et al., 2017; Sotillo et al., 2016; Zheng et al., 
2017) 

Ral-1 Q9N3F8 C. elegans (Hyenne et al., 2015, 
2016) 

EgHC, EmM, Fh15K, 
Fh120K, Fh120Ks, FhT, 
Hb, McM, TcrM 

(Ancarola et al., 2017; Buck et al., 2014; Davis et al., 2019; de 
la Torre-Escudero et al., 2019, unpublished; Siles-Lucas et al., 
2017; Zheng et al., 2017) 

ARF6 P62330 H. sapiens (Ghossoub et al., 
2014) 

EgHC, EmM, Fh15K, 
FhT, McM, Sj, TcrM 

(Ancarola et al., 2017; Davis et al., 2019; de la Torre-Escudero 
et al., unpublished; Siles-Lucas et al., 2017; Zheng et al., 
2017; Zhu et al., 2016b)  

PLD2 O14939 H. sapiens (Ghossoub et al., 
2014; Laulagnier et 
al., 2004)  

EgHC, EmM, Fh15K (de la Torre-Escudero et al., unpublished; Siles-Lucas et al., 
2017; Zheng et al., 2017) 
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Table A3 Supporting information for Table 2.4 including query proteins, query protein identifiers, references for the role of the query proteins in extracellular 
vesicle (EV) biogenesis, and whether orthologues of EV biogenesis proteins have been identified in helminth EV proteomic data. Proteomic data are from EVs 
collected from adult worms unless otherwise stated. Abbreviations for species from which helminth EVs were collected are as follows: Bm, Brugia malayi; Dd, 
Dicrocoelium dendriticum; EgHc, Echinococcus granulosus hydatid cyst; EmM, Echinococcus multilocularis metacestode; Fh15K, Fasciola hepatica 15K EVs; 
Fh15Ks, F. hepatica 15K EV surface proteome; Fh120K, F. hepatica 120K EVs; Fh120Ks, F. hepatica 120K EV surface proteome; FhT, F. hepatica total EV 
proteome (Davis et al., 2019); Hb, Heligmosomoides bakeri; McM, Mesocestoides corti metacestode; Ovi, Opisthorchis viverrini; Sj, Schistosoma japonicum; 
Sm, Schistosoma mansoni; SmS, S. mansoni schistosomula; Tc, Teladorsagia circumcincta; TcrM, Taenia crassiceps metacestode. 
 

Protein Query identifier Species of 

query sequence 

Reference for EV biogenesis Present in helminth 

EVs 

Reference for helminth EVs 

Lipid-

modifying 

     

SMPD1 P17405 H. sapiens (Gradilla et al., 2014; Truman 
et al., 2012) 

  

SMPD2 O60906 H. sapiens (Menck et al., 2017) Fh15K (de la Torre-Escudero et al., unpublished) 
SMPD3 Q9NY59 H. sapiens (Dinkins et al., 2016; Menck et 

al., 2017; Trajkovic et al., 2008) 
  

SMPDL3a/b Q92484/Q92485 H. sapiens  Fh15K, Fh15Ks, 
Fh120K, Fh120Ks, 
FhT 

(Cwiklinski et al., 2015; Davis et al., 2019; 
de la Torre-Escudero et al., 2019, 
unpublished)  

SMS2 Q8NHU3 H. sapiens (Yuyama et al., 2012)   
SPHK2 Q9NRA0 H. sapiens (Kajimoto et al., 2013)   
S1PR1 P21453 H. sapiens (Kajimoto et al., 2013)   
S1PR3 Q99500 H. sapiens (Kajimoto et al., 2013)   
PLA2 P04054 H. sapiens (Subra et al., 2010) Fh15K, Fh15Ks (de la Torre-Escudero et al., 2019, 

unpublished) 
PLB-like 2 Q8NHP8 H. sapiens  Fh120K (Cwiklinski et al., 2015) 
LKHA4 P09960 H. sapiens (Esser et al., 2010) Fh15K, Fh15Ks, 

Fh120Ks 
(de la Torre-Escudero et al., 2019, 
unpublished) 

DGKa/d P23743/Q16760 H. sapiens (Alonso et al., 2005, 2011) EmM (Zheng et al., 2017) 
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Lipid 

transport 

     

ABCA1/3 O95477/Q99758 H. sapiens (Aung et al., 2011; Combes et 
al., 2005; Vilette et al., 2015) 

  

PLS2/3 Q9NRY7/Q9NRY6 H. sapiens (Subra et al., 2010) EgHC, Fh15K, Sm (de la Torre-Escudero et al., unpublished; 
Siles-Lucas et al., 2017; Sotillo et al., 2016) 

OSBP1 P22059 H. sapiens (Beh et al., 2012; Wang et al., 
2005) 

Fh15K (de la Torre-Escudero et al., unpublished) 

NPC1 O15118 H. sapiens (Strauss et al., 2010) Fh15K, Fh15Ks, 
Fh120K, Fh120Ks 

(Cwiklinski et al., 2015; de la Torre-
Escudero et al., 2019, unpublished) 

NPC2 P61916 H. sapiens  Fh15K, Fh120K (Cwiklinski et al., 2015; de la Torre-
Escudero, unpublished) 
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Table A4 Supporting information for Table 2.5 including query proteins, query protein identifiers, references for the role of the query proteins in extracellular 
vesicle (EV) biogenesis, and whether orthologues of EV biogenesis proteins have been identified in helminth EV proteomic data. Proteomic data are from EVs 
collected from adult worms unless otherwise stated. ‘*’ indicates proteins also implicated in exosome formation. Abbreviations for species from which 
helminth EVs were collected are as follows: AsABF, Ascaris suum adult body fluid EVs; AsEx, A. suum EVs released extracorporeally; Bm, Brugia malayi; Dd, 
Dicrocoelium dendriticum; EgHc, Echinococcus granulosus hydatid cyst; EmM, Echinococcus multilocularis metacestode; Fh15K, Fasciola hepatica 15K EVs; 
Fh15Ks, F. hepatica 15K EV surface proteome; Fh120K, F. hepatica 120K EVs; Fh120Ks, F. hepatica 120K EV surface proteome; FhT, F. hepatica total EV 
proteome (Davis et al., 2019); Hb, Heligmosomoides bakeri; McM, Mesocestoides corti metacestode; Ovi, Opisthorchis viverrini; Sj, Schistosoma japonicum; 
Sm, Schistosoma mansoni; SmS, S. mansoni schistosomula; Tc, Teladorsagia circumcincta; TcrM, Taenia crassiceps metacestode. 
 

Protein Query identifier Species of 

query 

sequence 

Reference for EV 

biogenesis 

Present in 

helminth EVs 

Reference for helminth EVs 

Signalling      
ARF1 P84077 H. sapiens (Schlienger et al., 

2014) 
AsABF, Bm, EgHC, 
EmM, Fh15K, FhT, 
Sj, Tc 

(Davis et al., 2019; de la Torre-Escudero et al., 
unpublished; Hansen et al., 2019; Harischandra 
et al., 2018; Siles-Lucas et al., 2017; Tzelos et 
al., 2016; Zheng et al., 2017; Zhu et al., 2016a) 

ARF6* P62330 H. sapiens (Muralidharan-Chari 
et al., 2009; 
Sedgwick et al., 
2015) 

EgHC, EmM, 
Fh15K, FhT, McM, 
Sj, TcrM 

(Ancarola et al., 2017; Davis et al., 2019; de la 
Torre-Escudero et al., unpublished; Siles-Lucas 
et al., 2017; Zheng et al., 2017; Zhu et al., 
2016b)  

Rho1 BN1106_s1908B000177 F. hepatica (Li et al., 2012; 
Sedgwick et al., 
2015) 

AsEx, AsABF, 
EgHC, EmM, 
Fh15K, Fh15Ks, 
Fh120K, Fh120Ks, 
FhT, McM, TcrM 

(Ancarola et al., 2017; Cwiklinski et al., 2015; 
Davis et al., 2019; de la Torre-Escudero et al., 
2019, unpublished; Hansen et al., 2019; Siles-
Lucas et al., 2017; Zheng et al., 2017) 

ROCK1/2 Q13464/O75116 H. sapiens (Sedgwick et al., 
2015) 

Fh15K, Sj (de la Torre-Escudero et al., unpublished; Zhu 
et al., 2016a) 

DIAPH3 Q9NSV4 H. sapiens (Kim et al., 2014)   
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MLCK3 Q32MK0 H. sapiens (Muralidharan-Chari 
et al., 2009) 

  

MAPK3 P27361 H. sapiens (Muralidharan-Chari 
et al., 2009; 
Sedgwick et al., 
2015) 

SmS (Nowacki et al., 2015) 

ARRDC1 Q8N5I2 H. sapiens (Mackenzie et al., 
2016; Nabhan et al., 
2012) 

  

Lipid transport      
OLF BN1106_s99B000255 F. hepatica (Wehman et al., 

2011) 
  

Flippase BN1106_s435B000242 F. hepatica (Wehman et al., 
2011) 

Fh15K, Fh120K, 
FhT 

(Cwiklinski et al., 2015; Davis et al., 2019; de la 
Torre-Escudero et al., unpublished) 

ABCA1/3* O95477/Q99758 H. sapiens (Aung et al., 2011; 
Vilette et al., 2015) 

  

PLS2/3* Q9NRY7/Q9NRY6 H. sapiens (Subra et al., 2010) EgHC, Fh15K, Sm (de la Torre-Escudero et al., unpublished; Siles-
Lucas et al., 2017; Sotillo et al., 2016) 

Cytoskeleton 

remodelling 

     

Calpain P07384 H. sapiens (Fox et al., 1990, 
1991) 

EgHC, EmM, 
Fh15K, Fh15Ks, 
Fh120K, FhT, 
McM, Ovi, Sj, Sm, 
SmS, TcrM 

(Ancarola et al., 2017; Chaiyadet et al., 2015; 
Davis et al., 2019; de la Torre-Escudero et al., 
2019, unpublished; Nowacki et al., 2015; 
Samoil et al., 2018; Siles-Lucas et al., 2017; 
Sotillo et al., 2016; Zheng et al., 2017; Zhu et 
al., 2016a) 

Gelsolin P06396 H. sapiens (Xu et al., 2017) EgHC, EmM, Ec, 
Fh15K, Fh15Ks, 
Fh120K, Fh120Ks, 
FhT, Sj, SmS, Sm 

(Cwiklinski et al., 2015; Davis et al., 2019; de la 
Torre-Escudero et al., 2019, unpublished; 
Marcilla et al., 2012; Nowacki et al., 2015; 
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Samoil et al., 2018; Siles-Lucas et al., 2017; 
Zheng et al., 2017; Zhu et al., 2016a) 

ERM BN1106_s1300B000145 F. hepatica (Martin-Villar et al., 
2006) 

Bm, EgHC, EmM, 
Fh15K, Fh15Ks, 
Fh120K, FhT, Hb, 
McM, Ovi, Sj, SmS 

(Ancarola et al., 2017; Buck et al., 2014; 
Chaiyadet et al., 2015; Cwiklinski et al., 2015; 
Davis et al., 2019; de la Torre-Escudero et al., 
2019, unpublished; Harischandra et al., 2018; 
Nowacki et al., 2015; Siles-Lucas et al., 2017; 
Zheng et al., 2017; Zhu et al., 2016a) 

Lipid-modifying      
SMPD1* P17405 H. sapiens (Bianco et al., 2009)   
SMPD2* O60906 H. sapiens (Menck et al., 2017) Fh15K (de la Torre-Escudero et al., unpublished) 
SMPD3* Q9NY59 H. sapiens (Menck et al., 2017)   
PLD2* O14939 H. sapiens (Muralidharan-Chari 

et al., 2009)  
EgHC, EmM, 
Fh15K 

(de la Torre-Escudero et al., unpublished; Siles-
Lucas et al., 2017; Zheng et al., 2017) 

ESCRT-related 

components 

     

HGS* O14964 H. sapiens (Matusek et al., 
2014; Wehman et 
al., 2011) 

Fh15K (de la Torre-Escudero et al., unpublished) 

STAM1/2* Q92783/O75886 H. sapiens (Wehman et al., 
2011) 

EmM (Zheng et al., 2017) 

TSG101* Q99816 H. sapiens (Nabhan et al., 
2012; Wehman et 
al., 2011) 

EgHC, Fh15K, 
Fh15Ks, Fh120Ks, 
FhT 

(Davis et al., 2019; de la Torre-Escudero et al., 
2019, unpublished; Siles-Lucas et al., 2017) 

VPS28* Q9UK41 H. sapiens (Wehman et al., 
2011) 

Sj (Zhu et al., 2016a) 

VPS SNF8* Q96H20 H. sapiens (Matusek et al., 
2014) 

EgHC (Siles-Lucas et al., 2017) 
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CHMP1a/b* Q9HD42/Q7LBR1 H. sapiens (Matusek et al., 
2014) 

EgHC, EmN, 
Fh120K, Fh15K, 
FhT 

(Cwiklinski et al., 2015; Davis et al., 2019; de la 
Torre-Escudero et al., unpublished; Siles-Lucas 
et al., 2017; Zheng et al., 2017) 

CHMP3* Q9Y3E7 H. sapiens (Matusek et al., 
2014) 

  

CHMP4a/b/c* Q9BY43/Q9H444/Q96CF2 H. sapiens (Wehman et al., 
2011) 

Fh15K, FhT (Davis et al., 2019; de la Torre-Escudero et al., 
unpublished) 

VPS4a/b* Q9UN37/O75351 H. sapiens (Nabhan et al., 
2012) 

AsEx, EgHC, EmM, 
Fh120K, Fh15K, 
FhT, McM, SmS, 
TcrM 

(Ancarola et al., 2017; Cwiklinski et al., 2015; 
Davis et al., 2019; de la Torre-Escudero, 
unpublished; Hansen et al., 2019; Nowacki et 
al., 2015; Siles-Lucas et al., 2017; Zheng et al., 
2017) 

PDCD6IP/ALIX* Q8WUM4 H. sapiens (Matusek et al., 
2014) 

Hb, EgHC, Ovi, 
Fh15K, Fh15Ks, 
Fh120K, FhT, Sm, 
SmS 

(Buck et al., 2014; Chaiyadet et al., 2015; 
Cwiklinski et al., 2015; Davis et al., 2019; de la 
Torre-Escudero et al., 2019, unpublished; 
Nowacki et al., 2015; Siles-Lucas et al., 2017; 
Sotillo et al., 2015) 
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Table A5 Supporting information for Table 2.6 including query proteins, query protein identifiers, references for the role of the query proteins in extracellular 
vesicle (EV) biogenesis, and whether orthologues of EV biogenesis proteins have been identified in helminth EV proteomic data. Proteomic data are from EVs 
collected from adult worms unless otherwise stated. Abbreviations for species from which helminth EVs were collected are as follows: Bm, Brugia malayi; Dd, 
Dicrocoelium dendriticum; EgHc, Echinococcus granulosus hydatid cyst; EmM, Echinococcus multilocularis metacestode; Fh15K, Fasciola hepatica 15K EVs; 
Fh15Ks, F. hepatica 15K EV surface proteome; Fh120K, F. hepatica 120K EVs; Fh120Ks, F. hepatica 120K EV surface proteome; FhT, F. hepatica total EV 
proteome (Davis et al., 2019); Hb, Heligmosomoides bakeri; McM, Mesocestoides corti metacestode; Ovi, Opisthorchis viverrini; Sj, Schistosoma japonicum; 
Sm, Schistosoma mansoni; SmS, S. mansoni schistosomula; Tc, Teladorsagia circumcincta; TcrM, Taenia crassiceps metacestode. 
 

Protein Query identifier Species of 

query 

sequence 

Reference for EV 

biogenesis 

Present in 

helminth EVs 

Reference for helminth EVs 

Membrane 

organisers 

     

CD63 antigen P08962 H. sapiens (Hurwitz et al., 
2016, 2017; van 
Niel et al., 2011) 

Ovi, Fh15K, 
Fh120K, Fh120Ks, 

FhT, Sj, Sm, SmS 

(Chaiyadet et al., 2015; Cwiklinski et al., 2015; 
Davis et al., 2019; de la Torre-Escudero et al., 
2019, unpublished; Nowacki et al., 2015; Sotillo 
et al., 2016; Zhu et al., 2016a) 

CD63 receptor BN1106_s1657B000161 F. hepatica   Fh15K, Fh15Ks, 
Fh120K, Fh120Ks, 
FhT, Sm 

(Cwiklinski et al., 2015; Davis et al., 2019; de la 
Torre-Escudero et al., 2019, unpublished; Sotillo 
et al., 2016) 

Flotillin-1 O75955 H. sapiens  (Frick et al., 2007; 
Phuyal et al., 
2014) 

Fh15K (de la Torre-Escudero et al., unpublished) 

Flotillin-2 Q14254 H. sapiens (Frick et al., 2007; 
Phuyal et al., 
2014) 

  

SNAREs      
Syntaxin-1A Q16623 H. sapiens (Koles et al., 2012) EgHC, EmM, Fh15K, 

Fh15Ks, Fh120Ks Sj, 
Sm, SmS, TcrM 

(Ancarola et al., 2017; Chaiyadet et al., 2015; de 
la Torre-Escudero et al., 2019, unpublished; 
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Nowacki et al., 2015; Siles-Lucas et al., 2017; 
Zheng et al., 2017; Zhu et al., 2016b) 

Syntaxin-5 Q13190 H. sapiens (Hyenne et al., 
2015) 

Fh15K (de la Torre-Escudero et al., unpublished) 

YKT6 O15498 H. sapiens (Gross et al., 2012) EgHC, EmM, Fh15K, 
McM 

(Ancarola et al., 2017; de la Torre-Escudero et 
al., unpublished; Siles-Lucas et al., 2017; Zheng 
et al., 2017) 

Synaptotagmin P21579 H. sapiens (Ostrowski et al., 
2010) 

EgHC, EmM, Fh15K, 
Fh15Ks, Fh120K, 
Fh120Ks, Sm, TcrM 

(Ancarola et al., 2017; Cwiklinski et al., 2015; de 
la Torre-Escudero et al., 2019, unpublished; 
Samoil et al., 2018; Siles-Lucas et al., 2017; 
Zheng et al., 2017) 

SNAP BN1106_s3959B000138 F. hepatica (Wei et al., 2017) EgHC, Dd, Fh15K, 
Fh120Ks, Sm, SmS 

(Bernal et al., 2014; de la Torre-Escudero et al., 
2019, unpublished; Nowacki et al., 2015; Siles-
Lucas et al., 2017; Sotillo et al., 2016) 

VAMP3 Q15836 H. sapiens (Clancy et al., 
2015) 

  

VAMP7 P51809 H. sapiens (Fader et al., 2009) Fh15K, Fh120K (Cwiklinski et al., 2015; de la Torre-Escudero, 
unpublished) 
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Table A6 Supporting information for Table 2.7 including query proteins, query protein identifiers, references for the role of the query proteins in extracellular 
vesicle (EV) biogenesis, and whether orthologues of EV biogenesis proteins have been identified in helminth EV proteomic data. Proteomic data are from EVs 
collected from adult worms unless otherwise stated. Abbreviations for species from which helminth EVs were collected are as follows: Bm, Brugia malayi; Dd, 
Dicrocoelium dendriticum; EgHc, Echinococcus granulosus hydatid cyst; EmM, Echinococcus multilocularis metacestode; Fh15K, Fasciola hepatica 15K EVs; 
Fh15Ks, F. hepatica 15K EV surface proteome; Fh120K, F. hepatica 120K EVs; Fh120Ks, F. hepatica 120K EV surface proteome; FhT, F. hepatica total EV 
proteome (Davis et al., 2019); Hb, Heligmosomoides bakeri; McM, Mesocestoides corti metacestode; Ovi, Opisthorchis viverrini; Sj, Schistosoma japonicum; 
Sm, Schistosoma mansoni; SmS, S. mansoni schistosomula; Tc, Teladorsagia circumcincta; TcrM, Taenia crassiceps metacestode. 
 

Protein Query 

identifier 

Species of 

query 

sequence 

Reference Present in helminth 

EVs 

Reference for helminth 

RNA sorting 

and transport 

     

hnRNPA2B1 P22626 H. sapiens (Statello et al., 2018; 
Villarroya-Beltri et al., 
2013) 

  

NSEP1 P67809 H. sapiens (Shurtleff et al., 2017)   
hnRNPQ Q7TMK9 Mus 

musculus 

(Santangelo et al., 2016)   

Ago2 Q9UKV8 H. sapiens (Iavello et al., 2016; 
Mantel et al., 2016; 
McKenzie et al., 2016) 

Fh15K, Fh15Ks, Sj (de la Torre-Escudero et al., 2019, unpublished; Zhu et 
al., 2016a) 

MVP Q14764 H. sapiens (Statello et al., 2018; 
Teng et al., 2017) 

EgHC, EmM, Ovi, Dd, 
Fh15K, Fh15Ks, 
Fh120K, Fh120Ks, 
TcrM 

(Ancarola et al., 2017; Bernal et al., 2014; Chaiyadet 
et al., 2015; Cwiklinski et al., 2015; de la Torre-
Escudero et al., 2019, unpublished; Siles-Lucas et al., 
2017; Zheng et al., 2017) 

TEP1 Q99973 H. sapiens (Kickhoefer et al., 1999; 
Poderycki et al., 2006) 

EgHC, Fh15K, Fh15Ks, 
FhT, Ovi, TcrM 

(Ancarola et al., 2017; Chaiyadet et al., 2015; Davis et 
al., 2019; de la Torre-Escudero et al., 2019, 
unpublished; Siles-Lucas et al., 2017) 
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Table A7 Supporting information for Table 2.2 including endosomal sorting complex required for transport (ESCRT) query proteins and information regarding 
their domains/motifs that are relevant to extracellular vesicle biogenesis. Also included are the names of the helminth species in which the corresponding 
domain/motif could not be identified in the predicted helminth orthologue of the query protein. Information regarding the domains/motifs were retrieved 
from either InterPro (for domains, https://www.ebi.ac.uk/interpro) or UniProt (for interacting motifs, https://www.uniprot.org), and additional information 
was found by searching the literature. The domain architecture of the identified helminth orthologues was predicted using InterPro and compared to the 
domains of the query protein. Protein sequence alignments were produced using T-Coffee (https://www.ebi.ac.uk/Tools/msa/tcoffee) and the presence of 
interacting motifs in the helminth orthologues was assessed by manually searching for the motifs in the predicted protein sequences. 
 

Human 

protein 

Protein 

domain/motif 

Amino acid 

sequence 

position 

Domain/motif function Species lacking domain/motif 

ESCRT-0 
    

HGS VHS domain 5-144 Cargo recognition. Makes 
intra/intramolecular interactions with 
FYVE domain. 

S. stercoralis, C. sinensis, E. caproni, F. hepatica, O. 

viverrini 

 
FYVE zinc finger  155-221 Binds PtdIns3P on lipid membrane 

surfaces 
O. volvulus, S. stercoralis, C. sinensis, E. caproni, F. 

hepatica, O. viverrini   
Ubiquitin 
interacting motif  

258-277 Cargo recognition A. lumbricoides, E. vermicularis, O. volvulus, S. 

stercoralis, N. americanus, P. xenopodis  
HGS helical 
domain  

407-501 Region required for HGS and STAM 
heterodimerisation (Ren et al., 2009) 

R. culicivorax, N. americanus, P. xenopodis 

 
P-S/T-AP-like 
motif  

348-351 Interacts with TSG101 of ESCRT-I (Lu et al., 
2003) 

D. medinensis, N. americanus, P. xenopodis 

 
Interacting region 
with STAM  

454 – 572 Interacts with STAM R. culicivorax, N. americanus, P. xenopodis, S. 

mediterranea. Could not be determined in other 
species.      

STAM1/2 VHS domain 6-143 Cargo recognition E. caproni, P. xenopodis 
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STAM1/2 SH3 domain 195-269 Interacts with STAMBP through the 
PXV/ID/NRXXKP motif (Tanaka et al., 
1999) 

S. mediterranea 

STAM1/2 Ubiquitin 
interacting motif  

171-190 Cargo recognition T. spiralis, D. medinensis, B. malayi, O. volvulus, S. 

carpocapsae, N. americanus, T. solium, P. xenopodis, S. 

mediterranea 

STAM2 Interacting region 
with HGS 

334 – 368 Interacts with HGS N. americanus, S. mediterranea 

     

STAMBP USP8 
dimerisation 
domain  

13-116 Binds SH3 domains through RXXK motif 
(Berlin et al., 2010) 

 

 
MIT domain 31-114 Bind to MIM domains on ESCRT-III 

subunits 
R. culicivorax, T. trichiura, A. lumbricoides, E. 

vermicularis, D. medinensis, B. malayi, O. volvulus, H. 

bacteriophora, T. solium, E. multilocularis, C. sinensis, O. 

viverrini, E. caproni, F. hepatica, S. haematobium, S. 

mansoni, P. xenopodis, S. mediterranea  
MPN domain 258-382 Ubiquitin isopeptidase/deubiquitinase R. culicivorax, H. bacteriophora 

 
Interacting region 
with CHMP3 

1 – 127 Interacts with CHMP3 O. volvulus. Could not be determined in other species. 

 
Interacting region 
with STAM 

227 – 231 Interacts with STAM Nematodes, S. haematobium, S. mansoni, P. xenopodis, 

S. mediterranea      

ESCRT-I 
    

TSG101 Ubiquitin E2 
variant, N-
terminal  

2-145 Cargo recognition. Binds HGS of ESCRT-0 
 

 
Steadiness box 
domain  

316-390 Directs ESCRT-I complex formation O. viverrini, E. caproni, S. mansoni 
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VPS28 VPS28 N-terminal 13-120 Directs ESCRT-I complex formation 
VPS28 C-terminal 124-220 Binds VPS36 (ESCRT-II) 

VPS37A Ubiquitin 
conjugating 
enzyme/RWD like 

54-130 Ubiquitin conjugating E. vermicularis, B. malayi, O. volvulus, S. carpocapsae, S.

stercoralis, B. xylophilus, M. incognita, C. elegans, H.

bacteriophora, N. americanus, E. multilocularis, T.

solium, E. caproni, S. haematobium, S. mansoni, S.

mediterranea

VPS37A/B/C/
D 

Modr, modifier of 
rudimentary  

236-397 Binds to TSG101 (Stuchell et al., 2004) 

MVB12A/B MABP domain 9-151 Membrane targeting (Boura and Hurley, 
2012) 

MVB12A/B UMA domain 215-265 Cargo recognition through ubiquitin 
binding (de Souza and Aravind, 2010). 
Interacts with TSG101, VPS37B and VPS28 

T. trichiura, E. vermicularis, S. stercoralis, T. solium, E.

multilocularis, S. mansoni, S. mediterranea

MVB12A SH3 binding motif 155 – 160 Binds SH3 domain Nematodes and platyhelminths 

ESCRT-II 

VPS SNF8 Winged helix-
turned-helix DNA-
binding domain 

25-175, 
173-256

Core region (Teo et al., 2004) 

VPS25 ESCRT-II complex, 
VPS25 subunit, N-

4-103 Interacts with VPS SNF8 and VPS36 (Hierro 
et al., 2004) 
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terminal winged 
helix  
Winged helix-
turn-helix DNA-
binding domain 

5-107, 102-
176

Binds to CHMP6 through C-terminal (Im et 
al., 2009). Core region (Teo et al., 2004). 

VPS36 VPS36 GLUE 
domain (1-138) 

1-138 Binds PtdIns3P on lipid membrane 
surfaces. Cargo recognition (ubiquitin-
binding). Interacts with VPS28 (ESCRT-I) 
which is essential for ubiquitinated cargo 
progression from early to late endosomes. 

R. culicivorax, T. spiralis, T. trichiura, B. xylophilus, P.

xenopodis

Winged helix-
turned-helix DNA-
binding domain 

189-385 Core region (Teo et al., 2004) 

ESCRT-III 

CHMP1A MIT-interacting 
motif  

185 – 195 Binds to VPS4 through C-terminal of MIM 
domain 

N. americanus

CHMP1B Interacting region 
with IST1  

132 – 156 Interacts with IST1 N. americanus

CHMP1B Interacting region 
with VTA1  

180 – 199 Interacts with VTA1 N. americanus

CHMP1B Interacting region 
with VPS4A, 
MITD1 and 
STAMBP  

180 – 196 Interacts with VPS4A, MITD1 and STAMBP N. americanus

CHMP1B Interacting region 
with VPS4B  

183 – 199 Interacts with VPS4B N. americanus
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CHMP2A Interacting region 
with VPS4B  

56 – 222 Interacts with VPS4B Could not be determined. 

CHMP2A Interacting region 
with VTA1  

217 – 222 Interacts with VTA1 S. mansoni. Could not be determined in other species. 

CHMP2A/B MIT-interacting 
motif  

210 – 
220/201 – 
211 

Binds to VPS4 through C-terminal of MIM 
domain 

E. caproni, S. mansoni 

     

CHMP3 Region important 
for auto-
inhibitory 
function  

59 – 64 Prevents premature membrane binding 
and assembly (Bajorek et al., 2009a) 

 

 
Interacting region 
with VPS4A  

151 – 222 Interacts with VPS4A Poor sequence conservation in N. americanus, H. 

bacteriophora and F. hepatica.  
Region important 
for auto-
inhibitory 
function  

168 – 169 Prevents premature membrane binding 
and assembly (Bajorek et al., 2009a) 

 

 
Interacting region 
with STAMBP  

203 – 207 Interacts with STAMBP Absent from C. elegans, H. bacteriophora and N. 

americanus. Poorly conserved in nematodes in general.  
Interacting region 
with STAMBP  

221 – 222 Interacts with STAMBP B. xylophilus, S. stercoralis, M. incognita, H. 

bacteriophora, E. multilocularis, T. solium  
MIT-interacting 
motif  

201 – 211 Binds to VPS4 through C-terminal of MIM 
domain 

Absent from C. elegans, H. bacteriophora and N. 

americanus. Poorly conserved in nematodes in general.      

CHMP4A Interacting region 
with 
phosphoinositides  

1 – 116 Interacts with phosphoinositides  
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CHMP5 Interacting region 
with VTA1  

121 – 158 Interacts with VTA1 Truncated sequence in O. viverrini and E. caproni 

     

CHMP6 Interacting region 
with VPS4A  

170 – 181 Interacts with VPS4A Absent from N. americanus. Poorly conserved in other 
nematodes.  

Type-2 MIT-
interacting motif 

168 – 179 Binds to VPS4 through C-terminal of MIM 
domain 

Absent from N. americanus. Poorly conserved in other 
nematodes.      

IST1 Interacting region 
with CHMP1A and 
CHMP1B 

1 – 168 Interacts with CHMP1A and CHMP1B Truncated in N. americanus 

 
Interacting region 
with VPS37B  

64 – 279 Interacts with VPS37B  Truncated in R. culicivorax, A. lumbricoides, E. 

vermicularis, E. caproni and F. hepatica.   
Interacting region 
with VTA1  

190 – 364 Interacts with VTA1  R. culicivorax, A. lumbricoides, E. caproni, N. americanus. 

Truncated in T. spiralis, T. trichiura, S. carpocapsae, M. 

incognita, E. multilocularis, T. solium, O. viverrini, F. 

hepatica, S. mansoni and S. mediterranea.  
Interacting region 
with VPS4A, 
VTA1, MITD1 
STAMBP and 
USP8  

348 – 364 Interacts with VPS4A, VTA1, MITD1 
STAMBP and USP8  

R. culicivorax, T. spiralis, A. lumbricoides, N. americanus, 

E. multilocularis, E. caproni, F. hepatica 

 
Type-2 MIT-
interacting motif  

321 – 332 Binds VPS37 (ESCRT-I) (Bajorek et al., 
2009b). Interacts with VPS4A (Bajorek et 
al., 2009b) 

R. culicivorax, T. spiralis, T. trichiura, A. lumbricoides, E. 

multilocularis, T. solium, C. sinensis, E. caproni, F. 

hepatica, S. mansoni  
MIT-interacting 
motif  

351 – 361 Binds VPS37 (ESCRT-I) (Bajorek et al., 
2009b). Interacts with VPS4A (Bajorek et 
al., 2009b) 

R. culicivorax, T. spiralis, A. lumbricoides, N. americanus, 

E. multilocularis, E. caproni, F. hepatica 
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ESCRT auxiliary proteins 
   

VPS4A/B MIT domain 2 – 92 Binds to MIM domains of ESCRT-III 
subunits 

S. stercoralis, B. xylophilus, H. bacteriophora, C. sinensis, 

O. viverrini, E. caproni, F. hepatica, S. haematobium, P. 

xenopodis  
AAA+ ATPase 
domain  

127-433 ATP hydrolysis S. haematobium 

 
ATPase, AAA-
type, core  

170-300 ATP hydrolysis S. haematobium 

 
VPS4 
oligomerisation, 
C-terminal  

381-441 Required for VPS4 oligomerisation 
(Vajjhala et al., 2006) 

D. medinensis, O. viverrini, F. hepatica 

 
ATPase, AAA-
type, conserved 
site  

272-291 ATP hydrolysis (Karata et al., 1999) R. culicivorax, O. viverrini, F. hepatica, S. haematobium 

     

VTA1 Vacuolar protein 
sorting-associate 
protein 
Vta1/Callose 
synthase, N-
terminal domain 

13-158 Interacts with CHMP1A/B and CHMP5 (Xiao 
et al., 2008). Contains interacting region 
with IST1 (2-186). Contains interacting 
region with CHMP5 (2-75) 

 

 
Interacting region 
with VPS4B  

198 – 307 Interacts with VPS4B  E. caproni, P. xenopodis. Truncated in R. culicivorax, T. 

spiralis, T. trichiura, E. vermicularis, D. medinensis, B. 

malayi, O. volvulus, B. xylophilus, H. bacteriophora, E. 

multilocularis, T. solium, O. viverrini, F. hepatica, S. 

haematobium, S. mansoni      
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ALIX BRO1 domain  3-392 Binds CHMP4B and can function to target 
BRO1 domain-containing proteins to 
endosomes (Kim et al., 2005) 

T. trichiura, E. caproni 

 
ALIX V-shaped 
domain  

413-701 Responsible for homodimerisation (Pires 
et al., 2009) 

H. bacteriophora, P. xenopodis 

 
Self-association 
region 

503 – 868 Region required for self-association H. bacteriophora, P. xenopodis, S. mediterranea 

 
Interacting region 
with CHMP4A, 
CHMP4B and 
CHMP4C  

176 – 503 Interacts CHMP4A, CHMP4B and CHMP4C  E. caproni, P. xenopodis 

 
Interacting region 
with SDCBP  

418 – 868  Interacts with SDCBP  H. bacteriophora, P. xenopodis, S. mediterranea 

 
Interacting region 
with TSG101  

717 – 720 Interacts with TSG101  S. carpocapsae, H. bacteriophora, P. xenopodis, S. 

mediterranea      

LITAF P-S/T-AP and 
PPXY motif  

17-23 Interacts with TSG101 (Shirk et al., 2005) T. trichiura, S. stercoralis, C. elegans, E. multilocularis, T. 

solium, O. viverrini, E. caproni, F. hepatica, S. 

haematobium, S. mansoni, S. mediterranea. Incomplete 
sequence similarities in A. lumbricoides, C. sinensis, P. 

xenopodis, E. vermicularis,  



263 
 

8.2 Dataset A1 

Clade I Romanomermis culicivorax    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              nRc.2.0.1.t03631-RA 555 2.10E-71 53.3 [Alignment] 
STAMBP                            nRc.2.0.1.t31337-RA 223 2.50E-55 87.0 [Alignment] 
STAM                                     nRc.2.0.1.t26162-RA 251 3.50E-49 44.7 [Alignment] 
TSG101                                     nRc.2.0.1.t16244-RA 241 1.20E-45 48.0 [Alignment] 
VPS28                                        nRc.2.0.1.t24750-RA 429 2.10E-81 60.2 [Alignment] 
VPS37                                        

MVB12               nRc.2.0.1.t22392-RA 213 2.90E-24 42.6 [Alignment] 
VPS22/SNF8                   nRc.2.0.1.t03736-RA 397 2.00E-71 58.7 [Alignment] 
VPS25                                   nRc.2.0.1.t00682-RA 242 3.70E-42 52.4 [Alignment] 
VPS36                                              nRc.2.0.1.t12116-RA 138 4.30E-24 58.1 [Alignment] 
CHMP2A                                     nRc.2.0.1.t04346-RA 547 3.20E-70 82.6 [Alignment] 
CHMP2B                                  nRc.2.0.1.t21873-RA 170 2.30E-32 54.2 [Alignment] 
CHMP6                                         nRc.2.0.1.t44955-RA 256 1.10E-25 48.0 [Alignment] 
CHMP3                                      nRc.2.0.1.t33820-RA 502 1.40E-59 66.0 [Alignment] 
CHMP4                                       nRc.2.0.1.t33599-RA 334 5.90E-42 75.0 [Alignment] 
CHMP5                       nRc.2.0.1.t08239-RA 460 6.80E-53 65.1 [Alignment] 
CHMP1a                      nRc.2.0.1.t08697-RA 433 2.20E-49 63.2 [Alignment] 
CHMP1b                                    
IST1                           nRc.2.0.1.t04330-RA 342 2.20E-37 63.2 [Alignment] 
VPS4                        nRc.2.0.1.t39430-RA 671 0 81.8 [Alignment] 
VTA1                                                  nRc.2.0.1.t21573-RA 494 1.10E-66 57.1 [Alignment] 
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ALIX                                  nRc.2.0.1.t15763-RA 225 4.30E-105 54.4 [Alignment] 
Syndecan                            nRc.2.0.1.t19904-RA 97 0.0011 69.2 [Alignment] 
Syntenin                                     

SIMPLE                                   nRc.2.0.1.t27010-RA 106 2.80E-09 63.0 [Alignment] 
SMPD2                                        nRc.2.0.1.t46631-RA 176 2.30E-28 58.6 [Alignment] 
Acid Sphingomyelinase               nRc.2.0.1.t37760-RA 234 1.00E-61 50.0 [Alignment] 
SMS2                                     nRc.2.0.1.t38910-RA 252 1.40E-54 41.4 [Alignment] 
SPHK2                                             nRc.2.0.1.t41188-RA 88 3.20E-13 53.1 [Alignment] 
S1PR1 nRc.2.0.1.t25421-RA 86 1.50E-11 48.6 [Alignment] 
S1PR4         

PLD                                                 nRc.2.0.1.t26339-RA 283 6.90E-107 44.7 [Alignment] 
PLA2                                   nRc.2.0.1.t06200-RA 85 7.10E-09 59.1 [Alignment] 
Phospholipase B-like 2      nRc.2.0.1.t19712-RA 597 1.80E-127 53.4 [Alignment] 
Flotillin 1                                   nRc.2.0.1.t41457-RA 832 4.20E-128 66.5 [Alignment] 
Flotillin 2                         nRc.2.0.1.t28749-RA 385 2.60E-95 62.3 [Alignment] 
DGK                                             nRc.2.0.1.t02183-RA 456 0 64.6 [Alignment] 
ABCA1                                      nRc.2.0.1.t04209-RA 436 0 57.1 [Alignment] 
ABCA3                                              nRc.2.0.1.t04209-RA 364 1.60E-128 38.8 [Alignment] 
ABCB1/MDR1/P-gp                   nRc.2.0.1.t15746-RA 1260 0 54.0 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        nRc.2.0.1.t45738-RA 196 8.60E-46 45.8 [Alignment] 
Flippase                                     nRc.2.0.1.t04135-RA 383 3.40E-65 65.4 [Alignment] 
Phospholipid Scramblase 2       nRc.2.0.1.t45916-RA 204 4.00E-33 46.3 [Alignment] 
Phospholipid Scramblase 3       nRc.2.0.1.t45916-RA 214 3.30E-33 58.6 [Alignment] 
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Oxysterol BP                                 nRc.2.0.1.t32691-RA 447 0 69.7 [Alignment] 
Niemann-Pick C1                    nRc.2.0.1.t07175-RA 618 0 62.5 [Alignment] 
Niemann-Pick C2                                 nRc.2.0.1.t16605-RA 110 1.20E-10 70.8 [Alignment] 
CD63 antigen                             nRc.2.0.1.t21853-RA 104 7.60E-07 45.7 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                nRc.2.0.1.t40855-RA 143 3.80E-21 35.0 [Alignment] 
Tetraspanin 1                         

CD81                                                 nRc.2.0.1.t40855-RA 167 7.90E-26 41.1 [Alignment] 
G7YAH0 (Cs)         

Tspan 8                                             

CD37                                     

CD82                                                    

CD151                                      

Heat-shock protein 70              nRc.2.0.1.t25460-RA 2554 0 84.0 [Alignment] 
HSP90 alpha                                nRc.2.0.1.t01123-RA 923 0 82.6 [Alignment] 
F. hepatica 14-3-3 nRc.2.0.1.t18359-RA 315 4.00E-81 81.1 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  nRc.2.0.1.t18359-RA 321 2.00E-78 75.3 [Alignment] 
hnRNPA2B1                              nRc.2.0.1.t22072-RA 538 1.20E-64 54.9 [Alignment] 
Annexin B2 (Sm) nRc.2.0.1.t32937-RA 158 1.80E-23 37.4 [Alignment] 
Annexin A7 (Cs) nRc.2.0.1.t16835-RA 219 2.80E-36 37.8 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           nRc.2.0.1.t46294-RA 112 2.40E-06 42.1 [Alignment] 
Prostaglandin ES2             nRc.2.0.1.t26071-RA 100 1.70E-04 63.3 [Alignment] 
Rab27                                  nRc.2.0.1.t07272-RA 348 8.00E-63 78.2 [Alignment] 



266 
 

Rab31                            nRc.2.0.1.t32622-RA 349 4.70E-45 55.6 [Alignment] 
Rab35                             nRc.2.0.1.t23026-RA 630 1.20E-78 78.3 [Alignment] 
Rab-protein 11                           nRc.2.0.1.t11217-RA 750 5.30E-94 84.0 [Alignment] 
Rab-8A                                    nRc.2.0.1.t48061-RA 668 5.60E-84 71.1 [Alignment] 
ARF6                                               nRc.2.0.1.t25137-RA 852 3.40E-110 89.1 [Alignment] 
Ras-related protein Ral-A         nRc.2.0.1.t27288-RA 222 3.30E-38 46.6 [Alignment] 
Ras-like GTP-BP Rho1                  nRc.2.0.1.t17909-RA 855 2.80E-109 87.5 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) nRc.2.0.1.t27288-RA 730 3.90E-92 82.5 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) nRc.2.0.1.t27288-RA 730 1.20E-91 82.5 [Alignment] 
TBC1 domain member 20 nRc.2.0.1.t00342-RA 141 1.20E-16 31.9 [Alignment] 
Syntaxin                                    nRc.2.0.1.t24957-RA 638 1.70E-104 71.5 [Alignment] 

Synaptobrevin homologue 
YKT6 nRc.2.0.1.t09746-RA 239 8.10E-26 58.6 [Alignment] 
Synaptotagmin                              nRc.2.0.1.t28307-RA 434 2.40E-101 63.4 [Alignment] 

Synaptosomal-associated 
protein      nRc.2.0.1.t10881-RA 269 1.30E-27 60.2 [Alignment] 
VAMP7                                   nRc.2.0.1.t48049-RA 213 3.20E-50 45.2 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A nRc.2.0.1.t36208-RA 882 4.60E-113 74.0 [Alignment] 

Ce V-type proton ATPase 
subunit a nRc.2.0.1.t01113-RA 224 3.10E-47 87.2 [Alignment] 

Fh H+-transporting ATPase nRc.2.0.1.t01115-RA 245 8.10E-25 65.3 [Alignment] 
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lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase nRc.2.0.1.t08034-RA 712 1.10E-100 68.2 [Alignment] 
Calpain-1 catalytic subunit                     nRc.2.0.1.t05624-RA 596 1.20E-126 60.3 [Alignment] 
Gelsolin                                 nRc.2.0.1.t27300-RA 170 3.30E-77 46.1 [Alignment] 
Myosin Light Chain Kinase       nRc.2.0.1.t46066-RA 227 1.50E-21 43.8 [Alignment] 
ERK                                             nRc.2.0.1.t32897-RA 564 8.00E-70 93.5 [Alignment] 
Fh Annexin B22         
Fh annexin                                             nRc.2.0.1.t16835-RA 500 3.80E-82 52.7 [Alignment] 

Another F. hepatica Annexin 
nRc.2.0.1.t16835-RA 701 1.30E-86 46.3 [Alignment] 

Thrombospondin 2 nRc.2.0.1.t01100-RA 186 1.80E-31 50.0 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase nRc.2.0.1.t28116-RA 718 0 81.2 [Alignment] 
Myoferlin         
Otoferlin         
PARP4 nRc.2.0.1.t39235-RA 108 3.40E-11 34.4 [Alignment] 
TEP1 nRc.2.0.1.t44655-RA 78 6.50E-11 28.1 [Alignment] 
NSUN2 nRc.2.0.1.t29559-RA 346 2.40E-79 54.9 [Alignment] 
Argonaute-2 nRc.2.0.1.t14862-RA 706 3.50E-129 55.5 [Alignment] 
WAGO-1 (Ascaris suum) nRc.2.0.1.t30157-RA 170 1.70E-15 32.7 
WAGO-2 (Ascaris suum) nRc.2.0.1.t30157-RA 147 1.00E-36 31.0 [Alignment] 

Likely H. poly secreted 
argonaute nRc.2.0.1.t30157-RA 142 9.00E-29 29.8 [Alignment] 
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Acid sphingomyelinase-like 
3a nRc.2.0.1.t37761-RA 89 0.0035 34.6 [Alignment] 

Acid sphingomyelinase-like 
3b nRc.2.0.1.t37760-RA 82 0.026 28.0 [Alignment] 

S1PR3         

Y Box 1 nRc.2.0.1.t10725-RA 346 2.10E-36 78.3 [Alignment] 

Syntaxin 5 nRc.2.0.1.t20927-RA 245 2.10E-24 47.9 [Alignment] 

ROCK1 nRc.2.0.1.t15689-RA 912 0 77.4 [Alignment] 

ROCK2 nRc.2.0.1.t15689-RA 892 0 71.4 [Alignment] 

FhERM nRc.2.0.1.t22214-RA 363 1.40E-40 56.9 [Alignment] 

SYNCRIP/HNRNPQ nRc.2.0.1.t10525-RA 343 4.80E-90 50.8 [Alignment] 

SMPD3         

ARF1 nRc.2.0.1.t09558-RA 901 6.70E-117 96.1 [Alignment] 

DIAPH3         

ARRDC1 nRc.2.0.1.t37640-RA 83 0.027 41.7 [Alignment] 

VAMP3         
 
 

Clade I Trichinella spirilis     

Protein Name Identifier Score E Value Identities (%) 

HGS                                              EFV60857 421 4.60E-100 55.5 [Alignment] 
STAMBP                                    
STAM                                     EFV55713 211 2.60E-68 58.5 [Alignment] 
TSG101                                     EFV55857 354 3.10E-71 49.6 [Alignment] 
VPS28                                        EFV53958 393 5.20E-70 59.8 [Alignment] 
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VPS37                                EFV56938 179 3.60E-15 37.6 [Alignment] 
MVB12                       

VPS22/SNF8                   EFV50618 269 2.50E-39 62.3 [Alignment] 
VPS25                                   EFV50617 206 7.50E-43 53.8 [Alignment] 
VPS36                                              EFV55493 416 4.60E-55 41.8 [Alignment] 
CHMP2A                                     EFV58928 529 4.10E-69 79.9 [Alignment] 
CHMP2B                                  EFV52916 226 1.40E-21 45.8 [Alignment] 
CHMP6                                         EFV55146 167 1.30E-13 29.6 [Alignment] 
CHMP3                                      EFV56969 393 1.10E-44 52.1 [Alignment] 
CHMP4                                       EFV52079 306 1.40E-48 73.8 [Alignment] 
CHMP5                       EFV60059 476 7.60E-58 66.7 [Alignment] 
CHMP1a                              

CHMP1b                            EFV51898 425 3.20E-59 64.9 [Alignment] 
IST1                           EFV51627 167 8.90E-14 34.8 [Alignment] 
VPS4                        EFV52319 1402 0 77.8 [Alignment] 
VTA1                                                  EFV51897 355 3.70E-51 44.5 [Alignment] 
ALIX                                  EFV56823 325 7.10E-106 50.4 [Alignment] 
Syndecan                            EFV60667 88 0.018 57.7 [Alignment] 
Syntenin                                     
SIMPLE                                   EFV54986 111 9.70E-10 57.1 [Alignment] 
SMPD2                                        EFV56700 454 8.60E-58 44.9 [Alignment] 
Acid Sphingomyelinase               EFV61280 202 1.60E-59 41.1 [Alignment] 
SMS2                                     EFV59382 331 4.70E-53 54.5 [Alignment] 
SPHK2                                             EFV57440 133 7.20E-28 61.8 [Alignment] 
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S1PR1 EFV59979 90 1.20E-08 33.3 [Alignment] 
S1PR4 

PLD EFV54094 284 2.00E-155 45.9 [Alignment] 
PLA2 EFV53436 100 1.20E-10 61.5 [Alignment] 
Phospholipase B-like 2 EFV56613 282 5.40E-113 52.5 [Alignment] 
Flotillin 1 

Flotillin 2 

DGK EFV49222 264 9.20E-103 63.8 [Alignment] 
ABCA1 EFV56075 410 0 46.2 [Alignment] 
ABCA3 EFV56075 658 3.00E-176 50.8 [Alignment] 
ABCB1/MDR1/P-gp EFV54367 328 9.70E-69 44.4 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family       EFV59730 111 1.80E-14 32.9 [Alignment] 
Flippase EFV52922 204 6.00E-54 65.6 [Alignment] 
Phospholipid Scramblase 2 

Phospholipid Scramblase 3 

Oxysterol BP EFV58401 482 0 62.5 [Alignment] 
Niemann-Pick C1 EFV60802 498 0 61.9 [Alignment] 
Niemann-Pick C2 EFV61171 75 0.032 30.6 [Alignment] 
CD63 antigen EFV54377 115 8.00E-12 51.2 [Alignment] 
Tetraspannin CD63 R 

CD9 antigen EFV58510 115 1.80E-11 54.5 [Alignment] 
Tetraspanin 1 

CD81 EFV50644 148 4.50E-12 35.3 [Alignment] 



271 
 

G7YAH0 (Cs)         

Tspan 8                                             

CD37                                     

CD82                                                    

CD151                                      

Heat-shock protein 70              EFV56367 2540 0 84.8 [Alignment] 
HSP90 alpha                                EFV55915 1101 0 81.6 [Alignment] 
F. hepatica 14-3-3 EFV61453 327 1.70E-56 62.7 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  EFV61453 312 2.00E-78 71.1 [Alignment] 
hnRNPA2B1                              EFV62286 554 7.80E-67 54.9 [Alignment] 
Annexin B2 (Sm)         

Annexin A7 (Cs)         

Major Vault Protein                                  

Leukotriene A-4 hydrolase           EFV54343 99 1.90E-10 36.7 [Alignment] 
Prostaglandin ES2             EFV55232 235 2.70E-23 42.1 [Alignment] 
Rab27                                  EFV51876 362 9.80E-62 66.7 [Alignment] 
Rab31                            EFV52478 432 8.00E-51 48.0 [Alignment] 
Rab35                             EFV59875 420 1.20E-61 73.1 [Alignment] 
Rab-protein 11                           EFV52812 465 6.20E-96 96.8 [Alignment] 
Rab-8A                                    EFV54365 804 6.30E-103 84.7 [Alignment] 
ARF6                                               EFV60026 649 1.40E-81 66.1 [Alignment] 
Ras-related protein Ral-A         EFV57304 214 3.60E-35 46.3 [Alignment] 
Ras-like GTP-BP Rho1                  EFV54908 848 2.60E-108 86.5 [Alignment] 
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H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) EFV57304 715 4.80E-90 74.3 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) EFV57304 715 1.40E-89 74.3 [Alignment] 
TBC1 domain member 20 EFV54354 269 1.60E-28 30.1 [Alignment] 
Syntaxin                                    EFV62277 931 8.90E-117 77.5 [Alignment] 

Synaptobrevin homologue 
YKT6 EFV56473 257 1.50E-50 53.6 [Alignment] 
Synaptotagmin                              EFV54214 430 2.20E-117 63.2 [Alignment] 

Synaptosomal-associated 
protein      EFV50290 279 3.70E-52 64.2 [Alignment] 
VAMP7                                   EFV54599 91 0.0015 35.2 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A EFV50192 765 0 91.9 [Alignment] 

Ce V-type proton ATPase 
subunit a EFV58693 731 0 56.8 [Alignment] 

Fh H+-transporting ATPase EFV58694 231 1.00E-45 60.5 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase EFV52429 334 6.00E-71 75.6 [Alignment] 
Calpain-1 catalytic subunit                     EFV55863 572 1.20E-125 58.5 [Alignment] 
Gelsolin                                 EFV60695 138 1.00E-57 53.1 [Alignment] 
Myosin Light Chain Kinase       EFV60564 731 5.00E-90 48.1 [Alignment] 
ERK                                             EFV57354 1161 2.50E-153 82.2 [Alignment] 
Fh Annexin B22         
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Fh annexin                                                     

Another F. hepatica Annexin         

Thrombospondin 2 EFV55575 146 9.60E-32 49.0 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase EFV53638 621 0 67.2 [Alignment] 
Myoferlin         
Otoferlin         
PARP4         
TEP1 EFV59133 73 4.20E-12 43.3 [Alignment] 
NSUN2 EFV58541 284 5.00E-100 61.9 [Alignment] 
Argonaute-2 EFV55930 2511 0 75.2 [Alignment] 
WAGO-1 (Ascaris suum) EFV51454 254 2.10E-27 40.7 [Alignment] 
WAGO-2 (Ascaris suum) EFV51455 257 1.50E-35 38.7 [Alignment] 

Likely H. poly secreted 
argonaute EFV51455 213 1.40E-35 35.8 [Alignment] 

Acid sphingomyelinase-like 
3a EFV61280 86 0.009 53.3 [Alignment] 

Acid sphingomyelinase-like 
3b EFV61280 83 0.019 51.9 [Alignment] 

S1PR3         

Y Box 1 EFV52174 207 3.40E-18 71.9 [Alignment] 

Syntaxin 5 EFV61045 287 4.00E-30 62.5 [Alignment] 

ROCK1 EFV53411 1031 0 75.6 [Alignment] 

ROCK2 EFV53411 1005 0 74.0 [Alignment] 
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FhERM EFV51776 927 6.20E-118 53.6 [Alignment] 

SYNCRIP/HNRNPQ EFV49063 225 4.80E-21 53.2 [Alignment] 

SMPD3         

ARF1 EFV50599 631 2.90E-79 95.3 [Alignment] 

DIAPH3         

ARRDC1         

VAMP3 EFV54599 219 1.80E-21 80.7 [Alignment] 
 
 

Clade I Trichuris trichiura     

Protein Name Identifier Score E Value Identities (%) 

HGS                                              TTRE_0000291901 404 1.40E-106 63.6 [Alignment] 
STAMBP                            TTRE_0000495401 460 9.10E-81 64.6 [Alignment] 
STAM                                     TTRE_0000118601 229 5.40E-72 69.6 [Alignment] 
TSG101                                     TTRE_0000321201 236 2.20E-55 57.7 [Alignment] 
VPS28                                        TTRE_0000604101 479 7.50E-86 68.4 [Alignment] 
VPS37                                        

MVB12               TTRE_0000606201-mRNA-1 46 3.50E-12 70.0 [Alignment] 
VPS22/SNF8                   TTRE_0000549501 298 4.90E-58 55.6 [Alignment] 
VPS25                                   TTRE_0000666301-mRNA-1 143 4.30E-19 50.0 [Alignment] 
VPS36                                              TTRE_0000257601 283 2.20E-54 41.1 [Alignment] 
CHMP2A                                     TTRE_0000324901 517 1.30E-63 78.5 [Alignment] 
CHMP2B                                          

CHMP6                                         TTRE_0000136901 203 1.70E-18 38.5 [Alignment] 
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CHMP3                                      TTRE_0000350701 381 4.80E-43 49.7 [Alignment] 
CHMP4                                       TTRE_0000393701 476 1.40E-54 78.8 [Alignment] 
CHMP5                       TTRE_0000227301 367 5.40E-56 65.7 [Alignment] 
CHMP1a                              

CHMP1b                            TTRE_0000341401 245 2.90E-47 66.7 [Alignment] 
IST1                           TTRE_0000830201 254 9.00E-29 40.3 [Alignment] 
VPS4                        TTRE_0000638201 1188 0 80.2 [Alignment] 
VTA1                                                  TTRE_0000017801 357 1.40E-51 43.2 [Alignment] 
ALIX                                  TTRE_0000708001 328 3.30E-82 38.5 [Alignment] 
Syndecan                            TTRE_0000234101 86 0.032 57.7 [Alignment] 
Syntenin                             TTRE_0000005801 376 1.20E-42 46.9 [Alignment] 
SIMPLE                                   TTRE_0000045001 128 5.70E-09 67.9 [Alignment] 
SMPD2                                        TTRE_0000501801 358 1.60E-46 49.2 [Alignment] 
Acid Sphingomyelinase                       

SMS2                                     TTRE_0000307101 244 1.70E-52 36.9 [Alignment] 
SPHK2                                                     

S1PR1 TTRE_0000040201 87 1.50E-12 42.2 [Alignment] 
S1PR4         

PLD                                                 TTRE_0000724701 292 4.90E-175 63.8 [Alignment] 
PLA2                                   TTRE_0000770101 97 1.30E-09 56.0 [Alignment] 
Phospholipase B-like 2      TTRE_0000631301 299 1.20E-101 54.5 [Alignment] 
Flotillin 1                                           

Flotillin 2                                 

DGK                                             TTRE_0000267101-mRNA-1 379 9.00E-170 60.9 [Alignment] 
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ABCA1                                      TTRE_0000065401 320 0 57.0 [Alignment] 
ABCA3                                              TTRE_0000065401 363 0 63.5 [Alignment] 
ABCB1/MDR1/P-gp                   TTRE_0000276701-mRNA-1 843 0 54.8 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        TTRE_0000160101 212 2.40E-35 39.3 [Alignment] 
Flippase                                     TTRE_0000277701 150 3.30E-38 41.0 [Alignment] 
Phospholipid Scramblase 2               

Phospholipid Scramblase 3               

Oxysterol BP                                 TTRE_0000528701 476 0 73.6 [Alignment] 
Niemann-Pick C1                    TTRE_0000555901 473 0 52.9 [Alignment] 
Niemann-Pick C2                                 TTRE_0000143601 161 2.00E-22 56.3 [Alignment] 
CD63 antigen                             TTRE_0000375501-mRNA-1 129 5.80E-23 45.3 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                TTRE_0000315201-mRNA-1 191 6.70E-18 31.6 [Alignment] 
Tetraspanin 1                     TTRE_0000766601 64 1.80E-11 37.9 [Alignment] 
CD81                                                 TTRE_0000315201-mRNA-1 179 1.70E-16 44.1 [Alignment] 
G7YAH0 (Cs) TTRE_0000315201 165 2.00E-21 34.7 [Alignment] 
Tspan 8                                     TTRE_0000375501 116 3.70E-16 37.3 [Alignment] 
CD37                             TTRE_0000375501 87 8.80E-10 37.8 [Alignment] 
CD82                                            TTRE_0000375501 142 1.40E-10 29.7 [Alignment] 
CD151                              TTRE_0000375501 108 1.10E-17 57.6 [Alignment] 
Heat-shock protein 70              TTRE_0000430801 2551 0 84.2 [Alignment] 
HSP90 alpha                                TTRE_0000257701 1082 0 79.7 [Alignment] 
F. hepatica 14-3-3 TTRE_0000107401-mRNA-1 317 3.20E-55 57.8 [Alignment] 
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F. hepatica 14-3-3 β/α-1                                  TTRE_0000107401 321 2.50E-74 73.5 [Alignment] 
hnRNPA2B1                              TTRE_0000222701 546 9.80E-66 54.3 [Alignment] 
Annexin B2 (Sm)         

Annexin A7 (Cs)         

Major Vault Protein                                  

Leukotriene A-4 hydrolase           TTRE_0000303001-mRNA-1 127 5.90E-08 52.5 [Alignment] 
Prostaglandin ES2             TTRE_0000082701-mRNA-1 254 1.10E-57 47.3 [Alignment] 
Rab27                                  TTRE_0000800701 438 2.10E-70 64.3 [Alignment] 
Rab31                            TTRE_0000012101 449 3.50E-53 49.7 [Alignment] 
Rab35                             TTRE_0000510701 668 5.90E-84 80.4 [Alignment] 
Rab-protein 11                           TTRE_0000693301 785 8.10E-99 90.6 [Alignment] 
Rab-8A                                    TTRE_0000529401 798 4.30E-102 77.6 [Alignment] 
ARF6                                               TTRE_0000291101-mRNA-1 841 1.20E-108 88.6 [Alignment] 
Ras-related protein Ral-A         TTRE_0000171201 217 5.40E-36 48.7 [Alignment] 
Ras-like GTP-BP Rho1                  TTRE_0000297001 846 4.90E-108 86.9 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) TTRE_0000171201 657 5.30E-82 79.4 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) TTRE_0000171201 657 1.40E-81 79.4 [Alignment] 
TBC1 domain member 20 TTRE_0000690801 205 1.70E-19 37.0 [Alignment] 
Syntaxin                                    TTRE_0000165201 498 3.40E-58 77.3 [Alignment] 

Synaptobrevin homologue 
YKT6 TTRE_0000723901 272 5.10E-59 63.3 [Alignment] 
Synaptotagmin                              TTRE_0000202401-mRNA-1 481 9.30E-124 67.4 [Alignment] 
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Synaptosomal-associated 
protein      TTRE_0000302701-mRNA-1 279 7.10E-52 65.4 [Alignment] 
VAMP7                                   TTRE_0000856701 470 8.30E-57 47.9 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A TTRE_0000522601-mRNA-1 1119 0 81.1 [Alignment] 

Ce V-type proton ATPase 
subunit a TTRE_0000172301-mRNA-1 540 0 66.2 [Alignment] 

Fh H+-transporting ATPase TTRE_0000172301-mRNA-1 207 3.00E-51 73.7 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase TTRE_0000145901 743 3.50E-104 70.7 [Alignment] 
Calpain-1 catalytic subunit                     TTRE_0000043101 597 2.20E-124 61.1 [Alignment] 
Gelsolin                                 TTRE_0000810601 173 3.00E-64 57.4 [Alignment] 
Myosin Light Chain Kinase               

ERK                                             TTRE_0000289601-mRNA-1 1482 0 79.2 [Alignment] 
Fh Annexin B22         

Fh annexin                                                     

Another F. hepatica Annexin         

Thrombospondin 2 TTRE_0000551301 175 3.50E-34 45.0 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase TTRE_0000016101 1201 0 70.4 [Alignment] 
Myoferlin         
Otoferlin         
PARP4 TTRE_0000606401-mRNA-1 84 0.0025 41.2 [Alignment] 
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TEP1  TTRE_0000008101-mRNA-1 77 1.80E-17 38.7 [Alignment] 
NSUN2 TTRE_0000326001-mRNA-1 382 8.00E-123 56.8 [Alignment] 
Argonaute-2 TTRE_0000238901-mRNA-1 1525 0 71.9 [Alignment] 
WAGO-1 (Ascaris suum) TTRE_0000116601-mRNA-1 258 5.00E-28 43.0 [Alignment] 
WAGO-2 (Ascaris suum) TTRE_0000238901-mRNA-1 179 7.40E-38 36.1 [Alignment] 

Likely H. poly secreted 
argonaute TTRE_0000116601-mRNA-1 218 3.00E-27 37.3 [Alignment] 

Acid sphingomyelinase-like 
3a         

Acid sphingomyelinase-like 
3b         

S1PR3         

Y Box 1 TTRE_0000405201-mRNA-1 360 3.10E-38 79.1 [Alignment] 

Syntaxin 5 TTRE_0000158701-mRNA-1 240 1.00E-23 58.4 [Alignment] 

ROCK1 TTRE_0000444801-mRNA-1 1543 0 70.5 [Alignment] 

ROCK2 TTRE_0000444801-mRNA-1 1321 1.60E-170 72.3 [Alignment] 

FhERM EFV51776 927 6.20E-118 53.6 [Alignment] 

SYNCRIP/HNRNPQ TTRE_0000323601-mRNA-1 362 3.30E-107 59.3 [Alignment] 

SMPD3         

ARF1 TTRE_0000772701-mRNA-1 886 8.20E-115 92.8 [Alignment] 

DIAPH3         

ARRDC1         

VAMP3         
 
 



280 
 

Clade III Ascaris 

lumbricoides     

Protein Name Identifier Score E Value Identities (%) 

HGS                                              ALUE_0000464401-mRNA-1 102 2.60E-107 55.0 [Alignment] 
STAMBP                            ALUE_0001382101-mRNA-1 160 3.80E-69 41.3 [Alignment] 
STAM                                     ALUE_0001086501-mRNA-1 145 9.50E-67 32.1 [Alignment] 
TSG101                                     ALUE_0001247801-mRNA-1 347 2.20E-71 46.7 [Alignment] 
VPS28                                        ALUE_0000908301-mRNA-1 222 3.50E-73 54.2 [Alignment] 
VPS37                                ALUE_0000805601-mRNA-1 100 4.80E-17 39.0 [Alignment] 
MVB12               ALUE_0001897001-mRNA-1 92 0.002 31.3 [Alignment] 
VPS22/SNF8                   ALUE_0001209101-mRNA-1 370 5.40E-74 55.0 [Alignment] 
VPS25                                   ALUE_0000420501-mRNA-1 335 1.70E-37 41.4 [Alignment] 
VPS36                                              ALUE_0001328001-mRNA-1 640 7.90E-92 57.1 [Alignment] 
CHMP2A                                     ALUE_0001782701-mRNA-1 528 3.20E-69 80.4 [Alignment] 
CHMP2B                                  ALUE_0000651701-mRNA-1 279 9.20E-29 42.6 [Alignment] 
CHMP6                                         ALUE_0001728501-mRNA-1 245 3.30E-24 44.4 [Alignment] 
CHMP3                                      ALUE_0000946301-mRNA-1 458 3.70E-60 62.6 [Alignment] 
CHMP4                                       ALUE_0000345601-mRNA-1 444 2.70E-50 74.3 [Alignment] 
CHMP5                       ALUE_0000960801-mRNA-1 504 2.60E-61 69.9 [Alignment] 
CHMP1a                              

CHMP1b                            ALUE_0000982101-mRNA-1 325 3.60E-43 65.1 [Alignment] 
IST1                           ALUE_0001208001-mRNA-1 367 8.00E-53 61.5 [Alignment] 
VPS4                        ALUE_0000895101-mRNA-1 292 5.60E-164 73.6 [Alignment] 
VTA1                                                  ALUE_0000723101-mRNA-1 254 1.80E-38 39.3 [Alignment] 
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ALIX                                  ALUE_0000711201-mRNA-1 567 1.00E-165 48.5 [Alignment] 
Syndecan                            ALUE_0000718201-mRNA-1 105 1.00E-04 70.4 [Alignment] 
Syntenin                             ALUE_0001420401-mRNA-1 274 1.20E-56 51.0 [Alignment] 
SIMPLE                                   ALUE_0001185101-mRNA-1 121 2.40E-10 62.1 [Alignment] 
SMPD2                                        ALUE_0001957801-mRNA-1 304 1.10E-39 43.2 [Alignment] 
Acid Sphingomyelinase               ALUE_0000497601-mRNA-1 506 6.10E-97 40.3 [Alignment] 
SMS2                                     ALUE_0000549201-mRNA-1 272 5.60E-60 38.2 [Alignment] 
SPHK2                                             ALUE_0000049001-mRNA-1 207 6.30E-25 43.0 [Alignment] 
S1PR1 ALUE_0000900601-mRNA-1 91 1.30E-11 47.2 [Alignment] 
S1PR4         

PLD                                                 ALUE_0000741101-mRNA-1 268 0 58.5 [Alignment] 
PLA2                                   ALUE_0000482901-mRNA-1 84 4.40E-10 48.0 [Alignment] 
Phospholipase B-like 2      ALUE_0002157401-mRNA-1 198 5.10E-67 50.0 [Alignment] 
Flotillin 1                                   ALUE_0001305701-mRNA-1 588 5.50E-83 64.1 [Alignment] 
Flotillin 2                         ALUE_0001965301-mRNA-1 780 3.50E-132 64.4 [Alignment] 
DGK                                             ALUE_0001183201-mRNA-1 353 2.80E-126 65.6 [Alignment] 
ABCA1                                      ALUE_0001164501-mRNA-1 372 0 66.0 [Alignment] 
ABCA3                                              ALUE_0001164501-mRNA-1 371 0 64.7 [Alignment] 
ABCB1/MDR1/P-gp                   ALUE_0001837401-mRNA-1 643 0 59.9 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        ALUE_0001352801-mRNA-1 147 4.70E-29 29.9 [Alignment] 
Flippase                                     ALUE_0000699601-mRNA-1 246 2.00E-81 57.0 [Alignment] 
Phospholipid Scramblase 2               

Phospholipid Scramblase 3               
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Oxysterol BP                                 ALUE_0001981601-mRNA-1 455 4.90E-145 69.1 [Alignment] 
Niemann-Pick C1                    ALUE_0001981601-mRNA-1 455 4.60E-145 69.1 [Alignment] 
Niemann-Pick C2                                         

CD63 antigen                             ALUE_0000372101-mRNA-1 178 3.10E-23 37.2 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                ALUE_0000907501-mRNA-1 114 1.00E-15 48.5 [Alignment] 
Tetraspanin 1                     ALUE_0000679901-mRNA-1 168 1.00E-14 36.8 [Alignment] 
CD81                                                 ALUE_0000679901-mRNA-1 143 3.90E-15 43.9 [Alignment] 
G7YAH0 (Cs) ALUE_0000679901-mRNA-1 143 3.40E-15 43.9 [Alignment] 
Tspan 8                                     ALUE_0000679901-mRNA-1 167 4.30E-17 30.6 [Alignment] 
CD37                                     

CD82                                                    

CD151                                      

Heat-shock protein 70              ALUE_0000789101-mRNA-1 1187 0 71.3 [Alignment] 
HSP90 alpha                                ALUE_0001647301-mRNA-1 1144 0 84.0 [Alignment] 
F. hepatica 14-3-3 ALUE_0001647301-mRNA-1 1144 0 84.0 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  ALUE_0000414301-mRNA-1 302 4.30E-77 82.9 [Alignment] 
hnRNPA2B1                              ALUE_0000941001-mRNA-1 295 6.50E-74 65.1 [Alignment] 
Annexin B2 (Sm) ALUE_0001079801-mRNA-1 521 2.70E-62 54.3 [Alignment] 
Annexin A7 (Cs) ALUE_0001306901-mRNA-1 155 1.10E-30 28.1 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           ALUE_0001232801-mRNA-1 595 4.80E-173 64.3 [Alignment] 
Prostaglandin ES2             ALUE_0001232801-mRNA-1 595 4.40E-173 64.3 [Alignment] 
Rab27                                  ALUE_0000545501-mRNA-1 509 1.50E-85 60.7 [Alignment] 
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Rab31                            ALUE_0001055001-mRNA-1 196 3.90E-48 52.6 [Alignment] 
Rab35                             ALUE_0000735101-mRNA-1 444 1.70E-52 49.4 [Alignment] 
Rab-protein 11                           ALUE_0001099601-mRNA-1 381 5.40E-55 58.2 [Alignment] 
Rab-8A                                    ALUE_0001073701-mRNA-1 747 1.40E-93 84.3 [Alignment] 
ARF6                                               ALUE_0001826101-mRNA-1 391 8.70E-99 87.8 [Alignment] 
Ras-related protein Ral-A         ALUE_0001826101-mRNA-1 391 7.50E-99 87.8 [Alignment] 
Ras-like GTP-BP Rho1                  ALUE_0001196801-mRNA-1 831 6.70E-106 84.2 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) ALUE_0001196801-mRNA-1 831 5.80E-106 84.2 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) ALUE_0002225901-mRNA-1 388 1.30E-71 93.7 [Alignment] 
TBC1 domain member 20 ALUE_0002225901-mRNA-1 388 3.10E-71 93.7 [Alignment] 
Syntaxin                                    ALUE_0001079901-mRNA-1 892 1.80E-111 72.9 [Alignment] 

Synaptobrevin homologue 
YKT6 ALUE_0001182101-mRNA-1 252 1.20E-51 62.3 [Alignment] 
Synaptotagmin                              ALUE_0000526801-mRNA-1 470 3.60E-121 67.8 [Alignment] 

Synaptosomal-associated 
protein      ALUE_0001220801-mRNA-1 267 1.30E-51 70.4 [Alignment] 
VAMP7                                   ALUE_0001520701-mRNA-1 102 1.50E-10 34.0 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A ALUE_0000631401-mRNA-1 1335 0 73.9 [Alignment] 

Ce V-type proton ATPase 
subunit a ALUE_0000533201-mRNA-1 1265 0 66.7 [Alignment] 

Fh H+-transporting ATPase ALUE_0000628701-mRNA-1 261 2.00E-70 55.1 [Alignment] 
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lysosomal accessory protein 
1 ALUE_0001703301-mRNA-1 194 4.30E-42 66.7 [Alignment] 
Fh Vacuolar H ATPase ALUE_0001382801-mRNA-1 640 1.20E-90 79.7 [Alignment] 
Calpain-1 catalytic subunit                     ALUE_0000905301-mRNA-1 546 3.50E-114 65.6 [Alignment] 
Gelsolin                                 ALUE_0000780801-mRNA-1 198 1.00E-17 30.2 [Alignment] 
Myosin Light Chain Kinase       ALUE_0000589001-mRNA-1 582 5.40E-70 56.3 [Alignment] 
ERK                                             ALUE_0001192701-mRNA-1 1361 0 78.2 [Alignment] 
Fh Annexin B22 ALUE_0000432001-mRNA-1 417 5.20E-91 51.4 [Alignment] 
Fh annexin                                             ALUE_0001838101-mRNA-1 215 8.20E-37 33.8 [Alignment] 

Another F. hepatica Annexin 
ALUE_0001838101-mRNA-1 405 5.80E-69 44.6 [Alignment] 

Thrombospondin 2 ALUE_0001306901-mRNA-1 688 7.70E-85 45.2 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase ALUE_0002120201-mRNA-1 95 7.60E-25 51.9 [Alignment] 
Myoferlin ALUE_0002010201-mRNA-1 596 4.20E-114 83.0 [Alignment] 
Otoferlin ALUE_0000019301-mRNA-1 167 7.30E-34 33.3 [Alignment] 
PARP4 ALUE_0000967201-mRNA-1 89 3.30E-07 38.0 [Alignment] 
TEP1 ALUE_0001416901-mRNA-1 100 2.90E-08 33.8 [Alignment] 
NSUN2 ALUE_0000713101-mRNA-1 329 1.10E-117 57.8 [Alignment] 
Argonaute-2 ALUE_0001587801-mRNA-1 1871 0 75.5 [Alignment] 
WAGO-1 (Ascaris suum) ALUE_0001385501-mRNA-1 3106 0.00E+00 98.9 [Alignment] 
WAGO-2 (Ascaris suum) ALUE_0001089101-mRNA-1 2938 0 99.7 [Alignment] 

Likely H. poly secreted 
argonaute ALUE_0001089101-mRNA-1 481 3.70E-103 57.7 [Alignment] 
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Acid sphingomyelinase-like 
3a ALUE_0000565301-mRNA-1 218 3.60E-21 37.0 [Alignment] 

Acid sphingomyelinase-like 
3b ALUE_0000816001-mRNA-1 221 1.60E-21 36.0 [Alignment] 

S1PR3         

Y Box 1 ALUE_0000394301-mRNA-1 376 2.50E-40 76.7 [Alignment] 

Syntaxin 5 ALUE_0000944101-mRNA-1 286 5.50E-30 61.4 [Alignment] 

ROCK1 ALUE_0000337401-mRNA-1 797 3.40E-175 70.7 [Alignment] 

ROCK2 ALUE_0000337401-mRNA-1 741 3.10E-166 67.8 [Alignment] 

SYNCRIP/HNRNPQ ALUE_0001259501-mRNA-1 417 7.40E-124 65.0 [Alignment] 

SMPD3         

ARF1 ALUE_0001838201-mRNA-1 910 3.70E-118 96.1 [Alignment] 

DIAPH3         

ARRDC1 ALUE_0000779901-mRNA-1 95 6.10E-04 40.0 [Alignment] 

VAMP3         
 
 

Clade III Enterobius vermicularis     

Protein Name Identifier Score E Value Identities (%) 

HGS                                              EVEC_0000671501-mRNA-1 584 3.00E-83 49.3 [Alignment] 
STAMBP                            EVEC_0000721401-mRNA-1 384 1.60E-63 55.9 [Alignment] 
STAM                                     EVEC_0000292001-mRNA-1 217 6.90E-57 47.2 [Alignment] 
TSG101                                     EVEC_0000425801-mRNA-1 342 4.30E-72 47.0 [Alignment] 
VPS28                                        EVEC_0000158001-mRNA-1 238 4.20E-50 46.9 [Alignment] 
VPS37                                EVEC_0000998801-mRNA-1 224 2.40E-21 33.1 [Alignment] 
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MVB12               EVEC_0000410801-mRNA-1 105 6.20E-09 35.6 [Alignment] 
VPS22/SNF8                   EVEC_0000447501-mRNA-1 369 4.10E-75 61.5 [Alignment] 
VPS25                                   EVEC_0000936301-mRNA-1 172 8.00E-29 45.0 [Alignment] 
VPS36                                              EVEC_0000175801-mRNA-1 598 2.00E-85 51.9 [Alignment] 
CHMP2A                                     EVEC_0000728201-mRNA-1 538 4.80E-71 82.5 [Alignment] 
CHMP2B                                  EVEC_0001181401-mRNA-1 270 1.50E-27 43.8 [Alignment] 
CHMP6                                         EVEC_0000456501-mRNA-1 177 5.70E-15 50.7 [Alignment] 
CHMP3                                      EVEC_0000531501-mRNA-1 499 3.40E-65 66.7 [Alignment] 
CHMP4                                       EVEC_0000736101-mRNA-1 382 3.70E-43 64.9 [Alignment] 
CHMP5                       EVEC_0000582601-mRNA-1 514 6.70E-67 68.6 [Alignment] 
CHMP1a                              

CHMP1b                            EVEC_0000635601-mRNA-1 418 2.50E-57 60.4 [Alignment] 
IST1                           EVEC_0000180601-mRNA-1 217 9.20E-37 76.4 [Alignment] 
VPS4                        EVEC_0001040201-mRNA-1 911 0 83.8 [Alignment] 
VTA1                                                  EVEC_0000208401-mRNA-1 373 1.50E-51 50.7 [Alignment] 
ALIX                                  EVEC_0000723501-mRNA-1 566 3.60E-172 48.7 [Alignment] 
Syndecan                            EVEC_0001346401-mRNA-1 97 0.0011 66.7 [Alignment] 
Syntenin                             EVEC_0000345301-mRNA-1 227 3.30E-42 60.6 [Alignment] 
SIMPLE                                   EVEC_0000608701-mRNA-1 116 2.70E-07 55.2 [Alignment] 
SMPD2                                        EVEC_0000734901-mRNA-1 456 1.40E-55 43.9 [Alignment] 
Acid Sphingomyelinase               EVEC_0000008601-mRNA-1 392 1.90E-82 34.9 [Alignment] 
SMS2                                     EVEC_0000924001-mRNA-1 253 3.90E-55 35.0 [Alignment] 
SPHK2                                             EVEC_0001207501-mRNA-1 81 1.60E-17 34.1 [Alignment] 
S1PR1 EVEC_0000589401-mRNA-1 98 7.40E-17 31.5 [Alignment] 
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S1PR4         

PLD                                                 EVEC_0000418501-mRNA-1 272 0 48.1 [Alignment] 
PLA2                                   EVEC_0001328101-mRNA-1 99 8.10E-14 35.7 [Alignment] 
Phospholipase B-like 2      EVEC_0001259301-mRNA-1 486 5.50E-95 45.7 [Alignment] 
Flotillin 1                                   EVEC_0000706401-mRNA-1 807 4.30E-101 66.4 [Alignment] 
Flotillin 2                         EVEC_0000896901-mRNA-1 448 9.10E-138 63.2 [Alignment] 
DGK                                             EVEC_0000742501-mRNA-1 469 0 65.9 [Alignment] 
ABCA1                                      EVEC_0000176401-mRNA-1 618 0 52.5 [Alignment] 
ABCA3                                              EVEC_0000176501-mRNA-1 668 0 55.5 [Alignment] 
ABCB1/MDR1/P-gp                   EVEC_0000914401-mRNA-1 775 0 61.5 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        EVEC_0000745301-mRNA-1 130 1.20E-17 25.7 [Alignment] 
Flippase                                     EVEC_0000158201-mRNA-1 332 4.00E-97 63.0 [Alignment] 
Phospholipid Scramblase 2               

Phospholipid Scramblase 3               

Oxysterol BP                                 EmuJ_000850900.1 427 9.70E-155 67.8 [Alignment] 
Niemann-Pick C1                    EVEC_0000563601-mRNA-1 470 0 58.2 [Alignment] 
Niemann-Pick C2                                         

CD63 antigen                             EVEC_0000282001-mRNA-1 123 5.50E-22 43.6 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                EVEC_0000690101-mRNA-1 91 3.90E-11 38.1 [Alignment] 
Tetraspanin 1                     EVEC_0000168101-mRNA-1 74 2.30E-07 31.0 [Alignment] 
CD81                                                 EVEC_0000690101-mRNA-1 113 2.20E-13 37.3 [Alignment] 
G7YAH0 (Cs) EVEC_0001267501-mRNA-1 132 1.50E-13 30.0 [Alignment] 
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Tspan 8                                     EVEC_0000168101-mRNA-1 85 1.60E-09 36.1 [Alignment] 
CD37                                     

CD82                                            EVEC_0000282001-mRNA-1 68 3.90E-07 31.9 [Alignment] 
CD151                              EVEC_0000282001-mRNA-1 100 8.80E-16 53.1 [Alignment] 
Heat-shock protein 70              EVEC_0000725601-mRNA-1 2097 0 83.9 [Alignment] 
HSP90 alpha                                EVEC_0000201201-mRNA-1 1142 0 83.2 [Alignment] 
F. hepatica 14-3-3 EVEC_0000377501-mRNA-1 294 8.50E-73 74.0 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  EVEC_0000377501-mRNA-1 275 1.60E-73 67.5 [Alignment] 
hnRNPA2B1                              EVEC_0000834801-mRNA-1 544 1.90E-65 54.3 [Alignment] 
Annexin B2 (Sm) EVEC_0001036301-mRNA-1 144 2.20E-25 26.0 [Alignment] 
Annexin A7 (Cs) EVEC_0000588601-mRNA-1 170 2.80E-29 32.8 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           EVEC_0000553101-mRNA-1 612 2.10E-172 44.0 [Alignment] 
Prostaglandin ES2                     

Rab27                                  EVEC_0000777701-mRNA-1 185 1.70E-50 51.8 [Alignment] 
Rab31                            EVEC_0000729901-mRNA-1 449 3.50E-53 49.4 [Alignment] 
Rab35                             EVEC_0000205201-mRNA-1 729 1.90E-92 83.8 [Alignment] 
Rab-protein 11                           EVEC_0000485501-mRNA-1 860 4.00E-109 81.1 [Alignment] 
Rab-8A                                    EVEC_0000716001-mRNA-1 796 8.20E-102 78.1 [Alignment] 
ARF6                                               EVEC_0001024301-mRNA-1 846 2.40E-109 89.1 [Alignment] 
Ras-related protein Ral-A         EVEC_0000907701-mRNA-1 212 5.40E-36 50.6 [Alignment] 
Ras-like GTP-BP Rho1                  EVEC_0000456901-mRNA-1 829 1.10E-105 83.7 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) EVEC_0000907701-mRNA-1 397 5.80E-74 93.9 [Alignment] 
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Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) EVEC_0000907701-mRNA-1 397 1.50E-73 93.9 [Alignment] 
TBC1 domain member 20 EVEC_0000811601-mRNA-1 186 1.30E-20 33.9 [Alignment] 
Syntaxin                                    EVEC_0000541001-mRNA-1 891 2.40E-111 72.5 [Alignment] 

Synaptobrevin homologue 
YKT6 EVEC_0000686601-mRNA-1 262 5.70E-51 63.6 [Alignment] 
Synaptotagmin                              EVEC_0000344201-mRNA-1 464 4.70E-121 68.6 [Alignment] 

Synaptosomal-associated 
protein      EVEC_0000942901-mRNA-1 260 3.20E-51 71.0 [Alignment] 
VAMP7                                   EVEC_0000337401-mRNA-1 108 2.20E-12 35.8 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A EVEC_0000420501-mRNA-1 1365 0 75.7 [Alignment] 

Ce V-type proton ATPase 
subunit a EVEC_0000753401-mRNA-1 718 0 53.8 [Alignment] 

Fh H+-transporting ATPase EVEC_0001139001-mRNA-1 219 1.60E-50 75.4 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase EVEC_0001082201-mRNA-1 788 2.10E-111 73.2 [Alignment] 
Calpain-1 catalytic subunit                     EVEC_0000857601-mRNA-1 554 2.60E-123 56.7 [Alignment] 
Gelsolin                                 EVEC_0000539801-mRNA-1 184 7.90E-52 43.4 [Alignment] 
Myosin Light Chain Kinase       EVEC_0000330901-mRNA-1 383 7.60E-43 56.5 [Alignment] 
ERK                                             EVEC_0000076601-mRNA-1 1122 1.40E-147 80.5 [Alignment] 
Fh Annexin B22 EVEC_0000571901-mRNA-1 240 8.90E-38 37.4 [Alignment] 
Fh annexin                                             EVEC_0000571901-mRNA-1 501 9.30E-85 50.3 [Alignment] 
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Another F. hepatica Annexin 
EVEC_0000571901-mRNA-1 762 5.50E-95 49.0 [Alignment] 

Thrombospondin 2 EVEC_0000993301-mRNA-1 137 1.10E-32 46.8 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase EVEC_0000481601-mRNA-1 1224 0 71.1 [Alignment] 
Myoferlin         
Otoferlin         
PARP4 EVEC_0000315301-mRNA-1 59 1.00E-05 42.9 [Alignment] 
TEP1  EVEC_0000209701-mRNA-1 80 7.90E-10 34.7 [Alignment] 
NSUN2 EVEC_0000715101-mRNA-1 281 3.50E-113 53.3 [Alignment] 
Argonaute-2 EVEC_0000130401-mRNA-1 1735 0 73.6 [Alignment] 
WAGO-1 (Ascaris suum) EVEC_0000434401-mRNA-1 669 3.00E-85 52.8 [Alignment] 
WAGO-2 (Ascaris suum) EVEC_0001053701-mRNA-1 373 2.90E-89 64.6 [Alignment] 

Likely H. poly secreted 
argonaute EVEC_0000902601-mRNA-1 325 3.20E-60 51.7 [Alignment] 

Acid sphingomyelinase-like 
3a EVEC_0000706901-mRNA-1 160 5.00E-13 34.9 [Alignment] 

Acid sphingomyelinase-like 
3b EVEC_0000706901-mRNA-1 185 1.30E-16 38.4 [Alignment] 

S1PR3         

Y Box 1 EVEC_0000436301-mRNA-1 368 2.80E-39 74.4 [Alignment] 

Syntaxin 5 EVEC_0000984701-mRNA-1 255 9.20E-26 61.5 [Alignment] 

ROCK1 EVEC_0000385301-mRNA-1 1191 1.30E-176 61.9 [Alignment] 

ROCK2 EVEC_0000385301-mRNA-1 1094 3.00E-163 61.8 [Alignment] 

FhERM EVEC_0001025201-mRNA-1 707 9.40E-88 50.2 [Alignment] 
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SYNCRIP/HNRNPQ EVEC_0000305501-mRNA-1 418 9.50E-121 58.1 [Alignment] 

SMPD3         

ARF1 EVEC_0000384201-mRNA-1 901 6.70E-117 95.0 [Alignment] 

DIAPH3         

ARRDC1 EVEC_0001281101-mRNA-1 85 0.014 35.6 [Alignment] 

VAMP3         
 
 

Clade III Dracunculus medinensis     

Protein Name Identifier Score E Value Identities (%) 

HGS                                              DME_0000551501-mRNA-1 566 3.50E-83 57.4 [Alignment] 
STAMBP                            DME_0000138301-mRNA-1 405 9.70E-56 61.9 [Alignment] 
STAM                                     DME_0000242101-mRNA-1 245 7.10E-67 68.3 [Alignment] 
TSG101                                     DME_0000150401-mRNA-1 359 1.10E-71 47.9 [Alignment] 
VPS28                                        DME_0000421001-mRNA-1 410 1.20E-72 57.4 [Alignment] 
VPS37                                DME_0000690901-mRNA-1 117 8.00E-17 40.4 [Alignment] 
MVB12               DME_0000859001-mRNA-1 147 4.40E-15 31.0 [Alignment] 
VPS22/SNF8                   DME_0000314101-mRNA-1 354 7.70E-71 49.2 [Alignment] 
VPS25                                   DME_0000337601-mRNA-1 406 2.40E-47 45.5 [Alignment] 
VPS36                                              DME_0000309601-mRNA-1 528 5.90E-86 51.8 [Alignment] 
CHMP2A                                     DME_0000097901-mRNA-1 514 1.30E-67 79.0 [Alignment] 
CHMP2B                                  DME_0000414101-mRNA-1 270 2.60E-29 46.2 [Alignment] 
CHMP6                                         DME_0000973301-mRNA-1 201 1.20E-19 34.3 [Alignment] 
CHMP3                                      DME_0000428201-mRNA-1 475 1.80E-62 61.2 [Alignment] 
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CHMP4                                       DME_0000638901-mRNA-1 442 4.80E-50 74.3 [Alignment] 
CHMP5                       DME_0000019101-mRNA-1 465 4.70E-59 62.2 [Alignment] 
CHMP1a                              

CHMP1b                            DME_0000633601-mRNA-1 406 1.70E-50 58.9 [Alignment] 
IST1                           DME_0000036801-mRNA-1 291 5.90E-48 64.6 [Alignment] 
VPS4                        DME_0000972101-mRNA-1 913 2.70E-170 81.0 [Alignment] 
VTA1                                                  DME_0000340501-mRNA-1 298 1.00E-40 53.7 [Alignment] 
ALIX                                  DME_0000333801-mRNA-1 564 1.40E-155 49.3 [Alignment] 
Syndecan                            DME_0000486201-mRNA-1 101 3.30E-04 69.2 [Alignment] 
Syntenin                             DME_0000435801-mRNA-1 113 1.90E-08 29.3 [Alignment] 
SIMPLE                                   DME_0001011201-mRNA-1 93 1.40E-08 44.8 [Alignment] 
SMPD2                                        DME_0000399401-mRNA-1 301 1.00E-32 52.4 [Alignment] 
Acid Sphingomyelinase               DME_0000730801-mRNA-1 185 6.90E-66 49.3 [Alignment] 
SMS2                                     DME_0000254001-mRNA-1 224 4.10E-47 52.0 [Alignment] 
SPHK2                                             DME_0000025601-mRNA-1 224 5.20E-34 41.0 [Alignment] 
S1PR1         
S1PR4         

PLD                                                 DME_0000887601-mRNA-1 272 0 53.6 [Alignment] 
PLA2                                   DME_0001047201-mRNA-1 103 1.80E-05 80.0 [Alignment] 
Phospholipase B-like 2      DME_0001051101-mRNA-1 282 4.10E-95 46.0 [Alignment] 
Flotillin 1                                   DME_0000813901-mRNA-1 591 6.60E-92 65.0 [Alignment] 
Flotillin 2                         DME_0000054501-mRNA-1 864 2.90E-144 67.1 [Alignment] 
DGK                                             DME_0000953601-mRNA-1 139 1.50E-85 81.8 [Alignment] 
ABCA1                                      DME_0000238701-mRNA-1 469 0 52.8 [Alignment] 
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ABCA3                                              DME_0000565401-mRNA-1 653 0 52.2 [Alignment] 
ABCB1/MDR1/P-gp                   DME_0000774201-mRNA-1 809 0 54.1 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        DME_0000139201-mRNA-1 172 9.50E-15 30.5 [Alignment] 
Flippase                                     DME_0000620801-mRNA-1 335 5.20E-97 58.9 [Alignment] 
Phospholipid Scramblase 2               

Phospholipid Scramblase 3               

Oxysterol BP                                 DME_0000836801-mRNA-1 462 9.10E-178 72.5 [Alignment] 
Niemann-Pick C1                    DME_0000449701-mRNA-1 632 0 68.1 [Alignment] 
Niemann-Pick C2                                         

CD63 antigen                             DME_0000411801-mRNA-1 181 7.70E-23 37.0 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                DME_0000859401-mRNA-1 103 1.30E-14 44.7 [Alignment] 
Tetraspanin 1                             

CD81                                                 DME_0000859401-mRNA-1 115 1.00E-14 35.5 [Alignment] 
G7YAH0 (Cs) DME_0000196701-mRNA-1 180 2.60E-19 29.0 [Alignment] 
Tspan 8                                             

CD37                                     

CD82                                                    

CD151                              DME_0000411801-mRNA-1 81 6.80E-09 31.0 [Alignment] 
Heat-shock protein 70              DME_0000938001-mRNA-1 2115 0 84.1 [Alignment] 
HSP90 alpha                                DME_0000967101-mRNA-1 1111 0 80.9 [Alignment] 
F. hepatica 14-3-3 DME_0000248501-mRNA-1 316 1.90E-56 74.7 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  DME_0000248501-mRNA-1 303 9.30E-75 68.3 [Alignment] 
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hnRNPA2B1                              DME_0000952501-mRNA-1 533 6.00E-64 55.6 [Alignment] 
Annexin B2 (Sm) DME_0000836401-mRNA-1 163 5.40E-28 27.4 [Alignment] 
Annexin A7 (Cs) DME_0000836401-mRNA-1 180 5.60E-36 33.9 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           DME_0000068301-mRNA-1 561 6.80E-119 60.8 [Alignment] 
Prostaglandin ES2             DME_0000957401-mRNA-1 156 3.90E-35 66.7 [Alignment] 
Rab27                                  DME_0000338501-mRNA-1 506 1.00E-69 61.5 [Alignment] 
Rab31                            DME_0000282401-mRNA-1 450 2.60E-53 50.0 [Alignment] 
Rab35                             DME_0000573401-mRNA-1 713 3.20E-90 80.8 [Alignment] 
Rab-protein 11                           DME_0000447201-mRNA-1 854 2.70E-108 80.7 [Alignment] 
Rab-8A                                    DME_0001015001-mRNA-1 453 2.50E-90 74.8 [Alignment] 
ARF6                                               DME_0000274101-mRNA-1 859 3.60E-111 90.9 [Alignment] 
Ras-related protein Ral-A         DME_0000904401-mRNA-1 213 8.00E-37 50.0 [Alignment] 
Ras-like GTP-BP Rho1                  DME_0000246001-mRNA-1 826 2.80E-105 83.7 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) DME_0000904401-mRNA-1 499 4.40E-60 84.5 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) DME_0000904401-mRNA-1 499 8.70E-60 84.5 [Alignment] 
TBC1 domain member 20 DME_0000913301-mRNA-1 187 3.60E-21 35.3 [Alignment] 
Syntaxin                                    DME_0000649401-mRNA-1 860 3.60E-107 71.9 [Alignment] 

Synaptobrevin homologue 
YKT6 DME_0000056001-mRNA-1 254 1.70E-51 61.0 [Alignment] 
Synaptotagmin                              DME_0000712001-mRNA-1 401 2.10E-116 63.4 [Alignment] 
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Synaptosomal-associated 
protein      DME_0000160601-mRNA-1 255 5.30E-50 69.6 [Alignment] 
VAMP7                                   DME_0000492401-mRNA-1 103 5.10E-11 37.7 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A DME_0000585101-mRNA-1 1328 0 73.4 [Alignment] 

Ce V-type proton ATPase 
subunit a DME_0000149201-mRNA-1 562 0 71.1 [Alignment] 

Fh H+-transporting ATPase DME_0000660501-mRNA-1 237 2.30E-47 64.0 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase DME_0000621801-mRNA-1 783 3.90E-110 73.7 [Alignment] 
Calpain-1 catalytic subunit                     DME_0000677101-mRNA-1 586 6.90E-138 60.1 [Alignment] 
Gelsolin                                 DME_0000745801-mRNA-1 240 3.90E-77 58.7 [Alignment] 
Myosin Light Chain Kinase       DME_0000584701-mRNA-1 525 3.20E-62 54.9 [Alignment] 
ERK                                             DME_0000838101-mRNA-1 1145 0 81.2 [Alignment] 
Fh Annexin B22 DME_0000836401-mRNA-1 227 1.30E-34 35.6 [Alignment] 
Fh annexin                                             DME_0000003901-mRNA-1 520 1.50E-86 56.1 [Alignment] 

Another F. hepatica Annexin 
DME_0000003901-mRNA-1 777 4.80E-97 50.6 [Alignment] 

Thrombospondin 2         

F. hepatica Vesicle-Fusing 
ATPase DME_0000420601-mRNA-1 884 3.70E-162 80.7 [Alignment] 
Myoferlin         
Otoferlin         
PARP4 DME_0000238001-mRNA-1 82 1.20E-09 34.6 [Alignment] 
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TEP1 DME_0000653101-mRNA-1 111 9.20E-14 26.8 [Alignment] 
NSUN2 DME_0000292901-mRNA-1 397 1.20E-114 57.4 [Alignment] 
Argonaute-2 DME_0000826001-mRNA-1 2511 0 75.6 [Alignment] 
WAGO-1 (Ascaris suum) DME_0000128601-mRNA-1 251 4.60E-27 50.6 [Alignment] 
WAGO-2 (Ascaris suum) DME_0000128601-mRNA-1 362 1.40E-152 62.7 [Alignment] 

Likely H. poly secreted 
argonaute DME_0000128601-mRNA-1 324 1.50E-85 65.2 [Alignment] 

Acid sphingomyelinase-like 
3a DME_0000730801-mRNA-1 85 0.012 39.5 [Alignment] 

Acid sphingomyelinase-like 
3b DME_0000730801-mRNA-1 82 0.026 35.1 [Alignment] 

S1PR3 

Y Box 1 DME_0000984901-mRNA-1 366 5.00E-39 73.0 [Alignment] 

Syntaxin 5 DME_0000173001-mRNA-1 253 1.70E-25 59.0 [Alignment] 

ROCK1 DME_0000286201-mRNA-1 1218 0 66.0 [Alignment] 

ROCK2 DME_0000286201-mRNA-1 1160 4.50E-177 66.1 [Alignment] 

FhERM DME_0000294401-mRNA-1 909 1.80E-115 51.1 [Alignment] 

SYNCRIP/HNRNPQ DME_0000583001-mRNA-1 414 1.70E-127 62.5 [Alignment] 

SMPD3 

ARF1 DME_0000389801-mRNA-1 828 9.90E-107 96.9 [Alignment] 

DIAPH3 

ARRDC1 DME_0000923501-mRNA-1 79 0.097 43.8 [Alignment] 

VAMP3 
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Clade III Brugia malayi

Protein Name Identifier Score E Value Identities (%) 

HGS Bm2052d 650 1.90E-107 51.5 [Alignment] 
STAMBP Bm9636 412 6.80E-69 62.1 [Alignment] 
STAM Bm2596 240 5.50E-62 57.9 [Alignment] 
TSG101 Bm2116 314 2.20E-64 44.9 [Alignment] 
VPS28 Bm14040 391 2.70E-70 54.3 [Alignment] 
VPS37 Bm637 219 2.30E-20 32.9 [Alignment] 
MVB12 Bm1998 147 6.80E-11 29.0 [Alignment] 
VPS22/SNF8 Bm2435 382 1.10E-74 57.5 [Alignment] 
VPS25 Bm6114 401 1.20E-46 44.6 [Alignment] 
VPS36 Bm3420 614 5.50E-89 52.8 [Alignment] 
CHMP2A Bm6583b 523 4.20E-69 80.4 [Alignment] 
CHMP2B 

CHMP6 Bm6971 214 5.80E-20 36.4 [Alignment] 
CHMP3 Bm14032 469 7.80E-61 61.9 [Alignment] 
CHMP4 Bm2970 439 1.20E-49 73.5 [Alignment] 
CHMP5 Bm3997 489 1.70E-62 66.0 [Alignment] 
CHMP1a 

CHMP1b Bm14033b 450 2.00E-56 63.0 [Alignment] 
IST1 Bm4982 357 5.30E-55 60.6 [Alignment] 
VPS4 Bm6369e 905 0 83.8 [Alignment] 
VTA1 Bm5969b 443 3.40E-62 51.7 [Alignment] 
ALIX Bm5333 597 1.80E-145 49.1 [Alignment] 
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Syndecan Bm8788 101 3.50E-04 69.2 [Alignment] 
Syntenin Bm9936 243 2.90E-48 43.3 [Alignment] 
SIMPLE Bm7179 106 1.10E-08 55.2 [Alignment] 
SMPD2 Bm6055 476 4.50E-63 46.2 [Alignment] 
Acid Sphingomyelinase Bm1724 243 6.70E-87 36.0 [Alignment] 
SMS2 Bm13035 253 5.60E-55 37.6 [Alignment] 
SPHK2 Bm2561 205 6.70E-26 38.0 [Alignment] 
S1PR1 

S1PR4 

PLD Bm1958 277 0 50.0 [Alignment] 
PLA2 Bm2047 67 4.90E-05 55.6 [Alignment] 
Phospholipase B-like 2 Bm6813 380 5.90E-85 48.0 [Alignment] 
Flotillin 1 

Flotillin 2 

DGK Bm2100 213 7.50E-84 49.4 [Alignment] 
ABCA1 Bm3319 646 0 53.4 [Alignment] 
ABCA3 Bm10035 350 1.10E-161 51.1 [Alignment] 
ABCB1/MDR1/P-gp Bm2594 1305 0 50.8 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family       Bm7433b 124 3.00E-24 38.9 [Alignment] 
Flippase Bm3876 328 3.70E-96 59.0 [Alignment] 
Phospholipid Scramblase 2 

Phospholipid Scramblase 3 

Oxysterol BP Bm6598 444 0 68.9 [Alignment] 
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Niemann-Pick C1                    Bm3151 613 0 66.5 [Alignment] 
Niemann-Pick C2                                         

CD63 antigen                             Bm5946 177 5.70E-23 32.3 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                Bm3786 223 1.90E-22 32.1 [Alignment] 
Tetraspanin 1                     Bm5797    

CD81                                                 Bm1851.1 123 6.30E-16 34.9 [Alignment] 
G7YAH0 (Cs) Bm3786 146 1.20E-16 39.4 [Alignment] 
Tspan 8                                     Bm5797 104 4.00E-16 41.7 [Alignment] 
CD37                                     

CD82                                                    

CD151                              Bm2271 82 2.60E-10 31.6 [Alignment] 
Heat-shock protein 70              Bm3611.2 2134 0 84.8 [Alignment] 
HSP90 alpha                                Bm13653 1155 0 84.4 [Alignment] 
F. hepatica 14-3-3 Bm4259l 312 8.90E-80 75.9 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  Bm9583c 296 1.30E-74 66.3 [Alignment] 
hnRNPA2B1                              Bm9909c 573 1.90E-69 57.7 [Alignment] 
Annexin B2 (Sm) Bm10656 151 1.30E-30 22.1 [Alignment] 
Annexin A7 (Cs) Bm14250 200 3.60E-34 35.2 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           Bm13802 558 2.40E-129 63.9 [Alignment] 
Prostaglandin ES2             Bm5344 137 1.00E-34 63.2 [Alignment] 
Rab27                                  Bm8312 393 3.90E-54 67.3 [Alignment] 
Rab31                            Bm13659 447 6.70E-53 50.0 [Alignment] 
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Rab35                             Bm6601 710 8.50E-90 82.0 [Alignment] 
Rab-protein 11                           Bm4321 845 4.60E-107 91.7 [Alignment] 
Rab-8A                                    Bm3010 813 3.50E-104 80.7 [Alignment] 
ARF6                                               Bm7308 854 1.80E-110 90.8 [Alignment] 
Ras-related protein Ral-A         Bm6769b 212 1.60E-37 50.0 [Alignment] 
Ras-like GTP-BP Rho1                  Bm10155 848 2.60E-108 83.6 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) Bm6769b 518 5.20E-89 97.1 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) Bm6769b 518 1.60E-88 97.1 [Alignment] 
TBC1 domain member 20 Bm6784 177 1.10E-18 33.6 [Alignment] 
Syntaxin                                    Bm4453b 905 2.90E-113 73.5 [Alignment] 

Synaptobrevin homologue 
YKT6 Bm13775b 255 3.70E-50 61.0 [Alignment] 
Synaptotagmin                              Bm3732 395 1.00E-110 67.6 [Alignment] 

Synaptosomal-associated 
protein      Bm6333 299 2.80E-55 63.6 [Alignment] 
VAMP7                                   Bm13776 89 4.70E-09 32.0 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A Bm6686 1310 0 74.3 [Alignment] 

Ce V-type proton ATPase 
subunit a Bm3851 1275 0 67.2 [Alignment] 

Fh H+-transporting ATPase Bm13938a 237 3.70E-64 57.3 [Alignment] 

lysosomal accessory protein 
1 
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Fh Vacuolar H ATPase Bm14003d 778 5.90E-111 73.7 [Alignment] 
Calpain-1 catalytic subunit                     Bm2028f 305 5.00E-132 60.9 [Alignment] 
Gelsolin                                 Bm8216.2 180 2.90E-15 28.5 [Alignment] 
Myosin Light Chain Kinase       Bm7372b 572 1.20E-68 53.8 [Alignment] 
ERK                                             Bm4047 1452 0 78.4 [Alignment] 
Fh Annexin B22 Bm10656 187 4.70E-34 34.2 [Alignment] 
Fh annexin                                             Bm5641 501 7.80E-83 53.5 [Alignment] 

Another F. hepatica Annexin 
Bm5641 740 5.70E-92 49.2 [Alignment] 

Thrombospondin 2 Bm2629b 96 4.30E-27 46.4 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase Bm13759a 1205 0 69.7 [Alignment] 
Myoferlin Bm4068 214 2.40E-152 37.4 [Alignment] 
Otoferlin Bm4068 190 1.80E-103 41.3 [Alignment] 
PARP4 Bm7037 79 7.60E-04 34.0 [Alignment] 
TEP1 Bm13686 112 3.70E-11 33.8 [Alignment] 
NSUN2 Bm6672a 369 1.70E-119 52.1 [Alignment] 
Argonaute-2 Bm4213 2479 0 74.7 [Alignment] 
WAGO-1 (Ascaris suum) Bm4557 902 1.40E-117 62.7 [Alignment] 
WAGO-2 (Ascaris suum) Bm4557 323 7.40E-91 50.0 [Alignment] 

Likely H. poly secreted 
argonaute Bm4557 308 1.60E-55 47.9 [Alignment] 

Acid sphingomyelinase-like 
3a         
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Acid sphingomyelinase-like 
3b Bm1724 87 0.0052 37.8 [Alignment] 

S1PR3         

Y Box 1 Bm3781.2 368 2.80E-39 73.3 [Alignment] 

Syntaxin 5 Bm4399a 267 2.10E-27 58.0 [Alignment] 

ROCK1 Bm5536 1270 0 63.9 [Alignment] 

ROCK2 Bm5536 1192 0 65.9 [Alignment] 

FhERM Bm1890 910 1.30E-115 50.5 [Alignment] 

SYNCRIP/HNRNPQ Bm4550a 405 2.60E-123 61.7 [Alignment] 

Syntaxin 5 Bm4399a 267 2.10E-27 58.0 [Alignment] 

SMPD3         

ARF1 Bm4102 855 1.70E-110 95.9 [Alignment] 

DIAPH3         

ARRDC1         

VAMP3         
 
 

Clade III Onchocerca volvulus    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              OVOC5648 235 2.00E-90 51.2 [Alignment] 
STAMBP                            OVOC4257 413 1.80E-72 62.1 [Alignment] 
STAM                                     OVOC2793 241 8.90E-70 74.6 [Alignment] 
TSG101                                     OVOC3947 328 1.80E-68 46.6 [Alignment] 
VPS28                                        OVOC11920 396 4.00E-71 55.0 [Alignment] 
VPS37                                OVOC6398 234 2.20E-22 34.2 [Alignment] 
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MVB12               OVOC2576 141 1.00E-16 31.0 [Alignment] 
VPS22/SNF8                   OVOC9249 381 1.30E-73 58.3 [Alignment] 
VPS25                                   OVOC1738 401 1.20E-46 44.6 [Alignment] 
VPS36                                              OVOC8515 628 6.00E-93 54.9 [Alignment] 
CHMP2A                                     OVOC11129 518 3.70E-68 79.0 [Alignment] 
CHMP2B                                  OVOC910 239 2.30E-23 41.1 [Alignment] 
CHMP6                                         OVOC1487 222 4.60E-21 38.4 [Alignment] 
CHMP3                                      OVOC10896 475 1.20E-61 63.3 [Alignment] 
CHMP4                                       OVOC10050 439 1.20E-49 73.5 [Alignment] 
CHMP5                       OVOC6717 254 3.60E-30 64.9 [Alignment] 
CHMP1a                              

CHMP1b                            OVOC101 450 1.90E-56 62.3 [Alignment] 
IST1                           OVOC7028 360 4.60E-55 59.6 [Alignment] 
VPS4                        OVOC957 823 0 83.3 [Alignment] 
VTA1                                                  OVOC638 436 3.60E-52 51.0 [Alignment] 
ALIX                                  OVOC1174 589 2.50E-170 49.6 [Alignment] 
Syndecan                            OVOC3227 101 3.30E-04 63.0 [Alignment] 
Syntenin                             OVOC6915 224 1.90E-45 41.2 [Alignment] 
SIMPLE                                   OVOC394 100 5.90E-07 51.7 [Alignment] 
SMPD2                                        OVOC8931 468 2.20E-62 45.7 [Alignment] 
Acid Sphingomyelinase               OVOC11636 452 7.50E-89 40.7 [Alignment] 
SMS2                                     OVOC3668 263 2.80E-60 39.2 [Alignment] 
SPHK2                                             OVOC12298 205 3.10E-26 38.0 [Alignment] 
S1PR1 OVOC8136 81 3.10E-17 27.8 [Alignment] 
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S1PR4         

PLD                                                 OVOC10155 272 0 48.1 [Alignment] 
PLA2                                   OVOC6372.5 73 4.10E-04 37.9 [Alignment] 
Phospholipase B-like 2      OVOC8919 390 3.90E-91 50.0 [Alignment] 
Flotillin 1                                           

Flotillin 2                                 
DGK                                             OVOC2783 213 7.10E-81 50.6 [Alignment] 
ABCA1                                      OVOC1131 328 0 63.5 [Alignment] 
ABCA3                                              OVOC7820 343 3.10E-165 54.5 [Alignment] 
ABCB1/MDR1/P-gp                   OVOC10280 1170 0 45.8 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        OVOC6513 132 1.20E-28 32.2 [Alignment] 
Flippase                                     OVOC413 325 1.30E-95 59.0 [Alignment] 
Phospholipid Scramblase 2       OVOC8029 76 0.055 53.8 [Alignment] 
Phospholipid Scramblase 3               

Oxysterol BP                                 OVOC9000 435 0 65.6 [Alignment] 
Niemann-Pick C1                    OVOC3460 612 0 67.0 [Alignment] 
Niemann-Pick C2                                 OVOC10999.2 72 0.084 36.8 [Alignment] 
CD63 antigen                             OVOC1086 172 1.10E-19 32.3 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                OVOC894 212 7.10E-21 31.1 [Alignment] 
Tetraspanin 1                         

CD81                                                 OVOC2706 125 3.30E-16 38.1 [Alignment] 
G7YAH0 (Cs)     
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Tspan 8                                         

CD37                                     

CD82                                                

CD151                                  

Heat-shock protein 70              OVOC13484 2134 0 84.8 [Alignment] 
HSP90 alpha                                OVOC6894a 1154 0 84.0 [Alignment] 
F. hepatica 14-3-3 OVOC3125 311 2.00E-77 74.7 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  OVOC3125 301 8.70E-75 66.3 [Alignment] 
hnRNPA2B1                              OVOC2644 542 3.50E-65 56.6 [Alignment] 
Annexin B2 (Sm) OVOC9601.1 149 3.10E-31 20.8 [Alignment] 
Annexin A7 (Cs) OVOC9267 197 2.10E-40 32.6 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           OVOC1285 551 4.80E-131 62.0 [Alignment] 
Prostaglandin ES2             OVOC2221 134 6.20E-32 60.5 [Alignment] 
Rab27                                  OVOC1745 502 1.30E-84 60.7 [Alignment] 
Rab31                            OVOC533 442 3.30E-52 50.0 [Alignment] 
Rab35                             OVOC6603 434 3.70E-63 73.1 [Alignment] 
Rab-protein 11                           OVOC339 849 1.30E-107 86.6 [Alignment] 
Rab-8A                                    OVOC1522 816 1.30E-104 81.3 [Alignment] 
ARF6                                               OVOC4066.2 854 1.80E-110 90.8 [Alignment] 
Ras-related protein Ral-A         OVOC8426 212 3.10E-37 50.0 [Alignment] 
Ras-like GTP-BP Rho1                  OVOC5691 838 6.20E-107 84.8 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) OVOC8426 520 1.40E-88 90.3 [Alignment] 
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Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) OVOC8426 520 4.10E-88 90.3 [Alignment] 
TBC1 domain member 20 OVOC9901 178 6.10E-19 33.6 [Alignment] 
Syntaxin                                    OVOC8110 899 1.90E-112 73.1 [Alignment] 

Synaptobrevin homologue 
YKT6 OVOC9648 254 1.10E-50 61.0 [Alignment] 
Synaptotagmin                              OVOC12360 460 7.00E-119 67.8 [Alignment] 

Synaptosomal-associated 
protein      OVOC6807 304 1.40E-49 64.8 [Alignment] 
VAMP7                                   OVOC4980.2 138 4.00E-10 38.2 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A OVOC7003 1301 0 73.7 [Alignment] 

Ce V-type proton ATPase 
subunit a OVOC3885 1262 0 65.7 [Alignment] 

Fh H+-transporting ATPase OVOC8862 239 6.50E-67 57.3 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase OVOC1133 544 1.40E-105 73.4 [Alignment] 
Calpain-1 catalytic subunit                     OVOC28 558 1.80E-131 57.2 [Alignment] 
Gelsolin                                 OVOC2933 253 2.90E-25 64.8 [Alignment] 
Myosin Light Chain Kinase       OVOC4423 564 1.50E-67 54.7 [Alignment] 
ERK                                             OVOC9100.2 1451 0 78.4 [Alignment] 
Fh Annexin B22 OVOC9601.1 189 1.60E-34 35.4 [Alignment] 
Fh annexin                                             OVOC12183 521 3.10E-87 54.5 [Alignment] 
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Another F. hepatica Annexin 
OVOC12183 771 3.20E-96 50.3 [Alignment] 

Thrombospondin 2 OVOC2835 152 7.60E-32 45.9 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase OVOC11943 1213 0 70.3 [Alignment] 
Myoferlin OVOC11982 236 9.00E-158 50.0 [Alignment] 
Otoferlin OVOC11982 188 8.20E-104 53.0 [Alignment] 
PARP4 OVOC7020 84 2.60E-05 36.0 [Alignment] 
TEP1  OVOC13494 115 1.00E-10 35.1 [Alignment] 
NSUN2 OVOC900 362 1.40E-119 52.1 [Alignment] 
Argonaute-2 OVOC2252 2479 0 74.7 [Alignment] 
WAGO-1 (Ascaris suum) OVOC1650 844 1.50E-109 58.0 [Alignment] 
WAGO-2 (Ascaris suum) OVOC1650 288 3.20E-100 44.7 [Alignment] 

Likely H. poly secreted 
argonaute OVOC1650 298 8.20E-69 47.0 [Alignment] 

Acid sphingomyelinase-like 
3a         

Acid sphingomyelinase-like 
3b OVOC11636 87 0.0052 37.8 [Alignment] 

S1PR3         

Y Box 1 OVOC11140 326 8.80E-34 68.1 [Alignment] 

Syntaxin 5 OVOC7494 267 2.10E-27 51.8 [Alignment] 

ROCK1 OVOC13427 1310 0 63.2 [Alignment] 

ROCK2 OVOC13427 1234 1.20E-158 64.6 [Alignment] 

FhERM OVOC654 916 2.00E-116 50.8 [Alignment] 
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SYNCRIP/HNRNPQ OVOC1524 406 4.20E-122 61.7 [Alignment] 

SMPD3         

ARF1 OVOC8900 910 3.70E-118 96.1 [Alignment] 

DIAPH3         

ARRDC1         

VAMP3         
 
 

Clade IV Steinernema carpocapsae     

Protein Name Identifier Score E Value Identities (%) 

HGS                                              L596_g25929.t1 392 3.30E-82 58.3 [Alignment] 
STAMBP                                    

STAM                                     L596_g9317.t1 216 3.30E-53 66.7 [Alignment] 
TSG101                                     L596_g14736.t1 281 1.00E-46 50.5 [Alignment] 
VPS28                                        L596_g21070.t1 210 9.30E-52 46.7 [Alignment] 
VPS37                                L596_g18950.t1 209 2.80E-19 31.2 [Alignment] 
MVB12               L596_g24573.t1 159 1.50E-14 37.5 [Alignment] 
VPS22/SNF8                   L596_g9512.t1 378 1.10E-75 60.0 [Alignment] 
VPS25                                   L596_g7800.t1 433 4.30E-51 52.1 [Alignment] 
VPS36                                              L596_g15614.t2 520 9.20E-68 52.2 [Alignment] 
CHMP2A                                     L596_g28064.t1 540 2.80E-72 81.8 [Alignment] 
CHMP2B                                  L596_g18797.t1 301 9.30E-32 50.0 [Alignment] 
CHMP6                                         L596_g15123.t1 214 5.50E-20 40.0 [Alignment] 
CHMP3                                      L596_g11547.t1 461 1.10E-58 59.9 [Alignment] 
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CHMP4                                       L596_g1079.t1 421 3.10E-47 71.3 [Alignment] 
CHMP5                       L596_g12225.t1 466 8.80E-61 64.7 [Alignment] 
CHMP1a                              

CHMP1b                            L596_g15211.t1 407 6.60E-51 56.9 [Alignment] 
IST1                           L596_g11546.t1 370 1.10E-56 62.4 [Alignment] 
VPS4                        L596_g17320.t1 1379 0 78.7 [Alignment] 
VTA1                                                  L596_g20927.t1 468 3.80E-67 55.3 [Alignment] 
ALIX                                  L596_g7293.t1 497 6.90E-147 43.0 [Alignment] 
Syndecan                            L596_g17275.t1 104 1.30E-04 66.7 [Alignment] 
Syntenin                             L596_g21269.t2 256 1.20E-29 51.1 [Alignment] 
SIMPLE                                   L596_g12382.t1 114 6.30E-14 57.1 [Alignment] 
SMPD2                                        L596_g17764.t1 471 1.30E-63 46.2 [Alignment] 
Acid Sphingomyelinase               L596_g19214.t1 342 5.50E-95 40.0 [Alignment] 
SMS2                                     L596_g3133.t1 252 1.40E-54 38.2 [Alignment] 
SPHK2                                             L596_g14636.t1 228 7.80E-33 41.7 [Alignment] 
S1PR1 L596_g9965.t1 98 7.50E-20 29.6 [Alignment] 
S1PR4         

PLD                                                 L596_g22589.t1 277 0 51.9 [Alignment] 
PLA2                                   L596_g27067.t1 121 4.00E-15 38.9 [Alignment] 
Phospholipase B-like 2      L596_g13857.t1 360 7.40E-97 43.4 [Alignment] 
Flotillin 1                                           

Flotillin 2                                 

DGK                                             L596_g6227.t1 445 0 60.9 [Alignment] 
ABCA1                                      L596_g17224.t1 460 0 50.3 [Alignment] 
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ABCA3                                              L596_g17224.t1 443 0 42.4 [Alignment] 
ABCB1/MDR1/P-gp                   L596_g3434.t1 1378 0 48.8 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        L596_g22799.t1 133 5.20E-27 37.3 [Alignment] 
Flippase                                     L596_g24148.t2 331 1.10E-122 54.3 [Alignment] 
Phospholipid Scramblase 2               

Phospholipid Scramblase 3               

Oxysterol BP                                 L596_g23766.t2 458 0 72.3 [Alignment] 
Niemann-Pick C1                    L596_g16537.t2 653 0 68.7 [Alignment] 
Niemann-Pick C2                                 L596_g3487.t1 62 0.02 36.0 [Alignment] 
CD63 antigen                             L596_g21317.t1 184 1.00E-29 39.0 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                L596_g5789.t1 128 1.60E-17 32.6 [Alignment] 
Tetraspanin 1                         

CD81                                                 L596_g14278.t1 127 2.40E-16 38.1 [Alignment] 
G7YAH0 (Cs)     

Tspan 8                                         

CD37                                 

CD82                                                

CD151                                  

Heat-shock protein 70              L596_g10472.t1 2120 0 84.3 [Alignment] 
HSP90 alpha                                L596_g19528.t1 888 0 80.9 [Alignment] 
F. hepatica 14-3-3 L596_g1262.t1 307 1.90E-78 76.3 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  L596_g1262.t1 317 1.60E-59 71.1 [Alignment] 
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hnRNPA2B1                              L596_g20428.t1 528 2.90E-63 54.3 [Alignment] 
Annexin B2 (Sm) L596_g26592.t2 149 1.70E-25 27.6 [Alignment] 
Annexin A7 (Cs) L596_g26592.t2 199 3.80E-18 37.8 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           L596_g20752.t1 632 8.30E-173 68.9 [Alignment] 
Prostaglandin ES2             L596_g23088.t1 200 4.80E-51 50.0 [Alignment] 
Rab27                                  L596_g10997.t1 467 1.80E-79 59.2 [Alignment] 
Rab31                            L596_g18859.t1 450 2.60E-53 49.4 [Alignment] 
Rab35                             L596_g26078.t1 704 5.80E-89 78.6 [Alignment] 
Rab-protein 11                           L596_g1792.t1 846 3.30E-107 90.2 [Alignment] 
Rab-8A                                    L596_g7903.t1 603 6.40E-75 69.9 [Alignment] 
ARF6                                               L596_g14742.t1 839 2.20E-108 88.6 [Alignment] 
Ras-related protein Ral-A         L596_g15145.t1 266 3.70E-28 35.8 [Alignment] 
Ras-like GTP-BP Rho1                  L596_g8806.t1 824 5.40E-105 82.7 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) L596_g13438.t1 741 7.80E-96 84.1 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) L596_g13438.t1 741 3.60E-93 84.1 [Alignment] 
TBC1 domain member 20 L596_g5555.t1 206 2.00E-22 32.8 [Alignment] 
Syntaxin                                    L596_g7317.t1 892 1.70E-111 72.3 [Alignment] 

Synaptobrevin homologue 
YKT6 L596_g10027.t1 258 7.70E-51 64.9 [Alignment] 
Synaptotagmin                              L596_g17447.t1 464 1.30E-121 67.8 [Alignment] 
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Synaptosomal-associated 
protein      L596_g12867.t2 311 3.60E-57 67.0 [Alignment] 
VAMP7                                   L596_g24247.t1 154 2.40E-12 44.8 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A L596_g14251.t1 1369 0 74.9 [Alignment] 

Ce V-type proton ATPase 
subunit a L596_g13746.t1 1331 0 69.9 [Alignment] 

Fh H+-transporting ATPase L596_g8552.t1 251 2.60E-64 63.3 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase L596_g1306.t1 800 7.30E-112 74.7 [Alignment] 
Calpain-1 catalytic subunit                     L596_g22414.t1 578 4.40E-129 60.8 [Alignment] 
Gelsolin                                 L596_g21441.t1 220 3.20E-68 58.6 [Alignment] 
Myosin Light Chain Kinase       L596_g14325.t1 440 1.30E-50 55.6 [Alignment] 
ERK                                             L596_g13299.t1 1480 0 78.4 [Alignment] 
Fh Annexin B22 L596_g17742.t1 197 4.00E-36 31.1 [Alignment] 
Fh annexin                                             L596_g26592.t2 519 2.90E-90 54.3 [Alignment] 

Another F. hepatica Annexin 
L596_g26592.t1 767 1.10E-95 50.3 [Alignment] 

Thrombospondin 2 L596_g5077.t2 139 8.50E-30 42.9 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase L596_g19613.t1 1135 0 66.4 [Alignment] 
Myoferlin L596_g21860.t2 228 5.10E-112 40.4 [Alignment] 
Otoferlin L596_g21860.t2 186 9.10E-82 40.0 [Alignment] 
PARP4 L596_g5098.t1 108 3.90E-11 31.0 [Alignment] 
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TEP1 isoform 1 L596_g11361.t1 122 6.10E-10 25.8 [Alignment] 
NSUN2 L596_g19552.t2 406 9.50E-135 54.9 [Alignment] 
Argonaute-2 L596_g7718.t1 2517 0 75.2 [Alignment] 
WAGO-1 (Ascaris suum) L596_g12936.t1 352 1.00E-40 44.7 

WAGO-2 (Ascaris suum) L596_g19943.t1 393 4.80E-167 57.3 [Alignment] 

Likely H. poly secreted 
argonaute L596_g19943.t1 390 4.30E-119 61.7 [Alignment] 

Acid sphingomyelinase-like 
3a L596_g7982.t1 214 1.30E-20 32.1 [Alignment] 

Acid sphingomyelinase-like 
3b L596_g7982.t1 269 2.90E-28 37.9 [Alignment] 

S1PR3         

Y Box 1 L596_g21676.t1 346 2.10E-36 73.9 [Alignment] 

Syntaxin 5 L596_g7941.t1 264 5.50E-27 50.0 [Alignment] 

ROCK1 L596_g11011.t1 1220 1.90E-172 57.5 [Alignment] 

ROCK2 L596_g11011.t1 1101 1.30E-157 59.4 [Alignment] 

FhERM L596_g21901.t1 896 1.10E-113 49.5 [Alignment] 

SYNCRIP/HNRNPQ L596_g11425.t1 393 7.30E-114 47.8 [Alignment] 

SMPD3         

ARF1 L596_g9947.t1 892 1.20E-115 94.4 [Alignment] 

DIAPH3 L596_g18946.t3 117 1.60E-06 37.1 [Alignment] 

ARRDC1         

VAMP3         
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Clade IV Strongyloides stercoralis    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              SSTP_0001043800.1 135 1.20E-08 32.6 [Alignment] 
STAMBP                                    

STAM                                     SSTP_0000160000.1 203 1.90E-44 58.7 [Alignment] 
TSG101                                     SSTP_0000130600.1 277 2.10E-42 39.8 [Alignment] 
VPS28                                        SSTP_0000196300.1 188 7.40E-42 40.0 [Alignment] 
VPS37                                SSTP_0000783000.1 209 2.80E-19 27.9 [Alignment] 
MVB12               SSTP_0001032200.1 107 1.70E-05 31.0 [Alignment] 
VPS22/SNF8                   SSTP_0000799500.1 370 1.40E-69 57.5 [Alignment] 
VPS25                                   SSTP_0000801200.1 375 4.70E-43 44.9 [Alignment] 
VPS36                                              SSTP_0000039600.1 428 4.10E-77 51.4 [Alignment] 
CHMP2A                                     SSTP_0001020800.1 448 9.60E-57 68.8 [Alignment] 
CHMP2B                                  SSTP_0000281200.1 179 3.30E-15 32.3 [Alignment] 
CHMP6                                         SSTP_0000396600.1 220 8.50E-21 35.0 [Alignment] 
CHMP3                                      SSTP_0000375200.1 467 6.60E-57 61.2 [Alignment] 
CHMP4                                       SSTP_0000491800.1 397 4.90E-44 66.2 [Alignment] 
CHMP5                       SSTP_0000939900.1 465 3.00E-60 60.3 [Alignment] 
CHMP1a                              

CHMP1b                            SSTP_0000029000.1 424 3.40E-55 57.2 [Alignment] 
IST1                           SSTP_0000233000.1 295 4.50E-44 70.5 [Alignment] 
VPS4                        SSTP_0000602100.2 1309 5.90E-170 75.3 [Alignment] 
VTA1                                                  SSTP_0000939600.1 315 2.60E-49 52.2 [Alignment] 
ALIX                                  SSTP_0000337400.1 487 1.30E-134 42.3 [Alignment] 
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Syndecan                            SSTP_0000379000.1 92 0.0052 57.7 [Alignment] 
Syntenin                             SSTP_0000993800.1 278 3.30E-52 44.7 [Alignment] 
SIMPLE                                   SSTP_0000762500.1 98 3.60E-08 44.8 [Alignment] 
SMPD2                                        SSTP_0000625800.1 436 9.30E-54 38.4 [Alignment] 
Acid Sphingomyelinase               SSTP_0000968400.1 329 5.60E-89 35.6 [Alignment] 
SMS2                                     SSTP_0000819900.1 277 3.40E-58 40.0 [Alignment] 
SPHK2                                             SSTP_0000927600.1 195 6.60E-28 39.0 [Alignment] 
S1PR1 SSTP_0000694200.1 78 4.20E-11 27.8 [Alignment] 
S1PR4         

PLD                                                 SSTP_0000845800.1 257 0 61.6 [Alignment] 
PLA2                                   SSTP_0000862000.1 84 3.10E-08 60.0 [Alignment] 
Phospholipase B-like 2      SSTP_0000961400.1 480 1.70E-79 44.4 [Alignment] 
Flotillin 1                                   SSTP_0000111700.1 85 5.80E-06 31.5 [Alignment] 
Flotillin 2                                 

DGK                                             SSTP_0000312300.1 443 0 60.2 [Alignment] 
ABCA1                                      SSTP_0000594400.1 610 0 49.5 [Alignment] 
ABCA3                                              SSTP_0000594400.1 677 0 53.8 [Alignment] 
ABCB1/MDR1/P-gp                   SSTP_0000209800.1 1351 0 48.7 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        SSTP_0001205500.1 117 6.50E-16 37.5 [Alignment] 
Flippase                                     SSTP_0000026100.1 337 2.10E-94 54.3 [Alignment] 
Phospholipid Scramblase 2               

Phospholipid Scramblase 3               

Oxysterol BP                                 SSTP_0000191100.1 422 2.10E-170 57.1 [Alignment] 
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Niemann-Pick C1                    SSTP_0000613800.1 587 0 59.5 [Alignment] 
Niemann-Pick C2                                 SSTP_0000646400.1 108 6.10E-06 39.5 [Alignment] 
CD63 antigen                             SSTP_0000622900.1 171 1.50E-22 34.9 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                SSTP_0000276100.1 103 6.90E-15 50.0 [Alignment] 
Tetraspanin 1                         

CD81                                                 SSTP_0000276100.1 125 6.20E-15 38.6 [Alignment] 
G7YAH0 (Cs)     

Tspan 8                                         

CD37                                 

CD82                                                

CD151                                  

Heat-shock protein 70              SSTP_0000886200.1 2089 0 82.9 [Alignment] 
HSP90 alpha                                SSTP_0000020900.1 1079 0 78.9 [Alignment] 
F. hepatica 14-3-3 SSTP_0000235500.1 312 1.20E-79 81.1 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  SSTP_0000235500.1 311 5.10E-78 73.4 [Alignment] 
hnRNPA2B1                              SSTP_0000076600.1 417 2.10E-53 54.4 [Alignment] 
Annexin B2 (Sm) SSTP_0000156300.1 179 7.30E-36 31.5 [Alignment] 
Annexin A7 (Cs) SSTP_0000156300.1 220 1.60E-40 42.0 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           SSTP_0000847100.1 445 1.10E-122 50.0 [Alignment] 
Prostaglandin ES2             SSTP_0000114300.1 177 6.30E-51 36.1 [Alignment] 
Rab27                                  SSTP_0000751500.1 454 2.10E-77 57.3 [Alignment] 
Rab31                            SSTP_0000123200.1 432 8.00E-51 50.9 [Alignment] 
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Rab35                             SSTP_0000624800.1 724 9.50E-92 82.0 [Alignment] 
Rab-protein 11                           SSTP_0000611100.1 834 1.50E-105 90.1 [Alignment] 
Rab-8A                                    SSTP_0001141700.1 679 1.60E-85 70.2 [Alignment] 
ARF6                                               SSTP_0000631000.1 802 3.20E-103 83.4 [Alignment] 
Ras-related protein Ral-A         SSTP_0000975300.1 213 4.90E-39 47.5 [Alignment] 
Ras-like GTP-BP Rho1                  SSTP_0000452200.1 821 1.40E-104 83.2 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) SSTP_0000975300.1 726 1.40E-91 74.2 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) SSTP_0000975300.1 726 4.20E-91 74.2 [Alignment] 
TBC1 domain member 20 SSTP_0000003000.1 161 7.40E-14 36.0 [Alignment] 
Syntaxin                                    SSTP_0000018900.2 872 8.50E-109 71.4 [Alignment] 

Synaptobrevin homologue 
YKT6 SSTP_0000372600.1 242 1.00E-50 57.9 [Alignment] 
Synaptotagmin                              SSTP_0000433000.1 474 7.10E-122 65.1 [Alignment] 

Synaptosomal-associated 
protein      SSTP_0001112200.1 308 1.00E-57 65.9 [Alignment] 
VAMP7                                   SSTP_0001201700.1 113 1.20E-06 35.4 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A SSTP_0000050700.1 1680 0 75.6 [Alignment] 

Ce V-type proton ATPase 
subunit a SSTP_0001125700.1 1214 0 64.8 [Alignment] 

Fh H+-transporting ATPase SSTP_0000155600.3 229 4.40E-54 62.7 [Alignment] 

lysosomal accessory protein 
1 
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Fh Vacuolar H ATPase SSTP_0000331800.1 793 4.20E-112 74.2 [Alignment] 
Calpain-1 catalytic subunit                     SSTP_0000754300.2 577 5.60E-138 60.2 [Alignment] 
Gelsolin                                 SSTP_0000199700.1 211 3.30E-74 51.4 [Alignment] 
Myosin Light Chain Kinase       SSTP_0001228800.1 456 8.40E-53 58.6 [Alignment] 
ERK                                             SSTP_0000015800.1 1436 0 78.0 [Alignment] 
Fh Annexin B22 SSTP_0000156300.1 235 8.20E-37 38.0 [Alignment] 
Fh annexin                                             SSTP_0000592900.1 513 1.50E-86 53.7 [Alignment] 

Another F. hepatica Annexin 
SSTP_0000592900.1 766 1.80E-97 49.7 [Alignment] 

Thrombospondin 2         

F. hepatica Vesicle-Fusing 
ATPase SSTP_0000179800.1 1194 0 68.8 [Alignment] 
Myoferlin SSTP_0000227600.1 230 4.90E-147 46.5 [Alignment] 
Otoferlin SSTP_0000227600.1 193 2.40E-80 41.1 [Alignment] 
PARP4         
TEP1 SSTP_0001120700.1 99 4.00E-09 22.9 [Alignment] 
NSUN2 SSTP_0000574200.1 415 1.90E-97 55.8 [Alignment] 
Argonaute-2 SSTP_0000830600.1 2465 0 74.6 [Alignment] 
WAGO-1 (Ascaris suum) SSTP_0001002200.1 343 1.00E-39 58.8 [A 
WAGO-2 (Ascaris suum) SSTP_0001002200.1 334 2.70E-87 48.0 [Alignment] 

Likely H. poly secreted 
argonaute SSTP_0001002200.1 353 7.40E-61 52.4 [Alignment] 

Acid sphingomyelinase-like 
3a SSTP_0000908900.1 198 2.10E-18 35.0 [Alignment] 
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Acid sphingomyelinase-like 
3b SSTP_0000908900.1 283 3.30E-30 41.4 [Alignment] 

S1PR3         

Y Box 1 SSTP_0000685800.1 316 1.80E-32 69.0 [Alignment] 

Syntaxin 5 SSTP_0000918000.1 236 3.60E-23 50.0 [Alignment] 

ROCK1 SSTP_0000900900.1 1230 7.20E-177 62.1 [Alignment] 

ROCK2 SSTP_0000900900.1 1100 1.30E-155 60.6 [Alignment] 

FhERM SSTP_0000102600.1 916 2.00E-116 52.2 [Alignment] 

SYNCRIP/HNRNPQ SSTP_0000825400.1 355 8.40E-85 50.0 [Alignment] 

SMPD3         

ARF1 SSTP_0000360600.1 912 1.90E-118 96.1 [Alignment] 

DIAPH3 SSTP_0000515600.1 111 1.10E-05 24.8 [Alignment] 

ARRDC1         

VAMP3 SSTP_0000784200.1 94 1.60E-04 32.8 [Alignment] 
 
 

Clade IV Bursaphelenchus xylophilus    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              BXY_0812400.1 660 2.70E-105 54.4 [Alignment] 
STAMBP                                    

STAM                                     BXY_1170500.1 163 1.50E-66 62.8 [Alignment] 
TSG101                                     BXY_0781200.1 341 2.40E-59 42.5 [Alignment] 
VPS28                                        BXY_0574900.1 358 1.50E-61 49.6 [Alignment] 
VPS37                                BXY_0410500.1 214 1.10E-19 28.6 [Alignment] 
MVB12               BXY_1762000.1 161 7.70E-13 32.6 [Alignment] 
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VPS22/SNF8                   BXY_0525800.1 371 3.00E-65 55.0 [Alignment] 
VPS25                                   BXY_1238100.1 335 1.70E-37 44.5 [Alignment] 
VPS36                                              BXY_0709500.1 307 9.90E-53 51.8 [Alignment] 
CHMP2A                                     BXY_0275300.1 528 8.70E-70 80.6 [Alignment] 
CHMP2B                                          

CHMP6                                         BXY_1173800.1 145 9.90E-12 26.0 [Alignment] 
CHMP3                                      BXY_1691400.1 59 2.40E-48 73.3 [Alignment] 
CHMP4                                       BXY_0738100.1 333 6.10E-36 55.6 [Alignment] 
CHMP5                       BXY_0981900.1 446 1.90E-57 60.1 [Alignment] 
CHMP1a                              

CHMP1b                            BXY_0888200.1 421 8.80E-57 62.4 [Alignment] 
IST1                           BXY_0343500.1 338 5.40E-46 58.7 [Alignment] 
VPS4                        BXY_0143300.1 881 4.60E-142 78.7 [Alignment] 
VTA1                                                  BXY_1427500.1 367 1.50E-48 43.5 [Alignment] 
ALIX                                  BXY_0610900.1 297 5.30E-64 33.5 [Alignment] 
Syndecan                            BXY_0989200.1 102 0.001 70.4 [Alignment] 
Syntenin                             BXY_0145700.1 115 7.70E-09 29.3 [Alignment] 
SIMPLE                                   BXY_0598000.1 97 6.70E-08 55.6 [Alignment] 
SMPD2                                        BXY_1532300.1 501 5.40E-61 41.8 [Alignment] 
Acid Sphingomyelinase               BXY_1421300.1 342 9.30E-98 39.6 [Alignment] 
SMS2                                     BXY_0794600.1 245 8.10E-43 53.3 [Alignment] 
SPHK2                                             BXY_0358500.1 222 1.90E-37 41.9 [Alignment] 
S1PR1         
S1PR4         
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PLD                                                 BXY_0964400.1 282 6.10E-169 61.1 [Alignment] 
PLA2                                   BXY_0735100.1 87 0.0015 68.4 [Alignment] 
Phospholipase B-like 2      BXY_1408300.1 371 1.00E-96 46.3 [Alignment] 
Flotillin 1                                           

Flotillin 2                                 

DGK                                             BXY_1663300.1 470 0 65.4 [Alignment] 
ABCA1                                      BXY_1532800.1 613 0 51.4 [Alignment] 
ABCA3                                              BXY_1532800.1 657 0 53.4 [Alignment] 
ABCB1/MDR1/P-gp                   BXY_1755300.1 1237 0 46.6 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        BXY_0043600.1 119 2.00E-25 34.7 [Alignment] 
Flippase                                     BXY_0851700.1 325 9.90E-91 58.1 [Alignment] 
Phospholipid Scramblase 2               

Phospholipid Scramblase 3               

Oxysterol BP                                 BXY_1642700.1 448 5.40E-175 68.0 [Alignment] 
Niemann-Pick C1                    BXY_1415000.1 451 0 47.8 [Alignment] 
Niemann-Pick C2                                 BXY_0908800.1 80 0.043 35.3 [Alignment] 
CD63 antigen                             BXY_0940500.1 194 8.20E-30 40.0 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                BXY_0940500.1 116 4.70E-14 45.1 [Alignment] 
Tetraspanin 1                         

CD81                                                 BXY_0187700.1 115 4.50E-15 37.7 [Alignment] 
G7YAH0 (Cs)     

Tspan 8                                         
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CD37                                 

CD82                                                

CD151                                  

Heat-shock protein 70              BXY_0013600.1 2107 0 84.1 [Alignment] 
HSP90 alpha                                BXY_0009200.1 328 2.40E-169 62.0 [Alignment] 
F. hepatica 14-3-3 BXY_1383400.1 317 1.40E-78 76.3 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  BXY_1383400.1 316 1.50E-78 71.1 [Alignment] 
hnRNPA2B1                              BXY_0113700.1 541 4.80E-65 57.1 [Alignment] 
Annexin B2 (Sm) BXY_1638500.1 164 5.50E-30 29.1 [Alignment] 
Annexin A7 (Cs) BXY_1638500.1 195 4.20E-35 35.9 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           BXY_0925000.1 571 2.30E-112 63.5 [Alignment] 
Prostaglandin ES2             BXY_1099700.1 156 7.40E-45 66.7 [Alignment] 
Rab27                                  BXY_0153100.1 472 7.10E-80 59.0 [Alignment] 
Rab31                            BXY_1001100.1 349 4.90E-49 54.7 [Alignment] 
Rab35                             BXY_1550700.1 633 4.40E-79 72.6 [Alignment] 
Rab-protein 11                           BXY_0844700.1 837 5.80E-106 84.6 [Alignment] 
Rab-8A                                    BXY_0945800.1 676 4.30E-85 74.9 [Alignment] 
ARF6                                               BXY_0808400.1 779 5.20E-100 81.1 [Alignment] 
Ras-related protein Ral-A         BXY_1620400.1 211 1.40E-35 48.7 [Alignment] 
Ras-like GTP-BP Rho1                  BXY_0778100.1 822 1.00E-104 83.2 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) BXY_1620400.1 729 2.80E-93 82.1 [Alignment] 
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Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) BXY_1620400.1 729 1.60E-91 82.1 [Alignment] 
TBC1 domain member 20 BXY_0237800.1 177 3.30E-18 33.1 [Alignment] 
Syntaxin BXY_1653100.1 896 4.80E-112 73.1 [Alignment] 

Synaptobrevin homologue 
YKT6 BXY_1640500.1 249 7.70E-45 60.5 [Alignment] 
Synaptotagmin BXY_1707300.1 456 3.70E-119 62.8 [Alignment] 

Synaptosomal-associated 
protein      BXY_0357500.1 304 2.40E-56 65.9 [Alignment] 
VAMP7 BXY_0777200.1 147 2.20E-11 46.3 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A BXY_0459500.1 1334 0 76.3 [Alignment] 

Ce V-type proton ATPase 
subunit a BXY_1146700.1 735 0 54.7 [Alignment] 

Fh H+-transporting ATPase BXY_0213300.1 235 9.70E-42 61.3 [Alignment] 

lysosomal accessory protein 
1 

Fh Vacuolar H ATPase BXY_1000500.1 815 1.80E-114 76.3 [Alignment] 
Calpain-1 catalytic subunit BXY_0788200.1 533 1.30E-101 63.6 [Alignment] 
Gelsolin BXY_1434300.1 223 3.80E-21 58.1 [Alignment] 
Myosin Light Chain Kinase BXY_0743200.1 624 2.00E-75 44.8 [Alignment] 
ERK BXY_1667700.1 1474 0 79.1 [Alignment] 
Fh Annexin B22 BXY_1638500.1 253 1.80E-38 39.4 [Alignment] 
Fh annexin BXY_1638500.1 492 9.80E-82 52.1 [Alignment] 
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Another F. hepatica Annexin 
BXY_1638500.1 762 5.50E-95 50.0 [Alignment] 

Thrombospondin 2 BXY_1104600.1 154 6.20E-30 38.9 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase BXY_0889100.1 1114 0 66.8 [Alignment] 
Myoferlin BXY_0950000.1 237 9.90E-142 44.3 [Alignment] 
Otoferlin BXY_0950000.1 192 3.60E-95 37.7 [Alignment] 
PARP4 BXY_0352700.1 94 1.00E-14 44.4 [Alignment] 
TEP1  BXY_1739900.1 117 1.00E-13 35.1 [Alignment] 
NSUN2 BXY_0895000.1 352 3.30E-98 52.8 [Alignment] 
Argonaute-2 BXY_0108300.1 2462 0 74.2 [Alignment] 
WAGO-1 (Ascaris suum) BXY_1031100.1 276 2.40E-30 46.2 [Alignmen 
WAGO-2 (Ascaris suum) BXY_1031100.1 357 1.30E-93 52.9 [Alignment] 

Likely H. poly secreted 
argonaute BXY_1031100.1 303 5.10E-63 45.2 [Alignment] 

Acid sphingomyelinase-like 
3a BXY_0542900.1 318 5.30E-35 35.6 [Alignment] 

Acid sphingomyelinase-like 
3b BXY_0542900.1 220 1.80E-21 34.0 [Alignment] 

S1PR3         

Y Box 1 BXY_0020300.1 206 4.70E-18 48.2 [Alignment] 

Syntaxin 5 BXY_0930900.1 257 4.90E-26 52.1 [Alignment] 

ROCK1 BXY_0311600.1 1009 4.20E-148 63.5 [Alignment] 

ROCK2 BXY_0311600.1 960 9.70E-142 61.4 [Alignment] 

FhERM BXY_0890500.1 918 1.10E-116 50.8 [Alignment] 
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SYNCRIP/HNRNPQ BXY_0479900.1 378 3.60E-101 48.9 [Alignment] 

SMPD3 

ARF1 BXY_0637700.1 893 8.70E-116 94.4 [Alignment] 

DIAPH3 BXY_1642200.1 86 0.029 23.8 [Alignment] 

ARRDC1 

VAMP3 

Clade IV Meloidogyne incognita

Protein Name Identifier Score E Value Identities (%) 

HGS Minc04704 630 1.40E-102 51.8 [Alignment] 
STAMBP 

STAM Minc11602 160 4.00E-48 61.4 [Alignment] 
TSG101 Minc17375 330 2.20E-65 43.5 [Alignment] 
VPS28 Minc02955 393 7.60E-66 55.0 [Alignment] 
VPS37 Minc03653 216 3.10E-20 32.9 [Alignment] 
MVB12 Minc16700 158 4.40E-15 42.1 [Alignment] 
VPS22/SNF8 Minc18761 360 3.90E-55 55.0 [Alignment] 
VPS25 Minc14208 410 6.60E-48 48.2 [Alignment] 
VPS36 Minc06071 501 9.30E-69 52.7 [Alignment] 
CHMP2A Minc06949 505 1.50E-65 76.4 [Alignment] 
CHMP2B Minc17874a 194 3.10E-17 41.2 [Alignment] 
CHMP6 Minc10068 185 4.70E-16 36.0 [Alignment] 
CHMP3 Minc12641 406 9.90E-52 56.6 [Alignment] 
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CHMP4 Minc11375 200 8.80E-23 49.1 [Alignment] 
CHMP5 Minc12903 490 7.70E-64 65.4 [Alignment] 
CHMP1a 

CHMP1b Minc02714 264 2.70E-49 55.0 [Alignment] 
IST1 Minc18656b 346 3.70E-41 58.7 [Alignment] 
VPS4 Minc16917 1348 0 78.0 [Alignment] 
VTA1 Minc05874 169 1.10E-33 47.5 [Alignment] 
ALIX Minc07352 306 7.60E-78 45.7 [Alignment] 
Syndecan 

Syntenin Minc00299 105 1.60E-07 28.0 [Alignment] 
SIMPLE Minc00538 104 6.50E-11 57.1 [Alignment] 
SMPD2 Minc03994a 438 4.50E-58 44.0 [Alignment] 
Acid Sphingomyelinase Minc15253 148 2.40E-34 61.5 [Alignment] 
SMS2 Minc06102 250 2.60E-35 50.6 [Alignment] 
SPHK2 Minc12142 177 1.40E-22 39.0 [Alignment] 
S1PR1 Minc04001 76 8.70E-16 29.1 [Alignment] 
S1PR4 

PLD Minc16940 481 1.10E-165 48.3 [Alignment] 
PLA2 Minc12941 76 1.60E-06 40.0 [Alignment] 
Phospholipase B-like 2 Minc15405a 331 3.20E-70 42.7 [Alignment] 
Flotillin 1 

Flotillin 2 

DGK Minc07332 448 0 62.5 [Alignment] 
ABCA1 Minc16661 276 1.90E-65 56.4 [Alignment] 
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ABCA3                                              Minc16661 327 1.80E-72 52.9 [Alignment] 
ABCB1/MDR1/P-gp                   Minc14983 843 0 53.1 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        Minc00745 126 3.20E-08 43.1 [Alignment] 
Flippase                                     Minc17246 309 5.70E-85 57.0 [Alignment] 
Phospholipid Scramblase 2               

Phospholipid Scramblase 3               

Oxysterol BP                                 Minc02890 279 4.80E-90 67.9 [Alignment] 
Niemann-Pick C1                    Minc07153 492 8.70E-149 40.6 [Alignment] 
Niemann-Pick C2                                         

CD63 antigen                             Minc15073 173 8.30E-20 36.5 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                Minc15073 90 3.90E-11 39.2 [Alignment] 
Tetraspanin 1                         

CD81                                                 Minc17432 114 3.00E-13 40.3 [Alignment] 
G7YAH0 (Cs)         

Tspan 8                                             

CD37                                     

CD82                                                

CD151                                  

Heat-shock protein 70              Minc03245 1911 0 85.2 [Alignment] 
HSP90 alpha                                Minc18114a 876 0 79.9 [Alignment] 
F. hepatica 14-3-3 Minc10258 293 3.20E-75 68.4 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  Minc10258 293 5.00E-75 80.0 [Alignment] 
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hnRNPA2B1                              Minc16805b 545 1.30E-65 57.6 [Alignment] 
Annexin B2 (Sm) Minc04197 166 1.20E-24 29.9 [Alignment] 
Annexin A7 (Cs) Minc04197 156 1.40E-17 31.6 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           Minc08693 376 1.80E-106 41.7 [Alignment] 
Prostaglandin ES2             Minc02227 175 6.30E-51 62.5 [Alignment] 
Rab27                                  Minc15687 476 1.50E-80 63.2 [Alignment] 
Rab31                            Minc02956 440 6.30E-52 50.9 [Alignment] 
Rab35                             Minc13674 679 1.70E-85 77.4 [Alignment] 
Rab-protein 11                           Minc19037 834 1.50E-105 84.1 [Alignment] 
Rab-8A                                    Minc09517 706 2.80E-89 74.0 [Alignment] 
ARF6                                               Minc09946 744 4.00E-95 76.9 [Alignment] 
Ras-related protein Ral-A         Minc07094 234 1.20E-29 44.8 [Alignment] 
Ras-like GTP-BP Rho1                  Minc17766 838 6.20E-107 83.3 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) Minc07018 294 1.20E-46 50.0 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) Minc07018 294 2.00E-46 50.0 [Alignment] 
TBC1 domain member 20 Minc11505 179 1.70E-19 36.4 [Alignment] 
Syntaxin                                    Minc01242 893 1.20E-111 72.7 [Alignment] 

Synaptobrevin homologue 
YKT6 Minc17131 255 3.70E-47 57.1 [Alignment] 
Synaptotagmin                              Minc11271 460 8.70E-121 63.6 [Alignment] 
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Synaptosomal-associated 
protein      Minc12896 300 1.40E-57 65.9 [Alignment] 
VAMP7                                   Minc17234 93 2.50E-09 26.4 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A Minc17674 413 2.00E-55 70.3 [Alignment] 

Ce V-type proton ATPase 
subunit a Minc03031 1403 0 64.5 [Alignment] 

Fh H+-transporting ATPase Minc03257 194 1.10E-54 53.3 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase Minc18052 813 3.50E-104 77.2 [Alignment] 
Calpain-1 catalytic subunit                     Minc02197c 277 9.30E-127 56.5 [Alignment] 
Gelsolin                                 Minc01119 166 2.40E-13 29.5 [Alignment] 
Myosin Light Chain Kinase       Minc11744 278 1.60E-28 57.1 [Alignment] 
ERK                                             Minc09572 1466 0 78.2 [Alignment] 
Fh Annexin B22 Minc09681b 241 5.50E-36 36.8 [Alignment] 
Fh annexin                                             Minc09681b 467 9.40E-78 51.9 [Alignment] 

Another F. hepatica Annexin 
Minc09681a 759 2.70E-96 50.6 [Alignment] 

Thrombospondin 2 Minc05103 151 4.90E-23 47.2 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase Minc15472 889 0 79.0 [Alignment] 
Myoferlin         
Otoferlin         
PARP4 Minc11726 80 4.90E-09 33.3 [Alignment] 
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TEP1 isoform 1 Minc09546a 114 4.10E-09 32.9 [Alignment] 
NSUN2 Minc01210 237 3.80E-98 46.7 [Alignment] 
Argonaute-2 Minc06774 2443 0 73.6 [Alignment] 
WAGO-1 (Ascaris suum) Minc16431 324 5.30E-37 47.1 [Ali 
WAGO-2 (Ascaris suum) Minc04984 261 9.90E-111 39.8 [Alignment] 

Likely H. poly secreted 
argonaute Minc11570 173 1.90E-79 48.4 [Alignment] 

Acid sphingomyelinase-like 
3a Minc17434 148 2.30E-11 44.6 [Alignment] 

Acid sphingomyelinase-like 
3b Minc17434 115 6.70E-07 37.3 [Alignment] 

S1PR3         

Y Box 1 Minc12652a 328 4.80E-34 70.0 [Alignment] 

Syntaxin 5 Minc13657 165 1.70E-13 44.4 [Alignment] 

ROCK1 Minc00909 346 3.10E-112 45.1 [Alignment] 

ROCK2 Minc00909 332 8.40E-108 46.8 [Alignment] 

FhERM Minc17707 724 4.40E-90 50.6 [Alignment] 

SYNCRIP/HNRNPQ Minc15433a 454 4.80E-106 52.1 [Alignment] 

SMPD3         

ARF1 Minc01458 902 4.80E-117 94.4 [Alignment] 

DIAPH3 Minc07379 113 5.60E-06 26.5 [Alignment] 

ARRDC1         

VAMP3         
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Clade V Caenorhabditis elegans    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              C07G1.5.1 628 1.40E-93 52.6 [Alignment] 
STAMBP                                    

STAM                                     C34G6.7b 188 8.20E-55 30.7 [Alignment] 
TSG101                                     C09G12.9 368 7.90E-75 46.9 [Alignment] 
VPS28                                        Y87G2A.10a 334 3.40E-54 48.9 [Alignment] 
VPS37                                CD4.4 226 2.60E-21 28.2 [Alignment] 
MVB12               C06A6.3 164 3.00E-13 34.8 [Alignment] 
VPS22/SNF8                   C27F2.5 353 4.10E-75 50.0 [Alignment] 
VPS25                                   W02A11.2.1 380 9.60E-44 42.2 [Alignment] 
VPS36                                              F17C11.8.2 333 2.20E-67 50.0 [Alignment] 
CHMP2A                                     Y46G5A.12 521 1.10E-68 78.3 [Alignment] 
CHMP2B                                  C01A2.4 269 2.10E-27 47.7 [Alignment] 
CHMP6                                         Y65B4A.3 228 7.30E-22 42.4 [Alignment] 
CHMP3                                      T27F7.1.3 468 6.80E-57 65.0 [Alignment] 
CHMP4                                       C56C10.3.2 410 9.40E-46 70.4 [Alignment] 
CHMP5                       F41E6.9 417 2.00E-50 63.0 [Alignment] 
CHMP1a                              

CHMP1b                            F23C8.6 395 7.40E-49 55.9 [Alignment] 
IST1                           K10C8.3c.2 379 9.70E-56 65.1 [Alignment] 
VPS4                        Y34D9A.10 1307 0 75.3 [Alignment] 
VTA1                                                  T23G11.7b 372 3.20E-48 43.2 [Alignment] 
ALIX                                  R10E12.1c 511 6.40E-159 43.4 [Alignment] 
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Syndecan                            F57C7.3b 101 3.50E-04 55.3 [Alignment] 
Syntenin                             C09H6.2a 112 4.90E-08 29.6 [Alignment] 
SIMPLE                                   Y87G2A.19 120 7.50E-09 58.6 [Alignment] 
SMPD2                                        T27F6.6 267 4.90E-54 43.5 [Alignment] 
Acid Sphingomyelinase               W03G1.7a 389 6.90E-94 44.7 [Alignment] 
SMS2                                     F53B1.2 263 8.30E-57 38.5 [Alignment] 
SPHK2                                             C34C6.5b.2 80 9.90E-21 37.5 [Alignment] 
S1PR1         
S1PR4         

PLD                                                 C04G6.3 294 0 51.4 [Alignment] 
PLA2                                   C07E3.9 108 2.10E-12 42.9 [Alignment] 
Phospholipase B-like 2      F09B12.3 492 7.50E-105 44.3 [Alignment] 
Flotillin 1                                           

Flotillin 2                                 

DGK                                             F54G8.2 366 0 52.0 [Alignment] 
ABCA1                                      Y39D8C.1 613 0 52.4 [Alignment] 
ABCA3                                              Y39D8C.1 636 0 50.7 [Alignment] 
ABCB1/MDR1/P-gp                   K08E7.9 1384 0 49.7 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        ZK180.3a 198 4.80E-39 31.6 [Alignment] 
Flippase                                     F36H2.1c 343 3.50E-116 58.3 [Alignment] 
Phospholipid Scramblase 2       ZK1053.5 210 5.40E-42 52.1 [Alignment] 
Phospholipid Scramblase 3       T22H2.5a 202 6.20E-48 42.2 [Alignment] 
Oxysterol BP                                 Y47D3A.17a 414 7.90E-173 52.7 [Alignment] 
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Niemann-Pick C1                    F02E8.6 263 7.10E-99 29.8 [Alignment] 
Niemann-Pick C2                                         

CD63 antigen                             T23D8.2 167 6.00E-20 37.0 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                C14A11.1 135 1.10E-16 24.2 [Alignment] 
Tetraspanin 1                         

CD81                                                 F33C8.3 110 2.90E-18 33.8 [Alignment] 
G7YAH0 (Cs)     

Tspan 8                                         

CD37                                 

CD82                                                

CD151                                  

Heat-shock protein 70              F26D10.3.2 2083 0 82.7 [Alignment] 
HSP90 alpha                                C47E8.5.3 866 0 78.3 [Alignment] 
F. hepatica 14-3-3 F52D10.3a.1 315 1.40E-80 82.4 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  M117.2a.1 308 1.90E-72 79.2 [Alignment] 
hnRNPA2B1                              F42A6.7b.3 536 2.30E-64 54.9 [Alignment] 
Annexin B2 (Sm) ZC155.1.1 205 5.40E-29 29.9 [Alignment] 
Annexin A7 (Cs) T07C4.9b.2 182 3.00E-32 35.0 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           ZC416.6a 568 1.50E-174 59.8 [Alignment] 
Prostaglandin ES2             R11A8.5 174 1.00E-58 70.5 [Alignment] 
Rab27                                  Y87G2A.4 484 2.40E-82 63.2 [Alignment] 
Rab31                            F26H9.6 445 2.10E-54 51.5 [Alignment] 
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Rab35                             Y47D3A.25 668 5.90E-84 77.2 [Alignment] 
Rab-protein 11                           F53G12.1.2 847 2.40E-107 84.3 [Alignment] 
Rab-8A                                    D1037.4 794 1.60E-101 77.7 [Alignment] 
ARF6                                               Y116A8C.12 833 1.50E-107 88.5 [Alignment] 
Ras-related protein Ral-A         Y53G8AR.3b 218 7.40E-36 50.0 [Alignment] 
Ras-like GTP-BP Rho1                  Y51H4A.3a 831 5.80E-106 84.2 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) Y53G8AR.3b 1243 1.30E-163 100.0 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) Y53G8AR.3b 1010 2.80E-130 100.0 [Alignment] 
TBC1 domain member 20 Y54E2A.12a 212 7.70E-23 33.9 [Alignment] 
Syntaxin                                    F56A8.7b 620 6.60E-105 74.4 [Alignment] 

Synaptobrevin homologue 
YKT6 B0361.10.1 263 1.10E-50 63.2 [Alignment] 
Synaptotagmin                              F31E8.2a 450 2.00E-119 66.1 [Alignment] 

Synaptosomal-associated 
protein      Y22F5A.3a 288 4.00E-54 61.4 [Alignment] 
VAMP7                                   Y69A2AR.6 143 8.10E-11 39.4 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A Y49A3A.2.3 1342 0 74.9 [Alignment] 

Ce V-type proton ATPase 
subunit a F35H10.4.2 3613 0 100.0 [Alignment] 

Fh H+-transporting ATPase ZK637.8b 253 4.40E-63 62.2 [Alignment] 

lysosomal accessory protein 
1 
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Fh Vacuolar H ATPase C30F8.2.2 774 1.90E-109 71.2 [Alignment] 
Calpain-1 catalytic subunit C06G4.2a 579 5.00E-138 60.2 [Alignment] 
Gelsolin K06A4.3 212 1.20E-19 52.9 [Alignment] 
Myosin Light Chain Kinase ZC373.4 153 1.90E-11 45.9 [Alignment] 
ERK F43C1.2a 1431 0 77.4 [Alignment] 
Fh Annexin B22 T07C4.9a 240 9.70E-39 38.2 [Alignment] 
Fh annexin T07C4.9a 508 1.60E-83 53.7 [Alignment] 

Another F. hepatica Annexin 
T07C4.9a 718 5.90E-89 47.9 [Alignment] 

Thrombospondin 2 C02B4.1 153 5.40E-30 37.5 [Alignment] 

F. hepatica Vesicle-Fusing
ATPase H15N14.2b.2 1204 0 67.7 [Alignment] 
Myoferlin F43G9.6a 232 2.50E-87 33.8 [Alignment] 
Otoferlin F43G9.6a 238 3.20E-64 37.1 [Alignment] 
PARP4 AC8.1 94 1.80E-07 44.4 [Alignment] 
TEP1 isoform 1 W07E6.2a 110 3.40E-10 31.2 [Alignment] 
NSUN2 Y48G8AL.5a 439 9.70E-106 48.0 [Alignment] 
Argonaute-2 F48F7.1a 2485 0 74.4 [Alignment] 
WAGO-1 (Ascaris suum) R06C7.1.1 311 7.50E-35 35.3 [Alig 
WAGO-2 (Ascaris suum) F55A12.1 323 2.00E-75 49.6 [Alignment] 

Likely H. poly secreted 
argonaute ZK1248.7 357 4.80E-100 51.6 [Alignment] 
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Acid sphingomyelinase-like 
3 (3a isoforms used as 
queries but 3b sometimes 
hit on R BLAST) ZK856.5.3 149 1.30E-11 36.0 [Alignment] 

Acid sphingomyelinase-like 
3b ZK856.5.3 207 1.10E-19 42.2 [Alignment] 

S1PR3         

Y Box 1 F33A8.3 373 6.10E-40 78.0 [Alignment] 

Syntaxin 5 F55A11.2 216 1.90E-20 44.6 [Alignment] 

ROCK1 C10H11.9 1254 0 63.7 [Alignment] 

ROCK2 C10H11.9 1171 1.80E-173 62.7 [Alignment] 

FhERM C01G8.5a 900 3.10E-114 50.5 [Alignment] 

SYNCRIP/HNRNPQ F58D5.1a.2 409 4.00E-119 61.0 [Alignment] 

SMPD3         

ARF1 B0336.2.1 893 8.70E-116 93.9 [Alignment] 

DIAPH3         

ARRDC1         

VAMP3         
 
 

Clade V Heterorhabditis bacteriophora    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              Hba_20247 637 1.30E-88 50.9 [Alignment] 
STAMBP                            Hba_13375 366 2.30E-59 59.8 [Alignment] 
STAM                                     Hba_12338 272 8.90E-71 43.4 [Alignment] 
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TSG101                                     Hba_20324 211 2.60E-48 44.8 [Alignment] 
VPS28                                                

VPS37                                Hba_17330 132 1.50E-08 31.9 [Alignment] 
MVB12               Hba_12879 146 4.90E-13 31.8 [Alignment] 
VPS22/SNF8                   Hba_16795 296 8.60E-32 65.5 [Alignment] 
VPS25                                   Hba_04910 235 1.10E-39 44.2 [Alignment] 
VPS36                                                      

CHMP2A                                             

CHMP2B                                          

CHMP6                                         Hba_19001 225 1.80E-21 39.0 [Alignment] 
CHMP3                                      Hba_11335 311 6.80E-39 67.7 [Alignment] 
CHMP4                                       Hba_21037 416 1.40E-46 69.1 [Alignment] 
CHMP5                       Hba_18376 433 1.30E-51 59.0 [Alignment] 
CHMP1a                              

CHMP1b                                    

IST1                                   

VPS4                        Hba_20097 302 5.10E-61 71.3 [Alignment] 
VTA1                                                  Hba_07961 307 7.30E-40 44.8 [Alignment] 
ALIX                                  Hba_12464 243 7.30E-31 49.0 [Alignment] 
Syndecan                                    

Syntenin                                     

SIMPLE                                           

SMPD2                                        Hba_11472 493 3.70E-60 49.5 [Alignment] 
Acid Sphingomyelinase               Hba_13021 261 7.60E-74 46.5 [Alignment] 
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SMS2                                     Hba_16265 177 3.50E-24 41.9 [Alignment] 
SPHK2                                             Hba_07772 83 2.40E-18 57.1 [Alignment] 
S1PR1         
S1PR4         

PLD                                                 Hba_14736 293 9.90E-66 52.4 [Alignment] 
PLA2                                           

Phospholipase B-like 2      Hba_12829 268 1.00E-68 42.4 [Alignment] 
Flotillin 1                                           

Flotillin 2                                 

DGK                                             Hba_20418 347 2.80E-151 71.1 [Alignment] 
ABCA1                                      Hba_09980 143 2.80E-22 38.7 [Alignment] 
ABCA3                                              Hba_11221 104 4.50E-27 33.9 [Alignment] 
ABCB1/MDR1/P-gp                   Hba_13100 836 0 58.5 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        Hba_03521 145 1.10E-21 32.5 [Alignment] 
Flippase                                     Hba_20090 211 2.20E-54 61.7 [Alignment] 
Phospholipid Scramblase 2       Hba_16848 103 2.20E-11 46.3 [Alignment] 
Phospholipid Scramblase 3       Hba_16848 103 2.30E-15 43.5 [Alignment] 
Oxysterol BP                                 Hba_20515 408 1.20E-158 57.6 [Alignment] 
Niemann-Pick C1                    Hba_07500 167 1.00E-50 52.4 [Alignment] 
Niemann-Pick C2                                         

CD63 antigen                             Hba_19081 98 1.60E-10 28.3 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                Hba_05921 129 1.20E-17 30.5 [Alignment] 
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Tetraspanin 1                      
   

CD81                                                 Hba_05921 126 7.10E-20 36.8 [Alignment] 
G7YAH0 (Cs)         

Tspan 8                                     Hba_09698 91 6.20E-11 48.5 [Alignment] 
CD37                                     

CD82                                                    

CD151                                      

Heat-shock protein 70              Hba_02553 1039 0 86.3 [Alignment] 
HSP90 alpha                                Hba_19207 681 5.40E-177 83.6 [Alignment] 
F. hepatica 14-3-3 Hba_16346 129 2.50E-08 77.4 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  Hba_16346 135 1.20E-10 75.8 [Alignment] 
hnRNPA2B1                              Hba_06589 507 2.30E-60 52.6 [Alignment] 
Annexin B2 (Sm) Hba_09809 192 3.00E-27 33.1 [Alignment] 
Annexin A7 (Cs) Hba_09809 204 5.90E-30 29.8 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           Hba_20311 193 1.00E-69 53.7 [Alignment] 
Prostaglandin ES2             Hba_14235 151 1.40E-29 35.7 [Alignment] 
Rab27                                  Hba_19461 210 2.30E-46 59.6 [Alignment] 
Rab31                            Hba_20063 338 6.80E-50 54.5 [Alignment] 
Rab35                             Hba_14699 650 1.90E-81 78.5 [Alignment] 
Rab-protein 11                           Hba_19461 444 6.20E-52 50.3 [Alignment] 
Rab-8A                                    Hba_19461 813 3.50E-104 80.4 [Alignment] 
ARF6                                               Hba_21178 490 1.10E-59 53.6 [Alignment] 
Ras-related protein Ral-A         Hba_19753 216 9.40E-39 50.0 [Alignment] 
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Ras-like GTP-BP Rho1                  Hba_21461 405 3.00E-58 60.2 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) Hba_19753 792 5.00E-101 82.8 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) Hba_19753 791 4.60E-100 86.0 [Alignment] 
TBC1 domain member 20         

Syntaxin                                    Hba_21476 310 9.80E-33 40.4 [Alignment] 

Synaptobrevin homologue 
YKT6 Hba_08854 186 1.10E-35 66.7 [Alignment] 
Synaptotagmin                              Hba_11291 230 5.40E-33 75.4 [Alignment] 

Synaptosomal-associated 
protein      Hba_18170 251 3.20E-51 67.1 [Alignment] 
VAMP7                                   Hba_12319 96 2.90E-04 20.9 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A Hba_05218 271 1.10E-43 88.1 [Alignment] 

Ce V-type proton ATPase 
subunit a Hba_07792 644 0 51.8 [Alignment] 

Fh H+-transporting ATPase Hba_06417 143 4.30E-21 46.6 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase Hba_16053 591 2.00E-100 76.1 [Alignment] 
Calpain-1 catalytic subunit                     Hba_08096 277 3.40E-58 58.8 [Alignment] 
Gelsolin                                 Hba_11839 151 2.80E-11 36.9 [Alignment] 
Myosin Light Chain Kinase       Hba_16949 228 1.10E-21 42.3 [Alignment] 
ERK                                             Hba_12462 171 7.60E-15 76.7 [Alignment] 
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Fh Annexin B22         

Fh annexin                                                     

Another F. hepatica Annexin         

Thrombospondin 2 Hba_12308 106 1.20E-25 42.5 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase 

        

Myoferlin Hba_19436 107 1.10E-32 32.1 [Alignment] 
Otoferlin         
PARP4 Hba_18471 93 1.60E-10 33.3 [Alignment] 
TEP1 Hba_19266 90 1.00E-08 51.5 [Alignment] 
NSUN2 Hba_16582 238 1.50E-35 58.8 [Alignment] 
Argonaute-2 Hba_15995 118 7.50E-13 41.1 [Alignment] 
WAGO-1 (Ascaris suum) Hba_19411 214 6.60E-22 40.9 [A 
WAGO-2 (Ascaris suum) Hba_07017 224 6.60E-22 43.0 [Alignment] 

Likely H. poly secreted 
argonaute Hba_07017 188 2.70E-16 35.4 [Alignment] 

Acid sphingomyelinase-like 
3a Hba_13744 153 4.60E-12 37.8 [Alignment] 

Acid sphingomyelinase-like 
3b Hba_13744 168 3.00E-14 37.8 [Alignment] 

S1PR3         

Y Box 1 Hba_02103 360 3.10E-38 73.6 [Alignment] 

Syntaxin 5 Hba_17345 248 8.30E-25 55.3 [Alignment] 

ROCK1 Hba_03852 359 2.80E-39 70.5 [Alignment] 
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ROCK2 Hba_21390 179 7.60E-85 58.3 [Alignment] 

FhERM Hba_12982 267 2.10E-27 38.0 [Alignment] 

SYNCRIP/HNRNPQ         

SMPD3         

ARF1 Hba_21178 537 3.60E-66 59.0 [Alignment] 

DIAPH3         

ARRDC1 Hba_08925 103 4.90E-05 41.0 [Alignment] 

VAMP3         
 
 

Clade V Necator americanus     

Protein Name Identifier Score E Value Identities (%) 

HGS                                              NECAME_13204 175 4.10E-14 42.7 [Alignment] 
STAMBP                                    

STAM                                     NECAME_17255 259 1.00E-36 40.7 [Alignment] 
TSG101                                     NECAME_13076 296 7.80E-49 47.0 [Alignment] 
VPS28                                        NECAME_06077 369 5.90E-62 51.9 [Alignment] 
VPS37                                NECAME_17378 199 1.20E-17 31.5 [Alignment] 
MVB12               NECAME_00147 149 1.40E-13 33.3 [Alignment] 
VPS22/SNF8                   NECAME_09725 370 4.90E-77 54.2 [Alignment] 
VPS25                                   NECAME_13193 291 2.10E-31 40.3 [Alignment] 
VPS36                                              NECAME_10866 515 5.80E-83 48.5 [Alignment] 
CHMP2A                                     NECAME_09084 525 1.60E-69 78.3 [Alignment] 
CHMP2B                                  NECAME_00796 306 2.10E-32 45.5 [Alignment] 
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CHMP6                                         NECAME_03385 181 1.60E-15 42.0 [Alignment] 
CHMP3                                      NECAME_08684 456 2.70E-53 62.9 [Alignment] 
CHMP4                                       NECAME_04709 417 1.00E-46 70.6 [Alignment] 
CHMP5                       NECAME_16639 424 4.80E-61 62.3 [Alignment] 
CHMP1a                              

CHMP1b                            NECAME_19344 260 8.00E-31 72.1 [Alignment] 
IST1                           NECAME_15378 215 2.70E-32 54.4 [Alignment] 
VPS4                        NECAME_11491 1146 0 75.0 [Alignment] 
VTA1                                                  NECAME_13374 381 1.50E-50 46.9 [Alignment] 
ALIX                                  NECAME_13853 540 7.40E-159 46.3 [Alignment] 
Syndecan                            NECAME_08502 104 1.30E-04 60.6 [Alignment] 
Syntenin                             NECAME_03429 111 2.60E-08 29.6 [Alignment] 
SIMPLE                                   NECAME_01789 118 3.40E-14 64.3 [Alignment] 
SMPD2                                        NECAME_12254 475 3.20E-57 50.0 [Alignment] 
Acid Sphingomyelinase               NECAME_05679 224 1.50E-75 36.0 [Alignment] 
SMS2                                     NECAME_01574 270 1.20E-56 40.0 [Alignment] 
SPHK2                                             NECAME_10488 85 6.90E-07 41.0 [Alignment] 
S1PR1 NECAME_03231 64 2.40E-12 22.0 [Alignment] 
S1PR4         

PLD                                                 NECAME_13698 225 3.70E-99 66.1 [Alignment] 
PLA2                                   NECAME_10715 96 1.30E-12 56.0 [Alignment] 
Phospholipase B-like 2      NECAME_00945 257 4.60E-96 48.5 [Alignment] 
Flotillin 1                                           

Flotillin 2                                 
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DGK                                             NECAME_06680 479 0 66.2 [Alignment] 
ABCA1                                      NECAME_11754 638 7.40E-86 53.2 [Alignment] 
ABCA3                                              NECAME_11754 645 1.10E-89 53.4 [Alignment] 
ABCB1/MDR1/P-gp                   NECAME_00050 869 0 53.1 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        NECAME_03160 186 5.60E-27 32.8 [Alignment] 
Flippase                                     NECAME_01716 309 4.10E-109 61.7 [Alignment] 
Phospholipid Scramblase 2       NECAME_10512 100 1.90E-07 39.6 [Alignment] 
Phospholipid Scramblase 3       NECAME_10512 118 4.90E-13 32.9 [Alignment] 
Oxysterol BP                                 NECAME_11162 383 2.10E-153 60.2 [Alignment] 
Niemann-Pick C1                    NECAME_01567 556 1.30E-70 62.2 [Alignment] 
Niemann-Pick C2                                 NECAME_17001 95 3.70E-04 22.8 [Alignment] 
CD63 antigen                             NECAME_10105 106 7.90E-15 26.3 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                NECAME_01103 119 1.10E-21 55.9 [Alignment] 
Tetraspanin 1                         

CD81                                                 NECAME_01103 131 1.40E-20 39.7 [Alignment] 
G7YAH0 (Cs)     

Tspan 8                                         

CD37                                 

CD82                                                

CD151                                  

Heat-shock protein 70              NECAME_14190 2095 0 83.3 [Alignment] 
HSP90 alpha                                NECAME_07351 1162 0 84.4 [Alignment] 
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F. hepatica 14-3-3 NECAME_09771 314 1.80E-73 81.1 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  NECAME_09771 324 5.10E-75 72.3 [Alignment] 
hnRNPA2B1                              NECAME_09225 516 1.30E-61 54.0 [Alignment] 
Annexin B2 (Sm) NECAME_10233 217 4.00E-31 33.1 [Alignment] 
Annexin A7 (Cs) NECAME_10233 212 5.30E-32 29.8 [Alignment] 
Major Vault Protein                                  

Leukotriene A-4 hydrolase           NECAME_07517 255 2.20E-97 66.2 [Alignment] 
Prostaglandin ES2                     

Rab27                                  NECAME_08466 209 2.10E-45 59.6 [Alignment] 
Rab31                            NECAME_07005 366 1.10E-41 41.9 [Alignment] 
Rab35                             NECAME_07005 427 1.30E-62 75.7 [Alignment] 
Rab-protein 11                           NECAME_10052 772 5.00E-97 89.5 [Alignment] 
Rab-8A                                    NECAME_08466 811 6.70E-104 86.3 [Alignment] 
ARF6                                               NECAME_15058 844 4.50E-109 90.2 [Alignment] 
Ras-related protein Ral-A         NECAME_10030 214 2.60E-39 48.7 [Alignment] 
Ras-like GTP-BP Rho1                  NECAME_10243 836 1.20E-106 84.8 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) NECAME_10030 800 7.60E-102 90.0 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) NECAME_10030 800 2.60E-101 90.0 [Alignment] 
TBC1 domain member 20 NECAME_04980 177 4.10E-18 28.9 [Alignment] 
Syntaxin                                    NECAME_15578 891 2.30E-111 71.4 [Alignment] 

Synaptobrevin homologue 
YKT6 NECAME_07228 267 8.50E-46 65.8 [Alignment] 
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Synaptotagmin                              NECAME_04123 451 1.10E-119 66.1 [Alignment] 

Synaptosomal-associated 
protein      NECAME_06435 299 1.80E-36 63.6 [Alignment] 
VAMP7                                   NECAME_19153 132 2.80E-09 37.9 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A NECAME_11908 1326 0 74.0 [Alignment] 

Ce V-type proton ATPase 
subunit a NECAME_15715 231 1.80E-102 79.6 [Alignment] 

Fh H+-transporting ATPase NECAME_02918 243 1.10E-42 65.3 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase NECAME_10450 801 9.10E-114 74.7 [Alignment] 
Calpain-1 catalytic subunit                     NECAME_11886 582 1.60E-98 60.2 [Alignment] 
Gelsolin                                 NECAME_02215 207 3.10E-60 52.1 [Alignment] 
Myosin Light Chain Kinase       NECAME_00034 469 1.40E-54 57.5 [Alignment] 
ERK                                             NECAME_10006 1411 0 75.1 [Alignment] 
Fh Annexin B22 NECAME_05632 222 1.70E-37 36.6 [Alignment] 
Fh annexin                                             NECAME_05632 489 1.10E-82 51.9 [Alignment] 

Another F. hepatica Annexin 
NECAME_05632 749 6.60E-96 48.3 [Alignment] 

Thrombospondin 2 NECAME_10171 107 2.80E-23 51.7 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase NECAME_12151 474 3.50E-105 58.7 [Alignment] 
Myoferlin NECAME_12002 186 6.20E-30 44.8 [Alignment] 
Otoferlin         
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PARP4 NECAME_11975 92 9.20E-14 42.0 [Alignment] 
TEP1 NECAME_09600 98 7.50E-13 54.5 [Alignment] 
NSUN2 NECAME_01447 352 7.00E-104 59.3 [Alignment] 
Argonaute-2 NECAME_00512 2488 0 74.4 [Alignment] 
WAGO-1 (Ascaris suum) NECAME_04778 319 1.80E-36 46.9 [Alig 
WAGO-2 (Ascaris suum) NECAME_04778 495 4.80E-84 57.3 [Alignment] 

Likely H. poly secreted 
argonaute NECAME_04778 1073 2.60E-169 81.1 [Alignment] 

Acid sphingomyelinase-like 
3a NECAME_02022 167 5.30E-14 38.9 [Alignment] 

Acid sphingomyelinase-like 
3b NECAME_02022 236 1.10E-23 46.0 [Alignment] 

S1PR3         

Y Box 1 NECAME_15956 351 4.60E-37 72.5 [Alignment] 

Syntaxin 5 NECAME_03032 253 1.70E-25 50.0 [Alignment] 

ROCK1 NECAME_12311 1092 6.80E-145 66.9 [Alignment] 

ROCK2 NECAME_12311 1051 2.50E-139 66.0 [Alignment] 

FhERM NECAME_03404 433 3.60E-50 58.6 [Alignment] 

SYNCRIP/HNRNPQ NECAME_10839 415 5.80E-127 61.1 [Alignment] 

SMPD3         

ARF1 NECAME_09251 905 1.80E-117 95.6 [Alignment] 

DIAPH3         

ARRDC1 NECAME_02143 90 0.003 35.1 [Alignment] 

VAMP3         
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Cestoda Echinococcus multilocularis    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              EmuJ_000656400.1 335 1.00E-82 46.8 [Alignment] 
STAMBP                            EmuJ_000723000.1 290 1.30E-52 55.1 [Alignment] 
STAM                                     EmuJ_000305200.1 252 4.20E-45 50.6 [Alignment] 
TSG101                                     EmuJ_000664100.1 341 5.10E-52 42.3 [Alignment] 
VPS28                                        EmuJ_000630700.1 214 4.60E-42 45.7 [Alignment] 
VPS37                                EmuJ_000745800.1 184 1.30E-15 25.2 [Alignment] 
MVB12               EmuJ_000409800.1 118 2.90E-11 31.6 [Alignment] 
VPS22/SNF8                   EmuJ_000441300.1 379 5.20E-58 50.4 [Alignment] 
VPS25                                   EmuJ_000142600.1 245 8.20E-44 41.0 [Alignment] 
VPS36                                              EmuJ_000096100.1 180 3.50E-31 43.4 [Alignment] 
CHMP2A                                     EmuJ_000899000.1 386 1.30E-49 58.9 [Alignment] 
CHMP2B                                  EmuJ_001174700.1 133 5.40E-09 29.7 [Alignment] 
CHMP6                                         EmuJ_000096000.1 216 1.70E-20 36.0 [Alignment] 
CHMP3                                      EmuJ_000239200.1 300 1.90E-38 43.6 [Alignment] 
CHMP4                                       EmuJ_001133200.1 248 2.30E-24 44.2 [Alignment] 
CHMP5                       EmuJ_001063800.1 310 1.10E-32 54.3 [Alignment] 
CHMP1a                      EmuJ_000468500.1 313 3.10E-34 46.5 [Alignment] 
CHMP1b                            EmuJ_000302000.1 402 8.90E-46 57.2 [Alignment] 
IST1                           EmuJ_000660900.1 420 4.80E-48 51.0 [Alignment] 
VPS4                        EmuJ_000486200.1 1357 0 76.2 [Alignment] 
VTA1                                                  EmuJ_000675600.1 286 3.50E-30 39.0 [Alignment] 
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ALIX                                  EmuJ_000997550.1 252 2.40E-82 46.8 [Alignment] 
Syndecan                            EmuJ_000968100.1 93 0.0038 61.5 [Alignment] 
Syntenin                             EmuJ_000453900.1 426 4.70E-51 42.1 [Alignment] 
SIMPLE                                   EmuJ_000464800.1 95 9.00E-12 38.1 [Alignment] 
SMPD2                                        EmuJ_000372200.1 195 1.20E-31 36.3 [Alignment] 
Acid Sphingomyelinase               EmuJ_001109500.1 95 2.10E-07 43.6 [Alignment] 
SMS2                                     EmuJ_000223400.1 229 1.40E-54 38.5 [Alignment] 
SPHK2                                             EmuJ_000868200.1 137 1.20E-13 40.5 [Alignment] 
S1PR1         
S1PR4         

PLD                                                 EmuJ_000249000.1 361 3.40E-130 49.3 [Alignment] 
PLA2                                           

Phospholipase B-like 2      EmuJ_000220500.1 397 7.50E-97 49.7 [Alignment] 
Flotillin 1                                   EmuJ_000379700.1 812 2.90E-128 64.9 [Alignment] 
Flotillin 2                         EmuJ_000111000.1 834 1.30E-137 65.0 [Alignment] 
DGK                                             EmuJ_001008900.1 233 4.70E-79 55.6 [Alignment] 
ABCA1                                      EmuJ_000519900.1 454 0 52.4 [Alignment] 
ABCA3                                              EmuJ_000519900.1 657 5.50E-176 51.4 [Alignment] 
ABCB1/MDR1/P-gp                   EmuJ_000901000.1 758 0 56.3 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        EmuJ_001168800.1 397 2.80E-125 55.1 [Alignment] 
Flippase                                     EmuJ_000172600.1 462 1.30E-139 72.3 [Alignment] 
Phospholipid Scramblase 2               

Phospholipid Scramblase 3       EmuJ_000624400.1 77 2.00E-11 27.1 [Alignment] 
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Oxysterol BP                                 EmuJ_000850900.1 427 9.20E-155 67.8 [Alignment] 
Niemann-Pick C1                    EmuJ_001107700.1 565 0 60.2 [Alignment] 
Niemann-Pick C2                                 EmuJ_000682900.1 137 4.10E-18 41.8 [Alignment] 
CD63 antigen                             EmuJ_001070300.1 105 1.10E-08 29.2 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                EmuJ_001070300.1 128 2.70E-15 32.9 [Alignment] 
Tetraspanin 1                             

CD81                                                 EmuJ_001174600.1 149 1.80E-18 58.8 [Alignment] 
G7YAH0 (Cs) EmuJ_000833400.1 320 1.30E-69 51.8 [Alignment] 
Tspan 8                                     EmuJ_000834300.1 84 3.10E-11 51.6 [Alignment] 
CD37                                     

CD82                                             
   

CD151                              EmuJ_001019200.1 83 6.10E-13 59.1 [Alignment] 
Heat-shock protein 70              EmuJ_001085400.1 1446 0 83.3 [Alignment] 
HSP90 alpha                                EmuJ_000723800.1 753 0 53.5 [Alignment] 
F. hepatica 14-3-3 EmuJ_001192500.1 309 7.50E-81 69.8 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  EmuJ_001192500.1 310 1.20E-72 70.7 [Alignment] 
hnRNPA2B1                              EmuJ_000762600.1 523 1.40E-62 55.4 [Alignment] 
Annexin B2 (Sm) EmuJ_000041300.1 386 1.70E-69 37.8 [Alignment] 
Annexin A7 (Cs) EmuJ_000041300.1 320 1.10E-67 45.1 [Alignment] 
Major Vault Protein                          EmuJ_000142500.1 777 0 70.0 [Alignment] 
Leukotriene A-4 hydrolase           EmuJ_000972400.1 604 2.50E-124 53.9 [Alignment] 
Prostaglandin ES2             EmuJ_000919600.1 103 5.70E-06 43.2 [Alignment] 
Rab27                                  EmuJ_000347300.1 418 1.00E-69 59.8 [Alignment] 



351 
 

Rab31                            EmuJ_000349500.1 382 7.40E-44 42.1 [Alignment] 
Rab35                             EmuJ_000255300.1 408 1.80E-57 70.1 [Alignment] 
Rab-protein 11                           EmuJ_000349500.1 703 2.50E-89 77.8 [Alignment] 
Rab-8A                                    EmuJ_001003300.1 597 7.30E-76 69.0 [Alignment] 
ARF6                                               EmuJ_001006100.1 639 1.30E-89 82.8 [Alignment] 
Ras-related protein Ral-A         EmuJ_000807900.1 315 5.40E-35 38.5 [Alignment] 
Ras-like GTP-BP Rho1                  EmuJ_000246500.1 801 8.20E-102 81.2 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) EmuJ_000807900.1 360 2.20E-50 61.1 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) EmuJ_000807900.1 360 4.00E-50 61.1 [Alignment] 
TBC1 domain member 20 EmuJ_000440100.1 450 4.20E-54 47.2 [Alignment] 
Syntaxin                                    EmuJ_000746800.1 694 1.00E-84 57.0 [Alignment] 

Synaptobrevin homologue 
YKT6 EmuJ_000826400.1 479 9.00E-57 55.4 [Alignment] 
Synaptotagmin                              EmuJ_001110900.1 471 7.00E-119 64.1 [Alignment] 

Synaptosomal-associated 
protein      EmuJ_000226800.1 712 7.10E-88 85.1 [Alignment] 
VAMP7                                   EmuJ_000253300.1 113 1.20E-12 34.4 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A EmuJ_000183100.1 1862 0 82.3 [Alignment] 

Ce V-type proton ATPase 
subunit a EmuJ_000588900.1 704 0 51.7 [Alignment] 

Fh H+-transporting ATPase EmuJ_000588900.1 225 2.10E-61 77.2 [Alignment] 
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lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase EmuJ_000617100.1 798 7.10E-120 74.2 [Alignment] 
Calpain-1 catalytic subunit                     EmuJ_000911200.1 529 2.60E-155 63.9 [Alignment] 
Gelsolin                                 EmuJ_000882300.1 119 6.60E-07 37.8 [Alignment] 
Myosin Light Chain Kinase       EmuJ_001071300.1 312 3.70E-33 52.8 [Alignment] 
ERK                                             EmuJ_000803700.1 1223 9.70E-167 70.6 [Alignment] 
Fh Annexin B22 EmuJ_000330300.1 302 6.60E-50 44.3 [Alignment] 
Fh annexin                                             EmuJ_001169900.1 556 1.90E-103 56.8 [Alignment] 

Another F. hepatica Annexin 
EmuJ_000330300.1 662 1.90E-82 44.8 [Alignment] 

Thrombospondin 2 EmuJ_000422300.1 229 3.30E-41 50.0 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase EmuJ_000338600.1 1514 0 79.9 [Alignment] 
Myoferlin EmuJ_000825200.1 584 0 44.3 [Alignment] 
Otoferlin EmuJ_000436000.1 440 0 57.6 [Alignment] 
PARP4 EmuJ_001158300.1 107 6.60E-17 25.3 [Alignment] 
TEP1 EmuJ_001036600.1 218 9.40E-90 31.8 [Alignment] 
NSUN2 EmuJ_000210000.1 317 1.50E-103 59.8 [Alignment] 
Argonaute-2 EmuJ_000346200.1 2742 0 75.7 [Alignment] 
WAGO-1 (Ascaris suum) EmuJ_000739100.1 153 2.70E-13 37.9 [ 
WAGO-2 (Ascaris suum) EmuJ_000346200.1 174 3.20E-31 36.2 [Alignment] 

Likely H. poly secreted 
argonaute EmuJ_000346200.1 250 2.50E-27 37.0 [Alignment] 
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Acid sphingomyelinase-like 
3a EmuJ_001109500.1 91 0.0018 34.7 [Alignment] 

Acid sphingomyelinase-like 
3b EmuJ_001109500.1 109 5.60E-06 33.3 [Alignment] 

S1PR3         

Y Box 1 EmuJ_000490500.1 155 2.20E-11 66.7 [Alignment] 

ROCK1 EmuJ_001182800.1 473 1.70E-106 53.5 [Alignment] 

ROCK2 EmuJ_001182800.1 470 1.20E-101 54.1 [Alignment] 

FhERM EmuJ_000598050.1 567 1.50E-68 42.4 [Alignment] 

SYNCRIP/HNRNPQ         

SMPD3         

ARF1 EmuJ_000254750.1 777 1.30E-99 83.6 [Alignment] 

DIAPH3 EmuJ_000858900.1 264 8.90E-27 45.8 [Alignment] 

ARRDC1         

VAMP3 EmuJ_000201000.1 157 4.70E-13 54.9 [Alignment] 
 
 

Cestoda Taenia solium     

Protein Name Identifier Score E Value Identities (%) 

HGS                                              TsM_000036400 332 2.00E-56 43.8 [Alignment] 
STAMBP                            TsM_000021100 290 7.40E-51 56.2 [Alignment] 
STAM                                     TsM_000123900 225 3.50E-44 60.6 [Alignment] 
TSG101                                     TsM_000178400 346 6.70E-62 44.8 [Alignment] 
VPS28                                        TsM_000289900 220 1.00E-48 44.4 [Alignment] 
VPS37                                TsM_000589400 169 8.60E-14 26.8 [Alignment] 



354 
 

MVB12               TsM_000136400 120 9.30E-13 30.4 [Alignment] 
VPS22/SNF8                   TsM_000697500 368 6.00E-53 48.9 [Alignment] 
VPS25                                   TsM_000555200 237 1.10E-43 39.3 [Alignment] 
VPS36                                              TsM_000325100 182 1.30E-37 43.4 [Alignment] 
CHMP2A                                     TsM_000794600 377 2.30E-48 56.7 [Alignment] 
CHMP2B                                  TsM_000461700 155 5.60E-12 39.0 [Alignment] 
CHMP6                                         TsM_000742200 221 2.40E-21 37.0 [Alignment] 
CHMP3                                      TsM_000682900 301 1.40E-38 41.4 [Alignment] 
CHMP4                                       TsM_000265100 239 3.70E-23 43.5 [Alignment] 
CHMP5                       TsM_000681600 318 3.30E-34 54.0 [Alignment] 
CHMP1a                      TsM_000871500 316 4.80E-35 48.1 [Alignment] 
CHMP1b                            TsM_000524900 399 2.30E-45 57.9 [Alignment] 
IST1                           TsM_000566000 419 6.60E-48 51.0 [Alignment] 
VPS4                        TsM_001233800 1338 0 76.2 [Alignment] 
VTA1                                                  TsM_000616400 284 6.50E-30 39.0 [Alignment] 
ALIX                                  TsM_000799700 257 7.80E-90 45.0 [Alignment] 
Syndecan                            TsM_000684400 93 0.0038 61.5 [Alignment] 
Syntenin                             TsM_000103500 432 2.20E-50 43.4 [Alignment] 
SIMPLE                                   TsM_000220400 103 6.30E-14 40.5 [Alignment] 
SMPD2                                        TsM_000740900 185 8.90E-29 33.0 [Alignment] 
Acid Sphingomyelinase               TsM_000236500 82 2.00E-04 46.9 [Alignment] 
SMS2                                     TsM_000224000 238 4.20E-56 38.5 [Alignment] 
SPHK2                                             TsM_000771700 134 6.60E-09 37.8 [Alignment] 
S1PR1         
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S1PR4         

PLD                                                 TsM_000336900 358 1.50E-134 48.6 [Alignment] 
PLA2                                           

Phospholipase B-like 2      TsM_000060100 370 3.20E-90 47.7 [Alignment] 
Flotillin 1                                   TsM_000492600 754 2.00E-119 65.2 [Alignment] 
Flotillin 2                         TsM_000711300 779 3.50E-125 58.5 [Alignment] 
DGK                                             TsM_000283100 233 4.00E-78 55.6 [Alignment] 
ABCA1                                      TsM_000286400 369 7.10E-144 56.0 [Alignment] 
ABCA3                                              TsM_000286400 642 1.70E-105 51.0 [Alignment] 
ABCB1/MDR1/P-gp                   TsM_000740200 686 0 51.1 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        TsM_000197300 381 4.30E-112 58.3 [Alignment] 
Flippase                                     TsM_000571100 454 1.20E-137 73.6 [Alignment] 
Phospholipid Scramblase 2       TsM_000451900 187 4.50E-17 49.3 [Alignment] 
Phospholipid Scramblase 3       TsM_000451900 168 2.40E-14 44.1 [Alignment] 
Oxysterol BP                                 TsM_000193900 243 1.30E-135 63.2 [Alignment] 
Niemann-Pick C1                    TsM_000003800 545 0 60.3 [Alignment] 
Niemann-Pick C2                                 TsM_000037100 84 0.012 53.8 [Alignment] 
CD63 antigen                             TsM_000928700 105 1.10E-08 29.2 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                TsM_000928700 135 5.40E-16 34.2 [Alignment] 
Tetraspanin 1                             

CD81                                                 TsM_000461400 144 9.30E-18 54.5 [Alignment] 
G7YAH0 (Cs) TsM_000744700 319 6.80E-69 51.8 [Alignment] 
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Tspan 8                                         

CD37                                     

CD82                                                    

CD151                                  

Heat-shock protein 70              TsM_001208400 1455 0 83.6 [Alignment] 
HSP90 alpha                                TsM_001208400 1152 0 84.0 [Alignment] 
F. hepatica 14-3-3 TsM_000719200 310 2.30E-77 74.4 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  TsM_000747500 284 5.80E-69 45.9 [Alignment] 
hnRNPA2B1                              TsM_000252200 526 5.50E-63 56.0 [Alignment] 
Annexin B2 (Sm) TsM_000793600 388 4.10E-68 42.2 [Alignment] 
Annexin A7 (Cs) TsM_000793600 324 7.00E-63 45.8 [Alignment] 
Major Vault Protein                          TsM_000555100 782 0 70.0 [Alignment] 
Leukotriene A-4 hydrolase           TsM_001022600 609 7.70E-110 53.9 [Alignment] 
Prostaglandin ES2             TsM_000557700 104 4.80E-05 48.6 [Alignment] 
Rab27                                  TsM_000582900 448 1.40E-73 53.5 [Alignment] 
Rab31                            TsM_000135200 383 4.90E-44 42.1 [Alignment] 
Rab35                             TsM_000494700 408 4.60E-57 70.1 [Alignment] 
Rab-protein 11                           TsM_000135200 703 1.50E-87 77.8 [Alignment] 
Rab-8A                                    TsM_000559700 642 2.30E-80 67.8 [Alignment] 
ARF6                                               TsM_000154600 638 1.80E-89 82.8 [Alignment] 
Ras-related protein Ral-A         TsM_000667400 309 3.70E-34 38.5 [Alignment] 
Ras-like GTP-BP Rho1                  TsM_000707200 799 1.50E-101 81.3 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) TsM_000438100 284 6.60E-48 49.5 [Alignment] 
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Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) TsM_000667400 347 6.30E-48 60.6 [Alignment] 
TBC1 domain member 20 TsM_000014600 294 4.60E-32 44.5 [Alignment] 
Syntaxin                                    TsM_000780300 359 2.10E-76 58.5 [Alignment] 

Synaptobrevin homologue 
YKT6 TsM_000849900 377 9.10E-43 51.1 [Alignment] 
Synaptotagmin                              TsM_000763800 309 1.10E-116 75.0 [Alignment] 

Synaptosomal-associated 
protein      TsM_000010600 712 7.10E-88 85.1 [Alignment] 
VAMP7                                   TsM_001090400 110 3.50E-12 34.4 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A TsM_000681900 1162 0 91.3 [Alignment] 

Ce V-type proton ATPase 
subunit a TsM_001074000 663 0 53.2 [Alignment] 

Fh H+-transporting ATPase TsM_000607100 223 1.70E-60 77.2 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase TsM_000557900 808 1.90E-119 74.7 [Alignment] 
Calpain-1 catalytic subunit                     TsM_000468600 495 8.50E-146 60.3 [Alignment] 
Gelsolin                                 TsM_000982900 156 5.50E-38 47.6 [Alignment] 
Myosin Light Chain Kinase       TsM_000928600 316 1.10E-33 51.9 [Alignment] 
ERK                                             TsM_000447200 1225 2.60E-166 70.4 [Alignment] 
Fh Annexin B22 TsM_000511100 306 3.50E-50 43.2 [Alignment] 
Fh annexin                                             TsM_000213600 565 1.30E-106 58.8 [Alignment] 
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Another F. hepatica Annexin 
TsM_000213600 944 6.00E-120 61.2 [Alignment] 

Thrombospondin 2 TsM_000627000 234 3.80E-42 51.4 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase TsM_000056700 962 0 83.0 [Alignment] 
Myoferlin TsM_000281500 481 0 44.9 [Alignment] 
Otoferlin TsM_000317800 438 0 57.9 [Alignment] 
PARP4 TsM_000065900 150 1.70E-13 39.3 [Alignment] 
TEP1 isoform 1 TsM_000122900 183 4.00E-79 44.0 [Alignment] 
NSUN2 TsM_000798500 329 2.40E-106 62.0 [Alignment] 
Argonaute-2 TsM_000674100 2737 0 75.6 [Alignment] 
WAGO-1 (Ascaris suum) TsM_000674100    

WAGO-2 (Ascaris suum) TsM_000674100 174 4.80E-31 36.2 [Alignment] 

Likely H. poly secreted 
argonaute TsM_000674100 247 6.10E-27 36.4 [Alignment] 

Acid sphingomyelinase-like 
3a TsM_000236500 89 0.0035 37.8 [Alignment] 

Acid sphingomyelinase-like 
3b TsM_000236500 81 0.043 34.6 [Alignment] 

S1PR3         

Y Box 1 TsM_000861500 138 3.80E-09 66.7 [Alignment] 

Syntaxin 5 TsM_000665800 239 1.40E-23 53.9 [Alignment] 

ROCK1 TsM_000908500 469 5.50E-110 54.5 [Alignment] 

ROCK2 TsM_000908500 463 6.60E-102 54.5 [Alignment] 

FhERM TsM_000562000 495 1.10E-58 41.9 [Alignment] 



359 
 

SYNCRIP/HNRNPQ         

SMPD3         

ARF1 TsM_000494500 777 1.30E-99 83.6 [Alignment] 

DIAPH3         

ARRDC1         

VAMP3 TsM_000613700 200 6.90E-19 52.8 [Alignment] 
 
 

Trematoda Clonorchis sinensis    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              csin111717 237 2.30E-35 58.2 [Alignment] 
STAMBP                            csin102353 371 6.30E-61 55.5 [Alignment] 
STAM                                     csin103344 226 3.40E-62 61.5 [Alignment] 
TSG101                                     csin101084 191 7.70E-49 47.3 [Alignment] 
VPS28                                                

VPS37                                        

MVB12               csin105259 74 0.051 30.6 [Alignment] 
VPS22/SNF8                   csin102110 363 2.10E-52 46.0 [Alignment] 
VPS25                                   csin104184 277 4.80E-49 60.2 [Alignment] 
VPS36                                              csin109589 150 1.10E-39 51.0 [Alignment] 
CHMP2A                                     csin104425 69 3.00E-47 50.0 [Alignment] 
CHMP2B                                  csin112502 151 2.00E-11 34.2 [Alignment] 
CHMP6                                         csin109135 223 1.70E-21 43.2 [Alignment] 
CHMP3                                      csin113019 293 5.20E-31 39.3 [Alignment] 
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CHMP4                                       csin112836 259 7.50E-26 43.5 [Alignment] 
CHMP5                       csin107210 351 6.90E-42 52.8 [Alignment] 
CHMP1a                      csin111020 165 2.40E-13 35.1 [Alignment] 
CHMP1b                                    

IST1                           csin111332 410 3.90E-47 52.1 [Alignment] 
VPS4                        csin105345 1278 1.10E-165 74.1 [Alignment] 
VTA1                                                  csin105907 389 7.20E-50 50.7 [Alignment] 
ALIX                                  csin100175 122 1.80E-51 36.6 [Alignment] 
Syndecan                            csin105937 83 0.081 38.5 [Alignment] 
Syntenin                             csin101965 496 5.40E-62 46.8 [Alignment] 
SIMPLE                                   csin109816 84 3.70E-07 50.0 [Alignment] 
SMPD2                                        csin100478 114 3.90E-15 31.7 [Alignment] 
Acid Sphingomyelinase               csin103221 83 1.40E-07 37.3 [Alignment] 
SMS2                                     csin103792 243 1.60E-56 52.5 [Alignment] 
SPHK2                                             csin103874 89 1.10E-11 66.7 [Alignment] 
S1PR1         
S1PR4         

PLD                                                 csin104628 431 6.40E-127 43.5 [Alignment] 
PLA2                                           

Phospholipase B-like 2      csin109833 396 2.30E-86 49.0 [Alignment] 
Flotillin 1                                   csin103042 627 9.20E-113 68.8 [Alignment] 
Flotillin 2                         csin110356 742 9.60E-138 73.1 [Alignment] 
DGK                                             csin104168 219 5.00E-77 51.2 [Alignment] 
ABCA1                                      csin106809 727 0 56.1 [Alignment] 
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ABCA3                                              csin111802 886 0 53.3 [Alignment] 
ABCB1/MDR1/P-gp                   csin105288 679 0 52.4 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        csin109111 829 0 69.4 [Alignment] 
Flippase                                     csin105856 561 7.00E-175 71.3 [Alignment] 
Phospholipid Scramblase 2       csin108489 216 3.10E-50 62.5 [Alignment] 
Phospholipid Scramblase 3       csin108489 232 2.10E-51 55.3 [Alignment] 
Oxysterol BP                                 csin105124 442 2.00E-117 69.5 [Alignment] 
Niemann-Pick C1                    csin107525 543 0 56.4 [Alignment] 
Niemann-Pick C2                                 csin109785 144 2.70E-22 40.0 [Alignment] 
CD63 antigen                             csin108371 123 2.70E-11 35.5 [Alignment] 
Tetraspannin CD63 R                     csin112078 183 7.10E-25 43.9 [Alignment] 
CD9 antigen                                csin106559 119 9.40E-18 41.8 [Alignment] 
Tetraspanin 1                         

CD81                                                 csin106559 135 9.20E-22 51.0 [Alignment] 
G7YAH0 (Cs)     

Tspan 8                                         

CD37                                 

CD82                                                

CD151                                  

Heat-shock protein 70              csin108684 2482 0 83.5 [Alignment] 
HSP90 alpha                                csin100048 1144 0 83.2 [Alignment] 
F. hepatica 14-3-3 csin101032 976 3.00E-123 79.9 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  csin100013 737 6.50E-106 75.5 [Alignment] 
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hnRNPA2B1                              csin109805 527 4.00E-63 55.4 [Alignment] 
Annexin B2 (Sm) csin102249 460 2.80E-124 64.1 [Alignment] 
Annexin A7 (Cs) csin102250 351 4.70E-65 57.7 [Alignment] 
Major Vault Protein                          csin109352 830 0 75.5 [Alignment] 
Leukotriene A-4 hydrolase           csin103297 714 5.10E-142 61.0 [Alignment] 
Prostaglandin ES2                     

Rab27                                  csin100881 585 4.70E-72 57.3 [Alignment] 
Rab31                            csin107585 354 5.60E-40 42.7 [Alignment] 
Rab35                             csin102927 273 1.30E-54 70.8 [Alignment] 
Rab-protein 11                           csin107585 655 6.00E-81 75.7 [Alignment] 
Rab-8A                                    csin105895 397 3.20E-46 45.3 [Alignment] 
ARF6                                               csin111923 522 3.00E-75 82.1 [Alignment] 
Ras-related protein Ral-A         csin104814 462 4.30E-59 68.0 [Alignment] 
Ras-like GTP-BP Rho1                  csin108595 805 2.30E-102 80.3 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) csin107117 473 1.80E-56 54.3 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) csin107117 473 3.40E-56 54.3 [Alignment] 
TBC1 domain member 20 csin100672 710 7.50E-124 75.8 [Alignment] 
Syntaxin                                    csin104946 469 2.90E-54 58.4 [Alignment] 

Synaptobrevin homologue 
YKT6 csin106920 351 3.40E-39 54.4 [Alignment] 
Synaptotagmin                              csin102032 489 2.20E-117 69.8 [Alignment] 
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Synaptosomal-associated 
protein      csin106773 752 2.20E-93 93.1 [Alignment] 
VAMP7                                   csin100036 110 1.70E-11 33.3 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A csin102706 2057 0 91.5 [Alignment] 

Ce V-type proton ATPase 
subunit a csin105957 689 0 50.4 [Alignment] 

Fh H+-transporting ATPase csin105957 324 8.80E-93 66.7 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase csin109104 898 4.00E-137 84.8 [Alignment] 
Calpain-1 catalytic subunit                     csin110912 489 1.00E-168 59.6 [Alignment] 
Gelsolin                                 csin104323 161 1.20E-12 55.6 [Alignment] 
Myosin Light Chain Kinase       csin109101 398 6.90E-45 53.1 [Alignment] 
ERK                                             csin110768 1117 7.00E-147 71.7 [Alignment] 
Fh Annexin B22 csin101909 611 1.30E-106 68.0 [Alignment] 
Fh annexin                                             csin101327 546 2.40E-141 71.6 [Alignment] 

Another F. hepatica Annexin 
csin101328 631 2.70E-154 68.5 [Alignment] 

Thrombospondin 2 csin107045 189 2.00E-46 48.4 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase csin101113 2632 0 87.4 [Alignment] 
Myoferlin csin108759 421 0 54.5 [Alignment] 
Otoferlin csin107811 423 0 51.0 [Alignment] 
PARP4 csin106607 103 8.00E-15 46.8 [Alignment] 
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TEP1  csin111297 288 2.30E-58 39.2 [Alignment] 
NSUN2 csin109698 316 1.30E-108 66.7 [Alignment] 
Argonaute-2 csin112397 1448 0 70.9 [Alignment] 
WAGO-1 (Ascaris suum) csin108572 162 2.10E-14 37.2 [Alig 
WAGO-2 (Ascaris suum) csin110311 182 4.20E-24 37.2 [Alignment] 

Likely H. poly secreted 
argonaute csin100735 155 6.20E-24 35.8 [Alignment] 

Acid sphingomyelinase-like 
3a csin107034 125 3.50E-08 41.8 [Alignment] 

Acid sphingomyelinase-like 
3b csin103221 112 1.80E-06 33.9 [Alignment] 

S1PR3         

Y Box 1 csin111107 270 1.90E-26 58.6 [Alignment] 

Syntaxin 5 csin112097 291 1.10E-30 59.3 [Alignment] 

ROCK1 csin109408 231 6.40E-98 51.9 [Alignment] 

ROCK2 csin109408 228 2.00E-93 50.6 [Alignment] 

FhERM csin107879 726 2.30E-90 44.4 [Alignment] 

SYNCRIP/HNRNPQ         

SMPD3         

ARF1 csin107329 633 1.50E-79 86.4 [Alignment] 

DIAPH3         

ARRDC1         

VAMP3 csin100517 114 3.10E-07 88.5 [Alignment] 
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Trematoda Opisthorchis viverrini    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              T265_08468 237 1.70E-33 58.2 [Alignment] 
STAMBP                            T265_14640 371 1.80E-61 55.5 [Alignment] 
STAM                                     T265_07408 227 3.90E-60 61.5 [Alignment] 
TSG101                                     T265_03110 191 5.60E-38 47.3 [Alignment] 
VPS28                                        T265_09685 185 3.30E-40 42.0 [Alignment] 
VPS37                                        

MVB12                       

VPS22/SNF8                   T265_09151 362 3.90E-52 45.4 [Alignment] 
VPS25                                   T265_10127 277 4.80E-49 60.2 [Alignment] 
VPS36                                              T265_01698 287 1.30E-52 48.0 [Alignment] 
CHMP2A                                     T265_00344 357 1.20E-44 53.9 [Alignment] 
CHMP2B                                          

CHMP6                                                 
CHMP3                                      T265_10615 292 7.10E-31 39.3 [Alignment] 
CHMP4                                       T265_09618 202 4.00E-27 47.6 [Alignment] 
CHMP5                       T265_01107 309 3.30E-34 52.8 [Alignment] 
CHMP1a                      T265_11150 367 1.20E-40 46.8 [Alignment] 
CHMP1b                            T265_09946 359 4.50E-48 55.3 [Alignment] 
IST1                           T265_08954 410 6.50E-48 52.1 [Alignment] 
VPS4                        T265_09503 1279 7.70E-166 74.1 [Alignment] 
VTA1                                                  T265_09383 227 2.80E-46 48.4 [Alignment] 
ALIX                                  T265_08792 124 3.80E-51 36.6 [Alignment] 
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Syndecan                            T265_04732 83 0.081 38.5 [Alignment] 
Syntenin                             T265_09973 496 6.70E-62 45.5 [Alignment] 
SIMPLE                                   T265_09246 100 7.30E-12 60.7 [Alignment] 
SMPD2                                        T265_04589 262 9.40E-40 40.2 [Alignment] 
Acid Sphingomyelinase               T265_14569 84 1.60E-06 35.6 [Alignment] 
SMS2                                             

SPHK2                                             T265_03200 107 5.60E-23 40.7 [Alignment] 
S1PR1 T265_08353 74 5.20E-09 41.2 [Alignment] 
S1PR4         

PLD                                                 T265_05014 437 5.30E-117 44.0 [Alignment] 
PLA2                                           

Phospholipase B-like 2      T265_07313 387 7.60E-90 47.1 [Alignment] 
Flotillin 1                                   T265_04251 402 1.10E-92 67.0 [Alignment] 
Flotillin 2                         T265_06057 455 1.70E-117 67.4 [Alignment] 
DGK                                             T265_14270 377 2.90E-62 59.1 [Alignment] 
ABCA1                                      T265_13456 707 0 55.7 [Alignment] 
ABCA3                                              T265_10271 894 0 53.3 [Alignment] 
ABCB1/MDR1/P-gp                   T265_13344 736 0 52.6 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        T265_13284 833 0 69.8 [Alignment] 
Flippase                                     T265_02637 526 1.10E-163 84.5 [Alignment] 
Phospholipid Scramblase 2       T265_00773 215 9.60E-53 60.9 [Alignment] 
Phospholipid Scramblase 3       T265_00773 231 1.70E-53 57.5 [Alignment] 
Oxysterol BP                                 T265_05783 404 6.20E-180 59.8 [Alignment] 
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Niemann-Pick C1                    T265_09470 543 0 56.4 [Alignment] 
Niemann-Pick C2                                 T265_00685 151 7.50E-22 41.7 [Alignment] 
CD63 antigen                             T265_10204 149 1.40E-16 36.0 [Alignment] 
Tetraspannin CD63 R                     T265_07075 165 2.40E-23 36.6 [Alignment] 
CD9 antigen                                T265_02223 119 1.20E-13 41.8 [Alignment] 
Tetraspanin 1                         

CD81                                                 T265_02223 135 1.20E-20 51.0 [Alignment] 
G7YAH0 (Cs) T265_10641 715 2.90E-154 95.0 [Alignment] 
Tspan 8                                         

CD37                                     

CD82                                                

CD151                                      

Heat-shock protein 70              T265_06064 2479 0 83.3 [Alignment] 
HSP90 alpha                                T265_08810 1144 0 83.2 [Alignment] 
F. hepatica 14-3-3 T265_03815 967 4.90E-122 81.1 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  T265_13582 487 2.10E-101 73.4 [Alignment] 
hnRNPA2B1                              T265_05290 527 4.00E-63 55.4 [Alignment] 
Annexin B2 (Sm) T265_09134 450 1.30E-122 63.4 [Alignment] 
Annexin A7 (Cs) T265_09134 1704 0 94.7 [Alignment] 
Major Vault Protein                          T265_09197 831 0 76.0 [Alignment] 
Leukotriene A-4 hydrolase           T265_01379 713 1.40E-141 60.5 [Alignment] 
Prostaglandin ES2                     

Rab27                                  T265_05333 573 4.10E-70 55.7 [Alignment] 
Rab31                            T265_07070 306 6.40E-45 54.9 [Alignment] 
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Rab35                             T265_02538 357 1.00E-54 66.7 [Alignment] 
Rab-protein 11                           T265_09699 501 1.90E-87 75.6 [Alignment] 
Rab-8A                                    T265_09997 667 7.70E-84 73.3 [Alignment] 
ARF6                                               T265_06795 516 1.80E-84 81.2 [Alignment] 
Ras-related protein Ral-A         T265_02188 350 9.00E-55 70.5 [Alignment] 
Ras-like GTP-BP Rho1                  T265_10340 802 6.00E-102 79.8 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) T265_00011 472 2.50E-56 54.3 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) T265_00011 472 4.60E-56 54.3 [Alignment] 
TBC1 domain member 20 T265_02090 711 5.20E-127 75.8 [Alignment] 
Syntaxin                                    T265_00165 625 2.20E-75 50.0 [Alignment] 

Synaptobrevin homologue 
YKT6 T265_02903 472 8.30E-56 51.5 [Alignment] 
Synaptotagmin                              T265_07810 435 4.80E-110 70.5 [Alignment] 

Synaptosomal-associated 
protein      T265_00107 760 1.80E-94 93.7 [Alignment] 
VAMP7                                   T265_06466 110 1.70E-11 33.3 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A T265_07348 2181 0 93.4 [Alignment] 

Ce V-type proton ATPase 
subunit a T265_07972 689 0 50.4 [Alignment] 

Fh H+-transporting ATPase T265_07972 331 9.70E-94 68.7 [Alignment] 

lysosomal accessory protein 
1 
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Fh Vacuolar H ATPase T265_11160 898 5.00E-138 84.8 [Alignment] 
Calpain-1 catalytic subunit                     T265_01101 303 1.30E-117 63.9 [Alignment] 
Gelsolin                                 T265_06746 183 8.90E-40 52.2 [Alignment] 
Myosin Light Chain Kinase       T265_08052 398 6.90E-45 53.1 [Alignment] 
ERK                                             T265_01309 1039 3.00E-169 71.4 [Alignment] 
Fh Annexin B22 T265_08894 857 6.00E-110 69.6 [Alignment] 
Fh annexin                                             T265_00819 524 4.00E-136 76.0 [Alignment] 

Another F. hepatica Annexin 
T265_12643 586 6.30E-148 80.9 [Alignment] 

Thrombospondin 2 T265_00915 189 8.70E-46 48.4 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase T265_02769 2632 0 87.2 [Alignment] 
Myoferlin T265_13290 420 0 54.5 [Alignment] 
Otoferlin T265_08582 465 0 60.4 [Alignment] 
PARP4 T265_05795 92 2.30E-20 45.5 [Alignment] 
TEP1 T265_00630 386 7.10E-142 49.3 [Alignment] 
NSUN2 T265_05975 315 2.00E-122 66.7 [Alignment] 
Argonaute-2 T265_02735 3116 0 75.3 [Alignment] 
WAGO-1 (Ascaris suum) T265_13773 163 1.50E-14 38.4 [Alignme 
WAGO-2 (Ascaris suum) T265_02735 182 6.70E-30 37.2 [Alignment] 

Likely H. poly secreted 
argonaute T265_13773 146 7.80E-26 38.4 [Alignment] 

Acid sphingomyelinase-like 
3a T265_14569 128 1.40E-08 43.4 [Alignment] 
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Acid sphingomyelinase-like 
3b T265_14569 117 3.60E-07 31.8 [Alignment] 

S1PR3         

Y Box 1 T265_06248 387 8.90E-42 76.9 [Alignment] 

Syntaxin 5 T265_04166 217 1.40E-20 55.1 [Alignment] 

ROCK1 T265_12742 423 5.40E-48 55.6 [Alignment] 

ROCK2 T265_14978 228 1.80E-93 50.6 [Alignment] 

FhERM T265_01853 647 1.60E-79 70.1 [Alignment] 

SYNCRIP/HNRNPQ         

SMPD3         

ARF1 T265_14125 690 1.70E-87 83.1 [Alignment] 

DIAPH3         

ARRDC1         

VAMP3 T265_14721 193 6.20E-18 53.7 [Alignment] 
 
 

Trematoda Echinostoma caproni    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              ECPE_0000956401-mRNA-1 77 1.50E-30 26.5 [Alignment] 
STAMBP                            ECPE_0001094501-mRNA-1 379 5.60E-63 61.9 [Alignment] 
STAM                                     ECPE_0001318201-mRNA-1 220 1.50E-35 74.5 [Alignment] 
TSG101                                     ECPE_0001856401-mRNA-1 155 7.80E-12 45.6 [Alignment] 
VPS28                                        ECPE_0000946001-mRNA-1 127 4.00E-18 70.6 [Alignment] 
VPS37                                ECPE_0001323201-mRNA-1 167 2.80E-13 34.9 [Alignment] 
MVB12                       
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VPS22/SNF8                   ECPE_0001286401-mRNA-1 407 3.10E-59 53.4 [Alignment] 
VPS25                                   ECPE_0000865901-mRNA-1 267 4.30E-47 51.9 [Alignment] 
VPS36                                              ECPE_0001052501-mRNA-1 284 1.70E-53 49.6 [Alignment] 
CHMP2A                                     ECPE_0001826801-mRNA-1 393 2.70E-45 57.4 [Alignment] 
CHMP2B                                          

CHMP6                                                 

CHMP3                                      ECPE_0001473701-mRNA-1 286 4.70E-30 36.4 [Alignment] 
CHMP4                                       ECPE_0000102701-mRNA-1 272 1.30E-27 47.8 [Alignment] 
CHMP5                       ECPE_0000157701-mRNA-1 300 2.40E-31 50.0 [Alignment] 
CHMP1a                      ECPE_0000820901-mRNA-1 252 4.10E-25 44.8 [Alignment] 
CHMP1b                            ECPE_0000135101-mRNA-1 366 1.30E-43 58.9 [Alignment] 
IST1                           ECPE_0000046201-mRNA-1 342 2.20E-37 50.0 [Alignment] 
VPS4                        ECPE_0000371001-mRNA-1 957 1.10E-121 71.1 [Alignment] 
VTA1                                                  ECPE_0001130201-mRNA-1 428 9.20E-50 56.6 [Alignment] 
ALIX                                  ECPE_0000873101-mRNA-1 129 4.80E-16 35.8 [Alignment] 
Syndecan                            ECPE_0000796201-mRNA-1 97 0.0012 41.9 [Alignment] 
Syntenin                             ECPE_0001372501-mRNA-1 262 6.40E-27 45.7 [Alignment] 
SIMPLE                                   LL233507.1 46.2 1.00E-04 57% 

SMPD2                                        ECPE_0000668401-mRNA-1 105 1.00E-06 30.8 [Alignment] 
Acid Sphingomyelinase               ECPE_0000604201-mRNA-1 89 6.70E-06 35.1 [Alignment] 
SMS2                                     ECPE_0000024201-mRNA-1 237 5.30E-54 51.3 [Alignment] 
SPHK2                                             ECPE_0000640701-mRNA-1 99 1.70E-10 37.0 [Alignment] 
S1PR1         
S1PR4         
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PLD                                                 ECPE_0000820001-mRNA-1 177 2.30E-71 36.4 [Alignment] 
PLA2                                           

Phospholipase B-like 2      ECPE_0001413501-mRNA-1 267 6.70E-74 80.6 [Alignment] 
Flotillin 1                                   ECPE_0001413501-mRNA-1 267 7.40E-74 80.6 [Alignment] 
Flotillin 2                         ECPE_0001285901-mRNA-1 532 9.10E-111 74.3 [Alignment] 
DGK                                             ECPE_0000936101-mRNA-1 174 1.80E-45 44.9 [Alignment] 
ABCA1                                      ECPE_0000282301-mRNA-1 533 0 43.8 [Alignment] 
ABCA3                                              ECPE_0000282301-mRNA-1 552 3.40E-141 42.9 [Alignment] 
ABCB1/MDR1/P-gp                   ECPE_0000397901-mRNA-1 503 0 57.0 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        ECPE_0001142001-mRNA-1 639 7.60E-133 76.3 [Alignment] 
Flippase                                     ECPE_0001176301-mRNA-1 486 1.60E-164 94.7 [Alignment] 
Phospholipid Scramblase 2       ECPE_0001042401-mRNA-1 181 3.20E-16 58.6 [Alignment] 
Phospholipid Scramblase 3       ECPE_0001042401-mRNA-1 181 3.60E-16 58.6 [Alignment] 
Oxysterol BP                                 ECPE_0000743101-mRNA-1 311 2.60E-77 64.5 [Alignment] 
Niemann-Pick C1                    ECPE_0000930101-mRNA-1 370 2.60E-73 59.6 [Alignment] 
Niemann-Pick C2                                 ECPE_0000631001-mRNA-1 115 3.80E-22 38.0 [Alignment] 
CD63 antigen                             ECPE_0000245701-mRNA-1 110 2.00E-06 24.7 [Alignment] 
Tetraspannin CD63 R                     ECPE_0000255801-mRNA-1 271 4.80E-37 58.5 [Alignment] 
CD9 antigen                                ECPE_0000557501-mRNA-1 129 2.60E-10 40.6 [Alignment] 
Tetraspanin 1                             

CD81                                                 ECPE_0000557501-mRNA-1 137 1.80E-10 32.8 [Alignment] 
G7YAH0 (Cs)         

Tspan 8                                             
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CD37                                     

CD82                                                    

CD151                              ECPE_0000423401-mRNA-1 2141 0 83.6 [Alignment] 
Heat-shock protein 70              ECPE_0001276701-mRNA-1 1138 0 83.2 [Alignment] 
HSP90 alpha                                ECPE_0001073101-mRNA-1 1030 1.40E-130 86.9 [Alignment] 
F. hepatica 14-3-3 ECPE_0000984501-mRNA-1 557 3.20E-109 75.0 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  ECPE_0001184701-mRNA-1 527 4.00E-63 54.9 [Alignment] 
hnRNPA2B1                              ECPE_0001184701-mRNA-1 527 4.40E-63 54.9 [Alignment] 
Annexin B2 (Sm) ECPE_0000478301-mRNA-1 762 1.10E-132 61.1 [Alignment] 
Annexin A7 (Cs) ECPE_0001276401-mRNA-1 1581 0 85.1 [Alignment] 
Major Vault Protein                          ECPE_0001292101-mRNA-1 624 1.00E-97 62.4 [Alignment] 
Leukotriene A-4 hydrolase           ECPE_0001292101-mRNA-1 624 1.10E-97 62.4 [Alignment] 
Prostaglandin ES2                     
Rab27                                  ECPE_0001124001-mRNA-1 532 1.10E-64 54.9 [Alignment] 
Rab31                            ECPE_0001385001-mRNA-1 347 5.20E-39 41.8 [Alignment] 
Rab35                             ECPE_0001385001-mRNA-1 711 1.20E-88 80.5 [Alignment] 
Rab-protein 11                           ECPE_0001277501-mRNA-1 355 1.10E-69 57.3 [Alignment] 
Rab-8A                                    ECPE_0001315801-mRNA-1 653 3.90E-82 70.2 [Alignment] 
ARF6                                               ECPE_0001315801-mRNA-1 653 2.00E-82 70.2 [Alignment] 
Ras-related protein Ral-A         ECPE_0001227501-mRNA-1 633 1.40E-78 73.0 [Alignment] 
Ras-like GTP-BP Rho1                  ECPE_0000727001-mRNA-1 762 2.20E-96 75.5 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) ECPE_0000601401-mRNA-1 288 6.10E-42 50.5 [Alignment] 
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Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) ECPE_0000601401-mRNA-1 288 9.90E-42 50.5 [Alignment] 
TBC1 domain member 20 ECPE_0001242001-mRNA-1 713 3.40E-149 84.6 [Alignment] 
Syntaxin                                    ECPE_0000436701-mRNA-1 623 4.40E-75 50.4 [Alignment] 

Synaptobrevin homologue 
YKT6 ECPE_0001522001-mRNA-1 142 5.70E-16 55.1 [Alignment] 
Synaptotagmin                              ECPE_0000409501-mRNA-1 495 2.10E-122 68.5 [Alignment] 

Synaptosomal-associated 
protein      ECPE_0000272301-mRNA-1 675 7.80E-83 94.8 [Alignment] 
VAMP7                                   ECPE_0000144701-mRNA-1 108 6.20E-06 35.4 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A ECPE_0000509901-mRNA-1 513 7.90E-124 99.0 [Alignment] 

Ce V-type proton ATPase 
subunit a ECPE_0001726001-mRNA-1 393 1.20E-127 50.0 [Alignment] 

Fh H+-transporting ATPase ECPE_0001726001-mRNA-1 338 1.90E-96 90.7 [Alignment] 

lysosomal accessory protein 
1 ECPE_0001722601-mRNA-1 847 1.30E-128 96.4 [Alignment] 
Fh Vacuolar H ATPase ECPE_0001722601-mRNA-1 847 1.40E-128 96.4 [Alignment] 
Calpain-1 catalytic subunit                     ECPE_0001007901-mRNA-1 503 9.70E-126 61.2 [Alignment] 
Gelsolin                                 ECPE_0000600601-mRNA-1 183 1.10E-15 42.9 [Alignment] 
Myosin Light Chain Kinase       ECPE_0000846201-mRNA-1 257 1.20E-25 51.6 [Alignment] 
ERK                                             ECPE_0000776601-mRNA-1 477 1.20E-57 70.4 [Alignment] 
Fh Annexin B22 ECPE_0000352901-mRNA-1 427 8.50E-103 57.6 [Alignment] 
Fh annexin                                             ECPE_0000352901-mRNA-1 476 2.30E-114 52.7 [Alignment] 
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Another F. hepatica Annexin 

Thrombospondin 2 ECPE_0001682401-mRNA-1 578 2.10E-70 98.3 [Alignment] 

F. hepatica Vesicle-Fusing
ATPase ECPE_0000708001-mRNA-1 665 4.50E-133 49.6 [Alignment] 
Myoferlin ECPE_0000708001-mRNA-1 299 5.90E-86 54.1 [Alignment] 
Myoferlin ECPE_0000708001-mRNA-1 299 5.90E-86 54.1 [Alignment] 
Otoferlin 

PARP4 ECPE_0001249801-mRNA-1 76 0.0015 41.2 [Alignment] 
TEP1 ECPE_0001026301-mRNA-1 123 7.70E-26 44.6 [Alignment] 
NSUN2 ECPE_0001656101-mRNA-1 275 5.70E-63 61.8 [Alignment] 
Argonaute-2 ECPE_0000240201-mRNA-1 672 2.70E-106 71.8 [Alignment] 
WAGO-1 (Ascaris suum) ECPE_0000739001-mRNA-1 159 4.10E-14 37.2 [Ali 
WAGO-2 (Ascaris suum) ECPE_0000739001-mRNA-1 181 3.20E-15 37.2 [Alignment] 

Likely H. poly secreted 
argonaute ECPE_0000739001-mRNA-1 168 1.40E-15 40.7 [Alignment] 

Acid sphingomyelinase-like 
3a ECPE_0000604201-mRNA-1 114 1.20E-06 39.3 [Alignment] 

Acid sphingomyelinase-like 
3b ECPE_0000604201-mRNA-1 97 2.10E-04 30.4 [Alignment] 

S1PR3 

Y Box 1 ECPE_0001391101-mRNA-1 348 1.10E-36 75.6 [Alignment] 

Syntaxin 5 ECPE_0000468401-mRNA-1 283 1.40E-29 60.0 [Alignment] 

ROCK1 ECPE_0000730801-mRNA-1 431 4.40E-49 57.1 [Alignment] 

ROCK2 ECPE_0000025001-mRNA-1 186 8.00E-80 40.9 [Alignment] 
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FhERM ECPE_0001678101-mRNA-1 1054 2.40E-135 89.8 [Alignment] 

SYNCRIP/HNRNPQ         

SMPD3         

ARF1 ECPE_0001315801-mRNA-1 800 8.00E-103 86.4 [Alignment] 

DIAPH3         

ARRDC1         

VAMP3 ECPE_0000144701-mRNA-1 284 2.90E-30 75.7 [Alignment] 
 
 

Trematoda Fasciola 

hepatica     

Protein Name Identifier Score E Value Identities (%) 

HGS                                              BN1106_s4722B000062.mRNA-1 229 1.00E-26 53.7 [Alignment] 
STAMBP                            BN1106_s2325B000322.mRNA-1 366 2.30E-59 59.8 [Alignment] 
STAM                                     BN1106_s7731B000034.mRNA-1 224 6.60E-49 70.9 [Alignment] 
TSG101                                     BN1106_s410B000432.mRNA-1 326 4.90E-59 43.6 [Alignment] 
VPS28                                        BN1106_s3801B000106.mRNA-1 260 4.10E-32 61.3 [Alignment] 
VPS37                                BN1106_s6094B000080.mRNA-1 222 4.60E-21 32.5 [Alignment] 
MVB12               BN1106_s335B000432.mRNA-2 87 3.80E-04 35.3 [Alignment] 
VPS22/SNF8                   BN1106_s4978B000050.mRNA-1 256 3.00E-26 55.8 [Alignment] 
VPS25                                   BN1106_s8922B000034.mRNA-1 270 1.70E-28 50.0 [Alignment] 
VPS36                                              BN1106_s1285B000160.mRNA-1 313 4.30E-53 53.6 [Alignment] 
CHMP2A                                     BN1106_s912B000169.mRNA-1 381 1.20E-43 55.3 [Alignment] 
CHMP2B                                  BN1106_s6433B000055.mRNA-1 158 2.30E-12 33.6 [Alignment] 
CHMP6                                                 
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CHMP3                                      BN1106_s2567B000083.mRNA-1 269 9.90E-28 33.6 [Alignment] 
CHMP4                                       BN1106_s2597B000195.mRNA-1 194 6.00E-26 48.8 [Alignment] 
CHMP5                       BN1106_s6543B000070.mRNA-1 337 2.10E-37 53.2 [Alignment] 
CHMP1a                      BN1106_s2655B000264.mRNA-1 328 2.20E-35 48.8 [Alignment] 
CHMP1b                            BN1106_s2316B000077.mRNA-1 373 1.10E-49 59.6 [Alignment] 
IST1                           BN1106_s3747B000112.mRNA-1 421 3.50E-48 54.1 [Alignment] 
VPS4                        BN1106_s1437B000141.mRNA-1 1203 1.10E-169 78.3 [Alignment] 
VTA1                                                  BN1106_s2858B000111.mRNA-1 337 3.70E-51 53.9 [Alignment] 
ALIX                                  BN1106_s1871B000313.mRNA-1 174 5.90E-49 36.0 [Alignment] 
Syndecan                            BN1106_s4731B000087.mRNA-1 96 0.0015 41.9 [Alignment] 
Syntenin                             BN1106_s4740B000062.mRNA-1 461 3.00E-58 50.6 [Alignment] 
SIMPLE                                   BN1106_s184B000153.mRNA-1 113 5.80E-10 63.0 [Alignment] 
SMPD2                                        BN1106_s7135B000046.mRNA-1 241 2.20E-38 40.2 [Alignment] 
Acid Sphingomyelinase               BN1106_s3568B000138.mRNA-1 84 0.0079 35.1 [Alignment] 
SMS2                                     BN1106_s3939B000104.mRNA-1 234 2.30E-52 50.0 [Alignment] 
SPHK2                                             BN1106_s2671B000119.mRNA-2 133 2.30E-16 39.1 [Alignment] 
S1PR1         
S1PR4         

PLD                                                 BN1106_s3211B000083.mRNA-1 397 1.60E-120 44.5 [Alignment] 
PLA2                                           

Phospholipase B-like 2      BN1106_s1597B000141.mRNA-1 192 4.40E-48 50.6 [Alignment] 
Flotillin 1                                   BN1106_s517B000379.mRNA-1 842 2.70E-139 66.9 [Alignment] 
Flotillin 2                         BN1106_s456B000241.mRNA-1 685 2.80E-128 70.6 [Alignment] 
DGK                                             BN1106_s667B000211.mRNA-1 220 1.10E-72 51.2 [Alignment] 
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ABCA1 BN1106_s1525B000204.mRNA-1 694 0 53.0 [Alignment] 
ABCA3 BN1106_s1525B000204.mRNA-1 671 0 58.0 [Alignment] 
ABCB1/MDR1/P-gp BN1106_s274B000296.mRNA-1 689 0 56.5 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family       BN1106_s99B000255.mRNA-1 2989 0 100.0 [Alignment] 
Flippase BN1106_s435B000242.mRNA-1 1747 0 100.0 [Alignment] 
Phospholipid Scramblase 2 BN1106_s1682B000370.mRNA-1 220 2.90E-54 53.9 [Alignment] 
Phospholipid Scramblase 3 BN1106_s1682B000370.mRNA-1 222 1.50E-51 58.9 [Alignment] 
Oxysterol BP BN1106_s3829B000190.mRNA-1 465 6.60E-100 71.4 [Alignment] 
Niemann-Pick C1 BN1106_s1498B000257.mRNA-1 362 1.10E-159 57.3 [Alignment] 
Niemann-Pick C2 BN1106_s7353B000023.mRNA-1 188 9.70E-25 46.8 [Alignment] 
CD63 antigen BN1106_s140B000449.mRNA-1 138 2.30E-14 27.7 [Alignment] 
Tetraspannin CD63 R BN1106_s1657B000161.mRNA-1 800 2.10E-145 100.0 [Alignment] 
CD9 antigen BN1106_s169B000271.mRNA-1 147 1.20E-11 38.3 [Alignment] 
Tetraspanin 1 BN1106_s915B000136.mRNA-2 92 8.50E-08 41.0 [Alignment] 
CD81 BN1106_s934B000325.mRNA-1 149 4.60E-13 41.0 [Alignment] 
G7YAH0 (Cs) BN1106_s4022B000148.mRNA-1 515 8.80E-64 72.5 [Alignment] 
Tspan 8 BN1106_s140B000449.mRNA-1 114 2.40E-19 39.7 [Alignment] 
CD37 

CD82 BN1106_s4713B000096.mRNA-1 100 9.60E-05 27.4 [Alignment] 
CD151 BN1106_s4713B000096.mRNA-1 84 1.40E-09 42.1 [Alignment] 
Heat-shock protein 70 BN1106_s309B000234.mRNA-1 2499 0 83.5 [Alignment] 
HSP90 alpha BN1106_s1320B000236.mRNA-1 1087 0 78.5 [Alignment] 
F. hepatica 14-3-3 BN1106_s686B000273.mRNA-1 1265 1.90E-162 100.0 [Alignment] 
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F. hepatica 14-3-3 β/α-1                                  BN1106_s3904B000042.mRNA-1 1907 0 100.0 [Alignment] 
hnRNPA2B1                              BN1106_s1270B000089.mRNA-1 518 6.90E-62 54.3 [Alignment] 
Annexin B2 (Sm) BN1106_s500B000161.mRNA-1 298 1.10E-66 48.8 [Alignment] 
Annexin A7 (Cs) BN1106_s500B000161.mRNA-1 273 6.40E-83 55.0 [Alignment] 
Major Vault Protein                          BN1106_s7273B000042.mRNA-1 3582 0 100.0 [Alignment] 
Leukotriene A-4 hydrolase           BN1106_s98B000759.mRNA-1 565 3.40E-104 62.4 [Alignment] 
Prostaglandin ES2                     

Rab27                                  BN1106_s1792B000145.mRNA-1 574 1.60E-70 56.3 [Alignment] 
Rab31                            BN1106_s844B000259.mRNA-1 349 2.80E-39 41.3 [Alignment] 
Rab35                             BN1106_s1611B000094.mRNA-1 396 3.90E-55 69.8 [Alignment] 
Rab-protein 11                           BN1106_s844B000259.mRNA-1 730 2.90E-91 78.8 [Alignment] 
Rab-8A                                    BN1106_s258B000276.mRNA-1 687 1.30E-86 72.9 [Alignment] 
ARF6                                               BN1106_s2303B000142.mRNA-1 639 2.50E-92 79.3 [Alignment] 
Ras-related protein Ral-A         BN1106_s637B000246.mRNA-1 878 1.70E-113 100.0 [Alignment] 
Ras-like GTP-BP Rho1                  BN1106_s1908B000177.mRNA-1 999 3.30E-129 100.0 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) BN1106_s3736B000024.mRNA-1 359 3.80E-50 58.9 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) BN1106_s3736B000024.mRNA-1 359 7.30E-50 58.9 [Alignment] 
TBC1 domain member 20 BN1106_s92B000559.mRNA-1 1955 0 100.0 [Alignment] 
Syntaxin                                    BN1106_s238B000371.mRNA-1 584 7.90E-70 59.5 [Alignment] 

Synaptobrevin homologue 
YKT6 BN1106_s5169B000151.mRNA-1 232 7.40E-23 51.1 [Alignment] 
Synaptotagmin                              BN1106_s84B000348.mRNA-1 496 1.50E-122 68.5 [Alignment] 
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Synaptosomal-associated 
protein      BN1106_s3959B000138.mRNA-1 985 4.00E-125 100.0 [Alignment] 
VAMP7                                   BN1106_s2045B000207.mRNA-1 117 3.00E-07 37.9 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A BN1106_s2110B000156.mRNA-1 2308 0 100.0 [Alignment] 

Ce V-type proton ATPase 
subunit a BN1106_s4862B000066.mRNA-1 693 1.10E-144 50.8 [Alignment] 

Fh H+-transporting ATPase 

BN1106_s18772B000008.mRNA-
1 1071 5.30E-139 100.0 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase BN1106_s2593B000233.mRNA-1 1382 0 100.0 [Alignment] 
Calpain-1 catalytic subunit                     BN1106_s368B000158.mRNA-1 287 5.80E-119 62.7 [Alignment] 
Gelsolin                                 BN1106_s2349B000188.mRNA-1 178 7.20E-29 52.3 [Alignment] 
Myosin Light Chain Kinase       BN1106_s398B000242.mRNA-1 306 2.50E-32 45.7 [Alignment] 
ERK                                             BN1106_s2009B000121.mRNA-1 665 1.20E-83 73.7 [Alignment] 
Fh Annexin B22 BN1106_s819B000365.mRNA-1 1255 2.70E-165 100.0 [Alignment] 
Fh annexin                                             BN1106_s945B000218.mRNA-1 1911 0 100.0 [Alignment] 

Another F. hepatica Annexin 
BN1106_s3266B000046.mRNA-1 2572 0 100.0 [Alignment] 

Thrombospondin 2 BN1106_s1422B000156.mRNA-1 222 2.40E-36 44.9 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase BN1106_s908B000155.mRNA-1 2953 0 100.0 [Alignment] 
Myoferlin BN1106_s3585B000136.mRNA-1 427 0 50.0 [Alignment] 
Otoferlin BN1106_s3585B000136.mRNA-1 380 1.10E-119 47.3 [Alignment] 
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PARP4 BN1106_s1191B000313.mRNA-1 87 3.90E-11 40.0 [Alignment] 
TEP1  BN1106_s601B000215.mRNA-1 346 8.40E-60 46.5 [Alignment] 
NSUN2 BN1106_s1030B000275.mRNA-1 321 7.80E-105 64.0 [Alignment] 
Argonaute-2 BN1106_s1192B000304.mRNA-1 3131 0 75.5 [Alignment] 
WAGO-1 (Ascaris suum) BN1106_s1192B000304.mRNA-1 159 4.00E-14 37.2 [Alignm 
WAGO-2 (Ascaris suum) BN1106_s1192B000304.mRNA-1 181 1.40E-29 37.2 [Alignment] 

Likely H. poly secreted 
argonaute BN1106_s1192B000304.mRNA-1 168 9.80E-24 40.7 [Alignment] 

Acid sphingomyelinase-like 
3a BN1106_s3568B000138.mRNA-1 113 1.60E-06 32.8 [Alignment] 

  BN1106_s1285B000159.mRNA-1 87 0.0066 34.8 [Alignment] 

Acid sphingomyelinase-like 
3b BN1106_s3568B000138.mRNA-1 98 1.50E-04 30.0 [Alignment] 

  BN1106_s1285B000159.mRNA-1 80 0.049 30.0 [Alignment] 

S1PR3         

Y Box 1 BN1106_s1427B000440.mRNA-1 367 3.70E-39 74.7 [Alignment] 

Syntaxin 5 BN1106_s3461B000139.mRNA-1 280 3.60E-29 58.9 [Alignment] 

ROCK1 BN1106_s1891B000136.mRNA-1 422 2.50E-89 56.4 [Alignment] 

ROCK2 BN1106_s1891B000136.mRNA-1 415 8.50E-81 54.9 [Alignment] 

FhERM BN1106_s1300B000145.mRNA-1 1709 0 100.0 [Alignment] 

SYNCRIP/HNRNPQ         

SMPD3         

ARF1 BN1106_s4512B000085.mRNA-1 797 2.10E-102 85.9 [Alignment] 

DIAPH3         
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ARRDC1         

VAMP3 BN1106_s3832B000011.mRNA-1 168 1.50E-14 47.0 [Alignment] 
 
 

Trematoda Schistosoma haematobium    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              A_04500 374 6.30E-70 53.8 [Alignment] 
STAMBP                            A_07384 374 2.00E-50 58.6 [Alignment] 
STAM                                     B_00350 207 2.20E-37 72.5 [Alignment] 
TSG101                                     B_00586 290 1.90E-55 40.3 [Alignment] 
VPS28                                        A_00905 575 1.40E-74 66.9 [Alignment] 
VPS37                                A_02610 188 2.30E-16 27.7 [Alignment] 
MVB12               A_06022 149 7.50E-17 39.2 [Alignment] 
VPS22/SNF8                   A_07112 372 7.20E-55 47.6 [Alignment] 
VPS25                                   A_00942 269 3.20E-48 53.4 [Alignment] 
VPS36                                              A_04623 274 1.60E-50 50.0 [Alignment] 
CHMP2A                                     A_04677 169 1.10E-18 59.6 [Alignment] 
CHMP2B                                          

CHMP6                                         A_06168 225 2.30E-23 40.0 [Alignment] 
CHMP3                                      A_04331 280 5.90E-32 39.0 [Alignment] 
CHMP4                                       A_00778 265 2.40E-27 52.5 [Alignment] 
CHMP5                       A_05512 276 7.20E-29 56.2 [Alignment] 
CHMP1a                      A_03173 382 1.10E-42 48.7 [Alignment] 
CHMP1b                            A_05853 338 5.10E-39 46.2 [Alignment] 
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IST1                                   

VPS4                        A_07206 272 3.80E-28 65.0 [Alignment] 
VTA1                                                  A_02667 107 5.00E-16 64.3 [Alignment] 
ALIX                                  A_00573 159 4.90E-61 33.7 [Alignment] 
Syndecan                            A_00110 91 0.007 57.7 [Alignment] 
Syntenin                             A_07856 472 2.30E-59 47.9 [Alignment] 
SIMPLE                                   A_02418 106 4.90E-12 60.7 [Alignment] 
SMPD2                                        A_03241 94 3.60E-05 31.7 [Alignment] 
Acid Sphingomyelinase               A_06349 111 3.70E-07 40.0 [Alignment] 
SMS2                                     A_04562 249 1.20E-56 56.3 [Alignment] 
SPHK2                                             A_04392 126 4.70E-24 49.0 [Alignment] 
S1PR1         
S1PR4         

PLD                                                 A_06029 439 1.20E-131 50.9 [Alignment] 
PLA2                                           

Phospholipase B-like 2      B_00501 238 6.00E-32 45.1 [Alignment] 
Flotillin 1                                   A_01136 718 1.30E-121 68.6 [Alignment] 
Flotillin 2                         A_02424 578 6.40E-80 74.3 [Alignment] 
DGK                                             A_04198 169 2.80E-66 48.5 [Alignment] 
ABCA1                                      A_04249 690 0 51.5 [Alignment] 
ABCA3                                              A_04249 652 0 46.7 [Alignment] 
ABCB1/MDR1/P-gp                   A_00772 748 0 52.1 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        A_02405 716 2.00E-172 64.3 [Alignment] 
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Flippase                                     A_01650 504 3.20E-100 67.2 [Alignment] 
Phospholipid Scramblase 2       A_04789 73 3.80E-07 27.9 [Alignment] 
Phospholipid Scramblase 3       A_04789 167 3.80E-18 29.8 [Alignment] 
Oxysterol BP                                 A_06842 455 4.40E-164 73.5 [Alignment] 
Niemann-Pick C1                    B_00110 456 0 56.1 [Alignment] 
Niemann-Pick C2                                 A_05301 145 5.10E-11 35.7 [Alignment] 
CD63 antigen                             A_09489 174 3.10E-23 38.3 [Alignment] 
Tetraspannin CD63 R                     A_07169 115 5.20E-12 40.7 [Alignment] 
CD9 antigen                                A_01479 137 3.30E-19 42.2 [Alignment] 
Tetraspanin 1                         

CD81                                                 A_01479 152 6.70E-25 40.3 [Alignment] 
G7YAH0 (Cs) A_01479 901 1.50E-118 71.6 [Alignment] 
Tspan 8                                     A_01479 163 4.20E-21 24.7 [Alignment] 
CD37                                     

CD82                                                

CD151                                  

Heat-shock protein 70              C_00478 518 0 70.7 [Alignment] 
HSP90 alpha                                A_02992 300 1.80E-152 58.1 [Alignment] 
F. hepatica 14-3-3 A_06811 325 7.00E-85 73.9 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  A_04333 498 5.90E-82 63.2 [Alignment] 
hnRNPA2B1                              B_00814 505 4.30E-60 52.6 [Alignment] 
Annexin B2 (Sm) A_05849 1603 0 93.8 [Alignment] 
Annexin A7 (Cs) A_05849 468 1.00E-131 64.9 [Alignment] 
Major Vault Protein                          B_00663 634 1.10E-171 83.1 [Alignment] 
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Leukotriene A-4 hydrolase           A_00740 736 6.30E-137 63.4 [Alignment] 
Prostaglandin ES2                     

Rab27                                  B_00215 604 2.10E-74 58.1 [Alignment] 
Rab31                            A_06034 326 3.10E-44 57.1 [Alignment] 
Rab35                             A_04299 285 1.50E-37 49.0 [Alignment] 
Rab-protein 11                           A_06331 464 1.10E-54 58.6 [Alignment] 
Rab-8A                                    A_00217 557 1.70E-68 64.1 [Alignment] 
ARF6                                               A_01413 693 5.20E-88 79.0 [Alignment] 
Ras-related protein Ral-A         A_07300 211 2.00E-20 60.3 [Alignment] 
Ras-like GTP-BP Rho1                  A_01631 792 1.40E-100 80.5 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) A_04596 277 2.00E-44 48.0 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) A_04596 277 3.40E-44 48.0 [Alignment] 
TBC1 domain member 20 A_02187 566 1.70E-70 59.6 [Alignment] 
Syntaxin                                    A_05928 399 3.70E-90 71.6 [Alignment] 

Synaptobrevin homologue 
YKT6 A_05045 243 5.90E-43 50.9 [Alignment] 
Synaptotagmin                              A_04907 506 4.20E-123 70.0 [Alignment] 

Synaptosomal-associated 
protein      A_05216 446 3.90E-89 96.7 [Alignment] 
VAMP7                                   A_01318 116 1.40E-12 29.4 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A B_00601 1991 0 90.7 [Alignment] 
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Ce V-type proton ATPase 
subunit a A_03180 680 0 51.7 [Alignment] 

Fh H+-transporting ATPase A_03180 292 6.80E-52 71.6 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase A_02562 780 5.20E-119 87.6 [Alignment] 
Calpain-1 catalytic subunit                     A_01985 304 1.60E-137 66.3 [Alignment] 
Gelsolin                                 A_07707 140 2.30E-46 37.4 [Alignment] 
Myosin Light Chain Kinase       A_00927 402 2.00E-45 52.1 [Alignment] 
ERK                                             A_03468 1034 3.90E-168 68.9 [Alignment] 
Fh Annexin B22 A_05005 602 1.80E-102 63.3 [Alignment] 
Fh annexin                                             A_05991 434 5.00E-104 63.5 [Alignment] 

Another F. hepatica Annexin 
A_05991 553 1.60E-128 62.7 [Alignment] 

Thrombospondin 2 A_01978 167 4.90E-44 50.0 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase A_01157 2427 0 86.9 [Alignment] 
Myoferlin A_00310 553 0 41.2 [Alignment] 
Otoferlin A_00310 372 0 45.4 [Alignment] 
PARP4 A_02546 82 0.0066 38.3 [Alignment] 
TEP1  A_08392 370 3.30E-67 50.3 [Alignment] 
NSUN2 A_02680 309 2.90E-107 65.1 [Alignment] 
Argonaute-2 A_03584 3117 0 75.3 [Alignment] 
WAGO-1 (Ascaris suum) A_05116 160 3.10E-14 37.9 
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WAGO-2 (Ascaris suum) A_03584 182 7.40E-30 37.2 [Alignment] 

Likely H. poly secreted 
argonaute A_05116 167 8.60E-24 39.6 [Alignment] 

Acid sphingomyelinase-like 
3a A_06349 89 0.0035 28.6 [Alignment] 

Acid sphingomyelinase-like 
3b A_03466 101 5.90E-05 26.8 [Alignment] 

S1PR3         

Y Box 1 A_06056 285 2.10E-28 64.3 [Alignment] 

Syntaxin 5 A_00878 146 6.70E-11 31.6 [Alignment] 

ROCK1 A_09699 433 2.30E-49 57.9 [Alignment] 

ROCK2 A_06862 210 2.30E-82 52.0 [Alignment] 

FhERM A_05503 522 2.20E-62 56.2 [Alignment] 

SYNCRIP/HNRNPQ         

SMPD3         

ARF1 MS3_02368.1 532 1.80E-65 56.6 [Alignment] 

DIAPH3 MS3_05593.1 85 0.04 26.8 [Alignment] 

ARRDC1         

VAMP3         
 
 

Trematoda Schistosoma mansoni    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              Smp_093740.3 374 5.90E-91 52.1 [Alignment] 
STAMBP                            Smp_044250.1 380 3.00E-51 59.4 [Alignment] 
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STAM                                     Smp_126520.1 203 5.00E-54 65.5 [Alignment] 
TSG101                                     Smp_193790.1 351 1.20E-38 43.1 [Alignment] 
VPS28                                        Smp_067540.1 735 1.50E-93 68.8 [Alignment] 
VPS37                                Smp_048940.1 187 3.10E-16 28.4 [Alignment] 
MVB12               Smp_193250.1 131 6.20E-09 39.4 [Alignment] 
VPS22/SNF8                   Smp_198850.1 369 2.50E-54 47.6 [Alignment] 
VPS25                                   Smp_097620.1 274 3.20E-48 54.5 [Alignment] 
VPS36                                              Smp_053030.1 271 3.00E-50 49.2 [Alignment] 
CHMP2A                                     Smp_016390.1 381 1.20E-43 55.6 [Alignment] 
CHMP2B                                          

CHMP6                                         Smp_053040.1 216 1.40E-22 39.0 [Alignment] 
CHMP3                                      Smp_032150.1 277 1.50E-31 39.0 [Alignment] 
CHMP4                                       Smp_045710.2 300 5.90E-32 51.9 [Alignment] 
CHMP5                       Smp_010090.1 280 2.20E-29 54.6 [Alignment] 
CHMP1a                      Smp_055880.2 337 1.00E-37 53.3 [Alignment] 
CHMP1b                            Smp_079000.1 330 2.60E-42 45.5 [Alignment] 
IST1                           Smp_057650.1 249 3.30E-35 48.0 [Alignment] 
VPS4                        Smp_025510.1 1274 0 74.4 [Alignment] 
VTA1                                                  Smp_094820.1 343 2.60E-41 45.6 [Alignment] 
ALIX                                  Smp_087620.1 158 1.50E-62 35.0 [Alignment] 
Syndecan                            Smp_161360.1 91 0.007 57.7 [Alignment] 
Syntenin                             Smp_068530.1 470 1.40E-58 46.9 [Alignment] 
SIMPLE                                   Smp_060210.1 101 1.70E-12 57.1 [Alignment] 
SMPD2                                        Smp_162880.1 227 2.30E-22 37.6 [Alignment] 
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Acid Sphingomyelinase               Smp_133330.1 105 2.50E-06 41.3 [Alignment] 
SMS2                                     Smp_150380.1 245 2.10E-55 56.3 [Alignment] 
SPHK2                                             Smp_157100.1 93 6.60E-10 45.7 [Alignment] 
S1PR1 Smp_145520.1 72 1.60E-11 35.1 [Alignment] 
S1PR4         

PLD                                                 Smp_151420.1 213 4.60E-110 44.9 [Alignment] 
PLA2                                           

Phospholipase B-like 2      Smp_126120.1 146 8.80E-53 44.9 [Alignment] 
Flotillin 1                                   Smp_016200.3 784 5.50E-131 67.3 [Alignment] 
Flotillin 2                         Smp_033970.1 846 3.70E-153 67.1 [Alignment] 
DGK                                             Smp_036180.1 213 1.30E-80 52.4 [Alignment] 
ABCA1                                      Smp_056290.1 679 0 51.1 [Alignment] 
ABCA3                                              Smp_165800.1 938 0 56.9 [Alignment] 
ABCB1/MDR1/P-gp                   Smp_089200.1 540 0 56.8 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        Smp_131100.1 360 2.10E-116 66.7 [Alignment] 
Flippase                                     Smp_091650.1 499 2.50E-179 68.7 [Alignment] 
Phospholipid Scramblase 2       Smp_008860.1 188 6.50E-27 58.9 [Alignment] 
Phospholipid Scramblase 3       Smp_008860.1 177 1.90E-26 47.8 [Alignment] 
Oxysterol BP                                 Smp_058980.2 410 3.50E-149 59.8 [Alignment] 
Niemann-Pick C1                    Smp_039130.1 570 0 55.6 [Alignment] 
Niemann-Pick C2                                 Smp_194840.1 149 2.00E-22 36.6 [Alignment] 
CD63 antigen                             Smp_173150.1 167 1.80E-20 37.0 [Alignment] 
Tetraspannin CD63 R                     Smp_041460.1 111 2.90E-15 40.7 [Alignment] 
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CD9 antigen                                Smp_095630.1 137 1.10E-18 42.2 [Alignment] 
Tetraspanin 1                         

CD81                                                 Smp_095630.1 152 1.60E-24 40.3 [Alignment] 
G7YAH0 (Cs) Smp_095630.1 899 2.90E-118 71.6 [Alignment] 
Tspan 8                                     Smp_095630.1 162 5.70E-21 24.7 [Alignment] 
CD37                                     

CD82                                                

CD151                                  

Heat-shock protein 70              Smp_106930.1 2257 0 84.9 [Alignment] 
HSP90 alpha                                Smp_072330.1 844 0 77.0 [Alignment] 
F. hepatica 14-3-3 Smp_034840.3 480 1.00E-94 61.4 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  Smp_009760.1 493 2.80E-81 61.8 [Alignment] 
hnRNPA2B1                              Smp_053940.1 511 6.40E-61 53.1 [Alignment] 
Annexin B2 (Sm) Smp_077720.1 1675 0 99.4 [Alignment] 
Annexin A7 (Cs) Smp_077720.1 470 7.00E-131 65.6 [Alignment] 
Major Vault Protein                          Smp_006740.1 917 0 83.3 [Alignment] 
Leukotriene A-4 hydrolase           Smp_007550.1 741 3.70E-138 64.4 [Alignment] 
Prostaglandin ES2                     

Rab27                                  Smp_139340.1 603 2.90E-74 58.1 [Alignment] 
Rab31                            Smp_104310.1 379 1.80E-43 44.4 [Alignment] 
Rab35                             Smp_210430.1 409 3.30E-57 72.5 [Alignment] 
Rab-protein 11                           Smp_005670.1 685 4.50E-85 69.1 [Alignment] 
Rab-8A                                    Smp_104670.1 615 1.40E-76 65.6 [Alignment] 
ARF6                                               Smp_000730.1 744 4.00E-95 78.3 [Alignment] 
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Ras-related protein Ral-A Smp_062510.1 254 5.40E-32 43.8 [Alignment] 
Ras-like GTP-BP Rho1 Smp_072140.1 792 1.40E-100 80.5 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) Smp_071250.1 288 3.50E-48 50.0 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) Smp_071250.1 288 6.30E-48 50.0 [Alignment] 
TBC1 domain member 20 Smp_194930.1 568 8.90E-71 59.6 [Alignment] 
Syntaxin Smp_019890.1 773 2.10E-95 63.4 [Alignment] 

Synaptobrevin homologue 
YKT6 Smp_047450.1 260 8.60E-55 63.2 [Alignment] 
Synaptotagmin Smp_150920.1 485 1.50E-119 67.9 [Alignment] 

Synaptosomal-associated 
protein      Smp_034120.1 446 3.90E-89 96.7 [Alignment] 
VAMP7 Smp_035300.2 112 8.10E-11 28.2 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A Smp_147050.1 1492 0 95.9 [Alignment] 

Ce V-type proton ATPase 
subunit a Smp_040970.1 679 0 52.1 [Alignment] 

Fh H+-transporting ATPase Smp_040970.1 295 7.10E-84 70.7 [Alignment] 

lysosomal accessory protein 
1 

Fh Vacuolar H ATPase Smp_079950.1 904 2.60E-136 86.7 [Alignment] 
Calpain-1 catalytic subunit Smp_089460.2 472 1.50E-150 58.5 [Alignment] 
Gelsolin Smp_008660.2 168 3.70E-33 49.2 [Alignment] 
Myosin Light Chain Kinase Smp_121780.1 313 2.70E-33 48.0 [Alignment] 



392 
 

ERK                                             Smp_142050.1 1223 5.20E-162 70.6 [Alignment] 
Fh Annexin B22 Smp_074150.1 612 2.30E-105 64.5 [Alignment] 
Fh annexin                                             Smp_045560.1 588 4.90E-107 59.1 [Alignment] 

Another F. hepatica Annexin 
Smp_045500.1 566 2.90E-130 64.3 [Alignment] 

Thrombospondin 2 Smp_163920.1 167 1.00E-44 50.0 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase Smp_057320.1 2431 0 87.1 [Alignment] 
Myoferlin Smp_141010.1 550 0 41.6 [Alignment] 
Otoferlin Smp_163750.1 483 0 51.2 [Alignment] 
PARP4 Smp_210780.1 81 7.00E-20 40.0 [Alignment] 
TEP1 Smp_157980.1 345 2.30E-95 44.2 [Alignment] 
NSUN2 Smp_175950.1 309 2.50E-108 65.1 [Alignment] 
Argonaute-2 Smp_198380.1 3117 0 75.3 [Alignment] 
WAGO-1 (Ascaris suum) Smp_102690.3 163 1.20E-14 36.8 [Alignme 
WAGO-2 (Ascaris suum) Smp_198380.1 182 5.80E-30 37.2 [Alignment] 

Likely H. poly secreted 
argonaute Smp_179320.1 173 2.70E-25 40.7 [Alignment] 

Acid sphingomyelinase-like 
3a Smp_133330.1 95 5.10E-04 33.3 [Alignment] 

Acid sphingomyelinase-like 
3b Smp_133330.1 96 2.90E-04 26.0 [Alignment] 

S1PR3         

Y Box 1 Smp_097800.3 309 1.50E-31 65.2 [Alignment] 

Syntaxin 5 Smp_176270.1 262 1.00E-26 62.0 [Alignment] 
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ROCK1 Smp_139800.1 433 2.30E-104 57.9 [Alignment] 

ROCK2 Smp_139800.1 424 1.70E-89 57.1 [Alignment] 

FhERM Smp_066760.1 538 1.40E-64 56.3 [Alignment] 

SYNCRIP/HNRNPQ         

SMPD3         

ARF1 Smp_086900.1 532 1.80E-65 56.6 [Alignment] 

DIAPH3 Smp_068720.1 279 7.60E-29 48.1 [Alignment] 

ARRDC1         

VAMP3         
 
 

Monogenea Protopolystoma xenopodis    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              PXEA_0000622701-mRNA-1 384 1.80E-63 55.1 [Alignment] 
STAMBP                            PXEA_0001872701-mRNA-1 396 1.30E-61 62.9 [Alignment] 
STAM                                     PXEA_0001046801-mRNA-1 222 3.20E-33 69.1 [Alignment] 
TSG101                                     LM743213.1 

103 1.00E-22 54% 

VPS28                                        PXEA_0000247801-mRNA-1 214 5.00E-36 58.0 [Alignment] 
VPS37                                        
MVB12                       

VPS22/SNF8                   PXEA_0001175901-mRNA-1 251 1.90E-37 55.4 [Alignment] 
VPS25                                   PXEA_0002188801-mRNA-1 248 3.80E-46 44.9 [Alignment] 
VPS36                                              PXEA_0003093701-mRNA-1 158 1.10E-15 47.8 [Alignment] 
CHMP2A                                     LM888175.1 191 7.00E-23 58% 
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CHMP2B                                          

CHMP6                                         PXEA_0003476001-mRNA-1 221 4.20E-22 36.8 [Alignment] 
CHMP3                                      LM920948.1 

64.3 4.00E-11 44% 

CHMP4                                       PXEA_0000366901-mRNA-1 246 1.60E-25 60.0 [Alignment] 
CHMP5                               

CHMP1a                      PXEA_0002341401-mRNA-1 399 5.70E-45 51.9 [Alignment] 
CHMP1b                                    

IST1                           LM723493.1 181 4.00E-38 56% 

VPS4                        PXEA_0002668301-mRNA-1 1085 6.00E-141 77.5 [Alignment] 
VTA1                                                  PXEA_0000550501-mRNA-1 419 3.30E-50 51.0 [Alignment] 
ALIX                                  PXEA_0000016101-mRNA-1 142 2.10E-11 35.0 [Alignment] 
Syndecan                            PXEA_0003770201-mRNA-1 94 0.0033 41.9 [Alignment] 
Syntenin                             PXEA_0001128201-mRNA-1 187 1.70E-19 40.7 [Alignment] 
SIMPLE                                   PXEA_0000134801-mRNA-1 96 3.50E-10 57.7 [Alignment] 
SMPD2                                        PXEA_0001665701-mRNA-1 190 3.90E-17 38.9 [Alignment] 
Acid Sphingomyelinase                       

SMS2                                     PXEA_0000802801-mRNA-1 124 4.60E-08 31.9 [Alignment] 
SPHK2                                             PXEA_0002263201-mRNA-1 105 7.40E-05 36.0 [Alignment] 
S1PR1 PXEA_0002605201-mRNA-1 84 4.90E-07 53.6 [Alignment] 
S1PR4 PXEA_0001266501-mRNA-1 85 0.0014 29.7 [Alignment] 
PLD                                                 PXEA_0002208001-mRNA-1 171 3.00E-15 38.0 [Alignment] 
PLA2                                           
Phospholipase B-like 2      emb|LM758087.1| 69.3 6.00E-11 60% 

Flotillin 1                                   PXEA_0003548801-mRNA-1 426 6.90E-49 66.4 [Alignment] 
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Flotillin 2                         PXEA_0002212601-mRNA-1 299 1.60E-31 88.2 [Alignment] 
DGK                                             PXEA_0003547001-mRNA-1 185 1.30E-15 59.6 [Alignment] 
ABCA1                                      PXEA_0001301601-mRNA-1 433 0 63.8 [Alignment] 
ABCA3                                              PXEA_0001301601-mRNA-1 720 1.20E-145 58.6 [Alignment] 
ABCB1/MDR1/P-gp                   PXEA_0000049201-mRNA-1 629 1.50E-77 57.3 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family        PXEA_0002415001-mRNA-1 220 1.70E-21 60.9 [Alignment] 
Flippase                                     PXEA_0001951301-mRNA-1 231 1.30E-72 73.7 [Alignment] 
Phospholipid Scramblase 2       PXEA_0002750401-mRNA-1 172 2.70E-24 56.9 [Alignment] 
Phospholipid Scramblase 3       PXEA_0002750401-mRNA-1 196 1.20E-30 59.0 [Alignment] 
Oxysterol BP                                 PXEA_0003622501-mRNA-1 392 1.00E-54 61.3 [Alignment] 
Niemann-Pick C1                    PXEA_0001946101-mRNA-1 226 2.60E-27 59.2 [Alignment] 
Niemann-Pick C2                                 PXEA_0002127901-mRNA-1 66 1.70E-04 41.7 [Alignment] 
CD63 antigen                             PXEA_0002054401-mRNA-1 83 0.0019 54.2 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                PXEA_0003654801-mRNA-1 132 1.60E-09 50.0 [Alignment] 
Tetraspanin 1                     PXEA_0000762501-mRNA-1 95 2.60E-04 40.5 [Alignment] 
CD81                                                 PXEA_0003654801-mRNA-1 172 1.70E-15 45.9 [Alignment] 
G7YAH0 (Cs) PXEA_0003654801-mRNA-1 304 8.30E-34 58.1 [Alignment] 
Tspan 8                                     PXEA_0001885201-mRNA-1 96 1.90E-04 39.3 [Alignment] 
CD37                                     

CD82                                                    

CD151                              PXEA_0001535601-mRNA-1 78 2.60E-09 31.0 [Alignment] 
Heat-shock protein 70              PXEA_0001857601-mRNA-1 1561 0 83.3 [Alignment] 
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HSP90 alpha                                PXEA_0000507601-mRNA-1 913 0 80.8 [Alignment] 
F. hepatica 14-3-3 PXEA_0000926101-mRNA-1 465 1.20E-92 61.4 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  PXEA_0002612801-mRNA-1 270 2.70E-70 77.9 [Alignment] 
hnRNPA2B1                              PXEA_0003066401-mRNA-1 510 9.60E-61 54.3 [Alignment] 
Annexin B2 (Sm) PXEA_0003023801-mRNA-1 99 2.40E-07 34.4 [Alignment] 
Annexin A7 (Cs) PXEA_0003023801-mRNA-1 123 1.30E-18 35.9 [Alignment] 
Major Vault Protein                          PXEA_0000454401-mRNA-1 576 4.70E-108 72.2 [Alignment] 
Leukotriene A-4 hydrolase           PXEA_0001775001-mRNA-1 363 1.20E-40 55.7 [Alignment] 
Prostaglandin ES2                     

Rab27                                  PXEA_0000406201-mRNA-1 171 4.30E-36 44.8 [Alignment] 
Rab31                            PXEA_0001636901-mRNA-1 312 8.60E-40 55.8 [Alignment] 
Rab35                             PXEA_0000406201-mRNA-1 403 3.30E-60 75.2 [Alignment] 
Rab-protein 11                           PXEA_0000406201-mRNA-1 438 4.10E-51 52.4 [Alignment] 
Rab-8A                                    PXEA_0000406201-mRNA-1 552 8.20E-68 60.8 [Alignment] 
ARF6                                               PXEA_0003343401-mRNA-1 464 4.60E-56 88.9 [Alignment] 
Ras-related protein Ral-A         PXEA_0003696401-mRNA-1 249 9.40E-26 38.1 [Alignment] 
Ras-like GTP-BP Rho1                  PXEA_0001232301-mRNA-1 633 1.60E-78 87.4 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) PXEA_0001033001-mRNA-1 258 6.10E-27 66.2 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) PXEA_0003696401-mRNA-1 306 7.10E-45 52.9 [Alignment] 
TBC1 domain member 20 PXEA_0001214701-mRNA-1 64 1.70E-04 52.4 [Alignment] 
Syntaxin                                    PXEA_0000808201-mRNA-1 619 1.60E-74 60.8 [Alignment] 
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Synaptobrevin homologue 
YKT6 LM823276.1 

61.6 5.00E-10 
39% 

Synaptotagmin                              PXEA_0002982001-mRNA-1 179 2.00E-22 89.7 [Alignment] 

Synaptosomal-associated 
protein      PXEA_0001003501-mRNA-1 295 1.50E-44 100.0 [Alignment] 
VAMP7                                   PXEA_0001770301-mRNA-1 86 0.0069 34.0 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A PXEA_0002525101-mRNA-1 387 4.70E-44 98.7 [Alignment] 

Ce V-type proton ATPase 
subunit a PXEA_0000688401-mRNA-1 689 1.00E-115 54.3 [Alignment] 

Fh H+-transporting ATPase PXEA_0000959601-mRNA-1 197 3.90E-18 64.5 [Alignment] 

lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase PXEA_0002588401-mRNA-1 450 1.10E-107 79.8 [Alignment] 
Calpain-1 catalytic subunit                     PXEA_0002610401-mRNA-1 313 2.20E-68 62.2 [Alignment] 
Gelsolin                                 PXEA_0002688001-mRNA-1 118 1.70E-22 57.5 [Alignment] 
Myosin Light Chain Kinase       PXEA_0000778701-mRNA-1 607 4.50E-73 47.0 [Alignment] 
ERK                                             PXEA_0000775501-mRNA-1 580 1.00E-71 70.4 [Alignment] 
Fh Annexin B22 PXEA_0003112701-mRNA-1 120 2.00E-07 40.0 [Alignment] 
Fh annexin                                             PXEA_0001487801-mRNA-1 382 3.20E-43 59.7 [Alignment] 

Another F. hepatica Annexin 
PXEA_0001487801-mRNA-1 415 2.30E-47 62.9 [Alignment] 

Thrombospondin 2 PXEA_0002900601-mRNA-1 226 3.40E-29 48.6 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase PXEA_0001514801-mRNA-1 476 9.70E-112 74.4 [Alignment] 
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Myoferlin PXEA_0001323801-mRNA-1 385 9.60E-72 60.7 [Alignment] 
Otoferlin PXEA_0002632901-mRNA-1 257 1.10E-79 62.7 [Alignment] 
PARP4 PXEA_0002798701-mRNA-1 81 1.70E-04 40.5 [Alignment] 
TEP1 PXEA_0002072401-mRNA-1 110 2.80E-08 39.6 [Alignment] 
NSUN2 PXEA_0000495701-mRNA-1 184 1.30E-31 66.7 [Alignment] 
Argonaute-2 PXEA_0001390601-mRNA-1 900 3.40E-116 79.4 [Alignment] 
WAGO-1 (Ascaris suum) PXEA_0003276701-mRNA-1 99 1.00E-05 45.2 [Alignment] 
WAGO-2 (Ascaris suum) PXEA_0001653101-mRNA-1 86 4.00E-09 43.9 [Alignment] 

Likely H. poly secreted 
argonaute PXEA_0001653101-mRNA-1 83 5.40E-10 42.5 [Alignment] 

Acid sphingomyelinase-like 
3a         

Acid sphingomyelinase-like 
3b         

S1PR3         

Y Box 1 PXEA_0001682901-mRNA-1 114 3.10E-10 58.3 [Alignment] 

Syntaxin 5 PXEA_0001372101-mRNA-1 236 3.60E-23 58.2 [Alignment] 

ROCK1 PXEA_0001379701-mRNA-1 440 2.60E-50 58.5 [Alignment] 

ROCK2 PXEA_0002389201-mRNA-1 182 7.70E-67 46.4 [Alignment] 

FhERM PXEA_0000952901-mRNA-1 218 1.10E-20 47.6 [Alignment] 

SYNCRIP/HNRNPQ         

SMPD3         

ARF1 PXEA_0000942801-mRNA-1 827 1.40E-106 89.3 [Alignment] 

DIAPH3         
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ARRDC1         

VAMP3 PXEA_0001008201-mRNA-1 110 1.10E-06 66.7 [Alignment] 
 
 

Rhabditophora Schmidtea mediterranea    

Protein Name Identifier Score E Value Identities (%) 

HGS                                              mk4.001972.03 411 1.70E-71 60.3 [Alignment] 
STAMBP                            mk4.007931.02 399 1.20E-68 61.1 [Alignment] 
STAM                                     mk4.000670.04 119 7.00E-16 53.7 [Alignment] 
TSG101                                     mk4.008006.00 394 1.60E-83 51.1 [Alignment] 
VPS28                                                

VPS37                                mk4.000931.00 220 1.70E-20 30.7 [Alignment] 
MVB12               mk4.011997.00 134 5.50E-11 31.9 [Alignment] 
VPS22/SNF8                   mk4.005180.00 350 5.90E-53 56.8 [Alignment] 
VPS25                                   mk4.007480.00 489 7.30E-59 51.2 [Alignment] 
VPS36                                              mk4.002850.01 302 3.30E-65 57.3 [Alignment] 
CHMP2A                                     mk4.001372.04 500 1.90E-64 74.1 [Alignment] 
CHMP2B                                  mk4.007107.00 301 9.30E-32 53.8 [Alignment] 
CHMP6                                         mk4.012030.00 248 1.40E-24 46.3 [Alignment] 
CHMP3                                      mk4.003826.01 353 5.80E-45 50.0 [Alignment] 
CHMP4                                       mk4.005056.00 412 4.90E-46 69.9 [Alignment] 
CHMP5                       mk4.002224.04 514 3.60E-60 69.2 [Alignment] 
CHMP1a                      mk4.004926.01 232 2.10E-22 46.8 [Alignment] 
CHMP1b                            mk4.000599.01 448 4.00E-57 66.9 [Alignment] 
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IST1 mk4.000276.10 504 8.60E-63 61.9 [Alignment] 
VPS4 mk4.000159.10 867 0 79.2 [Alignment] 
VTA1 mk4.000987.05 295 7.50E-44 51.9 [Alignment] 
ALIX mk4.020314.00 179 2.10E-34 29.7 [Alignment] 
Syndecan mk4.008855.00 88 0.018 62.5 [Alignment] 
Syntenin mk4.020295.00 655 3.20E-87 61.0 [Alignment] 
SIMPLE mk4.017285.00 100 1.20E-10 60.7 [Alignment] 
SMPD2 mk4.000653.02 159 7.70E-13 48.1 [Alignment] 
Acid Sphingomyelinase mk4.006060.00 92 6.00E-04 51.4 [Alignment] 
SMS2 mk4.002996.01 245 8.40E-57 50.6 [Alignment] 
SPHK2 mk4.002910.00 103 1.50E-04 25.0 [Alignment] 
S1PR1 mk4.009070.00 94 2.90E-13 34.0 [Alignment] 

S1PR4 

PLD mk4.001699.03 281 4.70E-43 54.4 [Alignment] 
PLA2 mk4.010732.00 81 6.20E-04 58.8 [Alignment] 
Phospholipase B-like 2 mk4.001752.03 193 1.90E-70 45.6 [Alignment] 
Flotillin 1 mk4.002230.02 750 7.30E-125 64.3 [Alignment] 
Flotillin 2 mk4.009151.05 903 2.10E-151 67.5 [Alignment] 
DGK mk4.000309.02 286 4.70E-97 57.3 [Alignment] 
ABCA1 mk4.004625.02 511 0 54.0 [Alignment] 
ABCA3 mk4.000387.01 504 0 56.4 [Alignment] 
ABCB1/MDR1/P-gp mk4.005899.01 529 0 53.3 [Alignment] 

Oligosaccharidyl-lipid-flipase 
family       mk4.001391.00 176 1.90E-44 38.2 [Alignment] 
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Flippase                                     mk4.001013.09 433 2.70E-146 71.7 [Alignment] 
Phospholipid Scramblase 2       mk4.001297.04 257 4.90E-52 59.2 [Alignment] 
Phospholipid Scramblase 3       mk4.020710.00 188 3.80E-50 46.7 [Alignment] 
Oxysterol BP                                 mk4.001591.00 444 3.70E-138 65.0 [Alignment] 
Niemann-Pick C1                    mk4.001362.02 304 3.40E-46 49.2 [Alignment] 
Niemann-Pick C2                                 mk4.002936.00 206 4.70E-30 46.5 [Alignment] 
CD63 antigen                             mk4.007777.01 79 9.00E-06 41.4 [Alignment] 
Tetraspannin CD63 R                             

CD9 antigen                                mk4.001700.04 94 5.70E-12 26.9 [Alignment] 
Tetraspanin 1                         

CD81                                                 mk4.017985.00 160 2.60E-19 45.2 [Alignment] 
G7YAH0 (Cs) mk4.001084.11 197 1.90E-32 39.1 [Alignment] 
Tspan 8                                         

CD37                                 

CD82                                                

CD151                                  

Heat-shock protein 70              mk4.000300.05 2504 0 83.7 [Alignment] 
HSP90 alpha                                mk4.004356.02 1138 0 82.0 [Alignment] 
F. hepatica 14-3-3 mk4.002915.00 210 2.00E-78 51.9 [Alignment] 
F. hepatica 14-3-3 β/α-1                                  mk4.001714.01 284 8.50E-74 71.2 [Alignment] 
hnRNPA2B1                              mk4.000899.08 525 7.60E-63 56.6 [Alignment] 
Annexin B2 (Sm) mk4.005798.00 172 2.10E-27 30.7 [Alignment] 
Annexin A7 (Cs) mk4.001569.02 185 3.90E-34 33.6 [Alignment] 
Major Vault Protein                          mk4.004637.01 505 2.40E-154 73.4 [Alignment] 
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Leukotriene A-4 hydrolase mk4.000242.04 505 1.00E-110 64.6 [Alignment] 
Prostaglandin ES2 mk4.001144.01 262 9.10E-57 46.9 [Alignment] 
Rab27 mk4.009172.00 610 3.20E-75 57.6 [Alignment] 
Rab31 mk4.008787.00 381 1.00E-43 48.7 [Alignment] 
Rab35 mk4.001287.03 392 1.90E-54 65.7 [Alignment] 
Rab-protein 11 mk4.000248.00 789 2.30E-99 86.9 [Alignment] 
Rab-8A mk4.002257.00 621 2.00E-77 60.1 [Alignment] 
ARF6 mk4.030408.01 685 6.80E-87 70.9 [Alignment] 
Ras-related protein Ral-A mk4.000152.04 370 1.10E-42 45.8 [Alignment] 
Ras-like GTP-BP Rho1 mk4.002828.00 813 1.80E-103 80.2 [Alignment] 

H2L0Q6_CAEEL RAL-1 (Ras-
related GTPase) mk4.000152.04 430 2.10E-69 75.5 [Alignment] 

Q9N3F8_CAEEL RAL-1 (Ras-
related GTPase) mk4.000152.04 430 4.90E-69 75.5 [Alignment] 
TBC1 domain member 20 mk4.005519.00 184 1.60E-16 40.0 [Alignment] 
Syntaxin mk4.013939.00 396 2.20E-44 72.0 [Alignment] 

Synaptobrevin homologue 
YKT6 mk4.004767.01 226 5.00E-22 54.4 [Alignment] 
Synaptotagmin mk4.003017.01 502 2.10E-125 67.9 [Alignment] 

Synaptosomal-associated 
protein      mk4.033993.00 253 1.20E-31 85.2 [Alignment] 
VAMP7 mk4.002453.01 265 7.60E-28 43.6 [Alignment] 

Fh V-type H+-transporting 
ATPase subunit A mk4.012972.00 217 1.70E-41 82.4 [Alignment] 
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Ce V-type proton ATPase 
subunit a mk4.002484.00 447 2.80E-158 65.5 [Alignment] 

Fh H+-transporting ATPase mk4.000066.26 251 3.70E-52 66.7 [Alignment] 

Lysosomal accessory protein 
1 

        

Fh Vacuolar H ATPase mk4.001624.01 745 1.00E-108 76.8 [Alignment] 
Calpain-1 catalytic subunit                     mk4.000932.03 304 1.40E-131 60.7 [Alignment] 
Gelsolin                                 mk4.001738.07 146 1.90E-29 43.5 [Alignment] 
Myosin Light Chain Kinase       mk4.000677.08 665 5.00E-81 48.0 [Alignment] 
ERK                                             mk4.015572.01 688 1.30E-118 72.0 [Alignment] 
Fh Annexin B22 mk4.001781.02 274 4.10E-48 39.4 [Alignment] 
Fh annexin                                             mk4.001569.02 402 1.50E-101 62.1 [Alignment] 

Another F. hepatica Annexin 
mk4.001569.02 503 5.40E-113 58.3 [Alignment] 

Thrombospondin 2 mk4.001029.07 288 3.70E-48 47.5 [Alignment] 

F. hepatica Vesicle-Fusing 
ATPase mk4.000372.03 570 1.70E-76 79.5 [Alignment] 
Myoferlin mk4.000386.05 450 0 49.1 [Alignment] 
Otoferlin mk4.001392.10 460 1.30E-144 52.3 [Alignment] 
PARP4 mk4.001452.11 110 3.10E-09 38.5 [Alignment] 
TEP1 isoform 1 mk4.022086.00 301 4.90E-41 46.5 [Alignment] 
NSUN2 mk4.014144.00 81 4.00E-11 41.2 [Alignment] 
Argonaute-2 mk4.008596.01 1641 0 74.7 [Alignment] 
WAGO-2 (Ascaris suum) mk4.000678.07 159 4.70E-19 34.8 [Alignment] 
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WAGO-1 (Ascaris suum) mk4.000678.07 140 2.10E-11 36.8 [Alig 

Likely H. poly secreted 
argonaute mk4.000678.07 123 1.50E-20 36.1 [Alignment] 

Acid sphingomyelinase-like 
3a mk4.011233.00 113 1.60E-06 35.3 [Alignment] 

Acid sphingomyelinase-like 
3b mk4.011233.00 139 3.10E-10 36.9 [Alignment] 

S1PR3         

Y Box 1 mk4.009099.00 401 1.30E-43 80.2 [Alignment] 

Syntaxin 5 mk4.000182.06 252 2.40E-25 51.2 [Alignment] 

ROCK1 mk4.004877.00 276 5.70E-28 50.5 [Alignment] 

ROCK2 mk4.004877.00 262 2.10E-43 49.5 [Alignment] 

FhERM mk4.005691.01 685 9.80E-85 49.2 [Alignment] 

SYNCRIP/HNRNPQ         

SMPD3         

ARF1 mk4.030408.01 859 4.80E-111 91.7 [Alignment] 

DIAPH3         

ARRDC1         

VAMP3 mk4.007083.00 175 1.70E-15 44.1 [Alignment] 
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