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Abstract 

Schistosomiasis is a serious parasitic disease, caused by blood flukes of the genus 

Schistosoma. It remains a global health problem in the 21st century, with more than 250 million 

people infected in 78 countries. Current therapy relies on the drugs praziquantel and 

oxamniquine, for which there are concerns of emerging drug resistance. Proteases of 

schistosomes are involved in critical steps of host-parasite interactions and are promising targets 

for the development of new therapeutic strategies against schistosomiasis. This work focuses on 

the characterization of Schistosoma mansoni serine proteases (SmSPs) and the determination of 

their role in the interaction with the human host using a variety of genomic, bioinformatic, RNA- 

and protein-based techniques. First, the major types of proteolytic activities secreted by the 

blood-dwelling developmental stages of S. mansoni were classified using functional proteomics. 

The analysis revealed the complexity of proteolytic activities secreted by the schistosome life 

stages parasitizing the human host. All stages secreted significant serine protease activities, and 

consequently their genes were retrieved from the genome database and annotated. Localization 

in adult worms determined by fluorescence in situ RNA hybridization revealed complex 

expression patterns of individual SmSPs in different tissues. Two SmSPs, serine protease 2 

(SmSP2) and prolyl oligopeptidase (SmPOP), were biochemically and functionally characterized 

using recombinant proteins, and their biological roles in modulating host hemostasis were 

proposed. The work provides important new information on S. mansoni serine proteases and 

their potential roles in host-parasite interactions by modulating host physiology, which is 

relevant for the development of novel anti-schistosomal interventions. 
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Abstrakt 

Schistosomóza je závažné parazitární onemocnění způsobené motolicemi rodu 

Schistosoma. I ve 21. století zůstává celosvětovým zdravotním problémem, neboť je jí nakaženo 

více než 250 milionů lidí v 78 zemích světa. Současná terapie je založena především na dvou 

lécích, praziquantelu a oxamniquinu. Vzrůstající riziko vzniku rezistence vyvolává potřebu nových 

alternativních chemoterapeutik nebo vakcín. Proteázy schistosom se podílejí na mnoha kritických 

interakcích parazita s hostitelem, a proto představují slibné cíle pro vývoj nových léčebných 

strategií proti schistosomóze. Tato dizertační práce se zaměřuje na charakterizaci serinových 

proteáz krevničky Schistosoma mansoni a na určení jejich role v interakci s lidským hostitelem za 

použití genomických a bioinformatických přístupů, včetně metod molekulární biologie RNA a 

proteinové biochemie. Nejprve byly pomocí funkční proteomiky klasifikovány hlavní typy 

proteolytických aktivit v exkrečně sekrečních produktech vylučovaných vývojovými stadii S. 

mansoni žijícími v krvi hostitele. Analýza odhalila komplexnost těchto proteolytických aktivit, 

které jsou jedinečné pro každé stádium parazitující v lidském hostiteli. U všech studovaných stádií 

byla v sekrečních produktech detekován významný podíl aktivit serinových proteáz. Následně 

byla v genomové databázi pro S. mansoni detekována a anotována sada genů pro serinové 

proteázy. Analýza jejich lokalizace v dospělých krevničkách provedená pomocí fluorescenční RNA 

in situ hybridizace ukázala komplexní expresní profil jednotlivých proteáz v různých tkáních. Dvě 

z nich, serinová proteáza 2 (SmSP2) a prolyl oligopeptidáza (SmPOP), byly biochemicky a funkčně 

analyzovány za použití rekombinantních proteinů a byla navržena jejich biologická role v 

modulaci hemostázy hostitele. Disertační práce přinesla nové důležité informace o serinových 

proteázách S. mansoni a jejich potenciální roli v interakci parazita s hostitelem prostřednictvím 

modulace jeho fyziologie. Tyto informace jsou důležité pro vývoj nových anti-schistosomálních 

léčiv.
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1 Introduction 

Schistosomiasis is a serious disease caused by blood flukes of the genus Schistosoma. 

According to the latest estimates, at least 250 million people required medical treatment for this 

disease in 2022 [1]. Schistosomiasis transmission has been reported in 78 countries, of which 52 

are endemic countries with moderate to high transmission rates. Recently, autochthonous 

infections by human schistosomiasis have also been identified in southern Europe in Corsica and 

Spain [2, 3]. Due to a climate changes and international mobility of people and animals, increasing 

numbers of cases are expected in moderate climates. 

Human infection occurs in water infested with schistosome larvae (cercariae). Cercariae 

actively penetrate the human skin, where they begin the transformation into larvae 

(schistosomula). When they enter the host's vascular system, schistosomula develop into adult 

worms. They can live in the host for years [4], producing large numbers of eggs each day [5]. Eggs 

pass through the intestinal or bladder wall and are excreted in the feces or urine to complete the 

parasite's life cycle. However, a portion of the laid eggs that do not successfully pass through the 

intestinal or bladder wall and become trapped in the tissue. Here, the eggs induce inflammation 

leading to the clinical manifestations of chronic schistosomiasis. The eggs are therefore the main 

pathogenic agent of schistosomiasis [6]. 

Two chemotherapeutic agents - praziquantel and oxamniquine - are recommended for 

the treatment and prophylaxis of all forms of schistosomiasis [7, 8]. However, there is increasing 

evidence that the provision of prophylaxis and control of the disease remains inadequate, 

because it does not lead to a situation where the number of infected individuals is consistently 

and significantly reduced [9]. One of the major limitations of schistosomiasis control, in addition 

to the limited availability of praziquantel, is the fact, that preventive treatment is recommended 

to be repeated over several years due to the high risk of re-infection [1, 10]. The second limitation 

is the increasing resistance to this drug in some endemic areas, as it has been already used for 

the last 40 years [11]. Third, schistosomes can survive in the definitive host for more than a 

decade while producing massive numbers of eggs. However, the disease manifests itself over a 
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longer period, resulting in late diagnosis and treatment [12]. These facts indicate that there is an 

urgent need for the development of alternative drugs or vaccines.  

Proteolytic enzymes (proteases) are critical for successful parasitism of schistosomes [13]. 

They are important for the parasite invasion, intra-host migration, digestion, reproduction, 

modulation of host homeostasis and manipulation of the host immune system [13-16]. 

Therefore, proteases are increasingly being studied as potential therapeutic targets and vaccine 

candidates.  

This thesis focuses on the serine proteases of the blood fluke Schistosoma mansoni. 

Compared to other classes of schistosome proteases, which are intensively studied, the serine 

proteases remain neglected. The main aim of the thesis is to identify S. mansoni serine proteases 

from the S1 and S9 protease families, to characterize them biochemically, and to determine their 

role in parasite-host interactions as potential targets for the development of novel anti-

schistosomal therapies. 
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2 Literature review 

 

2.1 Genus Schistosoma – blood flukes infecting human 

The genus Schistosoma belongs to the class of trematodes and the subclass of digeneans 

[17]. Digeneans are parasitic flatworms of medical and veterinary importance [18, 19]. The life 

cycle of digenetic trematodes typically involves three hosts, but a significant number of species 

have reduced the number of hosts during development, most likely to increase their survival [18]. 

Compared to the large number of trematodes, about a hundred of digenetic flukes are known to 

cause serious human diseases including schistosomiasis, which affects more than 250 million 

people in tropical and subtropical countries [20, 21]. Recently, autochthonous human 

schistosomiasis infections have also been identified in southern Europe in Corsica and Spain [2, 

3, 22]. Due to climate change and international mobility of people and animals, the number of 

cases in moderate climates is increasing.  

Schistosomiasis is a zoonotic disease caused by blood flukes of the genus Schistosoma. 

This genus is very diverse with 23 described species [23]. Of these, at least 7 are medically 

important species that can infect humans and cause two major forms of human schistosomiasis 

- intestinal and urogenital. S. mansoni, S. japonicum, S. mekongi, S. guineensis, S. malayensis, and 

S. intercalatum are responsible for the intestinal form of the disease, and S. haematobium is the 

causative agent of urogenital schistosomiasis [24]. Adult schistosomes are approximately 1-2 cm 

long worms that live in the blood system surrounding the human intestine (intestinal 

schistosomiasis) or urogenital organs (urogenital schistosomiasis) [12]. 

 

2.1.1  The life cycle of Schistosoma mansoni 

S. mansoni is the most common cause of intestinal schistosomiasis. The life cycle of this 

parasite is dependent on snails (as intermediate hosts, where the parasite reproduces asexually) 
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and mammals (as definitive hosts, where the parasite reproduces sexually) (Figure 1). The typical 

intermediate hosts are freshwater snails belonging to the genus Biomphalaria. The primary 

natural definitive hosts are humans, but S. mansoni can also infect other mammals, such as non-

human primates or rodents [12]. Experimental models of S. mansoni include laboratory mice, 

rats, and hamsters as hosts. 

In the nature, once S. mansoni eggs are deposited from the human host into the 

freshwater environment, free-swimming larvae called miracidia hatch immediately. The 

miracidia actively seek (following chemical cues) and invade an intermediate host [25]. Inside the 

snail, the miracidia transform into the mother sporocysts from which are later generated 

daughter sporocysts [26]. Within the daughter sporocysts, free-swimming larvae called cercariae 

develop. In approximately four weeks, cercariae are shed from the snail into the freshwater 

environment. Shedding is stimulated by light that in nature correlates with human circadian 

rhythms and by light [27]. Cercariae begin to seek a definitive host using thermal gradients and 

chemical cues on mammalian skin (such as linoleic acid) [28].  

Once on the skin, cercariae release specific proteases (such as cercarial elastase or SjCB2 

(Schistosoma japonicum cathepsin B2)) from the acetabular gland that help them to penetrate 

the human skin [29, 30]. Meanwhile, they lose their tails and transform into larvae called 

schistosomula. After 3-4 days [31, 32], schistosomula enter the blood vessels attracted by D-

glucose, L-arginine, fibronectin, bradykinin and probably other components of human blood 

serum [33]. Once in the vasculature, the parasites are transported by the bloodstream into host´s 

internal organs, such as the heart, lungs, and the liver, where they develop into adult worms [34, 

35]. 
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Figure 1. Schistosoma mansoni life cycle. Modified from [36, 37]. 

 

Schistosomes are unique among trematodes in that they exhibit sexual dimorphism 

between adult males and females. Adults reside in pairs in the hepatic portal venules in close 

proximity to the host intestine [34], where they mate [38]. Females lay an enormous number of 

fertilized eggs. Specifically, a S. mansoni female produces approximately 350 eggs daily [12]. The 

eggs circulate in the host's blood system for some time and then transverse to the lumen of the 

intestine. Later, they are shed into the outer environment with the fecal stream to continue the 

parasite’s life cycle [12]. 

However, a proportion of S. mansoni eggs are unable to pass out from the human but are 

trapped in the host's internal tissues either at the oviposition site or are spread further by 

bloodstream, mainly to the liver, intestine, and spleen [39]. Here, the eggs induce inflammation 
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leading to progressive organ damage and the clinical manifestations of chronic schistosomiasis 

[12, 40]. 

 

2.1.2 Pathology and symptoms of schistosomiasis 

Schistosomiasis has an acute and a chronic phase. The acute or invasive phase (also 

known as Katayama fever) is typical for travelers from non-endemic areas (non-immune 

individuals), whereas the chronic phase is more commonly diagnosed in residents of endemic 

areas (indigenous persons) [41]. People who are infected for the first time (usually migrants or 

tourists) may develop a skin rash that appears within a few hours or up to a week, and which 

arise at the site of percutaneous penetration by cercariae [42]. 

In many cases, acute schistosomiasis is initially asymptomatic [43], and is rarely reported 

in chronically exposed populations [44]. However, some individuals with severe reinfection or 

primary infection may present with non-specific clinical manifestations such as fever, fatigue, 

non-productive cough, eosinophilia, and visible pulmonary infiltrates on chest radiograph [45]. 

These symptoms are usually associated with parasite migration in the host tissue [44, 46]. 

Manifestations of acute schistosomiasis usually appear 2-12 weeks after parasite exposure and 

may persist for weeks [47, 48]. Such a delay (from weeks to months) and the non-specificity of 

early symptoms add to the diagnostic difficulty. In endemic areas with populations regularly 

exposed to S. mansoni, most infected individuals have chronic infection. Depending on the 

infection rate, symptoms may develop within months or years later [49]. 

 

Schistosomiasis mansoni 

Clinical manifestations of the intestinal form of schistosomiasis are often characterized 

by granuloma formation and neoangiogenesis with subsequent periportal fibrosis causing portal 

hypertension and splenomegaly [50], and may lead to schistosomal colitis and polyp formation, 

often manifested by abdominal pain, diarrhea and tenesmus [50]. 
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The pathogenesis of chronic schistosomiasis is related to the host's immune response to 

the schistosome eggs deposited in the internal tissues [50, 51]. Due to the relatively high 

antigenicity of the eggs and the continuous release of metabolites such as proteolytic enzymes 

[52], a variety of immunopathological processes are activated [53, 54]. The eggs induce a strong 

granulomatous immune response characterized by the infiltration of activated immune cells 

(macrophages, eosinophils and T-helper cells), with additional fibroblast proliferation and 

formation of extracellular matrix. This process protects host tissues from egg-derived toxins, but 

ultimately leads to the formation of fibrotic lesions [54]. Schistosome egg deposition can occur 

at different ectopic sites, resulting in specific clinical manifestations [40, 55]. 

A proportion of the population with severe infection and long duration of the disease 

develops a variety of clinical manifestations depending on the organ damage, the intensity of 

infection and the magnitude of immune response. In the advanced stage of the infection, 

significant morbidity with lifelong disability or severe complications may lead to death [40]. 

 

2.1.3 Diagnosis and therapy of schistosomiasis 

The first diagnostic method for intestinal and hepatic schistosomiasis was the detection 

of schistosome eggs in host fecal samples [12]. The microscopy-based Kato-Katz stool smear 

technique (developed in 1972) is still widely used because of its high specificity and cost-

effectiveness [68]. However, direct egg detection is not suitable for early diagnosis, because 

oviposition (egg laying) begins approximately 6 weeks after cercarial infection [40].  

Compared to the Kato-Katz method, immunological tests have a higher sensitivity [56, 

57]. Immunological diagnostics include the detection of anti-schistosomal antibodies, circulating 

schistosomal antigens or other biomarkers in plasma, serum, sputum or urine [58-62]. To date, 

an array of immunological tests (such as DLIA - dipstick with latex immunochromatographic 

assay; Dot-ELISA - dot enzyme-linked immunosorbent assay; ECISA - electrochemical 

immunosensor array; FA-ELISA - fraction antigen ELISA; Schistosoma ICT IgG-IgM - rapid 
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immunochromatographic test, etc.) have been formulated for the diagnosis of schistosomiasis, 

while new ones are still being developed [40, 57, 63]. 

Pathological processes in schistosomiasis that result in structural and biochemical 

changes in the host tissues can be detected by biopsy or imaging techniques. Ultrasound, 

computed tomography, and magnetic resonance imaging are the main methods used to assess 

the state of infection [64-66]. Especially in endemic areas, ultrasound is a routinely used 

technique [40, 65], which allows visualization of typical features of liver damage, such as 

periportal fibrosis and hepatic granulomas [67, 68]. 

Currently, the treatment relies on two chemotherapeutics: praziquantel (PZQ) and 

oxamniquine [69]. Oxamniquine is effective only against S. mansoni. It is administered orally and 

affects DNA and RNA of the parasite. However, cases of parasite resistance to this treatment 

have been reported [70]. PZQ is a chemical compound that has been used for the treatment of 

schistosomiasis since 1970 [71]. It is administered as a single dose, or in repeated two doses to 

treat juvenile worms (PZQ is unable to treat developing larvae) that were not eliminated during 

the initial administration [72]. 

Studies have shown that PZQ affects calcium channels, leading to the muscle paralysis 

and at the same time to the tegument destruction [73], although its exact target has remained 

unknown since its discovery. Recently, a transient receptor potential ion channel of the 

melastatin subfamily (TRPMPZQ) has been identified as a target [74]. TRPMPZQ is a Ca2+-permeable 

ion channel expressed in all parasitic flatworms (including some trematodes and cestodes) that 

are PZQ-sensitive [75]. PZQ non-selectively activates the TRPMPZQ channel, which allows the 

passage of various cations, including calcium ions, across the cell membrane [75]. In addition, 

PZQ likely interacts with other schistosome molecules, such as myosin regulatory light chain or 

glutathione S-transferase and may promote immunoregulatory pathways [76]. 

The advantage of this drug is effectiveness against all forms of human schistosomiasis 

with mild side effects and its low price [7], but the mass drug administration in endemic areas for 

more than forty years has led to a reduction in PZQ efficacy [77]. Resistance has also been 

successfully demonstrated in mice under laboratory conditions [8]. Therefore, current research 
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is intensively focused on the discovery of novel targets for new drug design and vaccine 

development [78]. A vaccine utilizing protein or mRNA mechanisms could significantly contribute 

to the control of schistosomiasis [79, 80]. But to date, no such vaccine has been successfully 

developed. The process of creating an effective vaccine is an ongoing and challenging endeavor 

[79, 80]. 

 

2.1.4  Schistosomiasis prevention and control 

Currently, mass administration of PZQ is used as a key strategy recommended by the 

World Health Organization (WHO) for the control and elimination of schistosomiasis in endemic 

countries with moderate to high transmission rates [10]. However, the drug treatment alone is 

not sufficient [81]. The World Health Organization (WHO) suggests several methods to stop the 

spread of schistosomiasis: (a) Eliminate Biomphalaria glabrata, a key host in the disease's 

transmission found in contaminated water. (b) Remove and treat livestock, which can also be 

hosts for Schistosoma species, from areas with contaminated water. (c) Improve existing 

sanitation facilities and build new ones. (d) Educate people in affected areas, especially school-

age children who are most at risk, about the dangers and how to avoid exposure to contaminated 

water. A combination of these approaches would successfully reduce morbidity and prevalence 

of infection [10].  

 

2.2 Tegument – surface structure of schistosoma 

The entire outer surface of schistosomula and adult worms consists of a syncytial layer 

called the tegument [82]. This highly dynamic structure provides a variety of needs for the 

parasite, including protection, excretion, nutrition (e.g., cholesterol, insulin) intake from the 

bloodstream, sensory, and signaling functions [82, 83]. On the apical site, the tegument is 

decorated with a number of subcellular surface structures such as spines, myofibrils, or sensory 

receptors and is rich in surface invaginations [84]. Only S. mansoni males have additional external 
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tegumental structures called tubercles [85]. The nucleated regions (also known as cell bodies or 

cytons) are located beneath the muscle layer. Cytons are connected to the syncytial surface part 

via cytoplasmic connections [86] (Figure 2) and represent centers of tegumental gene 

transcription and translation. Messenger RNAs and proteins are generated in cytons and  can be 

transported via cytoplasmic connections to the apical site of the tegument [86], where they can  

be incorporated into the outer tegumental membrane or secreted directly into the host 

environment [87, 88]. In either case, these bioactive molecules are responsible for host-parasite 

interaction, providing protection against host immune system or altering host physiology to 

improve parasite life conditions [89-91]. 

In general, the localization of mRNA in multicellular organisms is enormously diverse [92, 

93]. The endoplasmic reticulum and Golgi apparatus provide well-established membrane sorting 

machinery to shuttle transcripts to distant regions of the individual cell [92]. These mRNAs are 

typically stored in granules for immediate or emergency use in a variety of processes [92, 94]. 

They can (a) be reactivated and translated into proteins, and used in various rapid emergency 

processes including stress responses, repair of cell/tissue damage, adaptation to the changed 

condition; (b) repress or activate other mRNAs; (c) be sent directly to the decay [95-97]. 

Schistosomes may use similar mechanisms, especially in such a dynamic structure as the 

tegument (Figure 2).  
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Figure 2. Schematic representation of the adult S. mansoni surface. Replication, transcription and 

translation apparatus are located exclusively in the tegumental cell body (called cyton), which is located 

beneath the muscle layers and surrounded by parenchyma. Cargoes such as proteins or RNAs are 

transported to through the cytoplasmatic connection to the tegumental surface in membranous vesicles. 

ER – endoplasmatic reticulum, GA – Golgi apparatus, Mito – mitochondria, Mu – muscle. 

 

2.3 Host-parasite interaction of schistosomes 

Parasitic helminths, employ a plethora of surface and secreted/excreted molecules 

(proteases, RNAs, lipid-binding proteins, glycans, etc.) that interact with the host environment 

[98-102]. During extensive evolutionary adaptation, schistosomes have achieved high defense 

efficiency. They release various substances into the mammalian vasculature, which enhance their 

survival chances. These substances are crucial for the host-parasite interaction, as they help to 

modulate the host's blood clotting processes [103, 104] and the immune system [105-107].  
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Hemostasis is the mechanism that stop bleeding from a blood vessel [108] by formation 

of clot consisting of platelets and fibrin polymer [109]. This clot seals the injured area, controlling 

and preventing further bleeding while the tissue regenerates. As the wound begins to heal, the 

clot slowly remodels and dissolves through fibrinolysis [110]. This process involves multiple 

interrelated steps [109] (Figure 3) and is mediated by a series of enzymatic activations in which 

serine proteases play crucial role. Function of these proteases is tightly regulated by endogenous 

inhibitors that are naturally present in the blood [110, 111]. 

The hemostasis network interacts directly with the complement system through protein-

protein interactions (Figure 3) [112]. Complement consists of cascade of serine proteases and is 

an essential part of the innate immune system, providing immune surveillance and protection 

against infection [113].  

 

 

Figure 3. Scheme of the interaction of hemostatic network and complement system. Adapted from 

[114]. 

 

Adult schistosomes survive in the veins for many years and have evolved several 

mechanisms to evade and combat the inhospitable environment of the host. Worms incorporate 

some of host hemostatic and complement molecules onto their surface [115, 116], are able to 
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produce their own factors that interact with the hemostatic and complement cascades [102, 

117], and mimic various host biomolecules [118, 119]. For example, schistosomes are known to 

release several antihemostatic, vasoregulatory, and anticoagulant factors that modulate 

coagulation, complement, and fibrinolysis [103, 120].  

Depending on the phase of infection, schistosomes modulate the host immune system to 

respond in a pro-inflammatory or anti-inflammatory manner [121]. During the early stages of the 

acute phase (e.g., before the oviposition), there is a predominance of T helper type 1 (Th1) 

immune response [122]. Contrary, after oviposition, the immune response shifts strongly 

towards a Th2 profile [123]. S. mansoni and S. japonicum could also alter macrophage 

phenotypes (M1 and M2) [124], and thus influence the profile of infection [121, 125]. 

Factors released by schistosomes are not only represented by proteins, but also by RNA 

molecules [126, 127].The immune and hemostatic networks are modulated by the RNAs present 

in the extracellular vesicles (EVs; chapter 2.4.2) produced by the parasite. These RNAs are 

internalized into the host cells, such as T cells or vascular endothelia, where they regulate cellular 

processes through RNA silencing and post-transcriptional changes [128, 129]. S. mansoni, S. 

japonicum, and S. haemotobium are known to produce such RNAs [130-132]. 

However, the exact targets involved in remain poorly understood. Characterization of 

these key biomolecules may lead to a novel drug or vaccine [133, 134]. In addition, these 

helminth-derived products may have pharmacological potential for hemostatic and 

immunological disorders, including autoimmune and allergic diseases [135]. 

 

2.4 Schistosoma gene transcripts (mRNAs) 

Transcriptomic analysis has been used to study how schistosoma parasites change their 

gene expression at different life stages [136-139]. It was described that gene expression varies 

not only during their life cycle but also between male and female parasites [140, 141], as well as 

between paired and unpaired adult parasites [142]. In addition, the gene expression patterns can 

vary depending on the geographic origin of the species [143]. Despite these findings, the 
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functions of many of these genes remain unknown. The transcriptomic data have helped to 

identify several genes encoding proteins such as tetraspanins, which are being investigated as 

potential targets for the development of new anti-schistosoma drugs or vaccines [144]. 

 

2.4.1 Gene transcript detection by RNA in situ hybridization 

In situ hybridization (ISH) is a powerful molecular biology technique used to visualize and 

analyze the presence and distribution of specific nucleic acid sequences within cells or tissues 

[145]. This technique involves the use of labeled complementary probes that specifically bind to 

target sequences of interest. These probes can be labeled with fluorescent, radioactive, or 

enzymatic tags that enable  detection of hybridized molecules by autoradiography or microscopy 

[146]. By examining spatial and temporal gene expression patterns in their native context, in situ 

hybridization provides valuable insights into developmental processes, disease mechanisms, 

genetic abnormalities and cellular interactions. The technique's versatility has led to its 

widespread adoption in fields such as developmental biology, neuroscience, oncology, and 

microbiology, making it an indispensable tool for unraveling the intricacies of genetic information 

within biological samples [145, 146]. 

Over the years, two main ISH approaches have been developed for schistosome tissues: 

(a) whole mount in situ hybridization (WISH), a protocol that allows gene transcript detection 

within the whole S. mansoni worms, and (b) ISH performed on their semi-thin sections [147, 148]. 

In our work, we improved existing methods for ISH suitable for S. mansoni tissues. The 

optimization included tissue preservation, sectioning, prehybridization tissue treatment, and 

amplification of fluorescent signal, which contribute to the improved sensitivity of the protocol. 

The modified method is sensitive enough to detect very low abundance targets, making it a 

powerful tool for studying gene expression in schistosomes.  
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Sense gene transcripts 

Although the research of the RNA world of helminths is progressing, there are still large 

gaps in our understanding. Gene transcripts such as mRNAs (messenger RNAs) are important not 

just for making proteins, but also because they play other crucial roles. For example, parts of 

these mRNAs, known as introns, can be spliced into small RNAs. They then control the lifetime of 

mRNAs under normal and stress conditions, their stability, accessibility to other molecules, 

transport across the cell or into the extracellular space, etc. [149]. It has been shown that many 

organisms [150], including helminths [127, 151-153], transport their RNAs between cells and 

even between organisms via membranous structures called extracellular vesicles (EVs). Thus, 

RNAs are another important factor in host-helminth interaction [126, 127], and it would be 

intriguing to elucidate their biological function.  

 

Anti-sense gene transcripts 

Natural anti-sense transcripts (NATs) are abundantly transcribed in all eukaryotes but in 

many cases do not encode proteins [154]. Initially, NATs were considered to be transcriptional 

noise due to their heterogeneity, low expression levels, and unknown function. However, they 

are now increasingly being recognized as an important regulators of gene expression and post-

transcriptional events [155, 156]. Furthermore, dysfunction of NATs can cause severe diseases 

[157]. 

Pathogens such as Plasmodium, Toxoplasma, Leishmania, and Trypanosoma have been 

described to use NATs in host-parasite communication. An increasing number of studies have 

shown that these parasites transfer RNA molecules to the host cells to modulate their functions 

[158]. This transfer is usually mediated by EVs (see chapter 2.4.2). NATs have also been detected 

in helminths. Our previous studies detected NATs in adult worms of E. nipponicum [159, 160]. 

And another study showed that NATs in S. japonicum may be a key regulator of reproduction. 

The authors believe that NATs may be another way leading to an effective anti-schistosomal drug 

development [161]. 



16 

2.4.2 Extracellular vesicles in helminths 

EVs represent a mechanism of intercellular communication between the parasite and the 

host. This system allows the exchange of molecular cargo between the two organisms [162]. EVs 

carry not only various RNA molecules (mRNAs, NATs, miRNAs), but also lipids and proteins [162-

164]. The cargo of EVs can later be internalized by host cells [165-167]. 

Helminths release EVs to modulate the physiology of the host in order to increase the 

chances of survival [102, 168, 169]. EVs from the carcinogenic liver fluke Opisthorchis viverrini 

are known to be involved in the pathogenesis [170], similar to other trematodes such as 

Echinostoma caproni, Fasciola hepatica, Dicrocoelium dendriticum [127, 171], or in cestodes 

[152] and nematodes [153]. 

EV secretion has also been demonstrated in S. mansoni [172], S. japonicum [173], and S. 

haematobium [132]. Different schistosome life stages have been reported to generate and 

release EVs with overlapping but distinct compositions [174]. Such released molecules travel in 

the host bloodstream and have local or more distant effects on the host cells. EVs of S. mansoni 

and S. japonicum are internalized by immune cells and venous endothelial cells [128, 175] and 

can alter the expression of the host genes that regulate, for example, the immune system, cell 

proliferation and/or differentiation [129]. Unfortunately, the mechanisms of cargo sorting and 

packaging into EVs, intercellular trafficking, internalization into the host cells and further 

processing remain unknown [126]. 

Proteomic analysis of S. mansoni EVs revealed several vaccine candidates and potential 

virulence factors [87]. Among them, tetraspanin-1 (SmTSP-1, GeneDB Smp_155310.1), 

tetraspanin-2 (SmTSP-2, GeneDB Smp_181530), or the tegumental protein Sm29 (GeneDB 

Smp_072190) were detected, and also protease of our interest – S. mansoni serine protease 2 

(SmSP2, GeneDB Smp_002150) [87, 176]. 
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2.5 Proteolytic enzymes 

Proteolytic enzymes (peptidases or proteases) cleave the peptide bonds of proteins and 

peptides. This process is known as proteolysis [177]. In typical mammalian and helminth 

genomes, genes encoding proteolytic enzymes represent 2-4%, making them one of the largest 

functional groups of proteins [178, 179]. 

They can be classified in several ways: (a) In the EC classification of enzymes, proteases 

belong to the class of hydrolases; they use a water molecule to cleave a peptide bond. (b) 

According to the localization of the cleavage site, proteases are divided into endopeptidases, 

which cleave within the polypeptide chain, and exopeptidases, which cleave from the N-terminus 

(aminopeptidases) or from the C-terminus of the peptide chain (carboxypeptidases). Dipeptidyl 

peptidases cleave the dipeptides from the N-terminus, peptidyl dipeptidases from the C-

terminus. (c) Based on the catalytic mechanism (catalytic amino acid residue), proteolytic 

enzymes are divided into aspartic, asparagine, cysteine, glutamic, metallo-, serine, threonine 

proteases, and proteases with unknown mechanism [177]. (d) According to the MEROPS 

database [180], proteases are classified into clans and families. A clan contains proteases that 

are evolutionarily related and have similar tertiary structures. Clans are named by the letter of 

the catalytic type (A, C, G, M, N, P, S and T for aspartic, cysteine, glutamic, metallo, asparagine, 

mixed-type, serine, and threonine proteases, respectively) followed by a serial second 

consecutive capital letter. The clans are divided into families based on sequence similarity and 

identity of the enzymes. Each family is named either by a letter of the catalytic type followed by 

a sequential number, or by the exemplary protease that has been biochemically best 

characterized (e.g., chymotrypsin from S1 family) [179, 180]. 

 

2.5.1 Serine proteases 

Serine proteases (SPs) are a large and ancient group of proteolytic enzymes found in 

prokaryotes and eukaryotes. Members of this protease class are abundant, and their function is 

highly diverse. They are involved in an enormous number of physiological and pathological 
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processes in higher organisms [180]. Serine proteases have emerged during evolution as the most 

abundant and functionally diverse group of proteases, as even the most primitive organisms use 

them to process external protein food sources and to cleave their own proteins [181]. 

SPs are predominantly extracellular in higher organisms and are generally active at 

neutral and weakly alkaline environments. They use a hydroxyl group of the catalytic serine 

residue in the active site to nucleophilically attack the peptide bond during protein cleavage, 

which occurs in two sequential steps. In the first step (acylation), a covalent tetrahedral acyl-

enzyme intermediate is formed in which the carboxyl moiety of the peptide substrate forms an 

ester with the hydroxyl of the catalytic serine while the C-terminal portion of the cleaved peptide 

is released. In the second step (deacylation), a water molecule attacks the acyl-enzyme resulting 

in a second tetrahedral intermediate followed by release of the N-terminal portion of the peptide 

(Figure 4) [182]. SPs are classified into more than 50 families [180], and this thesis focuses on 

proteases from two families: the S1 chymotrypsin family and the S9 prolyl oligopeptidase family. 
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Figure 4. Arrangement of the serine protease active site. The catalytic triad consists of amino acid 

residues Asp, His and Ser. Hydrolysis of the peptide bond of the substrate is initiated by nucleophilic attack 
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(red arrows) of the hydroxyl group of serine on the carbonyl group of the cleaved peptide bond. Details 

are given in the text. 

 

S1 family of serine proteases  

SPs from clan PA, S1 chymotrypsin family are generally endopeptidases involved in many 

critical physiological processes [177, 180]. They play a crucial role in digestion, immunity, blood 

clotting, development, or pathogen invasion [177, 183]. They are characterized by a catalytic 

triad in the order His-Asp-Ser in the primary sequence [177]. Biologically important S1 family SPs 

include trypsin, chymotrypsin, subtilisin, pancreatic elastase, enteropeptidase, or myeloblastin 

[184]. 

S1 family SPs are synthesized as inactive precursors (zymogens, proenzymes) containing 

the N-terminal extension that acts as a pro-domain. Enzymatic activation is controlled by 

cleavage of this pro-domain, which results in a conformational change in the structure of the 

protease [180]. The length of the N-terminal extension varies widely from a few amino acids to 

hundreds of amino acids. The N-terminal extensions are usually connected to the protease 

domain by disulfide bridges and may have other non-proteolytic functions; they often act as 

binding domains [184]. 

According to the nomenclature of protease substrates [128] the amino acid residue of the 

substrate participating in the peptide bond with its carboxyl group is referred to as P1, the amino 

acid residue participating with its amino group is referred to as P1’. Amino acid residues in the 

substrate sequence are then numbered consecutively outward from the cleavage sites P1, P2, 

P3, P4, etc. in the N-terminal direction. Likewise, residues in the C-terminal direction are 

designated P1’, P2’, P3’, P4’ etc. (Figure 5). Based on the substrate specificity at the P1 position 

[180], the main types of S1 family protease activity can be classified as (a) chymotrypsin, with a 

preference for bulky hydrophobic amino acid residues (Trp, Tyr, Phe), (b) elastase, with a 

preference for small aliphatic residues (Val, Leu, Ala), and (c) trypsin, which prefers basic Arg or 

Lys residues [180, 184]. 
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Figure 5. Schematic representation of the substrate binding to the specific binding subsites of the 

protease. The protease binding subsites are labeled S1 to Sn for substrate binding toward the N-terminus 

from the cleaved bond, and S1´ to Sn for substrate binding toward the C-terminus. Similarly, the amino 

acid residues of the substrate bound to the subsites are labeled P1-Pn and P1'-Pn'. The cleavage site of 

the substrate (red arrow) is located between two amino acid residues labeled P1 and P1'.  

 

The structure of the S1 family proteases (Figure 6) consists of two six-stranded ß-barrel 

domains. The catalytic triad of His, Asp, and Ser residues is located at the junction between the 

β-barrels. The binding sites that determine the substrate specificity of the S1 family proteases 

have the same geometry but differ in the nature of the S1 binding site responsible for substrate 

binding at the P1 position. The negatively charged Asp182 at the base of the S1 binding substrate 

of trypsin binds positively charged Arg and Lys residues in the P1 position of the substrate (trypsin 

type), whereas the nonpolar Ser189 in chymotrypsin is responsible for binding hydrophobic 

amino acids (chymotrypsin type). 
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Figure 6. Three-dimensional structures of S1 family serine proteases . A homology model of the catalytic 

domain of S. mansoni serine protease 1 (SmSP1) from the family S1 clan PA. Family S1 catalytic domain 

with double barrel fold in cyan. The catalytic triad Ser, His, Asp residues are shown in yellow in ball-and-

stick representation (heteroatoms are red and blue for O and N, respectively). Adapted from [179]. 

 

S9 family of serine proteases 

The S9 family of serine proteases belongs to the SC clan, which is characterized by a 

catalytic triad in the order Ser-Asp-His in the primary sequence [177]. S9 family proteases have a 

molar mass of about 75 kDa, which is about three times higher than S1 family of proteases (e.g., 

trypsin and subtilisin (25-30 kDa)). Common features of this protease clan are an α/β-hydrolase 

fold of the catalytic domain and the ability to cleave Pro-Xaa peptide bonds (where Xaa is any 

amino acid residue). The S9 family proteases are multi-domain proteins typically composed of a 

C-terminal catalytic domain with an active site containing the catalytic triad, which is protected 

by an N-terminal cylinder-shaped domain called the β-propeller (Figure 7). The S9 family includes 

prolyl oligopeptidase (POP), oligopeptidase B, dipeptidyl peptidase IV etc. [180]. 

POP, also called prolyl endopeptidase, cleaves internal peptide bonds on the C-terminal 

side of proline residues and has been found throughout the living kingdom, including protozoa, 

https://www.sciencedirect.com/topics/medicine-and-dentistry/serine-proteinase
https://www.sciencedirect.com/topics/medicine-and-dentistry/enzyme-active-site
https://www.sciencedirect.com/topics/medicine-and-dentistry/enzyme-active-site
https://www.sciencedirect.com/topics/medicine-and-dentistry/schistosoma-mansoni
https://www.sciencedirect.com/topics/medicine-and-dentistry/proteinase
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helminths and humans [185]. To date, three types of mammalian POPs have been described: in 

the cytoplasm [186], serum [187] and cell membranes [188]. The function of human POPs is not 

well characterized. POPs are known to cleave proline-containing hormones such as vasopressin 

and oxytocin [189], neuropeptides involved in memory and learning [190], and other substrates 

such as bradykinin, angiotensin, and endorphin [191]. 

 

 

Figure 7. 3D homology model of the S. mansoni prolyl oligopeptidase (SmPOP) from the family S9 clan 

SC. A ribbon representation of the entire SmPOP structure showing the β-propeller domain (brown) and 

the catalytic domain (green). The catalytic triad Ser, His, Asp residues are depicted yellow in ball-and-stick 

representation (heteroatoms are red and blue for O and N, respectively). Adapted from [179]. 

 

2.6 Proteolytic systems of the blood fluke S. mansoni  

Schistosome proteolytic enzymes (proteases) operate at the host-parasite interface and 

are essential for successful parasitism. They facilitate important functions such as parasite 

https://www.sciencedirect.com/topics/medicine-and-dentistry/prolyl-endopeptidase
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invasion, migration, feeding, maturation and reproduction [192] and modulate the host 

physiology and immunity [179, 193]. 

In adult parasites, there are two major proteolytic systems that are intensively studied 

and that play a key role in the parasite-host relationship: a proteolytic system localized in the 

schistosome gut that is responsible for digesting ingested host blood proteins, and a proteolytic 

system on the surface of the parasite (tegument) (Figure 2) that plays a role in host-parasite 

interactions. Most studies of schistosome proteases have focused on cysteine and aspartic 

proteases from the digestive proteolytic system [180]. These enzymes are critical for blood 

digestion [14, 98]. Current research concentrates primarily on S. mansoni cathepsin B1 (SmCB1), 

a key digestive protease that has been validated as a molecular target for chemotherapy in a 

murine model of schistosome infection [78]. 

Proteases functioning in the tegument of schistosomes have not been extensively studied 

so far [194-196]. The tegument is a host-interactive outer surface of schistosomes that is critical 

for modulating host response and parasite survival. It is involved in host-parasite interactions 

such as nutrient uptake and immune evasion [84, 89]. Several proteomic studies have analyzed 

the tegumental proteome and aimed to identify tegument-specific and surface-exposed proteins 

[195], but, studies on the biological roles of tegumental proteases are rather scarce. To date, only 

a few proteases have been identified and biochemically characterized in the tegument, including 

the cysteine proteases cathepsin B2 [197] or calpain [198, 199] which is also considered a 

putative vaccine and drug target [133, 134, 200, 201]. The exact role of these enzymes is still 

unclear, but it's thought that they may be involved in the metabolism happening on the worm 

surface or play a specific role in the host-parasite interaction. 

 

2.6.1 Serine proteases from S. mansoni 

The genome of S. mansoni encodes more than 300 proteases [202-204], which is nearly 

2.5% of the total genome. Out of these, about 25-30% of the genes have been functionally 
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annotated as SPs [205], but only a few of these SPs have been biochemically and biologically 

characterized. 

SPs are the best studied group of proteases in the living kingdom, but they are much less 

studied in parasitic worms. Only a small number of SPs have been characterized in helminths 

(trematodes, cestodes, and nematodes). Their putative roles are estimated in parasite 

reproduction and development, nutritient intake, host tissue and cell invasion, anticoagulation, 

or immune evasion have been suggested [183]. The exceptions are the cercarial elastase (SmCE), 

which is used by cercariae to penetrate the definitive host and has been studied in detail [206, 

207], and the partially described protease SmSP1, which is produced by the adult worms and 

eggs [16]. 

 

S1 family of serine proteases in S. mansoni 

Among all SPs in the S. mansoni genome, only 16 unique sequences of serine proteases 

belong to the clan PA family S1 (chymotrypsin family). This is significantly less than the 135 family 

S1 proteases detected in the human genome [180, 202]. Of these 16 genes, two were identified 

as putative proteolytically inactive SmSPs (lacking the catalytic Ser or His residue in the catalytic 

triad), eight genes encode SmCE (Schistosoma mansoni cercarial elastase; encoding both –

proteolytically active and inactive products), and five genes encode sequences of S1 family 

proteases that have not been previously characterized. The last five genes, designated SmSP1 to 

SmSP5, were identified in the gene database and were the focus of our investigation [208]. 

 

S. mansoni cercarial elastase, SmCE 

Cercarial elastase (SmCE) is well-studied SPs of S. mansoni. SmCE is a key enzyme for the 

larval stage - cercariae. The enzyme is produced by the acetabular glands and released 

immediately after cercariae attach to the skin of the definitive host [29, 209]. SmCE is used by 

the parasite to degrade epidermal proteins, and thereby facilitating parasite infection [206]. 

SmCE has chymotrypsin-like activity - it cleaves the peptide chain behind large hydrophobic 
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amino acids [209]. It owes its name to its ability to degrade elastin. In addition, it can also cleave 

other connective tissue proteins such as collagen, fibronectin and laminin [210], or some 

immunoglobulins [211]. 

A total of 8 SmCE isoforms have been found in the S. mansion genome, but only two of 

them are responsible for most of the enzymatic activity [212]. The SmCE1c isoform was found 

only as a pseudogene (it is not transcribed into RNA), and only mRNA was found for the SmCE2b 

isoform, but no protein was detected [207]. 

SmCE expression occurs in pre- and post-acetabular glands at the sporocyst stage, when 

cercariae develop. In pre-acetabular glands, SmCE is found in vesicles containing large amounts 

of calcium, whereas post-acetabular glands contain SmCE together with mucopolysaccharides 

[212]. 

 

S. mansoni protease with kallikrein-like activity, sK1 

Apart from SmCE, only two S1 family SPs have been partially characterized in S. mansoni: 

proteases designated sK1, and SmSP1. The protease sK1 was purified from the supernatant of S. 

mansoni adult worm homogenate. It is an enzyme with kallikrein-like activity that cleaves 

bradykinin from plasma kininogen [213]. Bradykinin is a potent vasodilator that increases 

vascular permeability. The activity of this enzyme was twenty times higher in males than in 

females [213, 214]. The primary structure of sK1 has not been characterized. 

 

S. mansoni serine protease 1, SmSP1 

Pivotal studies identified and cloned the gene encoding the S1 family protease named S. 

mansoni serine protease 1 (SmSP1), with sequence similarity to plasma kallikrein and human 

complement factor I-like protease [15, 16]. SmSP1 is highly expressed in the eggs and at lower 

levels in the adult worms. In adults, SmSP1 has been immunolocalized in the surface tubercles 

(in the tegument) of males and detected in ES products of adults and eggs [16]. SmSP1 has been 
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proposed to be the anticoagulant and vasodilatory factors that modulate blood hemostasis 

during the infection [214]. 

 

S9 Family of serine proteases in S. mansoni 

A single gene encoding prolyl oligopeptidase (POP) was identified in the S. mansoni 

genome and was designated SmPOP (Smp_213240). The sequence was identified in the S. 

mansoni genome database [202, 215] by analysis with the BLASTp program using the human 

prolyl oligopeptidase sequence as a template. Orthologues have been identified in S. japonicum, 

S. haematobium and Trypanosoma cruzi genome databases [216]. 

For other parasites, the best characterized POP is Tc80 in the infective trypomastigote stage 

[217]. Inhibition of Tc80 prevents parasite entry into host cells suggesting that it may play role in 

the parasite invasion [216]. Accordingly, Tc80 has been investigated as a potential drug target 

[216, 218]. 

 

Other S. mansoni serine proteases 

Other previous studies have shown that S. mansoni SPs may be associated with 

modulation of the host immune system. The activity of SPs is very often involved in the 

degradation of some types of immunoglobulins and some components of the complement 

system [219, 220]. For example, migrating larvae (cercariae, schistosomula) of S. mansoni secrete 

unknown SPs that can degrade immunoglobulin E [220]. Other study has shown that certain SPs 

secreted by S. mansoni are capable of degrading some members of complement, such as C3, C4, 

factor B, complement factor H, clusterin, or others [105]. The mechanisms and specific SPs 

involved in these processes remain to be elucidated. 
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3 Aims of the Thesis 

The thesis focuses on proteolytic enzymes (proteases) of the blood fluke S. mansoni. This 

parasite causes schistosomiasis, a neglected tropical disease affecting more than 250 million 

people. Schistosome proteases are important for all blood-dwelling stages of the parasite in the 

human host. They play a key role in parasite-host interactions such as invasion of the host body, 

migration through tissues, digestion of proteins, suppression of immunity and modulation of host 

homeostasis. Excretory/secretory (ES) products of the schistosomes play a major role in these 

interactions. The main objective of this work is to analyze and characterize the proteolytic 

systems of the blood fluke S. mansoni with a focus on serine proteases. 

 

The specific aims are as follows: 

• Optimization of the method for preparation of ES products from different developmental 

stages of S. mansoni 

• Analysis and classification of the main types of proteolytic activity in the ES products  

• Bioinformatic analysis and annotation of SPs in the genome of S. mansoni, analysis of their 

expression profile in different life stages of S. mansoni  

• Validation and optimization of fluorescence in situ hybridization method for detection of 

RNA transcripts in adult S. mansoni  

• Localization of serine protease gene transcripts in adult S. mansoni using RNA in situ 

hybridization technique 

• Biochemical and functional characterization of two S. mansoni serine proteases, SmSP2 and 

SmPOP, their immunolocalization and analysis of their potential role in host-parasite 

interactions 
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4 Results 
4.1 Overview of thesis results 

The results of this thesis are summarized in 7 publications, 5 papers in international peer-

reviewed journals and two book chapters. These publications are presented below; each 

publication is preceded by a short summary that recapitulates the main results of the 

experimental work and summarizes the contribution of the researcher's work. These publications 

describe the identification, localization and functional characterization of serine proteases of the 

parasite S. mansoni. 

The first publication describes the localization of gene transcripts (mRNAs) encoding serine 

proteases within S. mansoni adults using the fluorescence in situ hybridization (FISH). The second 

publication is dedicated to the identification and classification of proteolytic activities in ES 

products of S. mansoni developmental stages invading humans. The third publication deals with 

the annotation, expression analysis and characterization of the activity of five S. mansoni serine 

proteases (SmSPs), designated SmSP1 to SmSP5. Publications No. 4 and No. 5 provide detailed 

biochemical and functional characterization of two serine proteases, SmSP2 and SmPOP, from 

the S. mansoni parasite, and the publications No. 6 and No. 7 are book chapters describing in 

detail the methods for ES product collection from S. mansoni developmental stages and FISH in 

adult schistosomes. 
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4.2 Publication No. 1: Spatial expression pattern of serine proteases in the blood 

fluke Schistosoma mansoni determined by fluorescence RNA in situ 

hybridization. 

Proteases of schistosomes are involved in critical steps of host-parasite interactions and 

are promising therapeutic targets. The gene expression levels of some proteases are very low, 

and therefore are not detectable by standard genome sequencing technologies, they are 

marginally detectable at the method thresholds. In this publication, the highly sensitive 

fluorescence in situ hybridization (FISH) technique, based on the detection of digoxigenin-labeled 

RNA probes by anti-digoxigenin antibody conjugated to horseradish peroxidase, was used to 

study the distribution of RNA transcripts in adult male and female S. mansoni. A detailed protocol 

for this technique is described in publication No. 6. 

The technique was optimized and validated by detecting a set of target RNA transcripts 

whose distribution in S. mansoni adults had previously been determined by other methods - 

digestive cathepsin B1 (SmCB1), surface-localized prolyl oligopeptidase (SmPOP), tegumental 

tetraspanin (SmTsp-2) and membrane-bound protein Sm29. The validated FISH technique was 

then used to determine the tissue distribution of transcripts of individual S1 family S. mansoni 

serine proteases (SmSPs) (their identification and characterization is described in publication No. 

3). The analysis revealed complex expression patterns of all SmSPs which were found in multiple 

tissues (reproductive organs, parenchymal cells, esophagus, and the tegument surface). The 

expression patterns of individual proteases were distinct, but partially overlapping, and 

consistent with existing transcriptome sequencing data [221, 222] or our immunolocalization 

data (publications No. 4 and No. 5). The exceptions were genes with significantly low expression 

levels, which were also localized in tissues where they had not been previously detected by RNA 

sequencing methods. Interestingly, some of the schistosome genes are not only transcribed as 

sense mRNAs, but also as antisense transcripts that do not encode proteins. 

The results suggest that SmSPs play a role in various biological processes of the parasite. 

Some of the surface-expressed SmSPs may be involved in host-parasite interactions. 
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PhD applicant contribution: RNA probe design and production, adult schistosome isolation, 

tissue preparation for microscopy, fluorescence in situ hybridization (FISH), microscopy 

techniques, data analysis and interpretation, image processing, manuscript preparation and 

writing and editing. 
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4.3 Publication No. 2: Excretion/secretion products from Schistosoma mansoni 

adults, eggs and schistosomula have unique peptidase specificity profiles. 

Proteases are important for successful schistosome parasitism of allowing them to invade, 

grow, feed reproduce and help them to manipulate the host immune system and physiology 

[179]. To date, research has focused on annotation of their sequences as part of global genome 

and/or transcriptome studies [136, 202], proteomic analysis [178, 195], or the functional 

characterization of individual proteases [16, 91, 201, 223]. Proteomic analysis of ES products 

revealed the presence of a large number of proteases secreted by schistosomes into the 

environment where they play an essential role in parasite-host interactions, e.g., by modulating 

host physiology and immunology [174]. 

Publication 2 is devoted to the analysis and classification of the proteolytic activity of ES 

products of S. mansoni developmental stages parasitizing the human body; namely 

schistosomula (post-infective migratory larvae), adults and the eggs. S. mansoni ES products were 

collected (detailed method was described in publication No. 7) and proteolytic activity was 

analyzed using the Multiplex Substrate Profiling by Mass Spectrometry (MSP-MS) assay [224], 

and a kinetic assay with a panel of internally quenched, fluorescent peptidyl substrates. Both 

methods were used in combination with specific inhibitors of different protease classes allowing 

the identification of protease classes contributing to the global activity of the parasite. 

The results revealed the complexity of proteolytic activities released by the schistosoma 

life stages parasitizing the human host. Each stage produced a different set of endo- and exo-

peptidase activities. All stages secreted serine proteases, which predominated in the ES products 

of schistosomula. In contrast, three major classes of proteases - serine, cysteine and 

metalloproteases - are represented in both egg and adult ES products, with metalloproteases and 

serine proteases predominant in adult schistosomes, whereas the activity of serine and cysteine 

proteases, which are active at neutral pH, is pronounced in the egg. Identification and annotation 

of the serine proteases is described in publication No. 3, the detailed characterization of two 

serine proteases in the publications No. 4 and No. 5. Other proteases from ES products are 

awaiting further investigation.  

https://pubmed.ncbi.nlm.nih.gov/26409899/
https://pubmed.ncbi.nlm.nih.gov/26409899/
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PhD applicant contribution: Preparation of individual S. mansoni developmental stages 

parasitizing humans (schistosomula, adults, and eggs), and their cultivation, collection of ES 

products and their preparation for MSP-MS analysis. 
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4.4 Publication No. 3: Trypsin- and chymotrypsin-like serine proteases in 

Schistosoma mansoni - 'the undiscovered country'. 

Significant serine protease activity was found in ES products of all developmental stages of 

S. mansoni parasitizing humans (publication No. 2). According to the MEROPS database [180], 

the most abundant family of serine proteases is the S1 family of chymotrypsin. Therefore, 

publication No. 2 was dedicated to the identification, annotation, expression and phylogenetic 

analysis, and characterization of the activities of the S. mansoni S1 family serine proteases 

(SmSPs). 

Five different genes encoding SmSPs, designated SmSP1 to SmSP5, were identified and 

annotated by bioinformatic analysis of the S. mansoni genome using BLAST against the sequences 

of vertebrate S1 family proteases. Individual SmSPs are distinct molecules with the same 

S1 family type catalytic protease domain at the C-terminus, but with a different domain structure 

at the N-terminus. qRT-PCR analysis revealed complex expression patterns for SmSPs in different 

schistosome developmental stages (eggs, miracidia, daughter sporocysts, cercariae, 

schistosomula, and adult worms). SmSP2 stood out as being massively expressed in 

schistosomula and adult stages. Phylogenetic analyses separated SmSPs into distinct clusters of 

family S1 proteases. Based on bioinformatics and cleavage preferences, SmSP1 to SmSP4 are 

trypsin-like proteases (with a preference for basic residues at the P1 subsite of the active site), 

whereas SmSP5 is chymotrypsin-like (with a P1 preference for bulky hydrophobic residues). 

Consistent with the number of trypsin-like sequences in all life stages examined, significant 

trypsin-like activity was detected using a panel of peptidyl fluorogenic substrates in protein 

homogenates and ES products from eggs, schistosomula and adults. 

Our findings in this work provided a basis for further exploration of the functions of the 

individual SmSPs, including their potential contributions to influencing host physiology. 
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PhD applicant contribution: Implementation and optimization of the protocol for ES products 

collection and analysis, preparation and cultivation of the S. mansoni developmental stages, 

collection and preparation of their ES products for further analysis.  
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4.5 Publication No. 4: SmSP2: A serine protease secreted by the blood fluke 

pathogen Schistosoma mansoni with anti-hemostatic properties. 

This publication focuses on the detailed functional and biochemical characterization, including 

immunolocalization, of S. mansoni serine protease 2, SmSP2, the most highly expressed SmSP by 

blood-dwelling stages of schistosomes. SmSP2 has been described as a multi-domain protein 

consisting of an N-terminal region with of a stretch of histidine residues, a thrombospondin-1 

type 1 repeat domain, and an S1 family serine protease domain at the C-terminus. The trypsin-

like cleavage specificity of recombinant SmSP2 was demonstrated using positional scanning and 

multiplex combinatorial libraries. The protease was localized to the tegmental cells of the adult 

schistosome surface, from where it is secreted into the host environment. SmSP2 exhibited 

limited proteolysis of protein substrates. It effectively processed host blood bioactive peptides 

and proteins involved in host proteolytic cascades i.e., blood coagulation, fibrinolysis, and blood 

pressure regulation. Thus, SmSP2 may interfere with critical host hemostatic processes and 

contribute to the parasite survival in the host. Accordingly, SmSP2 may be an attractive drug 

target or vaccine candidate.  

 

PhD applicant contribution: parasite cultivation, preparation of adult schistosome tissues for 

microscopy, immunofluorescence microscopy and subsequent microscopy data analysis and 

interpretation. 
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4.6 Publication No. 5: Prolyl oligopeptidase from the blood fluke Schistosoma 

mansoni: from functional analysis to anti-schistosomal inhibitors. 

Publication No. 5 focuses on the localization, functional and biochemical characterization 

of S. mansoni prolyl oligopeptidase (SmPOP), the serine protease of the S9 family. 

Oligopeptidases of this family are known virulence factors for protozoan trypanosomatids but 

have not been studied in parasitic flukes. 

The gene encoding SmPOP was identified in the S. mansoni genome database by a protein 

BLAST analysis using human prolyl oligopeptidases as a query. SmPOP has a characteristic domain 

composition similar to mammalian POPs, consisting of N-terminal, β-propeller and protease 

domains. SmPOP was shown to be expressed in an enzymatically active form in the 

developmental stages infecting humans (eggs, adult worms and schistosomula). By 

immunofluorescence microscopy, SmPOP was localized in the parenchyma and tegument 

(including tubercles) of adult worms and schistosomula. The active site specificity of SmPOP was 

investigated using synthetic substrate and inhibitor libraries, and by homology modeling. SmPOP 

is a true oligopeptidase that hydrolyzes peptide (but not protein) substrates with a strict 

specificity for Pro at P1. 

Both recombinant and native enzymes in live adult worms cleave host vasoregulatory, 

proline-containing peptidic hormones such as bradykinin or angiotensin I, suggesting a role for 

SmPOP in the regulation of host vascular tone, thereby contributing to parasite survival in the 

host. In addition, designed nanomolar inhibitors of SmPOP induce deleterious phenotypes in 

schistosomes maintained in culture. The data suggest that SmPOP is important for parasite 

survival and thus a potential target for the development of anti-schistosomal therapeutics. 

 

PhD applicant contribution: parasite cultivation, preparation of adult schistosome tissue 

preparations for microscopy, immunofluorescence microscopy, data analysis and interpretation. 
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4.7 Publication No. 6: Sensitive fluorescence in situ hybridization on semithin 

sections of adult Schistosoma mansoni using DIG-labeled RNA probes. 

RNA in situ hybridization is a technique that allows the analysis of the spatial distribution 

of gene expression within tissues or single cells. This publication describes an optimized protocol 

for sensitive fluorescence detection of gene transcripts (mRNAs) on semi-thin sections of adult 

S. mansoni. It is based on the annealing of digoxigenin-labeled RNA probes to complementary 

sequences in the sample. These probes are then detected using anti-digoxigenin antibody 

coupled to fluorescent tyramide signal amplification, which amplifies the signal and allows 

visualization of the probe. Improved methods of tissue preservation, sectioning, amplification of 

fluorescent signal, and prehybridization tissue treatment, were specifically tailored for the 

detection of gene transcripts in fine structures. The protocol was sensitive enough to detect very 

low abundance targets. The procedure was optimized for adult S. mansoni tissues; however, it 

can be successfully applied to other trematode species [159, 160]. 

 

PhD applicant contribution: parasite collection and cultivation, tissue preparation (fixation, 

sectioning, paraffin embedding), microscopy techniques, co-author of probe design (cloning, 

plasmid validation, probe synthesis, probe labeling), in situ hybridization protocol optimization 

(all hybridization steps, signal amplification), data interpretation, image preparation, manuscript 

writing and drafting. 

 

The full text of this book chapter cannot be included in the thesis due to copyright restrictions. 

Therefore, only the title page is included.  
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4.8 Publication No. 7: Collection of excretory/secretory products from individual 

developmental stages of the blood fluke Schistosoma mansoni 

Individual developmental stages of the blood fluke S. mansoni excrete or secrete a wide 

variety of biomolecules from their bodies into the surrounding host environment. These 

excretory/secretory (ES) products enable successful schistosome parasitism. They function at the 

host-parasite interface where they facilitate host invasion and contribute to the parasite survival 

by modulating host immune and homeostatic responses. To study these processes in detail, it is 

necessary to collect sufficient amounts of ES products. This publication describes optimized 

protocols for the collection of ES products from S. mansoni developmental stages that infect or 

reside in the human host: cercariae, schistosomula, adults, and eggs. 

 

PhD applicant contribution: Preparation of individual developmental stages of S. mansoni and 

their cultivation, optimization of protocols for collection of ES products and their processing for 

further analysis. 

 

The full text of this book chapter cannot be included in the thesis due to copyright restrictions. 

Therefore, only the title page is included.  

 

  



129 

 



130 

5 Discussion 

Schistosoma spp. are blood flukes that can survive for many years or decades in the vascular 

system of the definitive host, including humans [12]. Proteolytic enzymes (proteases, peptidases) 

are key players in successful schistosome parasitism. These enzymes are essential for the survival 

and vital functions of the parasite and are also released into the surrounding environment where 

they interact with the host. They play key roles in processes such as reproduction and 

development, nutrient uptake, invasion of ng the host, and alternation of the host's body 

functions. They can also interfere with blood clotting, dilate blood vessels, or modulate the host's 

immune response [183, 213, 214]. 

This thesis focuses on the serine proteases of the blood fluke S. mansoni, with an 

emphasis on the S1 family serine proteases (SmSPs). Previous research has mainly concentrated 

on cysteine and aspartic proteases from the schistosome digestive network, a physiological 

cascade related to the nutrient intake [14, 98, 206]. Serine proteases have long been neglected 

and little information is available about them. The exception is a serine protease known as 

cercarial elastase, which is used by cercariae to penetrate the host skin and has been well studied 

and characterized [207, 212]. 

To survive, parasitic helminths manipulate the host's complex homeostatic systems 

through surface (tegument) molecules or through various biomolecules released into their 

environment, which are generally referred to as excretory/secretory (ES) products. In publication 

No. 2, the proteolytic activities of ES products from S. mansoni developmental stages (eggs, 

schistosomula and adults) were analyzed using a panel of substrates and class-specific protease 

inhibitors. The protocols for the preparation of these ES products are described in detail in 

publication No. 7. Each of the developmental stages produced a distinct profile of proteolytic 

activities, indicating a different set and ratio of proteases. The proteolytic profile of 

schistosomula ES products is the simplest with a predominant activity of serine proteases. More 

complex profiles were identified for adult and egg ES products, with serine, cysteine and 

metalloproteases contributing to the proteolytic activities. Such differences in ES production may 
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be related to the fact that different life stages reside in a different types of host tissues, and 

therefore have different conditions and strategies for survival and further development. 

Significant serine protease activity was detected in ES products from all analyzed stages. 

The vast majority of publications on SmSPs deal with cercarial elastase (an enzyme produced by 

infective larvae cercariae to facilitate penetration into the human body) [206, 207, 209-212, 224]. 

Of the other SmSPs, only two representatives, SmSP1 and sK1, have been partially characterized 

previously [16, 213]. For both proteases, a role in the regulation of vascular tone has been 

suggested. In publication No. 3, a group of five serine proteases of the S1 family [180], designated 

SmSP1-5, was identified and described using a variety of genomic, transcriptomic, phylogenetic 

and functional proteomic approaches. All five SmSPs have a catalytic domain typical for S1 family 

of proteases with a catalytic triad in the order of His, Asp and Ser. The catalytic domains of SmSP1 

to SmSP4 share significantly greater sequence identity (about 30%) with each other than with 

SmSP5 (about 20%) [179, 208]. 

The sequence alignment of SmSPs revealed that all members, except SmSP5, share a 

conserved Asp182 residue, which determines the specificity of the S1 binding site, favoring Arg 

and Lys residues at the P1 position. This specificity is analogous to that of vertebrate trypsins 

[225]. In contrast, the S1 binding pocket of SmSP5 has a Gly182. In addition, SmSP5 lacks the 

disulfide Cys184-Cys212, which is present in the other four SmSPs and is known to stabilize the 

S1 binding site in vertebrate trypsins. Interestingly, this disulfide is also absent in schistosome 

cercarial elastases, which contain non-polar residues (Ile or Leu) at the bottom of the S1 binding 

pocket, resulting in elastase and chymotrypsin-like activities [207]. In summary, SmSP5 is likely 

to have a substrate specificity similar to that of chymotrypsin-type proteases and is therefore 

structurally closer to the cercarial elastase and invertebrate chymotrypsin-like proteases than 

other S1 family proteases. Orthologs of all SmSPs have been found in other Platyhelminthes such 

as Opistorchis spp., Clonorchis spp., Echinococcus spp. or Taenia solium [176, 208]. 

SmSP1 and SmSP3 are multi-domain enzymes. Their domain organization resembles that 

of host proteases involved in blood coagulation or fibrinolysis. In addition to the catalytic 

protease domain, SmSP1 contains a Complement-Uegf-BMP-1 (CUB) extracellular and plasma 

membrane-associated domain, an LDL-binding receptor domain class A (LDLa) domain, and 



132 

SmSP3 contains an incomplete CUB domain. The LDLa domain of SmSP1 may be responsible for 

cholesterol uptake. Schistosomes and other trematodes do not synthesize cholesterol and they 

must scavenge it from the host. A 2009 study showed that S. mansoni eggs release factors that 

mediate cholesterol lowering in mouse sera, while the presence of adult worms appeared to have 

little or no effect [226]. The CUB domain of SmSPs (SmSP1 and SmSP3) has an unknown function. 

In vertebrates, it is associated with regulatory proteases incorporated into the plasma 

membranes or with proteins in the extracellular space [227]. Accordingly, SmSP1 has been 

detected at the surface of the adult males and in the ES products [16, 228]. 

In publications No. 4 and No. 5, two S. mansoni serine proteases, SmSP2 and SmPOP, were 

biochemically characterized, and their biological roles were proposed. The SmSP2 sequence 

contains an N-terminal multidomain region, consisting of two unique structural features, a 

histidine stretch, a thrombospondin type 1 repeat (TSR-1) domain, and an S1 family catalytic 

protease domain at the C-terminus. The histidine stretch may act as a metal binding site, as we 

have shown in vitro using metal affinity chromatography with SmSP2 (publication No. 4). The 

TRS-1 domain has been found in multiple protein families and is present in more than 40 human 

proteins e.g. thrombospondins and some complement factors [229]. It is known to mediate cell 

adhesion, protein-protein interactions, or angiogenesis inhibition [176, 230]. SmPOP is a serine 

protease from the S9 family and its orthologues have been also found in other trematodes and 

nematodes [231, 232]. It is a true oligopeptidase that hydrolyzes peptide (but not protein) 

substrates with a strict specificity for Pro at P1. SmPOP cleaves host vasoregulatory, proline-

containing hormones such as angiotensin I and bradykinin. 

SmSP2 and SmPOP contribute to the parasite survival by modulating the local host 

vascular environment in favor of the parasite. During the residence of adult schistosomes in the 

host´s blood vessels, the worms can alter or disrupt normal blood flow and damage the 

endothelium of the veins. This could lead to the platelet activation and subsequent blood 

clotting. However, no blood clots were found on the surface of the parasite residing in the host. 

Our in vitro results showed that SmSP2 prevents blood clotting, is responsible for fibrinolysis and 

simultaneously adjusts vasoconstriction and vasodilation as needed [176]. At the same time, 

SmPOP possess important vasodilatory and anti-inflammatory effects [231]. Thus, SmSP2 and 
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SmPOP provide a survival benefit to the schistosomes during their residence and movement 

within the venous blood system. We hypothesize that the serine proteases SmSP2 and SmPOP 

may be a novel target for the development of anti-schistosomal treatment. 

In publication No. 1, fluorescence in situ hybridization (FISH) was used to localize 

individual RNA molecules in adult S. mansoni in tissues including the esophagus, testis, ovary, 

vitellarium, and parenchymal and tegumental cells, including tubercles. The method is based on 

the detection of digoxigenin-labeled RNA probes by a horseradish peroxidase-conjugated anti-

digoxigenin antibody. Probes hybridizing to transcripts were visualized by tyramide amplification 

assay [233]. The protocol is described in detail in publication No. 6. 

The FISH method was validated by detecting expression patterns for a set of transcripts 

of previously described genes. The obtained results were in good agreement with previous 

findings reported using other techniques: transcripts of the digestive protease SmCB1 were 

localized in the gut, the expression of the surface-localized SmPOP was detected in the 

parenchyma and tegument, and the mRNAs of the tegumental SmTsp-2 and Sm29 were found in 

the tegumental cytons or tegument. 

The transcriptome sequencing data [208, 221, 222, 234, 235] revealed that SmSP2 and 

SmSP4 are abundantly expressed in adult schistosomes, while SmSP1, SmSP3, and SmSP5 are 

significantly less expressed. The highly-sensitive FISH described in publication No. 1 revealed the 

expression pattern of all SmSPs, including the low-abundantly expressed ones, distributed in 

multiple tissues of adult schistosomes. All SmSPs were commonly detected only in the 

parenchyma of both sexes, but individual SmSPs showed distinct expression patterns in different 

subtypes of parenchyma cells, indicating their unique functional roles. Several SmSPs were 

localized in the esophagus and in some reproductive organs of male or female worms, suggesting 

their involvement in vital functions and reproduction. SmSPs may have there a function similar 

to that of SPs in the gonads of Caenorhabditis elegans or Ascaris suum, where they are involved 

in spermatogenesis and sperm activation in the uterus [236, 237], or SPs in the Drosophila 

melanogaster reproductive duct, which mediate post-mating responses [238]. 
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Transcripts of some genes (SmSP4, SmPOP, and SmTsp-2) were localized on the surface 

of the male worms in tegumental cell structures known as tegumental tubercles (Figure 2). 

Protein synthesizing and sorting machinery (including the endoplasmic reticulum and Golgi 

apparatus) are located in the nucleated regions of the tegumental cells known as cell bodies or 

tegumental cytons (Figure 2). They are located beneath the musculature and are connected to 

the syncytial surface portion by cytoplasmic junctions. The most common destination for mRNAs 

within the cell is in the close proximity to the site of translation, i.e. near to the endoplasmic 

reticulum. Therefore, mRNA would be expected in the tegumental cytons, but not in the surface 

layer, in the tegumental tubercles. The unexpected localization in the tegument and tubercles 

suggests the existence of a yet to be understood transport mechanism that moves mRNA 

molecules from the cell bodies to the tegument and may play a role in the interactions between 

the worm and its host, e.g. via extracellular vesicles released by schistosomes.  

The last interesting result of the localization study is the detection of natural antisense 

transcripts (NATs) (see chapter 2.4) exclusively in the female oviduct. This suggests their potential 

regulatory function in the reproductive processes of S. mansoni. Understanding the precise role 

of NATs in these processes warrants further investigation. 
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6 Conclusion 

The thesis focused on proteolytic enzymes from the blood flukes S. mansoni, which cause 

schistosomiasis, one of the most important parasitic diseases. The results are summarized in five 

publications in international journals and two book chapters. The work provides a new 

comprehensive description of the proteases secreted by the blood flukes into the host 

environment. Newly discovered serine proteases have been characterized in this thesis and their 

potential function in parasite-host interactions has been described. 

 

The thesis fulfilled its aims and the main results achieved are as follows: 

• Excretion-secretion (ES) products of selected developmental stages of S. mansoni were 

prepared and the procedures for their collection were optimized. 

• Proteolytic activities of ES products of S. mansoni developmental stages potentially 

interacting with the human host were identified. Each developmental stage secretes a 

unique spectrum of proteases, which invariably includes a significant proportion of serine 

proteases. 

• Using bioinformatic analysis, genes for five different serine proteases (SmSPs) were 

identified and annotated in the S. mansoni genome. RT-qPCR analysis of their expression 

at different developmental stages revealed a complex expression profile for each SmSP, 

with the SmSP2 protease being the most abundant. The activities of SmSPs were also 

detected using selective fluorogenic substrates in homogenates and ES products of the 

studied stages. 

• A novel protocol for fluorescent in situ hybridization (FISH) was optimized and validated. 

This protocol is highly sensitive for the detection of low abundance targets and is 

applicable to other trematodes such as Eudiplozoon spp. 

• Gene transcripts (mRNAs) of all studied SmSPs were detected in adult S. mansoni males 

and females by FISH method. Transcripts of SmSP2 and SmSP4 were found in the 

tegument and its tubercles. Anti-sense transcripts were detected exclusively for SmSP5 in 

the oviduct. 
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• Protease SmSP2 and SmPOP were biochemically characterized and immunolocalized in 

adult worms.  Their potential role in host-parasite interaction was described. 
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