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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.



Abstrakt

Schistosoméza je zdvainé parazitarni onemocnéni zpUsobené motolicemi rodu
Schistosoma. | ve 21. stoleti z(istava celosvétovym zdravotnim problémem, nebot je ji nakazeno
vice nez 250 milion( lidi v 78 zemich svéta. Soucasna terapie je zaloZzena predevsim na dvou
lécich, praziquantelu a oxamniquinu. Vzrustajici riziko vzniku rezistence vyvolava potfebu novych
alternativnich chemoterapeutik nebo vakcin. Proteazy schistosom se podileji na mnoha kritickych
interakcich parazita s hostitelem, a proto predstavuji slibné cile pro vyvoj novych lé¢ebnych
strategii proti schistosomédze. Tato dizertacni prace se zaméfuje na charakterizaci serinovych
proteaz krevnicky Schistosoma mansoni a na urceni jejich role v interakci s lidskym hostitelem za
pouziti genomickych a bioinformatickych pfistupl, véetné metod molekularni biologie RNA a
proteinové biochemie. Nejprve byly pomoci funkéni proteomiky klasifikovany hlavni typy
proteolytickych aktivit v exkrecné sekrec¢nich produktech vylu¢ovanych vyvojovymi stadii S.
mansoni Zijicimi v krvi hostitele. Analyza odhalila komplexnost téchto proteolytickych aktivit,
které jsou jedinecné pro kazdé stadium parazitujici v lidském hostiteli. U vSech studovanych stadii
byla v sekreénich produktech detekovan vyznamny podil aktivit serinovych proteaz. Nasledné
byla v genomové databazi pro S. mansoni detekovana a anotovana sada genl pro serinové
proteazy. Analyza jejich lokalizace v dospélych krevnickach provedena pomoci fluorescenéni RNA
in situ hybridizace ukazala komplexni expresni profil jednotlivych proteaz v rliznych tkanich. Dvé
z nich, serinova proteaza 2 (SmSP2) a prolyl oligopeptidaza (SmPOP), byly biochemicky a funkéné
analyzovany za poufZiti rekombinantnich protein a byla navrZena jejich biologicka role v
modulaci hemostazy hostitele. Disertacni prace pfinesla nové dllezité informace o serinovych
proteazach S. mansoni a jejich potencialni roli v interakci parazita s hostitelem prostfednictvim
modulace jeho fyziologie. Tyto informace jsou duleZité pro vyvoj novych anti-schistosomalnich

|éciv.
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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



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.



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)



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



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].



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



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 Ca?*-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



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



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 mMRNA 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].

Coagulation

_ [Classical: Lectin: Alternative: M

! Cland C4 | | MASP2 C3b ‘|‘ l
o e g =
| v protein C—protein S \, PAI2 ) 1

Complement Fibrinolysis

-
( Elasmirj/,

<« (@issue factop
/
Thrombin (Fbrin- )
| v l degradation
» (Fibrin) ——=— products

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



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 (Thl)
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].
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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.

Substrate

Active site of serine protease

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

18



(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 R-barrel
domains. The catalytic triad of His, Asp, and Ser residues is located at the junction between the
B-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 a/B-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 B-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,
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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 B-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
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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].

SMmCE 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 (mMRNAs) 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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Spatial expression pattern of serine

proteases in the blood fluke Schistosoma
mansoni determined by fluorescence RNA
in situ hybridization
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Abstract

Background: The blood flukes of genus Schistosoma are the causative agent of schistosomiasis, a parasitic disease that
infects more than 200 million people worldwide. Proteases of schistosomes are involved in critical steps of host-parasite
interactions and are promising therapeutic targets. We recently identified and characterized a group of S1 family Schisto-
somamansoni serine proteases, including SmSP1 to SmSP5. Expression levels of some SmSPs in S mansoni are low, and by
standard genome sequencing technologies they are marginally detectable at the method threshold levels. Here, we report
their spatial gene expressicon patterns in adult 5. mansoni by the high-sensitivity localization assay.

Methodology: Highly sensitive fluorescence in situ RNA hybridization (FISH) was modified and used for the localization
of mRNAs encoding individual SmSP proteases (including low-expressed SmSPs) in tissues of adult worms, High sensitivity
was obtained due to specifically prepared tissue and proles in combination with the employment of a signal amplification
approach. The assay method was validated by detecting the expression patterns of a set of relevant reference genes includ-
ing SMCB1, SmPOP, SMTSP-2, and Sm28 with localization formerly determined by other techniques.

Results: FISH analysis revealed interesting expression patterns of SmSPs distributed in multiple tissues of 5. mansoni adults.
The expression patterns of individual SmSPs were distinct but in part overlapping and were consistent with existing tran-
scriptome sequencing data. The exception were genes with significantly low expression, which were also localized in tissues
where they had not previously been detected by RNA sequencing methods. In general, SmSPs were found in various tissues
including reproductive organs, parenchymal cells, esophagus, and the tegumental surface.

Conclusions: The FISH-based assay provided spatial information about the expression of five SmSPs in adult 5. man-
soni females and males. This highly sensitive method allowed visualization of low-abundantly expressed genes that
are below the detection limits of standard in situ hybridization or by RNA sequencing. Thus, this technical approach
turned out to be suitable for sensitive localization studies and may also be applicable for other trematodes. The results
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suggest that SmSPs may play roles in diverse processes of the parasite. Certain SmSPs expressed at the surface may be

involved in host-parasite interacticns.

Keywords: Platyhelminthes, Blood fluke, Schistosoma mansoni, mRNA detection, Transcript, Fluorescence RNA in situ

hybridization, Serine proteases

Background

Human schistosomiasis is a chrenic infectious disease
affecting more than 200 million people in 76 countries,
mostly in tropical and subtropical areas, caused by flukes
of the genus Schistosoma [1]. Current treatments rely on
one drug, praziquantel, and no effective vaccine has yet
been developed [2]. Several schistosome species infect
humans, with three of the most abundant species being
Schistosorma haematobium, which causes urinary schis-
tosomiasis, and Schistosoma japonicum and Schistosoma
mansoni, causing intestinal schistosomiasis [3]. Humans
are infected by schistosome larvae called cercariae,
which are released into freshwater by intermediate snail
hosts. Cercariae penetrate human skin and subsequently
develop into adult male or female worms in the host vas-
cular system, where they produce hundreds of eggs per
day [4]. Morbidity arises from immunopathological reac-
tions to and entrapment of schistosome eggs in various
tissues [5].

The genome of S. mansoni was sequenced, and numer-
ous genes were identified or predicted [6]. In the post-
genomic era, however, it is vital to elucidate functions
of these genes. Quantification and spatial distribution of
RNA transcripts in individual cells of the whole multi-
cellular organism helps to narrow potential functions of
individual genes [7-9]. RNA in situ hybridization repre-
sents a powerful tool to investigate the spatial distribu-
tion of gene transcripts [7, 10]. Hybridization methods
are based on the binding of an individual RNA target
with specifically designed complementary RNA probes
labeled with a reporter molecule, such as digoxigenin
(DIG). Such probes can then be detected by specific
antibodies recognizing this molecule. These antibodies
are conjugated with enzymes allowing visualization of
the probe via fluorescent or colored staining. However,
detection and visualization of low-abundantly expressed
transcripts is challenging in multicellular organisms
such as schistosomes with diverse cellular and tissue
organization.

Blood flukes of the genus Schistosema are unique
among the trematodes because they have evolved sepa-
rate sexes [11]. They are acoelomates, animals without a
body cavity except for the gut and reproductive organs
(testes, vitellaria, ovary, and oviduct). The interior body is
filled with mesodermal tissue called parenchyma, which
is composed of diverse cell subtypes such as stem cells

[12], cells derived for example from  neuro-excretory
systems [13, 14], tegumental cell bodies [14, 15], and
other vet undefined cell types with unknown functions.
The entire surface of adult schistosomes is covered by the
syncytial layer called the tegument [16].

Serine proteases {SPs) are key virulence factors for
many parasitic helminths; they are critical for parasite
invasion, migration, nutrition, and reproduction, and
they facilitate adaption to and evasion from the host’s
physiological and immune responses [17—-19]. Recently,
we found that the S1 family of serine proteases of S.
mansoni (SmSPs) significantly contributed to proteolytic
activities detected in excretory/secretory (E/S) products
of blood-dwelling developmental stages [20]. We uncov-
ered a repertoire of SmSPs (designated SmSP1 to SmSP5)
by performing a series of genomic, transcriptomic, prote-
olytic, and phylogenetic analyses [21], and described the
major SmSP, SmSP2, at the protein level [22].

In this work, we used the fluorescence in situ hybridi-
zation (FISH) technique based on a detection of DIG-
labeled RNA probes by anti-DIG antibody conjugated
with horseradish peroxidase (HRP) [23] to investigate
RNA distribution in adult male and female S. mansoni.
The technique was validated by detecting a set of target
RNA transcripts with known localization, the digestive
protease cathepsin Bl of 8. mansoni (SmCB1) [24-27],
the surface-associated prolyl oligopeptidase (SmPOP)
[28], the tegumental tetraspanin SmTsp-2 [29-31], and
Sm?29, a membrane-bound glycoprotein found at the
S. mansoni tegument [31-34]. A probe targeting a bac-
terial neomycin gene (reo), which is absent in the S.
mansoni genome, was used as a negative control. The
validated FISH technique was then used to determine
the tissue distribution of transcripts of individual SmSP
genes (SmSP1 to SmSP5) [18, 21]. The analysis revealed
complex expression patterns of all SmSPs generally con-
sistent with existing transcriptome sequencing data [35,
36]. Moreover, the method also enabled us to localize the
genes with significantly low expression in tissues where
they had not previously been detected by RNA sequenc-
ing (RNAseq) methods.

Methods

Schistosome material

S. mansoni (a Puerto Rican LSHTM strain) was main-
tained in the laboratory by cycling between the
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intermediate snail hosts, Biemphalaria glabrata, and
outbred ICR (CD-1) mice as definitive hosts. Infective
larvae {(cercariae) were shed by light stimulation from
infected snails placed in bottled drinking water. Adult
female mice were infected by immersing their feet and
tail into 50 mL of water containing approximately 300
cercariae for 45 min. Six weeks post-infection, mice
were over-anesthetized by an intraperitoneal injection of
ketamine (Narkamon 5%—12 mL/kg body weight) and
xylazine (Rometar 2%—0.6 mL/kg body weight), and the
worms were recovered from the hepatic portal system by
transcardial perfusion with RPMI 1640 medium (Sigma-
Aldrich) as described previously [20, 22, 37].

Isolation of MRNA and cDNA synthesis

Collected adult worms were washed three times with 50
mL phosphate-buffered saline (PBS) and re-suspended in
500 pL of the Trizol reagent (Thermo Fisher), and RNA
was isolated as described previously [38]. Single-stranded
¢DNA was synthesized from total RNA by SuperScript 111
reverse transcriptase (Thermo Fisher) and an oligo(dT);;
primer according to the manufacturer’s protocol. The
final ¢cDNA product was purified using the QIAquick
PCR purification kit (Qiagen) and stored at —20 °C.

Probe production

Probes (600—1500 nucleotides) were designed to hybrid-
ize with the catalytic domain sequences of selected tar-
get gene transcripts. DNA templates for probe synthesis
were amplified by polymerase chain reaction (PCR) from
S. mansoni ¢cDNA using gene-specific primers (Addi-
tional file 1: Table S1). The PCR products were cloned
into the pGEM-T Easy vector (Promega), and the cloned
sequences were verified by DNA sequencing. Constructs
were linearized by restriction enzymes (NEB) selected
based on insert orientation within the construct. Lin-
earized plasmid DNA (1 pg) was used as a template to
generate digoxigenin (DIG)-labeled probes by in vitro
transcription using the DIG RNA labeling kit (SP6/T7)
(Roche). The probes were transcribe using either SP6 or
T7 RNA polymerases (final concentration 1 U per 1 pL)
at 37 °C for 2 h according to the manufacturer’s protocol.
DNA templates were removed by incubation with DNase
I (final concentration 1 U per 1 pL) at 37 °C for 15 min.
The reactions were terminated by the addition of EDTA
(final concentration 0.02 M), and the probes were stored
at —20 °C prior to use. DIG-labeled “antisense” Neo
RNA, which is a component of the SP6/T7 DNA labe-
ling kit (Roche), was used as a control probe. The DNA
construct containing the Sm29 sequence was kindly pro-
vided by Christoph G. Grevelding (Justus Liebig Univer-
sity, Giessen, Germany). All hybridization probes were
verified by the sequencing. The probe specificity was
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verified by BlastN analysis on the National Center for
Biotechnology Information (NCBI) database. Sequences
shared 100% identity with the studied genes and showed
no significant similarities to other genes in the organism
[35], including those used in our study.

Tissue preparation for fluorescence in situ hybridization
Following perfusion, S. mansoni couples were sepa-
rated on ice by gentle prodding with a brush, washed
three times in 50 mL of PBS, and fixed with boiling 4%
formaldehyde solution (Sigma-Aldrich). Worms were
left to cool to 25 °C, incubated at 25 °C for 90 min, and
dehydrated by incubation in a series of increasing etha-
nol concentrations (25%, 50%, 70%, 90%, 96%, 100% v/v
at 25 °C for 5 min each). Incubation with 100% ethanol
was performed twice for 5 min. Subsequently, males
were incubated in methyl benzoate (Sigma-Aldrich) at 25
°C for 45 min, females for 20 min. Worms were washed
twice at 25 °C for 5 min each in benzene (Sigma-Aldrich),
which was then exchanged three times with 60 °C hot
paraffin (Paraplast X-TRA, Leica). All incubation and
washing steps were performed in approximately 50 mL
of appropriate solution. After the last wash, worms were
incubated in 20 mL paraffin (Leica) at 60 °C for 2 h and
then embedded in paraffin blocks. Sections (6 wm) were
prepared on a microtome (Shandon Finesse® ME+) and
applied to X-TRA adhesive glass slides (Leica).

Pre-hybridization tissue treatment

Slides with fixed tissue sections (6 pm) were de-paraffi-
nized by two 5-min washes in xylene followed by two
5-min washes in 100% ethanol. Sections were rehydrated
by incubation in a series of decreasing ethanol concentra-
tions (100%, 96%, 90%, 70%, 50%, 25% v/v) at 25 °C for
5 min each, followed by a wash in diethyl-pyrocarbonate
(DEPC, Sigma- Aldrich)-treated water for 5 min. To mini-
mize background quench by endogenous peroxidases
and improve cell permeability, slides were incubated in
0.2 N HCl at 25 °C for 20 min, followed by incubation in
0.01 M sodium citrate, pH 6.0, in a boiling water bath for
15 min. Slides were then cooled to 25 °C for 30 min, incu-
bated in 0.2% glycine for 5 min, followed by incubation
in ice-cold 20% acetic acid for 15 s and PBS at 25 °C for 5
min. Finally, the slides were incubated in 20% glycerol at
25 °C for 15 min and briefly rinsed with 2x saline sodium
citrate buffer (SSC, Sigma-Aldrich). All incubation and
washing steps were performed in 150 mL of appropriate
solution.

RNA in situ hybridization

To denature secondary RNA structures within the tis-
sues, sections were preheated to 70 °C for 10 min prior
to hybridization and briefly cooled on an ice-cold metal
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plate. One hundred microlitres of hybridization mix-
ture A [5x SSC, 1x PBS, 0.1% torula yeast RNA (Sigma-
Aldrich)] containing RNA probe (0.5-5 ng/mL) was
heated to 70 °C to denature secondary RNA structures.
The mixture was then briefly cooled on ice, immediately
mixed with 160 pL of hybridization solution B [50% for-
mamide, 10% dextran sulfate molecular weight 4000
(Sigma-Aldrich) and 1% Tween 20], applied to sections,
and covered with a coverslip. All samples were then
hybridized in a moisture chamber at 42 °C for 16 h.

Post-hybridization treatment

After hybridization, the slides were washed in 2x SSC
with 0.1% Tween 20 at 42 °C for 15 min, followed by
washes in 1x SSC, 0.5x SSC, and 0.1x SSC, each at 25
°C for 15 min. The slides were then washed twice for 5
min with MAB buffer (0.1 M maleic acid, pH 7.5, 0.15 M
NaCl) at 25 °C and incubated in 4% blocking solution [4%
heat-inactivated horse serum (Sigma-Aldrich) in MAB
bufter] for 30 min. The DIG-labeled probes hybridized
with tissue RNA were labeled by incubation with anti-
digoxigenin antibody conjugated with horseradish per-
oxidase (anti-DIG-HRP antibody, Perkin Elmer) diluted
1:500 in 2% blocking solution (2% heat-inactivated horse
serum in MAB buffer) at 37 °C for 2 h. Excess antibody
was then removed by three washes in MAB at 25 °C
for 10 min. All incubation and washing steps were per-
formed in 150 mL of appropriate solution. Hybridized
probes labeled with DIG-HRP antibodies were visual-
ized by the Tyramide Signal Amplification (TSA) system
with the Cyanine Plus 5 Tyramide Reagent fluorescence
system (Perkin Elmer) according to the manufacturer’s
protocol. Briefly, the slides were washed three times
with 150 mL TN'T buffer (0.1 M Tris—HCI, pH 7.5, 0.15
M NaCl, 0.05% Tween 20) for 5 min each, and incubated
in a moisture chamber with Cyanine Plus 5 dye diluted
1:50 in 500 pL of 1x Plus Amplification Diluent for 10
min. After three washes with 150 mL TNT buffer for 5
min, sections were rinsed in DEPC-water and mounted
in ProLong Diamond Antifade reagent containing DAPI
(Thermo Fischer).

Microscope observation

Fluorescent signals were detected using an Olympus [X83
fluorescence microscope (Olympus) equipped with a pco.
edge 5.5 camera. To define the background signal thresh-
old, samples underwent FISH procedure without probe,
or hybridization with the control probe carrying the
sequence of a bacterial neomycin-resistance gene (neo)
which is not present in the schistosome genome. Micros-
copy images were processed using Fiji software [39].
Images were collected from three parts of adult worms:
the anterior head region (females: from ventral sucker

Page 4 of 14

to the anterior margin of ovaries; males: extending from
the anterior extremity of the schistosome to the ventral
sucker), the middle region (females: containing mature
and immature oocytes and oviduct; males: containing
testis), and the posterior hind region (females: containing
vitellaria and gut; males: the body part located posterior
to the margin of testes and focusing on the parenchyma,
tegument, and gut). This division is very coarse and used
for simplification; some organs may occur in several
regions. Moreover, obtaining a representative image of
the anterior region of the female (head with esophagus)
is generally problematic because fixation always causes
some degree of contraction and distortion, and section-
ing is difficult. To verify reproducibility, all experiments
including probe production, tissue preparation, and FISH
procedure were carried out in at least two independent
experiments.

Results

Validation of fluorescence RNA in situ hybridization (FISH)
for the tissues of S. mansoni adults

We used FISH based on digoxigenin (DIG)-labeled RNA
probes [23] to localize individual RNA molecules in S.
mansoni adult males and females. Initially, the FISH assay
was validated by localization of a set of relevant con-
trol genes with a known localization [determined using
other localization techniques, e.g. immunolocalization or
whole-mount in situ hybridization (WISH)]. The genes
used for validation were digestive protease SmCB1 [40],
surface-localized protease SmPOP [28], and tegumental
proteins SmTsp-2 [41] and Sm29 [33].

The localization results obtained for individual target
RNAs are summarized in Fig. 1. Generally, transcripts
of the genes were localized by FISH in the same tissues
of adult males or females as previously described. Due
to the high sensitivity of the technique, additional new
localizations of some transcripts were found. The tran-
script profiles for SmCB1, SmPOP, SmTsp-2, and Sm29
also corresponded to previous RNAseq data obtained for
S. mansoni adults and their gonads (http://schisto.xyz/;
[35, 36]).

Digestive SmCB1 was previously detected in the gas-
trodermis [40], and its activity was also demonstrated
by fluorescence histochemistry in the vitellaria [42]. We
confirmed localization of the transcripts coding SmCB1
in the gastrodermis of females and males and in the vitel-
laria (Figs. 2 and 3). Additionally, in females, a significant
signal was present in the oviduct and a faint signal was
detected in the parenchyma surrounding mature oocytes
(Fig. 2). In males, faint fluorescence was present in tes-
ticular cells and in the region of the esophagus (Fig. 3).

SmPOP is a protease that was immunolocalized to the
tegument (including tubercles) and the parenchyma of

35



Ulrychova et al. Parasites Vectors (2021) 14:274

Page 5 of 14

O 0
o @ m o 2 c
£ 8 g % g 5 s S
2 & a 2 5 3 a £ s 3 5 2 g
E 3 E E 8 3 8 2 E B e E 8
§ 58538 ¢ 53¢ s § 52853 _ F
E E S ¢ & £ % 5 E E EE S & 8 & £
52 3 2@ £ E 2§ 25385 2% ¢ 8
¢ ¢ E 8 % E E 3 3 g g 2 E & 5 & &
SmSP1 N + |+ SmSP1 S BN - [ -
SmSP2 O + |+ + SmSP2 - EO I
SmSP3 AEEN + i SmSP3 - B
SmSP4 O I IR IR 0 B B SmSP4 e - o ]
SmSP5 Sl - -t -fELE] - SmSP5 R
SmCB1 e N A 0 I S SmCB1 N N
SmPOP - IEEE - [ - |+ |+ [EEEE SmPOP - B - B - ([
SmTsp-2 - [ - [ - | R SmTsp-2 -l E x| -+ -+ [+
Sm29 B 2 I O I T B Sm29 B O I
Neo L N N N B N B Neo s lz]l=|l=|=2]l=]=]=
Noprobe | - | - | - | - | - | - [ -] - |- Noprobe | - | - | - | - | = | - | - | -

fermales'head region (containing esophagus) is generally problematic

Fig. 1 An overview of localization of gene sense transcripts in 5. manscni adult male and female tissues using FISH, Transcripts whose localizations
were observed in the given tissue are highlighted in pink {females) or blue imales). Light shades represent a faint positive signal for a given
transcript, Localization in the esophagus region was possible only in the sections of adult males; abtaining a representative section of the smaller

adult parasites [28]. In males, transcripts of SmPOP were
detected in the tegumental cytons and, surprisingly, in
tegumental tubercles—morphological structures above
the muscle layer (Additional file 2: Figure Sla)—which
are not expected to contain RNA molecules and where
RNA translation should therefore not occur. Transcripts
of SmPOP were also detected in parenchyma, around the
esophagus, and in the testes (Fig. 3). In females, SmPOP
was distributed in the parenchyma throughout the whole
body, a strong signal was detected in the oviduct and the
vitellaria, and a faint signal was also detected in oocytes
(Fig. 2).

SmTsp-2 and Sm29 are known as tegumental mark-
ers [29, 30, 33, 41, 43, 44]. Transcripts of SmTsp-2 were
detected in the tegument of both males and females and
in the parenchyma (Figs. 2 and 3). In females, transcripts
were also detected in the ovary, vitellaria, and oviduct,
and in males, around the esophagus and in the testes.
Surprisingly, but in accordance with previous findings
[14], SmTsp-2 transcripts were also localized in the tegu-
mental tubercles (Additional file 2: Figure S1).

Contrary to SmTsp-2, transcripts of Sm29 had a dis-
tinct expression pattern. In females (Fig. 2), strong
fluorescence was found only in the parenchyma and
tegumental cytons in the anterior regions. In males,
Sm29 mRNA was found in the testes, some parenchy-
mal cell subtypes, in the esophageal area, and in the

tegumental cytons but not in the tegumental surface
layer and tubercles (Fig. 3, Additional file 2: Figure S1a).
No signal was detected in the ovary, oviduct, or gut of
either gender (Figs. 2 and 3).

Also, sense probes hybridizing to antisense gene tran-
scripts that do not encode proteins were designed for
genes of all transcripts studied (Additional file 3: Fig-
ures S2 and S3) and used in the FISH procedure. Only
antisense transcripts of SmPOP and SmCB1 were found
solely in the female oviduct. No antisense transcripts of
these genes were detected in the tissues of the males.

Non-specific bindings and backgrounds were ana-
lyzed using two different approaches: (i) hybridization
with a probe targeting a sequence-coding bacterial
gene (neo) which is not naturally present in genomes of
schistosomes, and (ii) hybridization precedure without
any probe. No signals were detected after the hybridi-
zation procedure in either case (Additional file 3: Fig-
ure S4).

The validated and optimized FISH therefore repre-
sents a robust method for detection of RNA in sections
of adult S. mawnsoni. This was documented by the pre-
cise localization of selected transcripts, and the result
corresponded to previous transcript profiling as deter-
mined by other methods such as immunolocalization
[28, 33, 40, 43] or differential RNAseq [35, 36].
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Fig. 2 Localization of mRNAs encoding SmCB1, SmPOP, SmTsp-2, and Sm29 in adult 5 mansoni females using FISH. Semi-thin (6 um) sections

of adult S. mansoni fernale worms were probed with DIG-labelled RNA probes designed to detect SmCB1, SmPOPR SmTsp-2, or Sm29 mRNAs.

The probes hybridized with transcripts were visualized by tyramide amplification assay (red). Adult fernales were monitored in three parts a an
anterior part, b oviduct, mature and immature oocytes, and ¢ vitellaria and gut. DAP| was used to label nuclear DNA {blue). The left columns shows
merged flucrescent channels; in the right columns, the flucrescent red signal is merged with differential interference contrast. a A strong signal of
SMPQOP, Smilsp-2; and Sm29 was detected in parenchymal cells of the anterior part of the female. b A strong fluorescent signal of Smisp-2 and faint
scattered SmPOP signals were observed in mature and immature oacytes; the oviduct is rich in SmCB1, SmPOF and SmTsp-2 transcripts. € SmPOP
and SmTsp-2 mRNAs are strongly expressed in vitellaria, while mRNAs of SmCB1 and 5m29 are not shown, a—¢ Transcripts of SmCB1 are present in

the gut thraughout the whole worm. The scale bars represent 100 um

FISH revealed a diverse distribution of serine proteases
SmSP1 to SmSP5 in adult 5. mansoni

The FISH technique was used to precisely localize tran-
scripts encoding serine proteases SmSP1 to SmSP5 in
adult §. mansoni. Results showing localization of SmSPs
RNA are summarized in Fig. 1. Generally, transcripts of
all SmSP1 to SmSP5 were detected in the parenchyma
with different patterns. No expression of SmSPs was
detected in the gastrodermis or the muscles. In other

tissues, SmSPs showed diverse expression patterns that
are described below (Figs. 4 and 5).

In females, SmSP1 transcripts were detected in
the oviduct, vitellaria, and mature but not immature
oocytes (Fig. 4). In males, SmSP1 genes were tran-
scribed in the tegumental cytons, the area around the
esophagus, and in the testes (Fig. 5). Low expression
occurred in the parenchyma in both genders (Figs. 4
and 5).
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Fig.3 Localization of mRNAs encoding SmCB1, SmPOP, SmiTsp-2, and Sm29 in adult 5 mansoni males using FISH, Semi-thin (6 um) sections of
adult 5. mansoni male worms were probed with DIG-labelled RNA probes designed to detect SmCB1, SmPOR Smisp-2, or Sm29 mRNAs. The probes
hybridized with transcripts were visualized by tyramide amplification assay (red). Adult males were monitored in three parts: a a head part, b

testes, and ¢ a posterior part with the focus on parenchyma, tequment and gut. DAPHwas used to label nuclear DNA (blue). The left columns show
merged flucrescent channels; in the right columns, the fluorescent red signal is merged with differential interference contrast. Transeripts of SmPOR,
Smilsp-2, and Sm29 were detected in and around the esophagus, in the testes, and in parenchymal cell subtypes. SmPOP and Smisp-2 were also
detected in tegumental cells and in Legumental ibercles, SmCB1 is expressed strongly in the gut, weakly in parenchyma around the esophagus

| and testes. The scale bars represent 100 pm

SmSP2 transcripts were found in the esophagus and
parenchyma throughout the bodies of both genders and
also in the tegumental cytons, which agrees with previ-
ously described SmSP2 immunolocalization [22] (Figs. 4
and 5, Additional file 2: Figure Sla). In females, SmSP2
gene transcripts were also found in mature and immature
oocytes, vitellaria, and in the tegumental surface above
the muscle layer (Fig. 4); in males in testes (Fig. 5). No
expression occurred in the tubercles or in the oviduct.

SmSP3 mRNA was found only in the parenchymal tis-
sue surrounding the vitellaria in the posterior region of

females, in the vitelline cells, and weakly in the mature
oocytes (Fig. 4). Males expressed SmSP3 only in the
esophagus region, parenchyma, and testes (Fig. 5). No
fluorescence was detected in the immature oocytes, the
oviduct, the tegumental surface, or the tegumental tuber-
cles (Figs. 4 and 5).

SmSP4 was abundantly expressed in parenchymal cells
and tegumental cytons in whole adult worms. SmSP4
transcripts were also detected in females in the tegumen-
tal surface, oviduct, mature and immature oocytes, and
the vitelline cells (Fig. 4). Expression of SmSP4 in males
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Fig. 4 |ocalization of mRNA encoding SmSPT to SmSPS in adult S mansoni females using FISH, Semi-thin (6 pm) sections of adult S, mansand
female worms were probed with DIG labelled RNA probes designed to detect mRNAs of serine proteases SmSP1 to SmSP5. Probes hybridized with
transcripts were visualized by tyramide amplification assay (red). Adult females were monitored in three parts: a an anterior part, b oviduct, mature
and immature cocytes, and ¢ vitellaria and gut. DAPI was used to label nuclear DNA {blue). The left columns show merged fluorescent channels;

in the right columns, the fluorescent red signal is merged with differential interference contrast. a A strong signal of transcripts (red) belonging

to SmSP2 and SmSP4 genes and less abundant signal of SmSP1 and SmSP5 was detected in parenchymal cells of the anterior part of the females,
SMSP3 was not detected in this part. b Strong fluorescence of SmSP2, SmSP4, and SmSPS was ohserved in mature and immature oocytes, while
SmSP1 sense transcript is expressed exclusively in mature oocytes, and faint signal of SmSP3 was detected in ovary. SmSP1 and SmSPA4 are also
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signal of SmSP2 and SmSP4 transcripts is also detected in tegurment. The scale bars represent 100 pm
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Fig.5 Semi-thin (6 um) sections of adult S mansoni male worms were probed with DIG-labelled RNA probes designed to detect mRNAs of serine
proteases SMSP1 to SmSP3. Probes hybridized with transcripts were visualized by tyramide amplification assay (red). Adult males were monitored
in three parts: a a head part, b testes, and ¢ a posterior part with the focus on parenchyma, tegument, and gut. DAP| was used to label nuclear DNA
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contrast. a Except for SmSP5, transeripts of all SmSPs were identified in parenchyma around the esophagus. b Strong signal of SmSP1 to SmSP4
transcripts was detected in testes where only weak signal of SmSP5 mRNA was observed, ¢ All SmSPs are present in parenchymal cell subtypes,
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occurred additionally in the testes and the tegumental was detected in the parenchyma, none in the oviduct
tubercles (Fig. 5). (Fig. 4). In males, SmSP5 showed a different expression
SmSP5 expression was revealed in mature and imma-  pattern compared to other SmSPs: a small number of
ture oocytes, and in the vitelline cells. Weak fluoresce  parenchymal cells expressed SmSP5. In comparison
with other SmSPs, only faint fluorescence was detected
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in the esophageal region and the testes, and no SmSP5
signal was detected in the tegument (Fig. 5).

As in the case of transcripts of proteins with known
localizations (see above), sense probes for the detection
of antisense transcripts of all SmSPs were designed and
used to hybridize with the female and male dissected tis-
sues., Only antisense transcripts of SmSP5 were found
in the oviducts of females where no sense SmSP5 was
expressed (Additional file 3: Figures S5 and $6).

FISH technology therefore allowed detection of the
diverse localization of transcripts of all SmSP genes in
adult schistosomes. The results showed their distinct
distribution patterns within the tissues of males and
females. A common feature for all SmSPs was the expres-
sion in parenchymal tissue; however, further expression
patterns varied. None of these transcripts was detected in
the gastrodermis or muscle layer.

Discussion

Family S1 serine proteases (SPs) are crucial for success-
ful parasitism by facilitating invasion, nutrient intake,
and evasion of the host immune system, and modulation
of the host physiology [17, 19]. However, information
about 5Ps in S. mansoni (SmSPs) remains limited despite
current discoveries [18, 22]. Our previous study demon-
strated that SmSPs, designated SmSP1 to SmSP5, were
differentially expressed among S. mansoni developmental
stages [21]. Here, we used fluorescence in situ hybridiza-
tion (FISH) to localize individual RNA molecules in S.
mansoni adults in tissues including the esophagus, tes-
tis, ovary, vitellarium, and parenchymal and tegumental
cells, including tubercles.

The FISH method was validated by detecting expres-
sion patterns for a set of transcripts of formerly described
genes. We employed the previously established FISH
protocol [45] by using (i) gentle tissue fixation and opti-
mization of several pre- and post-hybridization steps
with antigen retrieval, (ii) background minimization
procedures, and (iii) amplification of the fluorescent sig-
nal by TSA [23]. The obtained results corresponded well
with previous findings reported using other techniques:
transcripts of digestive protease SmCB1 were localized
in the gut, the expression of surface-localized SmPOP
was detected in the parenchyma and tegument, and the
mRNAs of tegumental SmTsp-2 and Sm29 were found in
tegumental cytons or tegument [28, 33, 40, 41]. SmPOP
and Sm29 transcripts were also localized in the vitel-
larium, which agrees with previous studies [28, 30, 33].
Lastly, the transcription profiles for SmCB1, SmPOP,
SmTsp-2, and Sm29 were congruent with sequencing
data obtained for S. mansoni [35, 36].

In addition to previous data, we discovered new locali-
zations of some transcripts due to the high sensitivity of
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the FISH method. SmCB1 transcripts were detected in
the vitellarium, whereas SmCB1 activity was previously
detected by fluorescence histology only in oviducts and
testes [42]. Localization of SmCB1 in vitellaria is in the
line with expression of orthologous proteases from other
parasitic flukes, Fasciola gigantica and Eudiplozoon nip-
ponicum, in which cathepsin B expression was also
detected in testes and vitelline cells [46, 47]. The func-
tion of these proteases in reproductive organs is as yet
unknown; however, the authors hypothesized that cath-
epsin B may process eggshell or yolk protein vitellogenin
precursors, as described in other organisms [48-50]. In
addition to localization in the tegument, SmTsp-2 and
Sm29 transcripts were found in parenchyma and testes,
and SmTsp-2 alse in the oviduct (Figs. 2 and 3). Tetraspa-
nins stabilize extracellular vesicles [51], and these types
of vesicles are known to be secreted as well by the specific
types of cells into the lumen of the oviduct [52], which
may explain the abundance of tetraspanin SmTsp-2 tran-
scripts in such a highly dynamic organ structure.

Our previous research [21] and transcriptome sequenc-
ing data [9, 35, 36, 53] revealed that SmSP2 and SmSP4
are highly abundantly transcribed in adult schistosomes
and, contrarily, expression levels of SmSP1, SmSP3, and
SmSP5 are low. Highly sensitive FISH analysis employed
in this paper revealed expression patterns of all SmSPs
(including low-abundantly expressed ones} distributed
in multiple tissues of adult schistosomes, except for more
specific localization identified for SmSP3 in females and
SmSP5 in males. All SmSPs were commonly detected
only in parenchyma of both genders (Figs. 4 and 5), but
individual SmSPs showed distinct expression patterns in
different subtypes of parenchymal cells (Figs. 4 and 5),
indicating their unique functional roles. Distribution of
SmSP1 and SmSP2 transcripts in parenchymal cells and
tegument agrees with protein immunolocalization data
[22, 54]. Except for SmSP5, all studied genes localized
within the anterior part of males in the head area con-
taining the esophagus. Previously, this area was shown to
be highly dynamic in gene transcription; more than 1000
genes were detected. Among them, SmSP2 was found to
be upregulated twofold or more in this region in compar-
ison with the whole worm body [55]. This agrees with our
results, because strong signals of SmSP2 transcripts were
detected in the parenchyma of the anterior body of both
genders (Figs. 4 and 5). Detection of SmSP2 transcripts in
the esophageal region also fits with our previous immu-
nolocalization data [22].

Additional new localizations of several SPs were found
in some reproductive organs of male or female worms.
These organs are highly dynamic, comprising 7000 tran-
scripts of genes upregulated twofold or more in repro-
ductive organs compared to whole worm contrels [36,
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55]. Expression levels of particular genes are upregulated
twofold or more after mating, and RNA storage is also
frequently observed in gonadal cells [36, 56]. Additionally,
mRNA stored in spermatozoa can be transported from
males to females during sexual reproduction via sperm
fluid into the oocyte [36, 57]. FISH revealed the presence
of all SmSPs in gonads of both genders (Figs. 4 and 5).
Contrarily, RNAseq showed (with exception of SmSP2)
low or no SmSP transcripts in schistosome gonads [36].
Such divergence is probably based on distinct methodol-
ogies. RNAseq has a limited number of reads, reflecting a
limited number of molecules that can be detected. Thus,
low-abundant transcripts may be below the detection
limit. On the other hand, FISH employed in this study
has the capacity to detect every single RNA in the tissue
due to amplification of the fluorescent signal by TSA (sig-
nal amplification up to 200fold), which has the ability to
detect low-abundant transcripts which under normal cir-
cumstances would be part of the threshold. SmSPs may
have a similar function reported for serine proteases in
the gonads of several nematodes or flies: Caenorhabdi-
tis elegans or Ascaris suum employ serine proteases for
spermatogenesis and sperm activation in the uterus [58,
59]; serine proteases of Drosophila melanogaster are
thought to process peptides and activate enzymes inside
the female reproductive ducts and mediate critical post-
mating responses [60].

The entire surface of adult schistosomes is covered by
the syncytial layer called the tegument [16]. In contrast
to females, males have additional tegumental struc-
tures called tubercles [61]. The nucleated regions of
tegumental cells are also known as cell bodies or tegu-
mental cytons, where protein-synthesizing and sorting
machinery (including endoplasmic reticulum and Golgi
apparatus), is situated below the musculature and has
connections to the syncytial surface part via cytoplas-
mic connections (Additional file 2: Figure Sla). Synthe-
sized proteins, RNAs, and other cargos are transported
to the cell surface by microtubule-lined cytoplasmic
channels through cytoplasmic connections. The most
common destination for mRNAs within the cell is in the
immediate proximity of the site of translation, i.e. close
to the endoplasmic reticulum. Therefore, mRNA would
be expected in the tegumental cytons but not in the sur-
face layer [62]. Nevertheless, mRNAs of SmPOP, SmTsp-
2, and SmSP4 were localized not only in tegumental
cytons, but a strong signal was also detected in tegu-
mental tubercles (Figs. 3 and 5). These results suggest
that a not fully understood transport mechanism exists
for moving mRNA molecules from cytons to the schisto-
some surface. This cargo is usually transported through
the tegument via extracellular vesicles sent to the outer
environment. Recently, SmSP2, SmTsp-2, and Sm29 were
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identified in extracellular vesicles released from Schisto-
soma [63], which coincides with our localization in the
tegumental tubercles.

The localization of mRNAs within eukaryotic cells is
enormously diverse [64, 65]. The endoplasmic reticulum
and Golgi apparatus provide well-established membrane-
sorting machinery to shuttle mRNAs to distant regions
within the cell [64]. These mRNAs are usually stored in
granules and are ready for immediate or emergency use
in a wide range of processes [64, 66]. They can (i) be
reactivated, translated inte proteins, and used in various
rapid emergency processes including stress responses,
metabolic reprogramming, repair of stress-induced
damage, and adaptation to changed conditions; (ii) play
a role in the repression of other mRNA species; or (iii)
be directly sent for decay [67, 68]. We hypothesize that
schistosomes may employ similar mechanisms, especially
in such a dynamic structure as the tegument, which pro-
tects worms in the unfriendly blood environment of the
host.

Antisense transcripts are frequently transcribed in
eukaryotes and represent important regulators of gene
expression; they control the state of chromatin or modu-
late the post-transcriptional fate of mRNAs [69, 70]. We
identified antisense transcripts of SmPOP, SmSP5, and
SmCBI1 only, and they were localized exclusively in the
oviduct (Additional file 3: Figures S2 and S5). As known
from previous research, these antisense transcripts
most likely do not encode proteins but may control gene
expression [69].

Conclusions

We validated and optimized a FISH method [23] for the
detection of RNA transcripts in adult S. mansoni tis-
sues. We documented the efficacy of the method by pre-
cise localization of the transcripts of selected proteins
(SmCBI1, SmPOP, SmTsp-2, and Sm29), whose distribu-
tion in schistosome adults was previously determined
by other methods. In addition, we provided new insights
into the localization of transcripts of these genes. Com-
pared to RNAseq, FISH, due to its high sensitivity, is able
to detect mRNA with low expression potential. The FISH
methodology was then successfully applied to localize
transcripts encoding serine proteases SmSP1 to SmSP5.
Transcripts were found in S. mansoni females and males
in various organs (parenchyma, tegument, reproduc-
tive organs) but with distinct patterns. Furthermore, we
detected transcripts in previously unknown locations
such as the syncytial part of the tegument or in tegumen-
tal tubercles. Based on the evidence of different transcript
locations and our previous research [21, 22], we hypoth-
esize that SmSPs may play various physiological roles
in host—parasite interaction, including regulation of the
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host vascular system, repair of stress-induced damage,
and/or adaptation to changed conditions in the external
environment. However, elucidation of the precise func-
tion of individual SmSPs is a matter of future studies.
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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.
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reproduction, modulation of the host's physiology [11-19] and
immune response [14,20]. Interference with these mechanisms by
specific vaccines [21,22] or drugs may provide therapeutic benefits.
Indeed, peptidases are excellent druggable targets [23—-25] and a
large body of literature exists demonstrating the therapeutic ben-
efits of small molecule inhibitors targeting peptidases of schisto-
somes [26—29] and other infectious organisms [30—36].

Research on parasite peptidases has traditionally been driven by
investigator interest in a particular molecule or class of molecules,
For example, much of the considerable research focused on schis-
tosome cysteine cathepsin enzymes as drug or vaccine targets has
been facilitated by often inexpensive, sensitive and easy-to-use
tools that include peptidyl substrates, inhibitors and antibodies.
Detailed molecular, structural and immunological characterizations
of these enzymes [29,37,38] have been greatly aided by their
straightforward ‘expressability’ in heterologous systems such as
yeast [38—41]. Over the last 10 years, the increasing availability of
accurately annotated genomic [42—47] and transcriptomic data
[48—53] has expanded our view of the number and complexity of
peptidases (the ‘degradome’) expressed by the schistosome and
how their expression is regulated throughout the parasite's life
cycle. In parallel, a number of studies have generated (sub)prote-
ome data for schistosomes (for reviews see Refs. [54,55]), including
for the parasite's tegument (surface) [54,56—-58] and excretory/
secretory (ES) products [59,60]. Though fundamentally informa-
tive, these studies do not provide information on which peptidases
are functionally active, including at the host—parasite interface.

We performed a global and unbiased analysis of peptidase ac-
tivity and specificity in the ES products of key Schistosoma mansoni
developmental stages residing in the human host, namely schis-
tosomula (post-infective migratory larvae), adults and their eggs.
We chose to examine ES products as these would contain pepti-
dases more likely to operate at the host—parasite interface rather
than extracts which would also include less relevant somatic ac-
tivities. The substrate specificity for peptidase activities was
detected using Multiplex Substrate Profiling by Mass Spectrometry
(MSP-MS). This highly sensitive peptidase assay utilizes tandem
mass spectrometry to monitor the degradation of a synthetic
peptide library. MSP-MS can simultaneously detect endo- and
exo—peptidase activities, and has been successfully employed to
profile the proteolytic specificities of human neutrophil extracts
[61], ES products from a pathogenic fungi [62]| and S. mansoni
cercariae [63]. In addition, we employed a panel of internally
quenched, fluorescent peptidyl substrates in the presence and
absence of peptidase-class-specific inhibitors to identify which
peptidase classes were contributing to the global activity. Overall,
we characterize a number of new proteolytic activities that sets the
stage for their formal identification and exploration of their
respective biological functions.

2. Materials and methods
2.1. Ethics statement

Maintenance and handling of vertebrate animals were carried
out in accordance with a protocol (AN107779) approved by the
Institutional Animal Care and Use Committee (IACUC) at the Uni-
versity of California San Francisco.

2.2. Schistosome material

A Puerto Rican isolate of S. mansoni is maintained in the labo-
ratory by cycling between Golden Syrian hamsters (Mesocricets
auratus) and the freshwater snail, Biomphalaria glabrata. Female
3-5 week-old hamsters were subcutaneously injected with 200

cercariae and sacrificed 6—7 weeks post-infection using an intra-
peritoneal injection of sodium pentobarbital (50 mg/kg). Adults
and eggs were isolated as described |64]. Cercariae (infectious
larvae) were obtained from infected snails induced to release the
parasite under a light stimulus. Cercariae were chilled on ice,
collected and mechanically transformed into schistosomula as
described previously [65—67].

2.3, Collection of ES products

Fifty pairs of adult worms, 1000 eggs or 1000 schistosomula
were washed five times in Basch medium 169 [68] supplemented
with 10% fetal calf serum, 100 U/ml penicillin, 100 mg/ml strepto-
mycin and 1% Fungizone (Gibco), and allowed to stand for 1 h at
37 °Cin 5% CO-». Samples were washed 10 times and then incubated
at 37 °C in 5% CO; in the above medium supplemented with 5% fetal
calf serum but in the absence of Fungizone. Adults and eggs were
incubated overnight, and schistosomula were incubated for five
days to allow for complete transformation from cercariae and
remove contaminating cercarial peptidases. Parasite materials were
washed three times in the above medium and then washed 10
times in M-199 medium containing 100 U/ml penicillin and
100 mg/ml streptomycin, but without serum. In 5 ml of the same
medium, samples were evenly distributed into a 6-well cultivation
dish and incubated for 16 h at 37 °C in 5% CO,.

Medium containing ES products was removed, filtered over an
Ultrafree-MC 0.22 mm filter (Millipore), and buffer exchanged into
ice-cold Dulbecco's-Phosphate-Buffered Saline (D-PBS). The me-
dium was then concentrated to 2 ml by centrifugation at 4000 g and
4 °C using an Amicon 10000 Ultra-15 Centrifugal Filter Unit (Mil-
lipore). The total volume of PBS used for buffer exchange was 40 ml.
Sample materials were quickly frozen in liquid nitrogen and stored
at —80°C as 100 pL aliquots. Protein concentration was measured at
280 nm on a NanoDrop 2000c (Thermo Scientific).

24. Multiplex peptide cledvage assay

The Multiplex Substrate Profiling by Mass Spectrometry (MSP-
MS) assay was performed as previously described [63] with minor
modifications. Briefly, 20 pg/ml of protein from S, mansoni ES
products of schistosomula, adults or eggs were pre-incubated for
15 min at room temperature with 0.2% DMSO, 1 mM AEBSF (Sig-
ma—Aldrich 76307), 100 pM E-64 (Sigma—Aldrich E-3132) or 2 mM
1,10-Phenanthroline (Sigma—Aldrich 131377) in D-PBS containing
4 mM DTT. Each reaction was split into two tubes containing an
equimolar mixture of 62 peptides in D-PBS (124 total). The final
assay consisted of 500 nM of each peptide, 10 pg/ml protein, 2 mM
DTT, 0.1% DMSO and either 500 uM AEBSF, 50 uM E-64, 1 mM 1,10-
Phenanthroline or no inhibitor in D-PBS, in a total volume of 300 pl.
Aliquots were removed at defined time intervals, adjusted to <pH
3.0 with formic acid and then desalted using C18 tips (Rainin).

Mass spectrometry was performed on a LTQ FI instrument
(Thermo), equipped with a nanoACUITY (Waters) ultra-
performance liquid chromatography. Reverse phase LC was per-
formed using an EZ-Spray C18 column (Thermo, ES800, PepMap,
3 um bead size, 75 pm x 15 c¢m) at 600 nLfmin for loading and
300 nL/min for peptide separation over a linear 65 min gradient
from 2% to 30% acetonitrile in 0.1% formic acid. The mass spec-
trometer was operated using identical acquisition parameters as
reported previously [63]. Substrate specificity profiles were
generated using iceLogo software [94].

2.5, Internally quenched peptide assays

All assays were performed at room temperature in D-PBS
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containing 2 mM DTT and 0.01% Triton X-100, Assays were per-
formed in triplicate in round-bottom 96-well plates in a spectro-
fluorimeter (Molecular Devices Flex Station) using a Aex 328 nm and
%em 393 nm. Initial velocities in relative fluorescent units per sec-
ond were calculated using Softmax Pro. Protein from S. mansoni
conditioned media was assayed with a set of internally quenched
fluorescent substrates (30 pM each). The total protein concentra-
tion in the internally quenched (IQ) substrate screen was 1.95 pgf
ml, 18,7 ng/ml and 3.3 pgfml for schistosomula, adults and eggs,
respectively, Each 1Q substrate consisted of a 7- or 8-mer peptide
flanked with 2,4-dinitrophenyl-L-lysine on the carboxyl terminus
and  either  7-methoxycoumarin-4-acetic acid or 7-
methoxycoumarin-4-yl-acetyl-L-lysine on the amino terminus. 1Q
substrates were synthesized using standard Fmoc chemistry and
purified to >90% by reverse phase HPLC. Inhibition assays were
performed using the same concentration of proteins as above. As-
says contained 30 pM of 1Q substrate, 1.5% DMSO, 100 pM of E-64,
500 uM of AEBSF or 1 mM of 1,10-Phenanthroline,

3. Results

3.1. Detection of cleavage sites derived from peptidases in
S. mansoni ES products

We took a global and unbiased approach to characterizing the
proteolytic components of the ES products of three S. mansoni life-
stages that parasitize the mammalian host, namely schistosomula,
adults and eggs. After extensive washing to remove blood and
serum components, including contaminant proteases, each devel-
opmental stage was placed in serum-free medium overnight. The
ES products (conditioned medium) were then concentrated and
added to a mixture of 124 physicochemically diverse peptides that
are each 14-residues in length. Cleavage of any one of the 1612
available peptide bonds within these peptides can be readily
detected by LC-MS/MS sequencing. This assay is termed Multiplex
Substrate Profiling by Mass Spectrometry (MSP-MS) and has been
previously used with S. mansoni to characterize the specificity of
peptidases in conditioned water from parasite-infected snails [63].

Assays on S. mansoni ES products were performed at pH 7.4 to
mimic physiological pH of the mammalian host. Incubation of
schistosomula, adults and eggs ES peptidases with the peptide li-
brary for 15 min resulted in 23, 7 and 15 cleavage sites, respectively
(Fig. 1A). However, after the longest incubation of 1200 min, the
number of cleavage sites increased to 107, 151 and 301, respectively.
In addition, cleavage sites were assessed at the intermediate time
intervals of 60 and 240 min (Supplementary File 1).

The complexity of these hydrolytic events is illustrated using a
sample peptide, AYNnWSLYRnIRQE, from which multiple cleavage
sites were detected at various time intervals (Fig. 1B). Peptidases
secreted from schistosomula, cleave at the Trp—Ser and Arg-Nle site
and products of this hydrolysis were evident after only 15 min.
After 60 min, additional cleavage products were detected that
corresponded to hydrolysis at the Tyr—Arg bond. Unlike the other
two stages, schistosomula ES peptidases could not cleave the Nle-
lle bond. Adult peptidase activity also cleaved the Trp—Ser and
Arg-Nle bonds but these products appeared at later time intervals
compared to hydrolysis of the Nle-lle bond. No cleavage of the
Tyr—Arg bond was evident in the adult ES products even after
1200 min incubation, however, products derived from Tyr—Asn
hydrolysis were found after 240 min incubation. Finally, ES pepti-
dases from eggs preferentially cleaved at the Arg-Nle site within
15 min and later at the Trp—Ser and Nle-lle sites. Like adults, egg ES
peptidases did not cleave the Tyr—Arg bond. Thus, interrogation of
just this single sample peptide from the mixture of 124, indicates
that different peptidases are present in the ES products of each of
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the S, mansoni intra-mammalian stages,

The presence of different peptidases in the conditioned media
from each of these developmental stages was investigated by
directly comparing the cleavage sites. For this, the 145 sites iden-
tified after 240 min in the egg ES products was compared to the 107
and 151 sites identified from 1200 min incubation of schistosomula
and adults peptidases, respectively. These assays correspond to the
earliest incubation time required to digest at least 5% of the 1612
peptide bonds in the library (81 cleavage sites), Peptidases from
schistosomula, adults and eggs cleaved at 35, 79 and 62 unique
sites, respectively, whereas 45 sites were common to all three
(Fig. 1C). This analysis confirms that unique peptidases are present
in the ES products from each of the intra-mammalian life stages.

In our experience, exopeptidases that remove mono-, di- or tri-
peptides from the amino or carboxy terminus of proteins and oli-
gopeptides are difficult to detect with standard reporter substrates
due to the positioning of the fluorescent or colorimetric reporter
group, For carboxypeptidases, the reporter group blocks the
carboxyl terminus and therefore prevents cleavage. For amino-
peptidases, substrates that are too long or too short, will not be
hydrolyzed correctly between the canonical P1 residue and the
reporter group. Our MSP-MS approach can simultaneously detect
exo- and endo-peptidase activity because the peptides employed
have free amino and carboxyl termini. The location of each cleavage
site within the 14-mer peptides was compared for egg ES pepti-
dases after 240 min incubation and adult and schistosomula ES
peptidases after 1200 min incubation (Fig. 1D). In general, the
majority of peptide bond hydrolysis occurred away from the
termini indicating that endopeptidases are most active. However,
enzymes in the adult ES products cleaved between position 2 and 3
of the 14-mer peptides at a higher frequency than egg and schis-
tosomula peptidases indicating that an enzyme with di-
aminopeptidase activity may be present. Conversely, there is a
higher frequency of cleavage by egg ES products between position
12 and 13 which may represent a di-carboxypeptidase activity.

3.2. Comparison of the substrate specificity profiles between life
cycle stages

For each of the cleavage sites generated by the ES peptidases, we
obtained prime and non-prime site substrate specificity informa-
tion (Fig. 2). Using iceLogo software, a P4 to P4’ substrate signature
was generated for all cleavage sites that occur after a defined in-
cubation time. Peptidases secreted by schistosomula preferentially
degraded peptides on the C-terminal side of Arg or Lys residues.
This type of substrate specificity is commonly called “trypsin-like”.
Gln was most often found in the P2 position and Ser or Arg were
frequently found at P1'. In addition, cleavage rarely or never
occurred at the C-terminal side of Gly, Pro, Nle or Glu or at the N-
terminal side of Pro or Asn (Fig. 2A).

In contrast to schistosomula, much greater cleavage promiscuity
was apparent in the ES products of adults suggesting that there are
multiple enzymes present (Fig. 2B).Adult peptidases also prefer-
entially cleaved at sites when Arg or Trp were present in the P1
position and Ser or Arg at P1’. The degradation of peptides by the
egg ES peptidases had a preference for Arg and Gln at P1, Arg at P17
and bulky hydrophobic residues at P3 (Fig. 2C).

To complete the life cycle, we included the substrate signature
generated from our previous study using water conditioned for
1200 min with S. mansoni infected and non-infected B. glabrata
snails [63]. Non-infected snails secrete at least one peptidase with a
trypsin-like specificity (Arg and Lys at P1; Fig. 2D). This is consistent
with the previous biochemical characterization of a major tryptase
enzyme in snail extracts [69]. The substrate signature generated
from conditioned water from S. mansoni infected-snails presented a
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different substrate specificity profile (Fig. 2E). Infected snails in
water release cercariae which contain a number of chymotrypsin-
like serine peptidases known collectively as ‘cercarial elastase’. An
in-depth characterization of these enzymes uncovered a P1 speci-
ficity for Phe and Tyr (Fig 2E). In addition, a preference for Pro at P2
is recorded and this is consistent with the known specificity of
purified cercarial elastase using P1—P4 substrate positional scan-
ning [70]. Schistosomula are generated from cercariae by me-
chanical shearing of tails followed by in vitro culture [65]. After 5
days of culture in vitro, it is clear that the chymotrypsin-like hy-
drolysis signature of the cercarial elastase is replaced by one that is
trypsin-like.

3.3. Detection of peptidase activity in ES products using 1Q
substrates

As the majority of activity in ES products was derived from
endopeptidases, we utilized a panel of internally quenched (IQ)
fluorescent peptides with diverse sequences to quantify this ac-
tivity. These substrates were previously synthesized by our group to
detect aspartic acid and glutamic acid [71], cysteine [72] and serine
[73] peptidases from a variety of microbial sources. These peptides
were collectively used to detect proteolytic activity in conditioned
media from the fungal pathogen, Pseudogymnoascus destructans
[62]. Each IQ peptide is either seven or eight amino acids long and
flanked on the N-terminus by a fluorophore and on the C-terminus
by a fluorescent quenching group. Cleavage of any bond results in
an increase in fluorescence due to the separation of the quencher
from the fluorophore,

Peptidases in the ES products from each life cycle stage

hydrolyzed three IQ substrates containing the sequences
QCACSNHE, tQASSRS and GRFGVWIKA (Fig. 3). No other peptides
were cleaved by schistosomula ES products. Egg-conditioned me-
dium cleaved 5 additional 1Q substrates, and in general showed a
higher specific activity relative to schistosomula and adult en-
zymes. This is consistent with egg peptidases cleaving at a greater
number of sites in the MSP-MS assay. The conditioned medium
from adults cleaved all [Q substrates but generally had low specific
activity relative to the schistosomula and egg ES enzymes. tQASSRS
was the commonly cleaved I1Q substrate, and was therefore deemed
to be a useful reporter substrate to quantitatively measure pro-
teolytic activity in the presence and absence of class-specific
inhibitors.

3.4. Investigating the contribution of serine, cysteine and metallo-
peptidases using class-specific inhibitors

Using the tQASSRS substrate, ES products from each of the
S. mansoni developmental stages were treated with class-specific
inhibitors that target serine, cysteine and metallo-peptidases. All
assays were performed at pH 7.4, at which aspartic acid peptidases
are unlikely to be active. Therefore, pepstatin A that targets aspartic
acid peptidases was not included in the inhibitor screen.

3.4.1. Schistosomula

Cleavage of tQASSRS was unchanged upon treatment with the
metallopeptidase inhibitor 1,10-Phenanthroline when compared to
the non-inhibited control (DMSQ) while the cysteine peptidase
inhibitor E-64 actually increased activity, However, in the presence
of the serine peptidase inhibitor, AEBSF, turnover of the fluorescent
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substrate was abolished (Fig. 4A). These data are consistent with
the presence of a predominant serine peptidase activity.

MSP-MS assays were performed with the same inhibitor treated
ES products that were used in the IQ studies. Using the sample 14-
mer peptide highlighted in Fig. 1B, we show that treatment of
medium with E-64 results in a cleavage pattern that is identical to
DMSO-treated control (Fig. 4B). In contrast, AEBSF prevented hy-
drolysis of the Trp—Ser and Tyr—Arg bonds and greatly delayed
hydrolysis of the Arg-Nle bond, which was only recorded after
1200 min. Two new cleavage sites (Tyr—Asn and Nle-lle) appeared
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after 1200 min that were never observed in the DMSO-treated
control (Fig. 4B). The appearance of ‘new’ cleavage sites following
treatment with an inhibitor has been observed previously [62].
These sites were not detected in the DMSO-treated control assay
because the peptide was rapidly degraded into tri-, tetra- and
pepta-peptides by the serine peptidase(s) and therefore any sub-
sequent cleavage sites would not be readily detected by mass
spectrometry. Finally, treatment with 1,10-Phenanthroline caused a
delay in the processing of the Tyr—Arg bond from 60 to 240 min but
otherwise the cleavage sites remained unchanged.
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were sensitive to AEBSF.

Treatment of schistosomula ES products with AEBSF resulted in
the delay in appearance of 91 of the 107 cleavage sites that were
detected in the DMSO-treated control. These sites were termed
“sensitive to AEBSF” and frequently had Arg and Lys in the P1 po-
sition (Fig. 4C). Based on this substrate profile it is reasonable to
suggest that a single major peptidase with trypsin-type specificity
is present in the ES products of schistosomula.

3.4.2. Adults

Treatment of adult ES products with either E-64 or AEBSF
resulted in a 19% and 35% decrease in the overall cleavage of
tQASSRS, respectively (Fig. 5A). However, when these compounds
were combined, E-64 provided no additional inhibition, indicating
that this inhibitor may be targeting the serine peptidase(s).
Competitive inhibition of bovine trypsin by E-64 has been previ-
ously reported [ 74]. 1,10-Phenanthroline decreased activity by more
than 80%, indicating that metallo-peptidases predominate in adult
ES products under the conditions employed. Combining 1,10-
Phenanthroline with E-64 and AEBSF completely inhibited cleav-
age of the tQASSRS substrate (Fig. 5A).

When AEBSF was added to the MSP-MS assay and compared to a
DMSO-treated control, 59 of 151 cleavage sites were sensitive to
this inhibitor (Fig. 5B). The specificity profile of the AEBSF-sensitive
enzymes had a preference for Arg at P1, but a much lower prefer-
ence for Lys compared to the schistosomula ES peptidase. This in-
dicates that it is unlikely that the same serine peptidases are being
measured in ES products of schistosomula and adults.

When the adult ES products were treated with 1,10-
Phenanthroline, 107 of the total of 151 cleavage sites in the 14-
mer peptide library were sensitive to this agent (Fig. 5C). The
substrate specificity profile of the 1,10-Phenanthroline-sensitive
enzymes had a preference for bulky residues at P3, Leu at P1 and
Arg, Phe and Ser at P1'. In addition, Gln and Lys were most often
found at P2’ whereas Arg, Ala and Tyr were frequently identified at
P3.

Interestingly, all cleavage sites that occurred between the 2nd
and 3rd position of each 14-mer peptide were sensitive to 1,10-
Phenanthroline but only two were sensitive to AEBSF (Fig. 5D). In
some cases, AEBSF treatment resulted in an earlier appearance of
the cleavage product, when compared to the DMSO control. For
example, removal of AY from the sample tetradacapeptide,
AYNnWSLYRRIRQE occurs after 240 min incubation in the DMSO-
treated assay, but the dodecapeptide cleavage product can be
detected after only 15 min incubation in the AEBSF treated assay.

Thus, in addition to the metallo—endopeptidase activity sensitive to
1,10-Phenanthroline, there is a least one other metallo-peptidase in
the ES products with a specificity for amino-terminal dipeptides.

3.4.3. Eggs

Treatment of egg ES products with AEBSF completely inhibited
cleavage of tQASSRS indicating that serine peptidase activity is a
major proteolytic component (Fig. GA). Cysteine and metallo-
peptidases are also present as E-64 and 1,10-Phenanthroline
decreased activity by 61% and 15%, respectively. A substrate speci-
ficity profile was generated for both the AEBSF-sensitive (Fig. 6B)
and E-64-sensitive (Fig. 6C) cleavage sites. Cleavage sites that were
sensitive to AEBSF had a trypsin-like substrate specificity profile
using the MSP-MS assay. Interestingly, the cleavage sites that were
sensitive to E-64 also had a strong P1 preference for Arg and Gln
and generally accepted hydrophobic residues at P2, consistent with
that known for cysteine cathepsins [75-77].

The MSP-MS assay on the egg ES products indicated that not all
of the cleavage sites were sensitive to either AEBSF or E-64 treat-
ment. Indeed, 61 of the original 145 cleavages identified in the
control-treated assay were resistant to both inhibitors suggesting
that enzymes other than serine or cysteine peptidases are also
present (Fig, 6D). To further probe the egg-conditioned media we
utilized the 1Q substrate, GRFGVWKA, identified in Fig. 3. This
substrate was also cleaved by peptidases in the conditioned media
from all developmental stages tested, although with lower activity
than the tQASSRS substrate. Using the GRFGVWKA substrate, AEBSF
treatment only caused a 35% decrease in overall activity, whereas
1,10-Phenanthroline abolished activity (Fig. 6E). Using these same
conditions, the 1,10-Phenanthroline-treated ES products were
interrogated with the MSP-MS assay. The resulting sensitive
cleavage sites had a preference for Trp, lle, Ser and Arg at P4, P3, P2
and P1, respectively. In addition, a P1’ preference for Arg was
evident. Notably, this 1,10-Phenathroline sensitive peptidase differs
in specificity from the metallo-peptidases in adults. Taken together,
these studies indicate that serine, cysteine and metallo-peptidases
are all active in the ES products of S. mansoni eggs.

4. Discussion

Understanding the biological function of a peptidase in any or-
ganism, including Schistosoma, requires orthogonal data inputs,
including gene expression, protein localization, post-translational
modifications and substrate specificity. Global ‘omic’ analyses
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Fig. 5. Use of class-specific inhibitors to characterize peptidase activity and specificity in adult secretion. A. ES products were assayed with the internally quenched tQASSRS
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such as those have made key contributions in these respects. To
date, however, there has been no global functional profiling {qual-
itative nor quantitative) of the peptidases across developmental
stages. Our employment of peptidase-agnostic technologies in
combination with class-specific peptidase inhibitors reveals pre-
viously unrecognized activities that are released by key schisto-
some developmental stages that parasitize the human host. The
technologies applied to schistosomula, adults and eggs have been
previously utilized in a number of different contexts [61,62]
including to characterize S. mansoni cercarial secretions [63]. The
present report is, therefore, a natural extension of that work. We
employed ES products as these are likely to contain peptidases
operating at the host parasite interface and that potentially influ-
ence host immunology and physiology. Finally, ES products were
collected and processed at neutral (physiologic) pH to inactivate or
at least mitigate the proteolytic contributions of aspartic and
cysteine proteases [39,78,79], not least those adult gut proteases
that have been extensively characterized [11,13,29,80,81] and are
regurgitated by the worm into culture medium [11,78,82,83]. Thus,
our conditions facilitate the identification of novel peptidolytic
activities, specifically, metallo- and serine proteases.

We utilized two 1Q substrates as reporters of activity and
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inhibitor sensitivity. The cleavage sites within these substrates
were not investigated as the specificity profile was revealed in the
subsequent MSP-MS assays. The proteolytic profile of schisto-
somular ES products is the simplest measured and centers on a
single or predominant serine peptidase with a strict P1— P1’
specificity for charged amino acids and only minor amino acid
engagements at the other prime and non-prime binding sites. The
activity may be due to one or more of a number of schistosomular
serine peptidases we previously measured by both gene expression
profiling and functional activity analyses with small peptidyl sub-
strates [19]. Importantly, the specificity profile of this serine
peptidase activity differs markedly from the chymotrypsin-like
cercarial elastase that is secreted by the S. mansoni cercariae and
from which we derive schistosomula [63,70].

In contrast to schistosomula, the specificity profiles of adults
and eggs are much more complex and different from one another
with respect to the proteolytic contributions of serine, metallo- and
cysteine proteases. Adults produce a serine peptidase that has a
strong preference for P1-Arg but not Lys. Generally, trypsin-like
serine peptidases cleave peptides with these P1-amino acids
equally well, These data support our previous finding that a num-
ber of different trypsin peptidases are expressed in adult S. mansoni
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[19]. In addition, a second serine peptidase activity is present that
has chymotrypsin-like P1 specificity for Trp. However, this enzyme
has little preference for P1-Tyr, -Phe and -Leu which are normally
associated with chymotrypsin. Adults also produce at least two
metallo-peptidases, one of which is a metallo di-aminopeptidase
activity, thus underscoring the utility of the MSP-MS approach to
not only detect endopeptidase activity but also exopeptidase ac-
tivity. Neither of the metallo-peptidase specificity profiles identi-
fied are similar to those recorded for a M17 family leucine
aminopeptidase activity previously characterized in S. mansoni
[84,85].

Like adult ES products, those from eggs contain serine and
metallo-peptidase activity profiles, however, these differ from the
adult profiles and from each other suggesting that different en-
zymes are being measured. It's possible that the serine peptidase
activity may be in part due to a PMSF-sensitive fibrinolytic activity
previously described in egg extracts [18] although no protein
identification for this activity was subsequently carried out.
Regarding the metallo—endopeptidase activity, we are not aware of
such being described in egg ES products but it's clear that a major
1,10-Phenanthroline-sensitive activity is present. Interestingly, egg
conditioned medium also contains a cysteine protease activity that
is robustly active under the neutral pH conditions employed. This is
in contrast to adult ES products that predominantly contain neutral
pH-labile cathepsins that arise from the gastrointestinal tract [78].
The presence of cysteine protease activity has been described in
eggs [86,87] and miracidia (which eventually emerge from the egg)
[88]. Peptidase activity has also been measured at neutral pH in egg

ES products [89] and live eggs were shown to degrade the glyco-
protein component of an artificial extracellular matrix at neutral
pH. This activity was enhanced in the presence of reducing agent
suggesting a role for cysteine peptidases [90]. Accordingly, it's
possible that eggs release a specialized cathepsin—like activity that
facilitates their passage through host tissues and their eventual
escape into the environment via the urogenital or digestive tracts.

Our application of peptidase-agnostic technologies in combi-
nation with peptidase class-specific inhibitors reveals the hereto-
fore unrecognized complexity of peptidolytic activities released by
key schistosome life-stages parasitizing the human host. Further
biochemical studies are required to identify the peptidases
responsible but there are now well-annotated genomic and tran-
scriptomic data (references cited in the Introduction) that can be
brought to bear in such studies. Aided by knowledge of both sub-
strate specificity and peptidase class, we can now develop tools to
characterize the individual enzymes in greater detail, e.g., activity-
based probes that bind to the peptidase active site. Such probes
require knowledge of both the substrate recognition sequence and
the nature of the active-site nucleophile, and have been previously
engineered to identify and characterize peptidases, and image
disease as biomarkers [91-93].

5. Conclusion
This study describes the application of an unbiased and global

technology to characterize S. mansoni excretion-secretion pepti-
dase activity. Each intra-mammalian developmental stage
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produces a different set of activities and all stages except cercariae
secrete a trypsin-type serine peptidase. In addition, a metallo-
peptidase with dipeptidase specificity was observed in adult ES
products and eggs release a cysteine protease that is active at
neutral pH. These studies will facilitate the development of selec-
tive active-site directed affinity probes.
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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. gRT-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.

59



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.

60



NEGLECTED
TROPICAL DISEASES

JPLOS

OPEN 8 ACCESS Freely available online

Trypsin- and Chymotrypsin-Like Serine Proteases in
Schistosoma mansoni - ‘The Undiscovered Country’

Martin Horn', Pavla Fajtova’, Liliana Rojo Arreola?, Lenka Ulrychova®?, Pavla Bartosova-Sojkova®,
Zdenék Franta®®, Anna V. Protasio’, David Opavsky®, Jifi Vondrasek®, James H. McKerrow?,
Michael Mares', Conor R. Caffrey?, Jan Dvorak®**

1 Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, Prague, Czech Republic, 2 Center for Discovery and Innovation in Parasitic
Diseases, Department of Pathology, University of California San Francisco, San Francisco, California, United States of America, 3 Institute of Molecular Genetics, Academy
of Sciences of the Czech Republic, Prague, Czech Republic, 4 Department of Parasitology, Faculty of Science, Charles University in Prague, Prague, Czech Republic,
5 Institute of Parasitology, Biology Centre, Academy of Sciences of the Czech Republic, Ceske Budejovice, Czech Republic, 6 Fraunhofer Institute for Molecular Biology and
Applied Ecology IME, Project Group Bioresources, Gielen, Germany, 7 Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton, United Kingdam

Abstract

Background: Blood flukes {Schistosoma spp.) are parasites that can survive for years or decades in the vasculature of
permissive mammalian hosts, including humans. Proteclytic enzymes (proteases) are crucial for successful parasitism,
including aspects of invasion, maturation and reproduction. Most attention has focused on the ‘cercarial elastase’ serine
proteases that facilitate skin invasicn by infective schistosome larvae, and the cysteine and aspartic proteases that worms
use to digest the blood meal. Apart from the cercarial elastases, information regarding other S. mansoni serine proteases
(SmSPs) is limited. To address this, we investigated SmSPs using genomic, transcriptomic, phylogenetic and functional
proteomic approaches.

Methodology/Principal Findings: Genes encoding five distinct SmSPs, termed SmSP1 - SmSP5, some of which comprise
disparate protein domains, were retrieved from the S. mansoni genome database and annotated. Reverse transcription
quantitative PCR (RT- gPCR) in various schistosome developmental stages indicated complex expression patterns for SmSPs,
including their constituent protein demains. SmSP2 stood apart as being massively expressed in schistesomula and adult
stages. Phylogenetic analysis segregated SmSPs into diverse clusters of family S1 proteases. SmSP1 to SmSP4 are trypsin-like
proteases, whereas SmSP5 is chymotrypsin-like. In agreement, trypsin-like activities were shown to predominate in eggs,
schistosemula and adults using peptidyl flucrogenic substrates. SmSP5 is particularly novel in the phylogenetics of family S1
schistosome proteases, as it is part of a cluster of sequences that fill a gap between the highly divergent cercarial elastases
and other family 51 proteases.

Conclusions/Significance: Our series of post-genomics analyses clarifies the complexity of schistosome family S1 serine
proteases and highlights their interrelationships, including the cercarial elastases and, not least, the identification of a
‘missing-link’ protease cluster, represented by SmSP5. A framework is now in place to guide the characterization of
individual proteases, their stage-specific expression and their contributions to parasitism, in particular, their possible
modulation of host physiology.
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Introduction

Si'llisl().\(‘llliilﬁiﬁ l:dllﬁﬂll b\ nSl-}li\!(MU?HH l)lUlJ(l ﬂuk?s ih a (',lll‘llllil'
disease with more than 200 milion  people  infected 1],
Schistosome larvae {cercariac), released into an aquatic environ-
ment from snail intermediate hosts, penetrate human skin and
subsequently develop mto adult worms. Adult svorms reside n the
host vascular system as male/female pairs, and swrvive for many
years, 1l not decades [2], producing hundreds of eggs per day.
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Morhbidity ariscs from the host inunune responses to cggs in tissucs
|3]. Treatment relics on one drug, praziquantel, and no cftective
vaccine has vet been developed [4]. During its complex lite cycle,
the parasite survives in various environments by presenting or
releasing bioactive molecules that aid survival and modulate host
physiology [5,6]. Disruption of these potential mechanisms by
specilic drugs/vaccines may provide therapeutic benefits.
Protwolysis is a fundamental physiologic process [7,8]. Protcases
{proteolytic enzymes) are crucial w parasitism, including by
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Author Summary

Schistosomes are blood flukes that live in the blood
system and cause chronic and debilitating infection in
hundreds of millions of people. Proteolytic enzymes
(proteases) produced by the parasite allow it to survive
and reproduce. We focused on understanding the reper-
toire of trypsin- and chymatrypsin-like Schistosoma man-
soni serine proteases (SmSPs) using a variety of genomic,
bioinformatics, RNA- and protein-based techniques. We
identified five SmSPs that are produced at different stages
of the parasite’s development. Based on bicinformatics
and cleavage preferences for small peptide substrates,
SmSP1 to SmSP4 are trypsin-like, whereas SmSP5 is
chymotrypsin-like. Interestingly, SmSP5 forms part of a
‘missing link’ group of enzymes between the specialized
chymotrypsin-like ‘cercarial elastases’ that help the para-
site invade human skin and the more typical chymotryp-
sins and trypsins found in the nature. Our findings form a
basis for further exploration of the functions of the
individual enzymes, including their pessible contributions
to influencing host physiology.

schistosomes, in [acilitating invasion, nutrient intake, hatching,
cxcystment, immune cvasion [9,10] and modulation of host
physiology [10 15]. Most
on cysieine and aspartic proteases MEROPS database Clans CA

histosome research has focused either

and AA, respectively [8]}, which are responsible [or digesting the
blood meal [16,17] or on the serine proteases (SPs), known as
cercarial elastases (CEs; Clan PA, family 81) that facilitate active
penetration of the mammalian host |18 20].

Regarding the nomenclature for cukarvotic SIs, whereas
members of the S1 or ‘chymotrypsin’ family of SPs share a similar
tertary structure, their substrate cleavage specilicites dilfer [8].
Thus, substrate preferences at the P1 subsite [21] may be divided
into trypsin-like (P1 preference for basic residues), chymotryy
like {bulky hydrophobic residues) and elas
71
e their name, which was derived from their ability o
cleave insoluble elastin, the 8. mansoni CEs have a chymolrypsin-
like P1 specilicity [22] due to preferences [or phenylalanine and
leucine. In contrast w these well-studied CEs [18-20], there are
fewer descriptions of *non-CI7 Clan PA, family S1 serine proteases
in S, mansont (SMSPs) [6,12 15,25,24].

Among these, SmSP1 (S. mansoni serine prolease 1, GenBank
AJO11561), has been partially deseribed [13,11]. The open reading
frame [ORF) of SmSP1 comprises two non-proteolytic domains,
[ollowed by a C-terminal wrypsin protease domain. Expression of
the trypsin domain (mRNA and protcin} was noted in adult worms
with a signilicant accumulation m the legument (surface} of males
[13]. Another SmSP was identified (under TCGL6843 code) by
microarray analysis with a remarkably elevaled expression in post-
infective larvae (schistosomula) that had been maintained m zitro

in-

se-like (small aliphatic

residues)

123]. 'T'wo additiomal biochemical studies support a function for
schistosome SPs in modulating host physiology. Specilically, a
protein fraction of S, marseni adult worm extracts was shown to
possess kallikrein-like protease activity [12]. The isolated native
enzyvme, termed sK1, cleaved kallikrein subsirates and processed
kininogen to bradykinin which induced strong vasodilatation and
decreased arterial blood pressure in experimental vats; sK1 was
found n higher abundance in males |12]. Both, sK1 and SmSP1,
are proposed to regulate host vascular functions |6], In the second
study, SP activity in extracts of 8. manseni eggs induced significant
fibrinolytic activity and was associated with a 27 kDa protein [13].
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This protease activity had a similar cleavage patiern to human
plasmin and it was hypothesized that the enzyme blocks the
intravascular deposition of fibrin by platelets activated by
schistosome eggs [15].

In the present study, we sought to understand the gene
repertoire of non-cercarial elastase SmSPs by employing a series
of genomic, transcriptomic, proteolytic and phylogenetic ap-
proaches. In addidon to SmSPI, we identified and re-annotated
four distinet SmSPs in the S, wansond GeneDB genome database
[25.26] and term them SmSP2 through SmSP5 according 1o a
previous terminology [15]. The dala reveal intriguing expression
profiles and phylogenetic relationships that stimulate [urther stucy
of the individual proteases involved, and their conwibutions to
modulating host physiclogy.

Materials and Methods

Ethics statement

Mice are kept in the animal facility of the Biology Center
{Academy of Sciences of the Czech Republic) in Ceske Budcjovice
and all animal experiments arc carried out as approved by the
Animal Rights Ethics Committce under protocol no. 068/2010
issued accordimg to the national regulation 246/1992 Sb.

Schistosome material

A Liberian isolate of 8. mansoni has been maintained in the
laboratory by cycling between GD-1 mice and the freshwarter snail,
Biomphalaria glabrata. Mice were subcutancously injected with 200
cercariac and  sacrificed  6-7 weeks post-infection by intra-
peritoneal mjection of thiopental (50 mg/kg). Adults, eggs and
miracidia were isolated as described previously |27]. Cercariae
were obtained [rom infected snails induced to release the parasite
under a light stimulus. Cercariae were chilled on ice, collected and
transformed mechanically 1o schistosomula [27.28], which were
then cultured for five days under a 3% COs2 aunosphere at 37°C
in Basch Medium 169 [29] containing 3% fetal calf serum and 1%
ABAM {antibiotics/antimycotics, Sigma-Aldrich). Daughter spo-
rocyst material was isolated by excision of the hepato-pancreases
from two month-infected B. glabrata snails. The hepato-pancreases
from unimfected snails were used as a negative control when

evaluation LENe eXPression.

Isolation of mRNA and cDNA synthesis

Adult worms, eggs, miracidia, daughter sporocysts, cercariae
and schistosomula were re-suspended m 300 pl of Trizol reagent
{Life Sciences) and processed [30]. Single-siranded ¢DNA was
synthesized from total RNA by SuperSeript II reverse transcrip-
tase (Lile Sciences] and an oligo dTy primer, and then stored at
—20°C.

Gene annotation, domain expression evaluation and
sequencing

Genes encoding complete SmSPs or their specitic domaing were
retrieved from the S manson: genome databas mansont GeneD B3,
available  at  http:/ /www.genedb.org/ Homepage /Smansoni)
through BLAST searches. Amino acid sequences ol vertehrate
[amily 81 SPs were used as queries. Specific PCR primers were
employed 1o amplify each of the sequences retrieved, and the
respective amplicons cloned into the TOPO TA 2.1 vector (Life
Technologies) for propagation in TOPL0 E. ecoli cells. For SmSP4
and SmSP5, full-length scquences were obtained by 5° and 37
RACE (Rapid Amplification of cDNA Ends, Lifc Technologics).

Based on more recent annotations, the original scquence
information for SmSP4 and SmSP5 (GenBank XM_002572739
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and XM_002574902) were corrected in the S, mansoni GeneDB
database. All newly described SmSP sequences were deposited in
GenBank under the accession numbers listed in Table 1. For genes
with multi-domain structures, PCR analysis was perlormed using
domam-specitic primers i order to detect possible cdifferennal
expression.

Evaluation of gene expressions by RT-qPCR analysis
Gene expression of the SmSPs was assessed using RT-qPCR.
I'or genes with muli-domain structures (SmSP1 and SmSP3), the

expression levels of individual domains were evaluated separately
cDNA for various life stages was generated using the mRNA
olation protocol described above and previously [30]. For
mRNA isolation, 3 infected B. glabrata hepatopancreases and
approximately 20 adult pairs, 500 hundred cggs, cercariac and
schistosomula were used. Primers for quantitative PCR analysis
were designed using the Primer 3 soltware (hitp://[rodo.wi.mit.
edu/ |311],], in order to amplity 150-250 bp regions of the targeted
genes or their domains. Primer cfficiency was evaluated by serial
dilutions of both the primers and the cDNA template as described
132,33]. 'T'wo to three primer pairs were generated per target from
which one primer set with optimal efficiency and generating only a
single dissociation peak was used (scc Supporting Information
l'able S1).

Reactions, containing SYBR Green I Mastermix (Eurogentech),
were prepared in fimal volumes of 23 pl. in 96-well plates |30].
The amplificaton profile consisted of an nital hot start (95°C for
10 minj, bllowed by 10 cyeles comprising 95°C for 30 s, 55°C for
60 s and 72°C for 60 s, and ended with a single cycle of 95°C for
60 s, G for 30s and 93°C for 30 5. PCR reactions were
performed in duplicate for cach cDNA sample. At lcast one
biological replicate, Le., samples from a different RNA isolation
was performed for each gene target. Analysis of the cycle threshold
[Ce) for cach target was carricd out as described [30] and
employed S. mansont cytochrome C oxidase I {SmCOX I, GenBank
Al216698, [33]) as the sample normalizing gene transcripi [27].
Finally, the resulting transcript values were calculated as a
pereentage of the cxpression of the normalizing gene (SmCOX
T; which was set as 100%. Transcript levels were expressed as log
functions and as a percentage relative t that of SmCOX I in
order to compare variable cxpression patterns. The threshold for
signilicance of expression was sel o 0.01% of the expression of

SmCOX 1.

Phylogenetic analyses of SmSPs

The amino acid sequences of 96 vertebrate and invertebrate
members of the 81 serine protease family were aligned in MAFFT
[31] using the E-INS-i method, and gap opcning (—op) and
extension penalties { ep) of 3.0 and 0.0, respectively. The non-

Table 1. List of studied serine proteases and their accession
numbers.

Name SchistoDB GenBank
SmSP1 Smp_030350 KF535923
SmSP2 Smp_002150 KF510120
SmSP3 Smp_103680 KF310121
SmSP4 Smp_129230 KF510122
SMSPS Smp 141450 KF939306

doi:10.1371/journal.pntd.0002766.1001
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catalytic domains and N-terminal extengions were excluded from
the resulting alignment in BioEdit (v7.0.5.2; [33]}. The bacterial
trypsin [rom Strefriomyees grtseus was uscd as an outgroup. The list of
family S1 proteases (SPs sequences) used [or the phylogenetic
analysis is I the Supplementary Table 52, The Maximum
Parsimony analysis was performed in PAUD* (v1.h10; [36]), using
JTRAN
option, and the 'T'BR swapping algorithm. All characters were
treated as unordered whercas gaps were treated as missing data.
Maximum Likelhood analysis was performed m RAxML under

a heurds

1c search with random taxa addition, the AC

1000 bootstrap replicates with random scquence additions for both
analyses. All trees were displayed using the TreeView32 program
138].

Collection of E/S products and soluble protein extracts
Fifty pairs of adult worms, 1 000 eggs or 1 000 schistosomula
were washed five times in Basch Medium 169 containing 1%
TFungizone [(Gibeo) and allowed o stand [or 1 h at 37°CH in 5%
GOy Samples were washed 10 times and then icubated in the
same Basch Medium overnight {adults and cges) or for five days
{schistosomula) at 37°C in 5% COs. Parasitc material was then
washed 10 times in M-199 medium {alternative medium  for
schistosoma cultivation without serum and proteins,Gibeo) con-
taining 1% ABAM and incubated in the same medium for 16 h at
37°C in 3% €Oy Medium containing E/S products was removed
angl filtered using an Ultrafree-MC 0,22 pm filter {Millipore),
Filiered medium was buller exchanged ino ice-cold 1x PBS

pH 7.4) and concentrated at 4°C o a 2 ml final volume by
centrifugation at 4000 g wsing an Amicon 10000 Ultra-15
Ceentrifugal Filter Unit {Millipore). The total volume of PBS used
for bufler exchange was 40 ml. Samples (.04 0.37 mg protein/
mlj were frozen in liquid nitrogen and stored at —80°C.

Soluble protein extracts (1 5 mg protemn/ml) from S, manson
adults, cgps and 5 day-old schistosomula were prepared by
homogenization in 30 mM Tris-HCI buffer. pH 8.0, containing
1% GHAPS, 1 mM EIDTA and 10 pM of the cysteine protease
inhibitor, E-64, in an ice bath. The extracts were cleared by
centrifugation {16,000 g, 10 min, 1°C), filtered with an Ultrafrce-
MC 0.22 pm and stored at —80°C.

Proteolytic activity measurement

Proteolytic activities were measured in a kinetic contnuous
assay using the following peptidyl fluorogenic, 7-amino-4-methyl-
coumarin {AMC) substrates (Bachem) at a 530 uM final concen-
tration: Z-I-R-AMC {Z, Benzyloxycarbonyl), Bz-IF-V-R-AMC
{Bz, Benzoyl], Z-G-P-R-AMC, P-F-R-AMC, Boc-1-R-R-AMC
{Boc, t-Buryloxycarbonyl), Boc-Q-A-R-AMC, Boc-V-L-K-AMC
Suc-A-A-F-AMC (Suc. Succinyl), Suc-A-A-P-F-AMC. Suc-L-Y-
AMC, MeOSuc-A-A-P-V-AMC (MeOSuc, 3-Methoxysuccinyl),
Z-G-G-L-AMC and Z-V-K-M-AMC. Assays were performed at
37°C in 96-well black microplates in a total volume of 100 pl
Parasite extracts {1 3 pg) or /S products (0.03 1 pg) were pre-
incubated for 10 min in 150 mM "I'ris-HCI, pH 8.0, containing
10 pM E64, 1 mM EDTA in the presence or absence of 0.5 mM

of the serine protease mhibitors, Pefabloe SC and PMSL. LG4 was

included routinely in extract preparations in order to inhibit Clan
CA cysteine protease activity that is present in the life-stages
examined [30,39,10]. Hydrolysis of substrale was measurec
continuously using an Infinite M 1000 microplate reader (Tecan)
at cxcitation and cmission wavclengths of 360 and 4635 nm,
respectively. All measurements were performed in triplicate and
T("SUHS Tl["‘"lH]iZ(“d to ])T()T(“,i]l (',l)ll('l‘JItT"rlﬁ”TL
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Molecular modeling

A spatial model of SmSPI was constructed using the template
X-ray structure of bovine trypsin in complex with the peptidyl
nhibitor leupeptin (PDB entry 1JR'T) and utilz
sequence alignment generated by the BLAST program (BLO-
SUMG2 substitution matrix). The homology module of the MOL
program was used [or modeling the SmSP1 structure (MOL:
Chemical Computing Group; http://www.chemcomp.com). The
conformation of leupeptin was refined by applying the LigX
module of the MOE. The final binding mode ol the inhibitor was
sclected by the best fit model based on the London dG scoring
function and the generalized Born method [41]. Moleeular images
were gencrated with UCSF Chimera (http:/ /www.cgluesf.edu/
chimera/). The clectrostatic surface potential was calculated using
the APBS software [42] and ipur data were preparcd using
PDB2POR [43].

T A PAIrWISe

Results

Gene annotation and sequence analysis reveals complex
domain organizations for some SmSPs

Genes were sclected & silico based on a proteolytic domain
organization that matched with family S1
cercarial elastases were excluded because of their detailed studies
previously [20,22], T'he five remaining SmSP genes, including the
previously sequenced and partially characterized SmSP1 [15,14],
were clomed and sequenced. The other four gene sequences
named SmSP2 through SmSP5 (lable 1) were significantly
corrected and re-annotated in the primary database (S0 manyont

serine proteases:

GeneDIB) due o various sequence maccuracies. The sequences of
SmSP2 through SmSP3 were deposited into the GenBank as
KF510120, KF510121. KF510122, KF939306, respectively. The
sequence ol SmSP1 defined here was also deposited (KF535923)
because of scquence differences from the original description
[CAA09691 [13]) and from the information in S. mansoni GeneDB
Smp_030350; Figure S1). A search of the Schistosoma japonwum
genome [44] indicates that orthologs for each of the SmSPs are
present; SISPT (GeneDB Sjp_0012180, GenBank N/A), §j5P2
p_0100980, CA> p_0023300, CAX7325
P4 (Sjp_0047680, N/A) and P _0114710, CAX73292;

The sequence domain organization for the particular proteases

is represented in Tigure 1. Based on sequence homology analysis,
we describe SmSP1 as a multi-domain protein comprising a
matriptasc-like structure made up of Gomplement-UegFBMDP-1
(CUB; extraccllular and plasma membranc-associated domains, a
LDL-binding receptor domain class A (LDLa domain} and a S1
family serine protcase domain. However, the full gene product has
been detected only in the eggs, whereas in other parasite stages,
the CUB and protease domains arc expressed as scparate spliced
products, as demonstrated by PCR and sequencing (Figure 52).

Primary sequence homology analysis shows that SmSP2 (o
SmBPY are disinet molecules with the same family S1 type
catalytic protease domain at the C-terminus, but with different N-
terminal extensions which include a potential pro-peplide, Le., a
peptide that is removed during zymogen actvation. The N-
terminal extensions vary from 201 residucs in SmSP2 o just a
scven residucs in SmS8P5 (Figure 1), SmS8PL. 8mSP3 and SmS8T5
do not contain a predicted signal sequence for the sccrctory
pathway as identificd by the Signall program [45]. In contrast,
Sm812 and SmSP4 arc synthesized as pre-pro-proteins with a
typical N-terminal signal peptide preceding an  N-terminal
extension region containing a putative pro-peptide (“activation
peptide’) that is then followed by the protcase domain {(Figure 1)
The pro-peptide is separated from the protease domain of SmSPs

PLOS Neglected Tropical Diseases | www.plosntds.org

Serine Proteases in Schistosoma mansoni

by a basic residue, Arg or Lys (Figure 2) which constitutes a
potential activating cleavage site, ic., is hydrolyzed during
protcase maturation as is known [or other SI [amily proteases
[7]. For SmSP3, the N-terminal extension contains an incomplete
CUB domain. PCR and sequencing revealed that, as found for
SmSPL, the CUB and the protease domains of SmSP3 arc only co-
expressed in eggs whereas they are separate spliced gene products
in the other stages {Figure 52). SmSP3 contains a Thr/Asn rich C-
terminal sequence extension not present in orthologous SPs from
other rematoces Figure $1).

The catalytic protcase domains of SmSPl to SmSP4 share
significantly greater sequence identity {about 30%) with each other
than with SmSP3 {about 20%; Figurc $3). All five SmSPs have a
catalytic triad in the order of His, Asp and Ser that is typical for S1
[amily proteases; also, the regions surrounding the calalytic riad
residues have the most notable sequence identty (Figure 23 'The
protcase domains of SmSP1 to SmSP4 contain cysteine residues at
positions 28, 44, 130, 160, 173, 184, 194, and 212 (SmSP1
protease domain numbering), which are conserved in other
trypsin-ike proteases. They form four disulfide bonds that can
be predicted [rom the alignment with the erystal structures of
bovine (rypsin and hovine chymotrypsin (Iigure 2). Moreover, the
protcase domain of SmSP2 through SmSP4 contains an additional
cysteine residue, Cysl112. By comparison with bovine chymotryp-
sin, this residue in SmSP2 and SmSP3 is likely to form a disulfide

bond with a Cys m the N-terminal extension region (at the
positions -pl3 and -p9, respectively), whereas in SmSP1 a similar
Cys i the N-terminal extension region is lacking (Iigure 2.
SmSP5 diverges fom the other four 8Ps in that it contains only
six cysteine residues that likely form three disulfide bonds. The first
two bonds, Cys28-Cysd4 and Cysl60-Cysl73, are identical to
those in trypsin, chymotrypsin and other SmSPs. The remaining
cysteine residues (Cysd6 and Cys72) are absent, but correspond o
Cys46 and Cys77 in SmCE that were predicted to form a disulfide
bond by homology modeling [16] (Figure 2). Morcover, both
SmSPS and SmCEs lack the disullides Cys130-Cys194
Cys18 5212, which are conserved in SmSPI to SmSP4, Taken
together, SmSPSH clearly differs in its disulfide partern from the

and

other investigated SmSPs. This close  structural  relatonship
between SmSP3 and the SmClis is confivmed for the other
analyses performed {sce below). In addition, two other splice
variants of SmSP53 were detected. Compared to the full-length
SmSPS, both are C-terminally truncated and one 15 missing the
crucial His residue from the catalytic miad (Figure S4).

Asp182 determines the trypsin-like specificity of serine proteascs
for substrates with Arg/Lys in the Pl position [17], and this
residue is conserved in all of the SmSPs except SmSP5 (Iigure 2),
which has Gly, Therefore, it might be the case that SmSP5
displays a substrate specificity similar to that of chymotrypsin/
elastase-type proteases which also contain a hydrophobic/
uncharged residue in the position 182. The calcium binding site
in mammalian trypsins is formed mainly by Glu70 and Glu80
{trypsin numbering, corresponding to GluG0 and Glu70 in SmSP1)
[48]. This moif is not strictly conserved in the analyzed SmSP
sequences; however, it might he present in a modified functional
form in SmSP2, SmSP3 and SmSP4 that contain acidic residues in
the close proximity of those locations (Figure 2).

SmSPs, including their domains, are differentially
expressed across developmental stages

Messenger RNA wanseript levels for the five SmSDs were
evaluated in eggs, miracidia, daughter sporocysts, cercariae,
histosomula and adults using R'T- qPCR (Figure 31, For SmSP1
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Figure 1. Predicted domain organization and open reading frames of SmSP proteases. CUB domains are depicted in blue, an LDLa
domain in yellow and protease domains from the $1 family in red. In SmSP2 and SmSP4, N-terminal signal peptides are separated by red bars from
the rest of N-terminal extensions with putative pro-peptides (protease activation peptides). Numbering indicates amino acid positions. Exon structure

of the genes encoding SmSPs are shown as numbered boxes below each SmSP protein.

doi:10.1371/journal pntd.0002766.g001

and SmSP3, we determined gene expression for both the protease

and non-protease domains

For SmSP1, the greatest expression was recorded in eggs at
2.5% of the expression level of the reference gene, SmCOX 1. Low
cxpression was recorded in adult worms, five-day old schistosom-
ula and daughter sporocysis al around 0.1% or below relative Lo
SmCOX L Lxpression in the other stages was below significance,
Le., less than 0.01% of SmCOX 1. As described above, the ORF of
SmSP1 consists of % domains and their individual expression was
evaluated by R'T-qPCR and PCR {Figure 4A; Figure S2). The
data show a dilferential expression pattern for the CUB, LDLa
and protease domains of SmSP1L: expression of the CUB domain is

mostly in eggs and sporocysts, whereas LDLa is only expressed in
cges with an cxpression level about 20-fold lower than that of the
protease domain (Figure 1A). As stated above, only in eggs is the
whole OREF amplified by PCR suggesting that some SmSP1 s
expressed as the full-length multi-domain protein (Figure 82).
Among the SmSPs, SmSP2 is the most abundantly expressed
SmSP (Figure 3). In fact, cxpression in schistosomula and adults is
on a similar level 10 that previously measured for the well-
characterized S, mansoni cysteine and aspartic proteases [27]. In
adults, SmSP2 cxpression is cquivalent to that of SmCOX I,
whereas in [five-day old schistosomula expression is even grealer -
150% that of SmCOX L Significant expression, Le., 10% that of

PLOS Neglected Tropical Diseases | www.plosntds.org

SmCOX L Is also detected in eggs. In the other stages, expression
is close 10 or below 1% of the SmCOX T level.

The expression pattern of SmSP3 across all life stages is similar
to that of SmSPl (Figurc 3), with minor variations regarding
expression in cercariac and schistosomula. Most expression is
found in ecggs at 2.5% of the SmCOX I cxpression level
Interestingly, the GUB and prowase domains arc only co-
expressed in eggs and adults (Figure 4B), whercas difterential
expression is scen tor the other developmental stages (Figure 52).
SmSP4 is expressed predominandy in eggs {around 10% of
SmUOX | levell. For the other stages, approximately 1-2% of the
SmCOX T level 15 detecrable in cercariae, adults and five-cday old
schistosomula. Finally, SmSP5 is expressed predominantly in the

i

eges (2% of the level of SmCOX 1) with low expression in the
other life stages (0.02 0.05% of SmCOX).

Phylogenetic position of SmSPs: SmSP5 as ‘a missing-link’
chymotrypsin-like protease

The maximum likelihood analysis of a wide spectrum of
vertebrate and invertebrate 81 family SPs based on amino acid
sequences revealed that SmSPs clustered with related trematode
proteases into five distimet and well-supported clades (Figure 5).
Identical results were obtaimed using maximum parsimony analysis
{data not shown]. The clades did not create a monophyletic group.
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SmSP2 HPNYHRKLQTDGYD[IALLRLSEPVKTTP---EIDFAC----LPSKNLKLTSNSKCYAVGW 150
SmSP3 HPNYRL-HKLYDYDALIKIVSPIQYTS———KRRPIC———ILDTTLMNTNELDRCYVAGW 131
SmSP4 HPQYQS-ASSSGYD[IALVKLTKPVKLGR-—-YVNIAB----LPSAGEEIQPGOECISVGW 138
SmSP5 SNHDEL---GGSPP[ S ILMLNKKFHLSKGWIEIGLLNYNYSMNDTQEKEKKNTDFFVLGE 148
SmCE2.a RORRRTRQTLSGHFD[IATVMLAQMYVNLQS——-GTRVIS———-LPQASDT PTPGTDVEIVGY 138
trypsin HPSYN--SNTLNNDIMLIKLKSAASLNS-—-RVASIS-—---LPTSA--SAGTQELISGW 121
chymotrypsin NSKYN-—-SLTINNDITLLKLSTAASFSQ-—-TVSAVC-—--LPSASDDFAAGTTCVTTGW 126
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SmSP5 GE DK S —— = —m — oo TEMSMGQL 161
SmCE2.a GRDDNDRD—— == — = — = — == = = — PSRRAGGILKKG 158
trypsin GNTK S —————— o SGTSYPDVLKEBL 139
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| | | |

SmSP1 GYKQGGIDACQGDEBGPLLEYVG-- 197
SmSP2 G--AKNKDTCAGDSEGGLYCYLEDT 258
SmSP3 RIPLLNLT NQTEAYQGKLTETMIEAGY IMGGKDSCOGDSESPLMCOLENT 198
SmSP4 GVPIVPNDOETMNYATLRNGPNPIDVTIESNVIGAGHAEGGRDACQFDSEGPLMEQIK—— 213
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| | | |
SmSP1 —-GQTVQAGIVSWGND-CAKPRNPGVYTNVAMFSDWYSSVL--——— 235
SmSP2 N--RWHIVGVTSFGLARGC-GLNPGVYTSTSSHMDWISKQLATKIF 301
SmSP3 TDEAWYQIGIVSFGKS-CAVPGTPGIYSNLTFANNWISSIIQS-—— 240
SmSP4 —-KOWIVSGIISFGY-GCGKAGYPGVYTRVSDYIPWIKGIAEVETE 256
smsP5 0 ——--- RVVGITSIAG-NGWY—-——— VESSVITHRTEIQQOLYNDTI 249
SmCE2.a —-—-GPVLGVVSHGVTLSNRLDVLVEYASVARMLGFVSSNI--—-— 237
trypsin =0 Z—-————- KLOGIVSWGSG-CAQKNKPGVYTKVINYVSWIKQTIASN-- 223
chymotrypsin ——GAWTLVGIVSWGSSTC-STSTPGVYARVTALVNWVQQTLAAN-~ 230
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Figure 2. Primary sequence alignment of SmSP1 through SmSP5 with 5. mansoni cercarial elastase 2a (SmCE2.a), bovine trypsin and
bovine chymotrypsin. For Sm5P1 to SmSP4, only the protease domains are shown; the upstream sequences (except a short sequence stretch)
forming N-terminal extensions and non-proteclytic domains are not included in the alignment. Also, a downstream C-terminal extension of SmSP5 is
not included. The catalytic residues His, Asp and Ser are highlighted in bold and black-boxed:; critical Asp residues in the 51 subsite that account for
trypsin-like activity are in bold red; Cys residues that are predicted te form disulfide bonds are indicated by the same color; putative unpaired Cys
residues are highlighted in olive, and predicted N-glycosylation signals are in bold and underlined. Glu residues binding a Ca*" ion in the trypsin
molecule are blue-boxed. The upper line numbering is according to SmSP1; the predicted mature protease domain starts with 1, the suffix p indicates
pro-peptide/N-terminal extension numbering. GenBank accession numbers are as follows: SmSP1 (KF535923), SmSP2 (KF510120), SmSP3 (KF510121),
SmSP4 (KF510122), SmSP5 (KF939306), SmCE2a (AAM43941), bovine trypsinogen (XP_871686) and bovine chymotrypsinogen A (XP_003583409).
doi:10.1371/journal.pntd.0002766.g002

Thus, SmSPL and SmSP3 were placed as two closely related but
independent clades {trematode SP clade 1 and 3) and clustered
with a large group of vertebrate SPs, including regulatory- and
cpithelial-derived effector trypsin-like proteases such as plasmin-
ogens, plasma kallikreins, tryptlases, matriptases and transmemn-
brane SPs (Figure 5). SmS8P2 and Sm8P4 also segregated into two
separate but related trematode clades (numbers 2 and 4, which
clustered with cestode SPs and a group of insect plasminogen-like

and trans-membranc SPs (Figure 5). Finally, SmSP5 clustered with
8. faponicwmn and Clonorehis stnensis (Chinese liver luke} orthologs and
created a sub-clade that grouped with a sub-clade of CEs within
the trematode 8P clade 5. This clade also clustered with

chymotrypsin-like  proteases [rom  invertebrates. Accordingly,
SmSP5 and s trematode urlh(:lug\ associate more with the
divergent schistosome CEs [22] than with other SI family
proteases [18].

= Adults
= Schistosomula
SmSPS m Cercariae
= D. Sporocysts
= Miracidia
=Eggs
SmSP4
SmSP3
SmSP2
SmSP1

001 002 004 008 016 032 064 1.28 256 512 10.24 2048 4096 81.92 163.84

% of expression relative to SmCOX | (log, scale)

Figure 3. RT-qPCR to evaluate the expression of SmSP genes among S. mansoni developmental stages. mRNA levels are displayed as the
percentage of expression compared to the constitutively expressed S. mansoni cytochrome oxidase 1 (SmCOX 1). The value 0.01% was used as a
significance threshold. The gene expression analysis of the protease domains of SmSPs. Each unit represents the -fold change in the transcription
level using the log, scale.

doi:10.1371/journal pntd.0002766.g003
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doi:10.1371/journal pntd.0002766.g004

Activity profiling demonstrates trypsin-like proteases in 5.
mansoni developmental stages

S1 tamily SP activities in soluble extracts of 8. mansom adults, five
day-old schistosomula and eggs were profiled for proteolytic
specificity  using peptidyl fluorogenic substrates. Two sets of
specific protease substrates were used; (i) substrates with a basic
amino acid residue {Arg, Lys} in the PI position that arc cleaved by
trypsin-like SPs, and (i} substrates containing bulky hydrophobic
(Phe, Tyr) or aliphatc residues (Val, Leu, Met) at P1 that are
cleaved by chymotrypsin- or elastase-like SPs [49]. 'The measured
activities were further authenticated as S| family SPs by their
sensitivity to the small molecule inhibitors, Pefabloc SC and
PM

The results indicate that wypsin-like activities predominate over

chymotrypsin/elastase-like  activities in the analyzed extracts
(Figure 6). The mypsin substrates were hydrolyzed with variable
cfficicncics giving distinet cleavage patterns for the individual life

stages. The prominent activity in all extracts was best measured

with the Boe-L-R-R-AMC substraie, hence making this substrate a
uscful probe to detect and measure SmSDPs. Extracts of cggs
displayed a particularly complex profile by cleaving an additional
-V-R-AMC, 7-G-P-R-AMC. 'This
suggests that this life-stage possesses additional, possibly stage-
specific, trypsin-like proteascs. In contrast to the major trypsin-like
activities, chymotrypsin/elastase-like activily was relatively weak

two  substrates, Bz and

being measured only in schistosomula and adults.

Subsequently, we tested whether SmSPs is measurable in the L/
S products from eges, schistosomula and adults, For this purmpose,
we used the substrate Boc-1-R-R-AMC, which was identified as
the most cflicient substrate for homogenates of all the life

slages
tes ol the /8 products, which were
inhibited by the SP inhibitors, Pefabloc SC and PMSE, were
1.05%0.10, 1.38%0.05, and 0.110.01 RFU/ug protein for cggs,
schistosomula and adults, respectively.

(Iigure 6). The specilic act

Spatial structure modeling predicts a trypsin-like
substrate specificity of SmSP1

A spatial homology model of the protcase domain of SmSPI1
was constructed to analyze its binding pocket and substrate
specilicity. The X-ray structure of bovine trypsin in complex with
the small-molecule inhibitor, leupeptin (PDB code 1 s used
as a template, We used SmSPl as representative of SmSPI to
SmS8P4, which have substantial scquence identity, a similar

disulfide pauern and homology in active site regions (Figures 2
and 83). Figure 85 shows that the SmSPl protease domain

PLOS Neglected Tropical Diseases | www.plosntds.org

displays the conserved architecture of S1 family proteases which
consists of two six-strandcd B-barrcl domains packed against cach
other. The catalytic amino acid residues are located at the junction
between the domains. The major nsertion/deletion variations
between SmSP1 to SmSP4 (such as the SmSP2 ingertion ar residue
140, Figure 2) arc located at surface-cxposed loops.

The primary substrate specifi
protease

Aty determinant of 81 family
the 81 binding subsite. In SmSP1, this subsite forms a
decp and narrow negatively charged pocket that contains Aspl182
at the bottom (Figures 7A and 7B). Leupeptin, the transition state
analog protease inhibitor, was docked into the active site of
SmSPIL. The arginal residue of leupeptin forms a covalent linkage
with the catalytic Serl88, a sak bridge with Aspl82 in the S
subsite and hydrogen bonds with the carbonyl oxygen of Alal83
and Asp211 {Figure 7C). An addidonal hydrogen bond is formed
between the side chain nitrogen of GIn185 and the carbonyl

oxygen Leu? residue of leupeptin, 'T'he putative mteraction pattern
of' leupeptin at the S1 subsite of SmSP1 is similar to that found in
bovine wypsin [30]. This demonstrates that SmSP1 has a substrate
binding preference [or basic residues at the Pl position, the
positive charge of which compliments the negatively charged
Aspl82, ie., trypsin-like activity. This
generalized to SmSP2 to SmSP4 which also contain the critical
Aspl82 residue.

conclusion  can  be

Discussion

Much has been reported on the genetic, biochemical and
functional characterization of cysteine and aspartic protease
activitics in schistosomes [16,17] and flatworms in general
[16,51], and of the schistosome CE SPs [20] that putatively
[acilitate parasite invasion ol the mammalian host [18 20]. By
(’(m]p;niqrm, re|uli\'e|y hittle detail 1s avanlable for non-Cl15 SPs,
There are, however, indications that non-ClE 81 family SPs
contribute to successtul infection [6]. Thus, kallikrein-like protease
activity from §. mansoni adults [12] and plasmin-like fibrinolytic
activity [rom S, mansont eggs [13] have been recorded previously.
“(l'll H('l]\“lli(“{ (IiS‘l]]ZLy’ﬁ(l ”'}‘—J)Si]] |\‘f1]f K'Iﬁ;]\dgﬁ S]lr('iﬁ('ilifﬁ lelfi

both may contribute to the phenomenon, wherehy large occlusions
of veins by schistosomes are not associated with intravascular
deposition of fibrin and thrombus formation [32-51]. At the gene
and primary sequence levels, however, only two SmSPs, namely
SmSP1 [13,14] and another [ ], which we term SmSP2, have
been described.

The 8. mansont GenelX3 currently contains 16 unique sequences
that belong to Clan PA family ST SPs. 'This number is significantly
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Figure 5. Maximum likelihood phylogenetic tree of 101 selected members of the $1 family of serine proteases with emphasis on
trematode SPs. Numbers in the collapsed branches (triangles) indicate the number of taxa included in the branch. Maximum likelihood and
maximum parsimony bootstrap supports are shown at nodes, bootstrap percentages with <<50% support are not shown. Branches in the trematode
clade 5 SPs are shortened to one third of their original length as indicated by the two diagonal lines. For clades 1 and 4, two S. japonicum orthologs
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are missing due to their absence in the GenBank nr database. However, both sequences can be retrieved from the SchistoDB database under the

idlentifiers Sjp_0012180 (5jSP1) and Sjp_0047680 (Sj SP4).
doi:10.1371/journal pntd.0002766.9005

lower than the 135 family S1 proteases found in the human
genome [8,25] and may be due to the lack of need to regulate the
more complex and cxpanded physiological processcs found in
vertebrates [53]. In our study and apart rom SmSP1 [15,14], we
identified four additional SmSP genes encoding rypical sequence
features of the S1 family [7,8] and which we term SmSP2 through
Sm8P3. Two further genes (Smp_194090 and Smp_06530 in
GeneDB) were identified in the 5. mansoni GeneDB as putative
proteolytically inactive SmSPs as they lack the catalytic scrine or
histicdine residue in the catalytic triac, "I'he remaining nine of the
16 family S1 SPs comprise cight CEs {encoding both putative
proteolytically  active  and products) and a genc
Smp_174530) that encodes an 51 family SP ORF  fused
downstrcam of an MOI family mectallo-protease. This protease
that was not known o us at the beginning ol our study and
becanse of its domain complexity and sequence size was not
deseribed further.

inactive

Our phylogenetic analyses of trematode SPs displayed interest-

ing evolutonary trends. The SmSPs segregate into five clusters of

[amily S1 proteases. The protease domains of SmSP1 and SmSP3,
forming clades | and 3, respectively, cluster with a large group of
vertebrate trypsin-like  SPs including regulatory and eflector
epithelial-dertved proteases. In addition to a protease domain,
the ORFs for SmSPIl and SmSP3 include non-caralytic CUB
domains and SmSP1 LDLa domain. Several vertebrate matrip-
tases that also conwin CUB are present in our
Phylogenetic analysis including those belonging to the “suppressor
ol tumorigenicity’ group. As judged by the domain organization,
SmSP1 resembles mammalian matriptases (a.k.a. epithin, M'T-5P};
however unlike conventional matriptases with multiple CUB and
LDLa domains, SmSPI has only one of each. CUB domains were
first described in the complement proteins Glr and Cls and are
modules of approximatcly 110 amino acids with four conscrved
cysteine residues [56G]. These domains mediatle protein-protein

domains
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Figure 6. Profiling SP act

tions and are generally associated with proteins that have
se, usually regulatory, functions in the extracellular space
and/or plasma membranc [56]. CUB domains can also interact
with heparin and glyvcoproteins [36] and are oflen associated with
metallo-proteases, in addition to serine proteases [8].

Based on the RT-qPCR analysis, the complete ORIs of SmSP1
and SmSP3 moelecules share a similar expression profile (quanti-
tatively and, 1o a smaller degree, qualitatively) across the
developmental stages tested. However, it 1s also clear that the
individual protease, CUB and/or LD La domains are differentally
expressed across the developmental stages tested being only co-
expressed in eggs and, for SmSP3, adults. The particular functions
of these enzymes and their component domains are unknown and
their importance to parasitc vitality and/or survival might be
tested via specific RNA imterference (RINAL, which has been
shown to operate in schistosomes |30,57,38]. According to our
phylogenctic analysis, the closest vertebrate orthologs to SmSP1
and SmSP3 are those associaled with regulatory cascades such as
fibrinoly and vasodilation. This, together with the fact that
SmSP was detected apparently on the surface area of worms and
secreted into the cullivation media [13], suggests a possible
function at the host-parasite nterface.

The presence in the ORT of SmSP1 of an LDLa domain
{positioned between the CUB and catalytic domains) deserves a
note.  Schistosomes and other flanworms do not synthesize
cholesterol {lound within LDL} and must therefore scavenge it
from the environment, particularly for the energy-intensive work
of producing cggs [59,60]. There is also a report that the presence
ol S. mansoni eggs is connected with decreased circulating levels of
cholesterol in the host [61], however, we can only speculate about
the real function of the SmSP1 LDLa domain.

SmSP2 and SmSP4 form two other separate clades and cluster
with trypsin SPs from inscct and other invertebrates. Both proteases
are characterized by their longer but dilferent N-terminal extensions

Eggs
Schistosomula
Adults

ies in extracts of 5. mansoni developmental stages. The kinetic assays, performed at pH 8.0, employed 50 uM

fluorogenic substrates (P1 and P2 positions are highlighted) that are specific for trypsin- and chymotrypsin/elastase-type proteases. SP activities
(sensitive to inhibition by PMSF and Pefabloc S5C) are expressed as relative fluorescence units (RFU/s) and normalized to the protein content of

extracts. Data are displayed in a heat map.
doi:10.1371/journal pntd.0002766.g006
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Ala183
GIn185

Ser188

Asp211

His43

Figure 7. Homology model of the Sm5P1 protease domain in complex with leupeptin. The model was built using the template X-ray
structure of bovine trypsin in complex with substrate-like inhibitor leupeptin (N-acetyl-L-leucyl-L-leucyl-L-argininal; PDB code 1jrt). (A) Surface
representation of the SmSP1 active site colored by electrostatic potential (at a scale from —10 kT/e (red) to +10 kT/e (blue)). Carbon atoms of
leupeptin are yellow; heteroatoms have a standard color coding (O, red; N, blue). (B} The same detail as (A) but viewed from above (the surface
display was clipped for a better view). (€} Schematic view of the active site residues of SmSP1 (green) forming hydrogen bonds (dashed lines) with
leupeptin (yellow). Note the interactions between Asp182 (in the 51 protease subsite) and the basic P1 residue of leupeptin that mimic the S1-P1 salt
bridge that is critical for trypsin-like substrate specificity. Catalytic residues (cyan) are shown, including the covalent linkage of leupeptin with the

catalytic Ser188.
doi:10.1371/journal.pntd.0002766.g007

that lack homologies to known proteins but which are shared i
orthologous $Ps from S japortcum [44] and C. smensiy [62]. Functions
as yetare unknown, however, it is certainly remarkable that SmSP2
is massively expressed in schistosomula and adubs {130% and 60%
of SmCOX I expression levels, respectively) and, therelore,
conceivably contributes significanty 10 host and/or parasite protein
hydrolysis, perhaps in modulating of host physiologic processcs
[6,12]. The presence also of close orthologs of SmSP2 in Fasciola
gigantica [63] and €. sinensis [62] suggests a gencral role for SP2
during infection in the mammalian host. 'The impressive expression
levels for SmSP2 are consistent with high levels of SmSP2
expression from microarray 23] and transcriptome data [24].
Also, the expression levels are close to those for the gut-associated,
digestive cysteine and aspartic proteases, SmCB1 and SmCD,
respectively, for which expression is close 1o that of SmCOXT [27].

Finally, for SmST5, phylogenctic analysis identified its relative
position in what we term clade number 5. This clade is most
closely related to chymotrypsing trom invertebrates and comprises
SP5 orthologs in S. japonicum |44 and C. snensis |62], and the CE
genes S, mansont, S, haematobuon [20,22), 8. japonscum |44 and

Sehistosomatium dowibutti [20]. Clade 5 is particularly significant for

phylogenete  relatdonship  siudies o schistosome  proteolytic
enzymes as 1L contains sequences that bridge the outlier CL group
and other “morc typical’ S1 family SPs. Specifically, our previous
phylogenetic work [18] had highlighted that the CEs coalesce as a
tight group that diverges from other family S1 protease sequences.
At that time the SmSP5 scquence was incomplete and not
amenable to analysis | 18]. The current sequence analysis suggests
that SmSP5 and its trematode orthologs are ‘a missing link”
helween the oulier CE group and the common ancestor. CLs
initially evolved from chymotrypsin regulatory proteases and may
provide an evolutionary advantage in contributing to host invasion
[22].

For the SmSP protease domains, we investigated the structure-
function rclationships using primary structure analysis. homology
modcling and protcase activity profiling with peptidyl substrates.
The sequence alignment shows that all the SmSPs except SmSP5
share a conserved Aspl82 residue. This residue defines the

PLOS Neglected Tropical Diseases | www.plosntds.org

speciticity tor the S1 binding site and drives a strong preterence for
Arg and Lys residues at the Pl position of protein/peptide
substrates, as demonstrated for vertebrate trypsing [47]. 'The
homology maodel of SmSP1 reveals that the S1 pocket with its
critical Asp 182 residue has an architecture analogous 1o vertebrate
trypsins. In contrast, the 81 binding pocket of SmSI'> has a
Glyl182. Also, SmSP5 lacks the disulfide Cys184-Cys212 which is
present in the other four SmSPs and known to stabilize the S1
binding sitc in vertchrate wypsing. Interestingly, this disulfide is
also absent e schistosome Cls, which contain non-polar residues
{lle or Leu) at the bottom of the S1 binding pocket resulting
elastase and chymotrypsin-like activites [22].

Consistent with the number of trypsin-like sequences in all of
the life-stages studied, major wypsin-like activities could also be
measured using peptidyl Quorogenic substrates in eggs, schisto-
somula and adult extracts. Eges, in particular, presented the most
diverse and active profile compared to adults and schistosomula
suggesting they cxpress more than onc  highly  active P
Schistosomula, in contrast, displayved an activity profile restricted
to one substrate, and one might suppose that this activity 1s in fact
dlll‘ Lo S‘LIISPQ w. :l(']l WS, ﬁ‘(¥]rﬁ§5l‘ll Al higll?l Il‘\f(‘,l.\ thU] (]lll?] QP\
as measured by RT-qPCR {see above]. Finally, the finding that
significant trypsin-like activity was found in the /S producis of
the three life stages tested suggests that one or more SmSPs arc
scereted into the host environment where they may interfere with
relevant protcolytic cascades such as blood coagulation, comple-
ment or blood pressure regulation |6,12].

In contrast to the typsin-like activities measured, chymotryp-
sin/elastase-like activities were absent i eggs, and in schistosom-
ula were at least one order of magninu‘lr weaker. ILis p(')&ﬁll‘)h“. that
the ac in schistosomula is, in whole or part, due 1o residual
CL activity carried forward afier mechanical transformation of
cercariae ancd @ @ro culture of schistosomula. In adults, however,
this possibility scems remote and the minor activities measured
may be contributed to by SP5.

To conclude, the present study provides a comprehensive
phylogenctie, transcriptomic and functional framework illustrating
the heretofore unknown complexity of schistosome 81 family SPs,
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other than the well-studied CEs [20,22]. The individual enzymcs
underlying the activitics measured remain “undiscovered country”
hoth in terms of their functional characterization and, not least,
their  possible  contributions to successful parasitism by the
schistosome, including at the host-parasite interface.

Supporting Information

Figure S1 Amino acid sequence alignment of three
versions of SmSP1, Original description (CAAQ9691), the S,
mansont GeneDB  (SchistoDB, Smp_030350] « stion (hoth
Puerto Rican isolates) and our (KF535923)
sequenced from a Liberian S. mansend isolate. Sequence variations
are highlighted in green, turquoise and grey for KF335923%,
Smp_030350 and CAA09G9, respectively. The GUB, LDLa and
trypsin - domains are underlined in blue, yellow and red,
respectively.

[TIF)

Figure S$2 Expression of SmSPl1 (CUB, LDLa and
protease domains) and SmSP3 (CUB and protease
domains) using PCR. Primers were designed o amplily
particular domains, partial or whole ORI fragments [rom ¢DNA
of various 8. mansoni developmental stages. The lancs are as
follows: 1, SmSPICUR; 2, SmSPICUB-LDLa; 3, SmSPlorypsing
4, SmSPloypsin-LDLa, 5, whole ORI" SmSPICUB-LDLa-
trypsing 6, SmSP3CUB; 7, SmSP3 trypsin and 8, whole ORI
SmSP3 CUB-trypsin.

(T

current  version

Figure 83 Matrix of amino acid sequence identities
used in Figure 2.
[TIF)
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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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Abstract

Background

Serine proteases are important virulence factors for many pathogens. Recently, we dis-
covered a group of trypsin-like serine proteases with domain organization unique to flat-
worm parasites and containing a thrombospondin type 1 repeat (TSR-1). These
proteases are recognized as antigens during host infection and may prove useful as
anthelminthic vaccines, however their molecular characteristics are under-studied. Here,
we characterize the structural and proteolytic attributes of serine protease 2 (SmSP2)
from Schistosoma mansoni, one of the major species responsible for the tropical infec-
tious disease, schistosomiasis.

Methodology/Principal findings

SmSP2 comprises three domains: a histidine stretch, TSR-1 and a serine protease
domain. The cleavage specificity of recombinant SmSP2 was determined using posi-
tional scanning and multiplex combinatorial libraries and the determinants of specificity
were identified with 3D homolegy models, demonstrating a trypsin-like endopeptidase
mode of action. SmSP2 displayed restricted proteoclysis on protein substrates. It acti-
vated tissue plasminogen activator and plasminogen as key components of the fibrino-
Iytic system, and released the vasoregulatory peptide, kinin, from kininogen. SmSP2
was detected in the surface tegument, esophageal glands and reproductive organs of
the adult parasite by immunoflucrescence microscopy, and in the excretory/secretory
products by immunaoblotting.
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Conclusions/Significance

The data suggest that SmSP2 is secreted, functions at the host-parasite interface and con-
tributes to the survival of the parasite by manipulating host vasodilatation and fibrinolysis.
SmSP2 may be, therefore, a potential target for anti-schistosomal therapy.

Author summary

Schistosomiasis (bilharziasis) is a global parasitic infection with more than 240 million
people infected. It is caused by Schistosoma flatworms that live in the bloedstream. Cur-
rent treatment relies on one drug, and no effective vaccine has yet been developed. Proteo-
Iytic enzymes (proteases) help the parasite survive in the mammalian host, allowing the
schistosome to invade, feed, grow, reproduce and, manipulate the immune system. Thus,
proteases are considered potential drug and vaccine targets. We previously described, and
herein, investigate at the protein level, SmSP2, the major serine protease produced by the
blood-dwelling stages of S. mansoni. We show that SmSP2 is secreted by the parasite and
effectively processes host blood bioactive peptides and proteins that are involved in fibri-
nolysis and regulation of vascular tone. We propose, therefore, that SmSP2 modulates
host hemostasis to promote parasite infection and survival. Thus, SmSP2 and similar pro-
teins in other parasitic flatworms represent potential targets for novel drug or vaccine
interventions,

Introduction

Schistosomiasis (bilharziasis) is a chronic infectious disease caused by a trematode blood flukes
of the genus Schistosoma. A public health problem in 74 developing countries, the parasite
infects over 240 million people with up to 700 million people at risk [1, 2]. Adult schistosomes
can reside for decades in the host vascular system as male-female pairs producing hundreds of
eggs per day [3]. Morbidity arises from immuno-pathological reactions to and entrapment of
schistosome eggs in various tissues [4]. In the absence of a vaccine, treatment and control of
schistosomiasis relies on a single drug, praziquantel (PZQ) [5, 6]. During its complex life cycle,
the parasite survives in various environments by presenting or releasing bioactive molecules
that aid survival and modulate host physiology [7-10]. Disruption of these potential mecha-
nisms by specific drugs or vaccines may provide therapeutic benefits.

Proteolytic enzymes (proteases) of schistosomes [11] are attractive drug targets as they fre-
quently operate at the host—parasite interface, and facilitating parasite invasion, migration,
nutrition and immune evasion [12-14]. Most studies on schistosome proteases, to date, have
focused on cysteine and aspartic proteases that contribute to the digestion of the blood meal
[15, 16]. Among them, the cathepsin Bl of §. mansoni (SmCB1) has been validated in a murine
model of schistosomiasis as a chemotherapeutic target [17], and small molecule inhibitors of
SmCB1 are under investigation as potential drug leads [18-20].

Schistosome serine proteases (SPs) are less studied with the exception of cercarial elastase,
which facilitates penetration of the human host by infective larvae [21, 22]. Recently, we
uncovered a repertoire of S. mansoni trypsin- and chymotrypsin-type S1 family serine prote-
ases (SmSPs) by employing a series of genomic, transcriptomic, proteolytic and phylogenetic
investigational strategies [23]. Among these, SmSP2 is the most abundantly expressed in
blood-dwelling stages [23]. Interestingly, SmSP2 ortholog (mastin) was identified as potential
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vaccine targets in Schistosoma haematobium based on IgG1 immune response of individuals
with drug-induced resistance [24].

In this study, we report the first detailed biochemical and enzymatic characterization of
SmSP2. This enzyme processes several proteins and peptides that are involved in host protec-
Iytic cascades, i.e., blood coagulation, fibrinolysis and blood pressure regulation, and, thus,
may interfere with critical vascular hemostatic processes. Accordingly, SmSP2 may be a target
for novel anti-schistosomal therapeutics.

Materials and methods
Ethics statement

Research with experimental animals was performed in accordance with the animal welfare
laws of the Czech Republic and in accordance with European regulations for transport, hous-
ing and care of laboratory animals (Directive 2010/63/EU on the protection of animals used
for scientific purposes). The project of experiments including the use of experimental animals
for present study was approved by Ministry of education, youth and sports of the Czech
Republic (approval number MSMT—7063/2017-2). All the animals used in the study were
maintained by certified person (certificate number CZ 02627) in specifically accredited labora-
tories of Institute of Immunology and Microbiology of the First Faculty of Medicine, Charles
University and the General University Hospital in Prague (accreditation number 70030/
2013-MZE-17214), both issued by the Ministry of Agriculture of the Czech Republic.

Schistosome material

Schistosoma mansoni (a Puerto Rican isolate) was routinely maintained in the laboratory by
cycling between the intermediate snail host, Biomphalaria glabrata, and outbred ICR mice as
definitive hosts, Infective larvae (cercariae) were released after light stimulation from infected
snails placed in fresh water. Adult mice were infected by immersing the feet and tails for 45
min in 50 ml of water containing approximately 500 cercariae. Six weeks post infection, mice
were euthanized by an intra-peritoneal injection of ketamine (Narkamon 5% - 1.2 mL/kg bw)
and xylazine (Rometar 2% - 0.6 mL/kg bw) and the worms recovered from the portal vein by
transcardial perfusion with RPMI 1640 medium as described previously [25-27]. Newly trans-
formed schistosomula (NTS) were prepared by mechanically transforming cercariae and culti-
vated in a Basch Medium 169 [28] containing 5% fetal calf serum, 100 units/mL penicillin and
100 ug/mL streptomycin for 5 days at 37°C under a 5% CO2 atmosphere.

Preparation of schistosome extract, excretory/secretory products collection
and purification of native SmSP2

Soluble protein extracts (1-3 mg protein/mL) from S. masnsoni adults were prepared by
homogenization in 50 mM Tris-HCI, pH 8.0, containing 1% CHAPS, 1 mM EDTA, 1 uM pep-
statin and 1 uM E-64 on an ice bath. The extract was cleared by centrifugation (16,000 gat 4°C
for 10 min), ultra-filtered using a 0.22 pm Ultrafree-MC device (Millipore) and stored at
-80°C. Excretory/secretory products (ESP) of adult worms were collected as described previ-
ously [29]. Specifically, fifty pairs of adult worms were washed five times in Basch medium 169
containing 5% fetal bovine serum, 100 U/mL penicillin, 100 pg/mL streptomycin and 1% Fun-
gizone (Gibco), incubated for 1h at 37°C under a 5% CQ, atmaosphere, washed five times and
then incubated overnight at 37°C in 5% CO, in the above medium supplemented with 5% fetal
calf serum but in the absence of Fungizone. Parasites were washed three times in the above
medium and then washed 10 times in M-199 medium containing 100 U/ml penicillin and
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100 pg/ml streptomycin, but without serum. Adults were evenly distributed in 5 ml of the
same medium in a 6-well cultivation dish and incubated for 16 h at 37°C in 5% CQ,. Medium
containing ESP was removed, filtered over an Ultrafree-MC 0.22 pm filter (Millipore), buffer
exchanged into ice-cold PBS, concentrated to 2 mL using Amicon Ultracel-10K filters (Milli-
pore) and aliquots stored at -80°C.

Native SmSP2 was purified from the adult schistosome extract using Ni*" chelating chro-
matography (Hi-Trap IMAC FF column, GE Healthcare Life Sciences) under native condi-
tions. The bound material was eluted using a 0.5 M imidazole and the purified proteins
analyzed by immunoblotting with anti-SmSP2 IgG.

Expression and purification of recombinant SmSP2 in Pichia pastoris

The full-length SmSP2 gene (GenBank KF510120; GeneDB Smp_002150) without the N-ter-
minal signal sequence predicted by SignalP [30] was codon-optimized for expression in P. pas-
toris and clened into the pUC57 vector (GenScript) with an incorporated C-terminal His-tag
(GPHHHHHH). The SmSP2 protease domain (residues 201 to 501, Fig 1) containing a short
N-terminal propeptide (residues 183 to 200, Fig 1) was prepared by PCR amplification of the
synthetic SmSP2 gene using the forward primer, 5'-AAGAGAGGCTGAAGCTGCAAACTT
GACAAACACCTGTGGTATCAG-3" that contained a Pst I restriction site, and the reverse
primer, 5"-GGCCACGTGAATTCCTTAGTGATGGTGATGGTGATGAGGACC-3. Both
primers contained 15 nucleotide extensions (underlined) homelogous to the ends of Pst I-line-
arized pPICZoB vector (Thermo Fisher). The PCR product was cloned into this expression
vector using the In-Fusion HD Cloning Kit according to manufacturer protocol (Clontech)
and verified by DNA sequencing. Transformation of P. pastoris X-33 cells (Thermo Fisher)
and protein expression were carried out as described previously [31, 32].

The yeast medium containing recombinant SmSP2 was centrifuged (3,000 g for 10 min),
and the supernatant filtered (0.45 pm), lyophilized and dissolved in 20 mM MES buffer, pH
6.0 (to 10% of the original volume). The solution was then desalted over a Sephadex G-25 col-
umn equilibrated with the same buffer. SmSP2 was purified using chromatography on a
HiTrap Benzamidine FF column (GE Healthcare Life Sciences) equilibrated with 50 mM Tris-
HCI, pH 8.0, containing 0.5 M NaCl, and eluted with 50 mM glycine, pH 3.0. The pH of the
eluted fractions containing SmSP2 was adjusted to 6.0 by addition of 1M Tris-HCI, pH 8.0,
and enzyme fractions were stored in -80°C. The purification process was monitored with a
kinetic activity assay using the fluorogenic substrate, P-F-R-AMC (AMC, 7-amino-4-methyl-
coumarin), and by SDS-PAGE and Western blotting.

Expression, refolding, purification of recombinant SmSP2 in E. coli

The Champion pET directional expression kit (Thermo Fisher) was selected for bacterial
expression of the SmSP2 protease domain (residues 201-501) that contained a short N-termi-
nal propeptide (residues 183 to 200, Fig 1). The 957 bp ORF was PCR amplified from a syn-
thetic SmSP2 gene using specific forward (5'- caccATGAATCTAACTAATACATGTGGAA
TACGTAAATCA-3") and reverse (5- AAATATTTTTGTTGCTAATTGTTTTGATATCC
AA-3") primers. The PCR product was cloned into the expression vector pET100/D-TOPO
(Thermo Fisher) incorporating an N-terminal His tag and verified by DNA sequencing.
Recombinant SmSP2 was produced in E. cofi BL21(DE3) (Thermo Fisher), purified from
inclusion bodies using Ni?* chelating chromatography under denaturing conditions and the
purified protein was refolded using the dialysis protocol described in [33].

PLOS Neglected Tropical Diseases | https://doi.crg/10.1371/journal.pntd.0006446  April 20, 2018 4/26

78



@ PLos NEGLECTED
) " TROPICAL DISEASES Serine protease SmSP2 from Schistosoma mansoni

A
1 2455 81 111 178 201 501

1 MILINTYLIY FICFILSFIP NSNTSEYDYN KEYIDEESLN QFINNSNDGD DDYDHDHHYR 60

61 HHDHHHRHHD HHHRHHPQHI HEKNVGRKIQQ KFFPLSFHFN RPKSQEIYVF NIERYSNWSD 120

121 WKECLPMECI EIRYRKCLDD SWKTISPNLI HTTRCISKYY AEKRTCLNKT QCNEYTGDQI 180

181 IKNLTNTCGI RKSDNQIMEK ILGGKAVEPH SWPWAVRLSV KLPRRRSVTF IGGTLIAPQW 240

241 ILTAAEVI.V ENKHIPVGKP VMLADHMKST IYAHLGDHDR YKQEAAQIDH RVTVAILHPN 300

301 YHRKLQTDGY EIALLRLSEP VKTTPEIDFA CLPSKNLKLT SNSKIYAVGW GSNKGGKIPT 360

361 FDNIHSILES LFLPFPSLFN TPFTFGRRES SIWNIKKLEE EESSKELHEV ELPIVSMDDI 420

421 RKYYADISSK VHVEAGARNK [DirflAcDshGe LYBYLEDTNR WHIVGVTSFG LARGEGLNPG 480

481 VYTSTSSHMD WISKQLATKI F 501

Fig 1. Domain organization and amino acid sequence of SmSP2. (A} Schematic diagram of the domain layout. The N-terminal signal
peptide, “His stretch’ (HS), thrombospondin type | repeat (TSR-1) and S1 family protease domains are depicted in blue, purple, green, and
red, respectively. Amino acid residue numbers are indicated. (B) The amino acid sequence of SmSP2 with the various domains color-coded
by underlining as in (A). Predicted N-glycosylation sites are highlighted in grey, and His residues in the His stretch are in purple. The
calalylic residues, His246, Asp311 and Ser447 are red-boxed; and Asp441 in the §1 subsile thal accounts for (rypsin-like aclivily is green-
boxed. Cys residues of the protease domain that are predicted to form a disulfide are indicated by the same color; Cys residues of the TSR-1
domain are colored yellow. The propeptide is underlined with dashed red line.

https://doi.org/10.1371/journal. pntd 0006446.9001

Preparation of antibodies and immunoblotting

Specific polyclonal antibodies were generated in rabbits (Moravian Biotechnology) against the
bacterially-expressed SmSP2 protease domain. Antigen (50 pg in Freund’s incomplete adju-
vant) was administered three times each three weeks apart. IgG was isolated from the serum
by affinity chromatography with a HiTrap Protein A column (GE Healthcare Life Sciences)
according to the manufacturer’s protocol. Immunoselection of SmSP2-specific IgG was carried
out using a standard methodology [34]. Briefly, 800 pg of recombinant SmSP2 expressed in E.
coli was resolved by SDS-PAGE and transferred to polyvinylidene difluoride membrane.
Excised strips containing SmSP2 were blocked with 3% BSA in 50 mM Tris-HCl, pH 7.5, con-
taining 150 mM NaCl and 0.1% Tween (T'TBS) for 1 h, washed with TTBS, and incubated with
the protein- A purified anti-SmSP2 IgG overnight at 4°C. After washing, bound antibodies
were eluted with 100 mM glycine, pH 2.5 and the elution was immediately adjusted to pH 7.5
using 1 M Tris-HCL

PLOS Neglected Tropical Diseases | https://doi.crg/10.1371/journal.pntd.0006446  April 20, 2018 5/26

79



@ PLOS NEGLECTED
-~z N TROPICAL DISEASES Serine protease SmSP2 from Schistosoma mansoni

For immunoblotting, adult schistosome homogenate (30 pg protein) and rSmSP2 (1 pg)
were resolved by SDS-PAGE (4-12% NuPAGE gel, Thermo Fisher) under reducing conditions
and transferred onto a PVYDF membrane. The membrane was blocked for 1 h with 3% BSA in
TTBS, washed with TTBS and incubated overnight with anti-SmSP2 polyclonal IgG diluted
1:200 in T'I'BS. After washing with T'T'BS, the membrane was incubated for 1 h with goat
horseradish peroxidase-conjugated anti-rabbil IgG (Sigma-Aldrich) at a dilution of 1:10,000.
After washing with TTBS, the membrane was developed with Luminata Crescendo Western
HRP substrate (Merck) and imaged using an ImageQuant LAS 4000 biomolecular imager (GE
Healthcare Life Sciences).

Immunofluorescence microscopy

Adult S. mansoni males and females were carefully separated over ice, washed three times in
100 mM sodium phosphate, pH 7.4, containing 154 mM NaCl (PBS), fixed in Bouin’s solution
(Sigma-Aldrich) for 45 min at 25°C, and embedded in paraffin blocks. Sections (6-8 um each)
were deparaffinized in xylol, rehydrated in an ethanol series of decreasing ethanol concentra-
tion and boiled in a water bath in 10 mM sodium citrate, pH 6.0, for 15 min. Cooled sections
were rinsed with PBS, permeabilized in PBS containing 0.25% Triton X-100 (PBS/Triton) for
20 min, and blocked overnight at 4°C with 2% BSA in PBS/Triton. After washing in PBS/Tri-
ton, the sections were incubated for 60 min at 4°C with rabbit polyclonal anti-SmS$P2 IgG
diluted 1:25 in PBS/Triton containing 1% BSA. Sections were then washed three times in PBS/
Triton and incubated for 30 min at 25°C with anti-rabbit IgG Alexa 647-conjugated secondary
antibody (Thermo Fisher) diluted 1:500 in PBS/Triton. After washing with PBS/Triton, the
sections were mounted in Prolong Diamond antifade reagent containing DAPT (Thermo
Fischer). The fluorescence was visualized using an Olympus IX83 microscope equipped with
PCO edge 5.5 camera and CoolLED pE-4000 LED illumination system. DAPI signal was
detected using excitation diode 365 nm and emission filter 440/40 nm, Alexa 647 using diode
635 nm and emission filter 700/75. Appropriate lightning settings were determined using con-
trol slides probed with pre-immune serum to define the background signal threshold. Image
stacks of optical sections were processed using the Fiji software.

Active site labeling of SmSP2

Recombinant SmSP2 expressed in P. pastoris (1 pg) was incubated 1 h at 37°C with 1 uM activ-
ity-based probe BoRC [35] in 50 mM Tris-HCL, pH 8.0. The competitive labeling reaction was
also performed after treatment of SmSP2 for 15 min at 37°C with 1 mM serine protease inhibi-
tor Pefabloc SC (Sigma-Aldrich). The labeled SmSP2 was precipitated with acetone, resolved
by SDS-PAGE, and visualized in-gel using a Typhoon 9410 imager (GE Healthcare) as
described previously [36].

Kinetic SmSP2 activity and inhibition assays

SmSP2 activity was measured in continuous kinetic assays using the following peptidyl fluoro-
genic AMC substrates (Bachem): Z-F-R-AMC (Z, Benzyloxycarbonyl), Bz-F-V-R-AMC (Bz,
Benzoyl), P-F-R-AMC, Boc-L-R-R-AMC (Bog, t-Butyloxycarbonyl), Boc-Q-A-R-AMC, Boc-
V-L-K-AMC, Suc-A-A-F-AMC (Suc, Succinyl), Suc-A-A-P-F-AMC, MeOSuc-A-A-P-V-AMC
(MeOSuc, 3-Methoxysuccinyl), Z-G-G-L-AMC, Z-V-K-M-AMC, Boc-L-G-R-AMC,
Z-V-V-R-AMC, V-P-R-AMC, 7Z-R-R-AMC, R-R-AMC, R-AMC and Boc-L-L-V-Y-AMC.
Assays were performed at 37°C in white 96-well microplates in a total volume of 100 pl.
Recombinant SmSP2 expressed in P. pastoris (10 ng) was pre-incubated for 10 min at 37°C in
80 pl of 0.1 M Tris-HCI, pH 8.0. The reaction was initiated by adding 20 ul of substrate
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Table 1. Sensitivity of rSmSP2 to protease inhibitors.

Inhibitor® Target pmteascb Concentration (puM) Inhibition (%)
Pefabloc SC SP 1000 100
Benzamidine SP 1000 100
3,4-dichlorcoumarin SP 100 714433
Antipain 3P, CP 20 100
Leupeptin Sp, CP 20 100
BPTI (Aprotinin) SP 10 87.0+2.6
STL sp 10 91.8+0.9
a-1-antichymotrypsin SP 1 132+2.4
o-1-antitrypsin SP 1 79.0 £ 0.9
Antithrombin ITT Sp 1 99.1 £0.3
PAI-1 SP 1 100

E-64 CP 10 72+09
Pepstatin A AP 1 0

EDTA MP 1000 32+0.9
Bestatin MP 1 45£2.0
Phenanthroline MP 1000 269+4.7
u-2-macroglobulin all types 0.1 61.6+0.4

“ Abbreviations: BPTI (bovine pancreatic trypsin inhibitor), STI (soybean trypsin inhibitor), F64 (trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane), PAI-1
(plasminogen activator inhibitor-1).

® The target proteases are classified based on catalytic type into aspartic (AP), cysteine (CP), serine (SP) proteases and metalloproteases (MP).

© rSmSP2 was pre-incubated with the given inhibitor and remaining activity was measured in a kinetic assay with the fluorogenic substrate P-F-R-AMC. The mean

values + $.D. of three replicates are expressed as the percentage inhibition relative to uninhibited controls,

https:/fdoi.org/10.1371/journal.pntd.0006446.t001

solution (50 pM final concentration) in the same buffer. Proteolytic activity was measured con-
tinuously in an Infinite M1000 microplate reader (Tecan) at excitation and emission wave-
lengths of 360 and 465 nm, respectively. The pH activity profile was determined in 50 mM
citrate, 100mM phosphate (pH range 3.0-7.5), and 0.1M glycine (pH range 8.0-11.0) using the
P-F-R-AMC substrate. The pH profile of SmSP2 activity in schistosome homogenates (1-5 pg
of protein) was measured analogously, but in the presence of 10 uM E-64 and 1 mM EDTA to
prevent undesired proteolysis by cysteine proteases and metalloproteases, respectively. Prote-
ase activity was expressed as the remaining portion that was sensitive to 1 mM Pefabloc SC.
For inhibition measurements, inhibitors were added to the 80 pL pre-incubation solution at
the final concentrations listed in Table 1. After 10 min at 37°C, reactions were initiated by the
addition of substrate. For pH stability determinations, SmSP2 was incubated in 50 mM citrate,
100mM phosphate (pH range from 3.0 to 7.0) or 0.1M glycine (pH range from 8.0 to 11.0).
After 1, 4 and 20 h, aliquots containing 10 ng SmSP2 were taken and SmSP2 activity was mea-
sured using P-F-R-AMC as described above. All measurements were done in triplicate.

Interaction of SmSP2 with protein substrates

Recombinant SmSP2 expressed in P. pastoris (300 ng) was incubated at 37°C with 1-20 pg of
human plasminogen (hPLG, R&D Systems), high molecular weight human plasma kininogen
(HMWK; Merck), human tissue plasminogen activator (tPA), human serum albumin (HSA),
human hemoglobin, calf collagen type I, human fibronectin and rabbit immunoglobulin G (all
Sigma-Aldrich) in 25 uL 100 mM Tris-HCI, pH 8.0. After incubation (between 1 and 48 h), the
reaction was stopped by adding Pefabloc SC (final concentration 1 mM) and 20 pl of the
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reaction was resolved by SDS-PAGE (4-12% Nupage gel) and stained with Coomassie Brilliant
Blue G250. In control experiments, protein was incubated in the absence of SmSP2 and ana-
lyzed under identical conditions, Processing products generated during HMWK degradation
were identified by mass spectrometry, the reaction mixture was analyzed using LC-MS/MS as
described previously [32, 37]. To analyze the activation of hPLG and tPA by SmS8P2, aliquots
of the reaction mixtures containing 100 ng of hPLG or tPA were withdrawn at different time
intervals and activity was measured in a kinetic assay using 50 pM Boc-V-L-K-AMC or
Z-G-G-R-AMC, respectively, in 100 mM Tris-HCI, pH 7.5, containing 100 mM NaCl. Proteo-
Iytic activity was measured continuously as described above. In control experiments, SmSP2,
hPLG or tPA alone were analyzed under identical conditions.

Hydrolysis of peptide hormones by SmSP2

Extended bradykinin (Ac-SLMKRPPGFSPFRSSR-amide, Ac, acetyl) was synthesized as a pep-
tidyl amide by Fmoc solid phase chemistry in an ABI 433A peptide synthesizer (Applied Bio-
systems), as described previously [19, 38]. Recombinant SmSP2 expressed in P. pastoris (200
ng) was incubated at 37°C for 1 to 16 h with 25 nmol of bradykinin, lysyl-bradikinin (kallidin),
vasopresin (all Sigma-Aldrich) or extended bradykinin in 0.1 M Tris-HCI, pH 8.0, in a total
volume of 50 uL. The reaction was stopped by adding TFA to a final concentration of 1%. The
resulting fragments were purified by reverse-phase HPLC using a Luna C18 column (25 x 0.46
cm, Phenomenex) and the TFA/acetonitrile system, and characterized by MS/MS [32, 37].

Hydrolysis of peptides by cultured schistosomes

Adult worms were washed and treated as described above (section Preparation of schistosome
extract, excretory/secretory products collection and purification of native SmSP2). Five adult
schistosome pairs were then placed into clear, 24-well, flat-bottom plates {Costar) containing
500 uL Basch Medium 199 [28], supplemented with 100 units/mL penicillin and 100 pg/mL
streptomycin (without fetal bovine serum). Human vasopressin or extended bradykinin

(10 uM) was added and the incubation continued for 16 h at 37°C under a 5% CO2 atmo-
sphere. In control experiments, the peptides were incubated in the same system but in the
absence of schistosomes. After incubation, the samples were ZipTiped and the resulting frag-
ments were analyzed using MALDI-TOF performed on an UltrafleXtreme (Bruker Daltonik)
operated in reflectron mode with an acceleration voltage of 25 kV and a pulsed ion extraction
of 120 ns. Desorption and ionization were achieved using a Smartbeam II laser. @-Cyano-
4-hydroxycinnamic acid was used as a matrix. The data were acquired from m/z 220 to 3700
and analyzed with the FlexAnalysis 3.3 software (Bruker Daltonik). The mass spectra were
externally calibrated using a Peptide Calibration Standard I (Bruker Daltonik) and averaged
from 3000 laser shots.

Subsite profiling of SmSP2 by a positional scanning synthetic
combinatorial library (PS-SCL) and by multiplex cleavage assays
Synthesis of the PS-SCL has been previously described [39]. The assays were carried out in
black 96-well microplates in 0.1 M Tris-HCI, pH 8.0, containing 0.01% Tween 20 and initiated
by addition of recombinant SmSP2 (10 ng). Release of 7-amino-4-carbamoylmethylcoumarin
(ACC) was measured in an SpectraMax Gemini fluorescence spectrometer (Molecular
Devices) with excitation and emission wavelengths set to 380 and 460 nm, respectively.

The Multiplex Substrate Profiling by Mass Spectrometry (MSP-MS) assay was performed as
previously described [29]. SmSP2, human plasma kallikrein (Sigma-Aldrich) and bovine tryp-
sin Sigma-Aldrich) (all 17 nM) were incubated in triplicate with a mixture of 228 synthetic
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tetradecapeptides (0.5 uM each) in 10 mM Tris-HCI, pH 8.0. After 15, 60, and 240 minutes,
20 pl. aliquots were removed, quenched with 6.4 M guanidinium chloride, immedialtely frozen
at -80"C. Control reactions were performed by treating enzymes with guanidinium chloride
prior to peptide exposure. Samples were acidified to < pH 3.0 with 1% formic acid, desalted
with C18 LTS tips (Rainin), and injected into a Q Exactive Mass Spectrometer (Thermo)
equipped with an Ultimate 3000 HPLC (Thermo). Peptides separated by reverse phase chro-
matography on a C18 column (1.7 um bead size, 75 um x 25 cm, heated to 65°C) at a flow rate
of 300 nL min™" using a 55-min. linear gradient from 5% B to 30% B, with solvent A: 0.1% for-
mic acid in water and solvent B: 0.1% formic acid in acetonitrile. Survey scans were recorded
over a 150-2000 m/z range at 70000 resolutions (AGC target 1x106, 75 ms maximum). MS/
MS was performed in data-dependent acquisition mode with HCD fragmentation (30 normal-
ized collision energy) on the 10 most intense precursor ions at 17500 resolutions (AGC target
5x104, 120 ms maximum, dynamic exclusion 15 ).

Peak integration and peptide identification were performed using Peaks software (Bioinfor-
matics Solutions Inc.). Quantification data are normalized by LOWESS and filtered by 0.3 pep-
tide quality. Missing and zero values are imputed with random numbers in the range of the
average of smallest 5% of the data * sd. Differences between each time point and no-enzyme
control were analyzed for statistical significance by multiple t-test. When compared to the con-
trol reaction, peptide cleavage products with >10-fold change in peak area intensity and p-
value <0.05 were identified and the peptide sequence corresponding to the P4 to P4’ subsite
positions were used to make IceLogo frequency plots [40]. Mass spectrometry data and results
can be accessed here: fip://massive.ucsd.edu/MSV000081747.

Molecular modeling of SmSP2

A spatial model of the SmSP2 protease domain was constructed by homology modeling, as
described previously [37]. Briefly, the X-ray structures of human mannan-binding lectin serine
protease 1 (MASP-1) and bovine trypsin ((Protein Data Bank (PDB) entries: 3GOV and 1JRT,
respectively) were used as templates. The homology module generated by the MOE program
(Chemical Computing Group, Canada) was used to model the SmSP2 structure. The inhibitor
conformation was refined by applying the LigX module of the MOE and the final binding
mode of the inhibitor was selected by the best-fit model based on the London dG scoring func-
tion and the generalized Born method [37]. Molecular images were generated with UCSF Chi-
mera (http://www.cgl.ucsf.edu/chimera/).

Results
SmSP2 is a S1 family protease with a unique domain organization

The SmSP2 open reading frame consists of 1,506 bp that encode a protein of 501 amino acid
residues with a theoretical molecular mass of 58 kDa. The predicted signal sequence is 24 resi-
dues long and the amino acid sequence contains three potential N-glycosylation sites (Fig 1).
Based on sequence homology analysis, we describe SmSP2 as a multi-domain protein made up
of an N-terminal region (residues 25 to 110), a thrombospondin-1 type 1 repeat (TSR-1)
domain (residues 111 to 178) and a S1 family serine protease domain at the C-terminus (resi-
dues 201 to 501). The N-terminal region lacks significant similarity with other published pro-
tein sequences in databases. The striking feature of this region is the presence of a stretch of
histidine residues (the “His stretch’—residues 55 to 81) which suggests that SmSP2 may bind
metal ions.

The TSR-1 domain has been identified in multiple protein families and occurs in more
than 40 human proteins, e. g., thrombospondins, ADAMTS (A Disintegrin And
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Metalloproteinase with Thrombospondin Motif), properdin and some complement factors
[41]. Ttis known to mediate cell adhesion, protein-protein interactions, glycosaminoglycan
binding and inhibit angiogenesis [42, 43]. The TSR-1 of SmSP2 consists of about 60 residues
and its sequence contains all of the important conserved features of TSR-1 domains (S1 Fig): a
cysteine residue pattern and conservation of tryptophan and arginine residues forming so
called W and R layers [44].

The catalytic protease domain of SmSP2 belongs to the S1 family of serine proteases and
has about 30% identity with other members of this family (2 Fig). The protease domain of
SmSP2 possesses a catalytic triad of His246, Asp311 and Serd47 (corresponding to amino acid
residues 57, 102 and 195 by standard chymotrypsinogen numbering), which is typical of S1
family proteases. In addition, the amino acids surrounding the catalytic-triad residues have the
highest sequence identity with other $1 family enzymes (52 Fig). Cysteine residues in the cata-
lytic domain form four conserved disulfide bonds that can be predicted by the alignment with
the solved crystal structures of S1 family proteases (S2 Fig). Moreover, an additional cysteine
residue, Cys311, is likely to form a disulfide bond with a Cys188 in the N-terminal region. An
analogous disulfide bond is described, for example, in bovine chymotrypsinogen, human plas-
min, urokinase (uPA), tissue plasminogen activators (tPA) and MASP-1. In bovine trypsin,
Asp189 is located at the bottom of the §1 binding site and determines the trypsin-like specific-
ity for substrates with Arg/Lys in the P1 position [45]. This residue is conserved in the
sequence of SmSP2 (Asp441). When compared to bovine chymotrypsin, the 51 family holo-
type protease [46], SmSP2 has three insertions (52 Fig) located between residues 222 and 226
(insertion-222), 251 and 268 (insertion-251), and between residues 358 and 400 (insertion-
358). Whereas protein sequences corresponding to the short insertions-222 and -251 are
found in uPA/tPA and MASPI, respectively, the long insertion-358 is unique to SmSP2.

SmSP2 orthologs are found in: (i) other schistosome species—S. japonicum (GenBank:
AAW24683.1) and S. haematobium (XP_012796372.1) sharing 80% and 78% sequence iden-
tity, respectively; (ii) other trematodes, including, Fasciola hepatica (identified in the transcrip-
tome database [47] - 53% identity), Opisthorchis viverrini (XP_009167273.1-49% identity),
Clonorchis sinensis (GAA32831.2-47% identity); and (iii) the sequences of cestodes such as
Hymenolepis microstoma (CDS25513.1), Echinococcus multilocularis (CDI97096.1), Echinococ-
cus granulosus (CD197096.1), and Taenia solium (ADP89566.1) sharing 27-39% identities (53
Fig). All of the ortholog sequences contain the TSR-1 and protease domains, however, they dif-
fer in the N-terminal region in length and the presence of the His stretch that is unique to
trematodes. Moreover, the insertion-358 in the cestode sequences is shorter and contains two
additional Cys residues that might potentially form a disulfide stabilizing this structure (53
Fig). To conclude, SmSP2 and its orthologs are serine proteases with unique domain organiza-
tion found exclusively in the phylum Platyhelminthes.

Homology model of SmSP2 reveals the trypsin-like active site
pocket shielded by additional loops

A spatial model of the SmSP2 protease domain was constructed by homology modelling to
provide a structural framework to analyze structure-activity relationships. The X-ray structure
of bovine trypsin (PDB code 1JRT) and human MASP-1 (PDB code 3GOV) were used as tem-
plates. Fig 2A shows that the SmSP2 protease domain has the conserved architecture of S1
family proteases which consists of two six-stranded p-barrel domains packed against each
other. The catalytic amino acid residues, His246, Asp311 and Ser447 are located at the junction
between these B-barrel domains. The major sequence insertions in SmSP2 compared to trypsin
are located at surface-exposed loops surrounding the substrate binding region (Fig 2B).
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Fig 2. Homology model of the SmSP2 protease domain. The model was built using as a template the X-ray structures of bovine trypsin (PDB 1JRT) and human
MASP-1 (PDB 3GOV). (A) A superposition of the SmSP2 model (magenta), the bovine trypsin (green) and MASP-1 (cyan) crystal structures in a cylinder
representation. (B} A view from the top on the SmSP2 active site with covalently bound substrate-like inhibitor leupeptin (N-acetyl-L-leucyl-L-leucyl-L-argininal ).
Carbon atoms of leupeptin are yellow; heteroatoms have the standard color coding (N, blue; O, red). SmSP2 catalytic residues are green. The active site is partially
blocked by loops A, B and D (magenta) that are formed by insertions in SmSP2 sequence compared to trypsin sequence. (C) A surface representation of the SmSP2
active site colored by electrostatic potential (at a scale from -10 kT/e (red) to +10 kT/e (blue)). Inhibitor leupeptin is colored as in (B).

https://doi.org/10.1371/journal pntd.0008446.g002

SmSP2 insertions-222 and -251 are located on the top of the loops B and A, respectively (Per-
ona and Craik nomenclature [48]). Their structural analogs can be found in the structure of
the MASP-1 catalytic domain where they putatively interact with substrates [49]. The inser-
tion-358 containing 43 residues are located at loop D; however, it has no structural analog in
the PDB database (www.rcsb.org) to serve as a template for modeling. The secondary structure
prediction did not reveal any conformational element in the loop, suggesting an unstructured
character and flexibility that might be involved in interactions during substrate binding.

The ligand binding mode of the SmSP2 protease domain was further analyzed using leu-
peptin (N-acetyl-L-leucyl-L-leucyl-L-arginal), a transition-state analog protease inhibitor that
inhibits SmSP2 (Table 1). Leupeptin was docked into the SmSP2 active site based on the crys-
tallographic complex of this inhibitor with trypsin (PDB code 1JRT). The docking model (Fig
2) suggests that the arginal residue of the inhibitor forms a covalent hemi-acetal linkage with
the catalytic Ser447 whereas leupeptin’s side chain binds to a deep negatively charged §1 sub-
site pocket containing Asp441 at the bottom. This type of S1 binding subsite is the primary
substrate specificity determinant of trypsin-type proteases and responsible for a substrate/
inhibitor preference for basic residues at the P1 position [45].

To conclude, the model of the SmSP2 protease domain indicates that it is a S1 family prote-
ase with an trypsin-like substrate binding groove; shielded by surface exposed loops that sur-
round the active site, namely, insertions-222 and -358, may modulate SmSP2’s selectivity.

Recombinant expression of SmSP2 and identification of native SmSP2

The protease domain of SmSP2 (rSmSP2, residues 183-501) was expressed in P. pastoris and
purified. The active enzyme cleaved Z-F-R-AMC and migrated on SDS-PAGE as a single band
of approximately 28 kDa (Fig 3A), consistent with the expected molecular mass of 30 kDa.
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Fig 3. Preparation of recombinant SmSP2 and identification of native SmS§P2. (A) The recombinant protease
domain of SmSP2 (rSmSP2) expressed in P. pastoris was resolved by SDS-PAGE and protein-stained or visualized by
polyclonal anti-rSm$P2 IgG. For in-gel activity-based labeling, rSmSP2 was incubated with the fluorescent active site
probe, BoRC, resolved by SDS-PAGE and visualized using a fluorescence scanner, The competitive labeling was
performed with the serine protease inhibitor, Pefabloc SC. (B) Protein extracts of S. mansoni adult worms and their
ESP were resolved by SDS-PAGE and visualized by the anti-rSmSP2 IgG.

https://doi.org/10.1371/journal.pntd.0006446.9003

rSmSP2 was visualized using the activity-based probe Bodipy-F-P-R-Cmk (BoRC) (Fig 3A)
[35]; labeling by the probe was prevented by pre-incubation of the enzyme with the serine pro-
tease inhibitor, Pefabloc SC. Rabbit polyclonal antibodies, raised against the SmSP2 protease
domain expressed in E. cofi, reacted with the rSmSP2 by immunoblotting (Fig 3A). In homoge-
nates of adult schistosomes, the antibody recognized three bands of approximately 45, 28 and
15 kDa (Fig 3B), which correspond to the predicted mass of the SmSP2 precursor, the activated
SmSP2 protease domain without N-terminal domains and the two-chain form derived by fur-
ther processing, respectively. Based on its molecular size, we hypothesize that this form was
clipped in the insertion-358 loop D. Analogous immunoreactive bands were also demon-
strated in the ESP of adult schistosomes (Fig 3B), indicating that SmSP2 is released into the
host environment.

The full length SmSP2 sequence contains a stretch of histidine residues that may interact
with metal ions. Indeed, native SmSP2 from schistosome extracts bound to a Ni**- affinity
chromatography column and eluted using imidazole in solution (54 Fig). The eluate contained
the three forms of SmSP2 described above. The data also indicate that the activated and clipped
protease domains (28 and 15 kDa bands) are disulfide-linked to the N-terminal portion of the
molecule that contains the histidine stretch.

Substrate and inhibitor specificity classifies SmSP2 as a trypsin-
like enzyme

The substrate specificity of rSmSP2 expressed in P. pastoris was initially explored using a panel
of specific peptidyl fluorogenic substrates. Two sets of diagnostic protease substrates were
used: (i) substrates with a basic amino acid residue (Arg and Lys) at the P1 position that are
cleaved by trypsin-like serine proteases, and (ii) substrates containing bulky hydrophobic (Phe
and Tyr) or aliphatic residues (Val, Leu and Met) at P1 that are cleaved by chymotrypsin- or
elastase-like serine proteases, respectively [50]. The data show that rSmSP2 predominantly
hydrolyzed trypsin substrates (Fig 4A). Activity was greatest with Bz-F-V-R-AMC and
Z-R-R-AMC, whereas less activity was measured with Z-V-V-R-AMC, Z-V-P-R-AMC and
Z-R-R-AMC. The cleavage of related short substrates with free N-termini occurs only very
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Fig 4. Substrate specificity and pH profile of SmSP2. (A) Activity of r'Sm8P2 was probed using a panel of peptidyl fluorogenic substrates
used to assay trypsin-like and chymotrypsin/elastase-like serine proteases. Substrate hydrolysis was measured in a kinetic assay at pH 8.0.
The mean values + S.D. of three replicates are normalized to the maximum value. Amino acid residues at P1 and P2 positians are
highlighted by the grey bar. {B) The pH profiles of rSmSP2 and native SmSP2 activity in extracts of adult worms. Activity was measured in
a kinetic assay using the fluorogenic substrate P-F-R-AMC. The native activity (sensitive to the serine protease inhibitor Pefabloc SC) was
measured in the presence of 10 uM E-64 and | mM EDTA to prevent undesired proteolysis of the substrate by cysteine proteases and
metalloproteases, respectively. The mean values of three replicates, expressed as a percentage normalized to the highest value, are shown
(standard deviation values are within 5% of the mean). (C) The pH stability of rSmSP2. Activity of rSmSP2 was measured at pH 8.0 ina
kinetic assay as in (B) after incubation of the enzyme at pH 3 to 11 for different times. The mean values of three replicates, expressed asa
percentage normalized to activity of non-incubated rSmSP2, are shown.

hittps://doi.org/10.1371/journal.pntd.0006446 9004

slowly (G-R-AMC) or not at all (R-R-AMC and R-AMC), suggesting that SmSP2 is not an
aminopeptidase trimming N-terminal residues of substrates. The chymotrypsin/elastase sub-
strates were not effectively hydrolyzed.

The pH activity profile of rSmSP2 was determined using the P-F-R-AMC and was similar
to that of the serine protease activity in the schistosome adult homogenate (Fig 4B). Effective
hydrolysis was observed between pH 6.0 and 10.0 with optimal activity around pH 8.0. No
SmSP2 activity was detected below pH 5.0, although rSmSP?2 is stable above pH 4.0 (Fig 4C).

To detail the cleavage specificity of rSmSP2, two distinet methods for unbiased substrate
profiling were employed. First, a positional scanning-synthetic combinatorial library (PS-SCL)
[39] was used to analyze specificity at the substrate positions P1 to P4 (Fig 5A). The cleavage
map shows that rSm8P2 prefers basic residues (Lys and Arg) at the P1 position. The P2 and P3
positions display promiscuous specificity, although basic residues at the P2 position, and acidic
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Fig 5. Substrate specificity of rSmSP2, (A) The P1 to P4 specificity of rSmSP2 was determined by a positional scanning-synthetic combinatorial library. The
X-axis indicates 20 amino acids held constant at each position (n is norleucine). The Y-axis represents activity related to the most preferred amino acid (100%).
(B) The P4 to P4’ specificity profiles of rSmSP2, human plasma kallikrein, and bovine trypsin were obtained using a multiplex combinatorial library (MSP-MS).
The icel.ogo substrate profiles were generated from the pattern of cleavage events after incubation with the 14-mer library. Amino acids that are most frequently
found at each position are shown above the horizontal line, whereas amino acids that less frequently observed are below. (C}) Spatial distribution of cleavage sites
within the 14-mer peptide scaffold. (D) The Venn diagram shows the number of unique and shared cleavage sites.

https://doi.org/10.1371/journal pntd.0006446.9005

residues and Pro at the P3 position are unfavorable. Some degree of selectivity was measured
for Pro at P4. Second, a sensitive multiplex substrate profiling by mass spectrometry
(MSP-MS) was performed with a library of 228 tetradecapeptides [51] to analyze the subsites
on both sides of the scissile peptide bond (Fig 5B). The MSP-MS profile confirmed the strong
preference for Arg and Lys residues at the P1 position. At the primed sites, the preferred resi-
dues were Ser at the P1’, Ala and Gly at P2’ positions, respectively. Compared to human
plasma kallikrein and bovine trypsin, the MSP-MS cleavage profile of SmSP2 were similar (Fig
5D) with 28 identical cleavage sites. However, trypsin produced 26 unique cleavages compared
to 11 cleavages unique for rSmSP2 or plasma kallikrein. In general, cleaved peptide bonds
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occurred away from the amino and carboxyl termini confirming endopeptidase mode of
action of all three analyzed enzymes (I'ig 5C).

The inhibitor specificity of rSmSP2 was investigated using a panel of small molecule and
protein inhibitors (Table 1). rSmSP2 was highly sensitive to inhibitors of S1 family serine pro-
teases, including the small-molecules, Pefabloc SC, benzamidine, leupeptin, antipain, and
3,4-dichlorcoumarin, and the proleinaceous soybean Lrypsin (STT) and bovine pancreatic tryp-
sin inhibitors (BPTI). rSmSP2 was not affected by inhibitors of aspartic, cysteine and metallo-
proteases, Protein inhibitors of the serpin family inhibited rSmSP2 with variable efficiencies:
PAI-L, o-1-antitrypsin and anti-thrombin 111, which interact with trypsin-like proteases, inhib-
ited rSmSP2 activity strongly, whereas the chymotrypsin protease inhibitor, o-1-antichymo-
trypsin, was weakly effective.

To summarize, SmSP2 hydrolyzes substrates as an endopeptidase and has a strict specificity
for basic residues at P1.

SmSP2 releases bradykinin from kininogen and activates plasmin

The activity of r'SmSP2 towards host-derived macromolecular substrates was tested with sev-
eral human and bovine proteins. After incubation, the mixtures were subsequently analyzed
by SDS-PAGE (Fig 6A). No hydrolysis was observed for hemoglobin and serum albumin, the
two major protein components of vertebrate host blood. Also, neither immunoglobulin G nor
collagen was cleaved by rSmSP2. On the other hand, rSmSP2 completely hydrolyzed the blood
clotting protein, fibronectin. We also analyzed the processing of three blood proteins:
HMWEK, tPA and human plasminogen.

Amino acid sequencing showed that HMWI was processed to the kininogen light chain
(Fig 6A), and that the heavy chain was completely fragmented. LC-MS/MS analysis of the reac-
tion mixture revealed the release of the HMWK-derived vasodilatory nonapeptide, bradykinin
(Fig 6B). To simulate the bradykinin release from HMWK precursor, we designed a synthetic
hexadecapeptide (Ac-SLMKRPPGFSPFRSSR-amide) designated extended bradykinin. This
peptide was derived from the HMWK sequence to contain processing sites; i.e., the bradykinin
sequence (RPPGFSPFR) was extended at the N- terminus by four additional HMWK residues
(SLMK) and three residues on C-terminus (SSR). After incubation of this peptide with
rSmSP2, the resulting fragments were separated by HPLC and the cleavage positions identified
by mass spectrometry. The precursor was cleaved between Lys-Arg and Arg-Ser bonds thereby
releasing bradykinin (Fig 6C). Synthetic bradykinin or kallidin (lysyl-bradykinin) were not
cleaved by rSmSP2. Also, rSmSP2 degraded vasopressin, a nonapeptide hormone that
increases arterial blood pressure by inducing vasoconstriction.

Next, we investigated whether living schistosomes produce a cleavage specificity similar to
that of SmSP2 when incubating with vasopressin or extended bradykinin in culture. Adult
schistosomes were incubated in the presence of the peptides and cleavage positions analyzed
by mass spectrometry (Fig 6C). Both peptides were cleaved when added to the cultivation
medium: vasopressin was inactivated by cleavage after penultimate Arg residue; extended bra-
dykinin was cleaved to release bradykinin, however, cleavage precursors extended in N- or C-
terminal direction were also identified. The fragmentation was significantly abolished in the
presence of a serine protease specific inhibitor Pefabloc. The identified cleavage positions in
the hormone sequences were identical with those obtained by in vitro fragmentation using
rSmSP2.

The processing of human plasminogen, the precursor of the main fibrinolytic protease
plasmin, by rSmSP2 was analyzed by SDS-PAGE and kinetic assay. Single chain plasminogen
was completely converted into plasmin, consisting of a heavy chain and light chain). This
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Fig 6. Processing of host-derived proteins and peptides by rSmSP2. (A) Human serum albumin (HSA), hemoglobin (Hb), immunoglobulin G (1gG), collagen type |
(Col 1), fibronectin (Fbn) and high molecular weight kininogen (HMWK) were incubated for 16 h at pH 8.0 in the presence (+) or absence (-) of rSmSP2. The reaction
mixtures were subjected to SDS-PAGE and protein stained. (B) HMWK was incubated with rSmSP2 and the reaction mixture was subjected to LC-MS/MS analysis to
idenlify bradykinin peptide released from HMWK, (C) Peptide hormones were incubated with rSmSP2 or with live adults maintained in culture and the cleavage
positions (full triangles for rSmSP2, open triangles for adult schistosomes) were identified by mass spectrometry. Residues at the P1 position are in bold and the disulfide
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connectivity of vasopressin is indicated. (D) Human plasminogen (PLG) was incubated in the presence or absence of rSm8P2 and the reaction mixture was analyzed at
different time points. Plasmin proteolytic activity generated during plasminogen processing by rSm$P2 was determined in a kinetic assay with Boc-V-1-K-AMC. Mean
values of triplicates are expressed relative to the maximum value (100%). The 5.D. values of three replicates are within 10% of the mean. All experiments were performed
at least twice with similar results. (E) The processed forms were resolved by SDS-PAGE and visualized by protein staining. The positions for PLG, and plasmin (PL)
heavy and light chains are indicated. (F) Human tissue plasminogen activator (IPA) was incubated for 16 h at pH 8.0 in the presence/absence of rSmSP2 and analyzed by
SDS-PAGE with protein staining; proteolytic activity generated during tPA processing was monitored in a kinetic assay using Z-G-G-R-AMC. Mean values + s.d. of
triplicates are expressed relative to the maximum value (100%). Two chain tPA is indicated with an arrow.

https://doi.orgr10.1371/journal pntd.0006446.g006

processing was not the result of the self-activation as it only occurred in the presence of
rSMSP2 (Fig 6D and 6E). SDS-PAGE analysis showed that SmSP2 processes single-chain tPA
into its two-chain form; the cleavage was associated with a ten-fold increase in tPA activity
(Fig 6F). tPA is the major physiological activator of plasminogen, thus the SmSP2 cleavage of
single chain tPA into its fully active two-chain form would result in more efficient plasmin
activation and in turn more effective fibrinolysis.

To conclude, SmSP2 cleaves several physiologically important blood proteins. Specifically,
it processes the extracellular matrix and blood clot component, fibronectin, activates the major
fibrinolytic enzyme, plasmin, and its activator, tPA, releases the vasodilatory peptide bradyki-
nin from its HMWK precursor and processes the vasoconstrictory peptide vasopressin.

SmSP2 is localized in the tegument, parenchyma and reproductive organs
of adult schistosomes

Indirect immunofluorescence microscopy on semi-thin sections using affinity purified poly-
clonal antibodies raised against rSmSP2 demonstrated that SmSP2 is expressed in distinct tis-
sues of adult worms (Fig 7 and S5 Fig). In males, SmSP2 was observed in the parenchyma,
tegument and in the tegumental surface membranes except the tubercles (for a detailed tegu-
mental localization, see S5 Fig). In females, SmSP2 was observed in parenchyma but not in the
tegument. In addition, intense staining was seen in the esophageal region of both genders, in
the testes of males and in the ovaria and vitellaria of females (Fig 7). SmSP2 was absent from
muscle, the tegumental tubercles, gastrodermis and gut lumen. Pre-immune serum was used
as a negative control (S6 Fig) and only faint background fluorescence was detected.

Discussion

Serine proteases of the S1 family are key factors of virulence for many parasitic helminths.
They contribute to parasite invasion, migration, nutrition and reproduction, and facilitate
adaption to and evasion of the host’s physiological and immune responses (for reviews see [12,
52]). Among serine proteases, most attention has been focused on §. mansoni cercarial elas-
tases as these enzymes are implicated in tissue invasion and migration into the definitive mam-
malian hosts [13, 53]; however, information regarding other SmSPs is limited. Recently, we
described the repertoire of non-cercarial elastase SmSPs by employing a series of genomic,
transcriptomic, functional proteomic and phylogenetic approaches [23].

Here, we focus on SmSP2 as it is the most abundantly expressed SP in the Schistosoina
blood-dwelling developmental stages [23]. The domain organization of SmSP2 is distantly
reminiscent of the modular architecture of host blood-clotting serine proteases. Specifically,
these enzymes contain a catalytic trypsin-like serine protease domain linked by disulfide
bonds to an N-terminal multi-domain region that is involved in ligand-binding and protein-
protein interactions [54]. SmSP2 also has unique features—an N-terminal region histidine
stretch and a TSR-1 domain. TSR-1 domains mediate cell adhesion, protein-protein inter-
actions and glycosaminoglycans binding [42, 43]. The histidine stretch may act as a metal
binding site for divalent metal ions, as we demonstrated in vitro using metal-affinity
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Males Females

Fig 7. SmSP2 immunolocalization in sections of adult §. mansoni. Semi-thin sections of adult 5. mansoni males (A to C) and females (D to F) were probed with an
anti-SmSP2 [gG followed by reaction with an anti-rabbit Alexa 647-labeled secondary antibody (red). DAPI was used to label nuclear DNA (blue). The left columns
show merged fluorescent channels; in the right columns, the signal is merged with differential interference contrast. A strong SmSP2 signal (red) was detected in both
sexes in the parenchyma (p) and the esophageal region (er). A faint signal was noted in the ventral (vs) and oral suckers (os). No signal was detected in the gut
(asterisks), muscle (mu) or tegumental tubercles (tu). In males, SmSP2 signal also appears in the tegument (arrowhead) in the tegumental membrane surface (arrow)
and in the testes (te). In females, the signal is noted in the ovaries (ov) and vitellaria (vit). The scale bar represents 100 um. A and D, reproductive organs; B and E,
tegumental cells; C and F, head.

https://doi.org/10.1371/journal.pntd.0006446.9007

chromatography to purify native SmSP2 from the adult schistosome homogenate. The TSR-1
domain is also present in the sequences of SmSP2 orthologs in other trematodes; cestodes
retain only the TSR-1 domain while the histidine stretch is unique to trematodes (53 Fig).
Orthologous genes were not found in other organisms. Further research is needed to evaluate
the exact function of the N-terminal domains of SmSP2.

SmSP2 orthologs (termed mastins) are present in S. haematobium and S. japonicum. For 5.
haematobium infections, mastin was identified in a protein array as an antigen targeted by a
protective IgG1 immune response in those individuals with acquired resistance and, therefore,
suggested as an attractive vaccine candidate [24]. This resistance is acquired after treatment
with PZQ and the consequent exposure of parasite antigens to the host immune system [55].
SmSP2 orthologs are also present in the larval stage (cysticercus) of the cestodes, Echinococcus
granulosus [56] and Taenia solium [57], and were identified as Antigen 5 excretory proteins
(Ag5). Ag5 proteins are major components of cyst fluid and are used in a serodiagnostic test
for cysticercosis |57, 58]. In comparison with SmSP2, the catalytic serine residue is replaced by
threonine and Ag5 proteins show only marginal proteolytic activity [56, 57].
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In adult S. mansoni, we demonstrate that SmSP2 is localized in the tegument. Treatment
with PZQ causes tegumental damage [59, 60] and thereby exposes schistosome antigens,
including SmSP2, to the host immune system [55]. The tegumental location may explain the
recognition of SmSP2 by sera of PZQ-treated individuals [24]. Also, the localization of SmSP2
to the esophagus may indicate that the enzyme facilitates some aspect of nutrition during the
ingestion of host proteins or is secreted. Indeed, we observed that Sm8P2 is found in the ESP
as was noted in E. granulosus previously for Ag5 [58, 61]. In addition, SmSP2 and its S. japoni-
cum mastin ortholog were recently proteomically identified in exosome-like vesicles that are
secreted by parasite and putatively modulate host-parasite interactions [62-64]. Finally, apart
from a potential extracorporeal function, the protease domain of SmSP2 was localized to a
number of internal tissues, including the ovaries, testes, muscle and parenchyma, suggesting a
variety of functional roles.

To enzymatically characterize SmSP2, the protease domain was heterologously expressed in
P. pastoris and purified as an active protease. SmSP2 was subjected to a range of biochemical
analyses to determine its substrate and inhibitory specificity. SmSP2 was classified as a trypsin-
like enzyme as it cleaves various peplide substrates in an endopeptidolytic mode at the car-
boxyl terminus of Arg or Lys residues and was inhibited by inhibitors targeting trypsin-like
proteases such as leupeptin, benzamidine and antipain [65]. Consistent with this, systematic
cleavage specificity analysis with the positional-scanning and multiplex substrate libraries
revealed a preference for basic amino acids at P1. In agreement with the cleavage specificities,
the homology model of SmSP2 reveals that the S1 binding pocket has an architecture analo-
gous to vertebrate trypsins, including the critical Asp441 residue that defines the preference
for basic P1 residues [45],

Based on homology modeling, the SmSP2 protease domain contains a large 43 residue-long
insertion (at position 358) which is a unique structural feature of SmSP2 and its trematode
orthologs not present in other S1 family proteases. This insertion is localized in the vicinity of
the active site on the loop D (nomenclature according to Perona and Craik [48]). We demon-
strate that SmSP2 performs limited proteolysis to process a number of physiologically- relevant
host proteins: it degrades fibronectin, activates plasmin and tPA and releases bradykinin from
its precursor HMWEK. SmSP2 is incapable of cleaving macromolecular substrates such as Hb,
BSA and IgG, which, for example, are cleaved by the gut-associated cysteine and aspartic pro-
teases [15, 16]. SmSP2 has a more narrow substrate specificity than trypsin, the $1 family
archetypal protease. In multiplex cleavage assays, trypsin cleaved more substrates than SmSP2.
It resulted in similar number of cleavages produced by trypsin in 15 min whereas 4 h was
required by SmSP2. A plausible explanation is that the B and D loop-insertions on SmSP2
limit the access of substrates to the active site resulting in the selective processing of conforma-
tionally compatible peptides. However, the insertion-D does not directly occlude the active
site subsites as this would confer an exopeptidase activity that is not observed for SmSP2.

Adult schistosomes can survive for decades in the host [66]. It is thought that these large
intravascular parasites manipulate the complex hemostatic system of the host at different levels
via bioactive molecules in the ESP or on the tegument [67]. However, the detailed molecular
processes underlying these survival mechanisms are not fully understood. Our work demon-
strates that SmSP2 is present in both the ESP and tegument. We show that SmSP2 possesses a
kallikrein-like activity as it cleaves the plasma protein kininogen to generate the peptide hor-
mone, bradykinin. Bradykinin is a potent vasodilator that decreases blood pressure and
increases vascular permeability [68]. Bradykinin also exerts anti-thrombogenic, anti-prolifer-
ative and anti-fibrogenic effects [69]. In a recent report, we demonstrated that living schisto-
somes cleave bradykinin and angiotensin I (converting this vasoconstrictor to the vasodilatory
angiotensin-(1-7)), and that the tegumental, S9 serine protease, SmPOP, is involved in that
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Fig 8. Model of how SmSP2 may interfere with the host’s hemostatic system. SmSP2, secreted from adult schistosomes or localized at the
surface, stimulates the degradation of blood clots (thrombolysis panel) by (i) activation of two critical components of the fibrinolytic system,
tissue plasminogen activator (tPA) and plasminogen, and (i) direct degradation of the blood-clot component, fibronectin. SmSP2 modulates
vascular tone (vasoregulation panel) by processing bioactive peptide hormones, (i) Tt releases the vasodilatory bradykinin from kininogen
(HMWEK) and (ii) degrades the vasoconstrictory peptide, vasopressin. Bradykinin may stimulate the release of tPA from vascular endothelial cells
(dashed line) which would promote fibrinolysis. SmSP2 may be regulated by plasminogen activator inhibitor-1 (PAI-1) that inhibits SmSP2
(Table 1),

https:/fdoi.org/10.1371/journal pntd.0006446.9008

processing [37]. Moreover, SmSP2 inactivates vasopressin, a hormone that increases arterial
blood pressure by inducing vasoconstriction. It is, therefore, possible that both SmPOP and
SmSP2 modulate the parasite’s local vascular environment to the parasite’s benefit during its
residence and movement in the host’s blood vessels. Additionally, we show that the whole
schistosome parasite can cleave the vasopressin and release bradykinin from its synthetic pre-
cursor, when co-incubated in vitro. The activity is due to a serine protease(s) (possibly SmSP2)
that is most abundantly expressed serine protease in adult schistosome [23] as indicated by
mRNA expression levels, mass spectrometry and specific inhibition by a serine protease
inhibitor.
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Due to their large size, adult schistosomes may alter or disrupt normal bleod flow, and
damage the endothelium, which could lead to platelet activation and subsequently blood coag-
ulation [67]. However, blood clots are not observed around the parasites residing in the host
blood vessels and several mechanisms have been proposed with which schistosomes inhibit
blood clot formation and/or promote blood clot lysis [70]. Physiologically, the latter process
involves proteolytic degradation of fibrin that is mediated by plasmin. This central protease in
the fibrinolytic system is generated from its zymogen, plasminogen (PLG), by, for example, tis-
sue plasminogen activator (tPA). Based on our in vitro results, we propose here a new and
complex mechanism with which schistosomes employ SmSP2 to promote fibrinolysis at multi-
ple levels (Fig 8): 1) SmSP2 activates PLG to plasmin; this action can be accelerated by presen-
tation of PLG on tegumental receptors (e.g., enolase [71] of schistosomes); 2) SmSP2 processes
the single-chain tPA to the more potent double-chain tPA form [72] which would then cause
enhanced plasmin activation, 3) SmSP2 produces bradykinin that is known to stimulate the
release of tPA from the vascular endothelium [73]; and 4) SmSP2 directly degrades the blood
clot component fibronectin, which has also been recently shown for a tegumental calpain [74].

To conclude, we have expressed, and biochemical and functionally characterized the multi-
domain serine protease, SmSP2. The protease is a putative anti-hemostatic peculiar to platyhel-
minths, which are the only pathogens to express SmSP2 orthologs. Further research is needed
to evaluate the role of SmSP2 (and orthologs) in modulating host-parasite interactions and its
potential as a drug or vaccine candidate.

Supporting information

$1 Fig, Multiple sequence alignment of the TSR-1 domain of SmSP2 with selected TSR-1
domains of human proteins. Sequences are: TSP-1-1-3—thrombospondin-1 (TSP) type-1
domains 1, 2 and 3 (Uniprot accession number: P07996), properdin-TSR1-6—properdin
thrombospondin type-1 domains 1-6 (P27918), ADAMTS13 (Q76LX8), and spondin-TSP-1
—spondin-1 thrombospondin type-1 domain 1 (QIHCBSG). Cys residues are highlighted in
yellow, tryptophan substituents forming the W layer are in blue, and amino acid residues
forming the R layers are in green.

(TIF)

$2 Fig. Multiple sequence alignment of the SmSP2 protease domain with catalytic domains
of selected human and bovine S1 family proteases. Human proteases: mannan-binding lec-
tin serine protease 1 (MASP-1, Uniprot accession number: P48740), tissue plasminogen activa-
tor (tPA, P00750), urokinase plasminogen activator (uPA, P00749), plasmin (P00747),
kallikrein 1 (P06870) and matriptase (MTSP-1, Q9Y5Y6). Bovine proteases: cationic trypsin
(P00760) and chymotrypsin A (P00766). The catalytic triad residues (His, Asp, Ser) are red-
boxed; the critical Asp residue in the S1 subsite that accounts for trypsin-like activity is green-
boxed. Cys residues that are predicted to form disulfide bonds are indicated by the same color,
cyan Cys form interchain disulfide bond with domains not included in the alignment. Resi-
dues that are shared between sequences are shaded in grey. Residues forming SmSP2 inser-
tion-222, 251, and 358 are underlined. The upper line numbering is according to SmSP2, the
lower line numbering according to bovine chymotrypsinogen.

(TIF)

$3 Fig. Multiple sequence alignment of SmSP2 with orthologs from other platyhelminth
parasites. Trematode sequences: Schistosoma. japonicum {(GenBank: AAW24683.1), Schisto-
soma haematobium (XP_012796372.1), Fasciola hepatica (sequence identified in the transcrip-
tome database (Young et al. (2010), Biotechnol Adv 28, 222-231), Opisthorchis viverrini
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(XP_009167273.1) and Clonorchis sinensis (GAA32831.2). Cestode sequences: Hymenolepis
microstoma (CD825513.1), Echinococcus multiocularis (CDI97096.1), Echinoceccus granulosus
(EUB58856.1) and Taenia solium (ADP89566.1). Predicted signal sequences are in blue, histi-
dine residues in the N-terminal region are in purple and the TSR-1 domain is in green. The
catalytic triad residues {His, Asp, Ser) are red-boxed, the critical Asp residue in S1 subsite that
accounts for trypsin-like aclivity is green-boxed. Cys residues in the TSR-1 domain are
highlighted in yellow and Cys residues in the protease domain are in cyan.

(TIF)

84 Fig. Binding of native SmSP2 to a Ni**-jon affinity column. A protein extract of adult
schistosomes (Extract) was applied to a HiTrap IMAC FF column containing immobilized Ni
ions and native SmSP2 eluted using 0.5 M imidazole. The extract, unbound material (FT) and
eluted material (Elution) were resalved by SDS-PAGE, electrophoretically transferred onto a
PVDF membrane and visualized by anti-rSmSP2 IgG.

(TIF)

2+

§5 Fig. Detailed micrograph of SmSP2 localization in the tegument of adult male §. man-
soni. The tissue section was probed with anti-SmSP2 IgG followed by an anti-rabbit IgG Alexa
594-labeled secondary antibody (red). DAPI was used to label the nuclear DNA (blue). The
left image shows merged fluorescent channels; on the right, schematic depiction of the adult
schistosome surface; sm—surface membrane, tg—tegument, mu—muscle, tc—tegumental cell
(cyton), pa—parenchym.

(TIF)

S6 Fig. Pre-immune serum is not reactive. As a negative control, semi-thin sections of adult
S. mansoni males and females were probed with a pre-immune serum (A-F) followed by reac-
tion with an anti-rabbit IgG Alexa 647-labeled secondary antibody (red). DAPI was used to
label nuclear DNA (blue). The first and third columns show merged fluorescent channels; in
the second and fourth columns, the signal is merged with differential interference contrast.
(TIF)
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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, B-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 |, 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 SmMPOP 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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Abstract

Background

Blocd flukes of the genus Schistosoma cause schistosomiasis, a parasitic disease that in-
fects over 240 million people worldwide, and for which there is a need to identify new targets
for chemotherapeutic interventions. Our research is focused on Schistoscma mansoni pro-
lyl oligopeptidase (SmPOP) from the serine peptidase family S9, which has not been inves-
tigated in detail in trematodes.

Methodology/Principal Findings

We demonstrate that SmPOP is expressed in adult worms and schistosomula in an enzy-
matically active form. By immunofluorescence microscopy, SmPOP is localized in the tegu-
ment and parenchyma of both developmental stages. Recombinant SmPOP was produced
in Escherichia coli and its active site specificity investigated using synthetic substrate and
inhibitor libraries, and by homology modeling. SmPOP is a true oligopeptidase that hydro-
lyzes peptide (but not protein) substrates with a strict specificity for Pro at P1. The inhibition
profile is analogous to those for mammalian POPs. Both the recombinant enzyme and live
worms cleave host vasoregulatory, proline-containing hormones such as angiotensin | and
bradykinin. Finally, we designed nanomolar inhibitors of SmPOP that induce deleterious
phenotypes in cultured schistosomes.
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We provide the first localization and functional analysis of SmPOP together with chemical

tools for measuring its activity. We briefly discuss the notion that SmPOP, operating at the
host-parasite interface to cleave host bioactive peptides, may contribute to the survival of
the parasite. If substantiated, SmPOP could be a new target for the development of anti-
schistosomal drugs.

Author Summary

Schistosomiasis (bilharzia) is a major global health problem caused by the schistosome
flatworm which lives in the bloodstream. Treatment and control of the disease relies on a
single drug, and should resistance emerge, there would be increased pressure to discover
new drug targets. Proteolytic enzymes are fundamental to the survival of parasites, and,
hence, are attractive targets for drug intervention. Oligopeptidases from the S9 family are
known virulence factors for protozoan trypanosomatids but have yet to be studied in para-
sitic flukes. We, therefore, investigated prolyl oligopeptidase in Schistosoma mansoni
(SmPOP) and found that it is expressed in those developmental stages that infect humans.
We provide a comprehensive analysis of the peptidase’s expression, localization and func-
tional biochemical properties. Interestingly, SmPOP, which is found in the tegument and
parenchyma of the parasite, can cleave blood peptides involved in vasoregulation and we
discuss how this ability may aid the parasite’s survival. Finally, we designed potent inhibi-
tors of SmPOP that cause deleterious changes in cultured parasites. We conclude that
SmPOP is important for parasite survival and may be a potential target for the develop-
ment of anti-schistosomal drugs.

Introduction

Schistosomiasis, also known as bilharzia, is caused by blood flukes of the genus Schistosoma
with approximately 240 million people infected [1]. Three species of schistosome principally
infect humans: Schistosoma haematobium, which causes urinary schistosomiasis, and S. japoni-
cum and S. mansoni, which cause intestinal schistosomiasis [2]. Adult schistosomes can reside
for decades as pairs in the veins surrounding the bladder or in mesenteric and the portal veins,
and produce hundreds of eggs per day [3]. Morbidity arises from immuno-pathological reac-
tions to and entrapment of schistosome eggs in various tissues [4]. Disease symptoms include
spleno- and hepatomegaly, periportal fibrosis and hypertension, and urinary obstruction. Blad-
der carcinoma, sterility, malnutrition, and developmental retardation are common [3]. Infec-
tions can last a lifetime [5].

In the absence of a vaccine [6], control and treatment of schistosomiasis rely on a single
drug, praziquantel, and the possibility of emergent drug resistance is a constant concern [7,8].
Accordingly, there is a continued impetus to identify new schistosome drug targets and chemo-
therapeutically active anti-schistosomals [8,9].

Proteolytic enzymes (peptidases) of schistosomes are attractive drug targets as they operate
at the host—parasite interface, where they may facilitate parasite invasion, migration, nutrition
and immune evasion [10-12]. Most studies concerning schistosome peptidases have focused
on either the serine peptidase called cercarial elastase that facilitates penetration of the human
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host by some schistosome species [13] or on those cysteine and aspartic peptidases that con-
tribute to the digestion of the blood meal [14,15]. Among the latter, the digestive cathepsin B of
S. mansomi, lknown as SmCB1, has been validated in a murine model of §. mansoni infection as
a molecular target for therapy [9,16] and small molecule inhibitors of SmCB1 are under con-
sideration as potential drug leads [16-19]. Other peptidase groups of schistosomes are less
studied [12], including post-proline cleaving peplidases. This work focused on a S. mansoni
prolyl oligopeptidase.

Prolyl oligopeptidases (POPs, also called prolyl endopeptidases) are approximately 70-80
kDa and belong to the $9 family of serine peptidases [20]. POPs cleave internal peptide bonds
on the C-terminal side of proline residues and are found in plants, bacteria, fungi, protozoa, in-
vertebrates and vertebrates [21]. For parasites, the best characterized POP is Tc80 in the infec-
tive trypomastigote stage of Trypanosoma cruzi, the causative agent of Chagas disease [22].
Tc80 seems to be involved in the parasite invasion as inhibition of Tc80 prevents parasite entry
into host cells [23]. Accordingly, Tc80 is under investigation as a potential drug target [23,24].

In this report, we identified and functionally characterized the prolyl oligopeptidase from .
mansoni (SmPOP). We demonstrate that enzymatically active SmPOP is produced in several
developmental stages and localized to the tegument and parenchyma of the parasite. We char-
acterized in detail the biochemical activity of recombinant and native SmPOP, and designed
nanomolar inhibitors of SmPOP that derange schistosomes maintained in culture. The data
suggest that SmPOP is important to parasite survival and is, thus, a potential target for the de-
velopment of anti-schistosomal therapeutics.

Materials and Methods
Ethics statement

All animal procedures were performed at the UCSF, USA, in accordance with protocol
(AN107779-01) approved by the UCSF Institutional Animal Care and Use Committee
(IACUC) as required by the Federal Animal Welfare Act and the National Institutes of Health
Public Health Service Policy on Humane Care and Use of Laboratory Animals (http://grants.
nih.gov/grants/olaw/references/phspol.htm).

Schistosome material

S. mansoni (a Puerto Rican isolate) was kept in the University of California San Francisco
(UCSF) laboratory by cycling between the intermediate snail host, Biomphalaria glabrata, and
female golden Syrian hamsters (infected at 3-5 weeks old), as the definitive host. Hamsters are
infected by subcutaneous injection of 800 cercariae and sacrificed 6-7 weeks post-infection by
intra-peritoneal injection of pentobarbital (50 mg/kg). Adults, eggs and miracidia were then
isolated as described previously [25,26]. Free-swimming cercariae were obtained from water
containing infection-patent Biomphalaria to ‘shed’ under a bright light. Cercariae were chilled
over ice. Newly transformed schistosomula (NTS) were prepared by mechanically transform-
ing cercariae [26,27] and cultivated in a Basch Medium 169 [28] containing 5% fetal calf
serum, 100 units/mL penicillin and 100 pg/mL streptomycin for 5 days at 37°C under a 5%
CO;, atmosphere. Daughter sporocysts were isolated by excision of hepato-pancreases from in-
fected B. glabrata snails.

Isolation of MRNA, cDNA synthesis and gRT-PCR

Adult worms, eggs, miracidia, daughter sporocysts, cercariae and NTS were collected, washed
three times in 1.5 mL PBS, re-suspended in 500 uL Trizol reagent (Invitrogen) and processed
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as described previously [26]. Single-stranded cDNA was synthesized from total RNA by Super-
Script 111 reverse transcriptase (Life Technologies) and an oligo dT, s primer. The final cDNA
product was purified and stored at -20°C.

The gene expression profile of the SmPOP was assessed using reverse transcription- quanti-

GAGAAT-3"and reverse 5'- CGCATACTGGAACTTGAGCA -3". The primers were designed
using the Primer 3 software (http:/frodo.wi.mit.edu/) and their efficiency was evaluated as de-
scribed previously [25,26]. The reactions, containing SYBR Green I Mastermix (Eurogentech),
were prepared in a final volume of 25 pL in 96-well plates (Rache). The amplification profile
consisted of an initial hot start (95°C for 10 min) followed by 40 cycles comprising 95°C for
305, 55°C for 60 s and 72°C for 60 s, and ending with a single cycle of 95°C for 60 s, 55°C for
30 s and 95°C for 30 s. The PCR reactions were performed in duplicate for each cDNA sample.
At least one biological replicate, i.e., samples from a different RNA isolation, was performed.
The analysis of the cycle threshold for each target was carried out as described [25,26] employ-
ing 8. mansoni cytochrome ¢ oxidase I (SmCOX I, GenBank AF216698) [29] as the sample-
normalizing gene transcript. Transcript levels were expressed as log functions and as a percent-
age relative to that of SmCOX I in order to compare expression patterns.

Expression and purification of recombinant SmPOP

The single gene encoding SmPOP (SchistoDB code: Smp_213240) was identified in the S, mansoni
genome database [12] (S. mansoni GeneDB available at http://www.genedb.org/Homepage/
Smansoni) via a protein BLAST search with the amino acid sequences of human and porcine pro-
Iyl oligopeptidases (GenBank accession numbers P48147 and P23687, respectively) as queries. The
same search in the S. japoricum and S. haematobium genome databases [30,31] identified SmPOP
orthologs with 88% and 95% identity, respectively (S. japonicum: GeneDB Sjp_0080730.1, Gen-
Bank AAX26405; S. haematobium: HelmDB Shae8836338, GenBank KGB33720).

The Champion pET directional expression kit (Life Technologies) was selected for expression
of the SmPOP gene. The 2139 bp ORF was amplified using Phusion High-Fidelity DNA Polymer-
ase (New England Biolabs) from adult schistosome ¢DNA using specific forward (5”-caccAT
GGAGCATACCAGTATCAACTATCC-3") and reverse (5" -TTCTTTCCATGTGAGT
GACATT-3") primers. The PCR product was cloned into the expression vector pET101/D-T
OPO (Invitrogen) and verified by DNA sequencing. Recombinant SmPOP (rSmPOP) with a
C-terminal His,-tag was produced in E. coli BL21(IDE3) by induction in LB broth medium con-
taining 0.5 mM IPTG for 16 h at 16°C. Soluble rSmPOP was purified from the bacterial lysate
using Ni2! chelating chromatography (Hi-Trap IMAC FF column, GE Healthcare Lite Sciences)
under native conditions. The bound rSmPOP was eluted using a linear gradient of 0.01-0.5 M im-
idazole. The preparation was buffer-exchanged into 20 mM Tris-HCI, pH 8.0, using an Amicon
Ultracel-30k ultrafiltration device (Millipore). rSmPOP was subsequently purified by FPLC over a
Mono Q HR 5/5 column (GE Healthcare Life Sciences) equilibrated in 20 mM Tris-HCI, pH 8.0,
and eluted using a linear gradient of 0-1 M NaCl in the same buffer. The purification process was
monitored by a kinetic assay incorporating the peptidyl fluorogenic substrate, benzyloxycarbonyl
(Z)-Gly-Pro-7-amino-4-methylcoumarin (AMC), and by SDS-PAGE. The preparation was con-
centrated and desalted into 20 mM Tris-HC], pH 8.0, using an Amicon Ultracel-30k. The typical
yield was approximately 3 mg of rfSmPOP from 1 L of culture medium,

Preparation of schistosome extracts

Soluble protein extracts (0.2-3 mg protein/mL) from S. mansoni adults, miracidia, cercariae,
eggs and N'TS were prepared by homogenization in 50 mM Tris-HCI, pH 8.0, containing 1%
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CHAPS, 1 mM EDTA, 1 uM pepstatin and 10 pM E-64 in an ice bath. The extracts were
cleared by centrifugation (16000 g at 4°C for 10 min,), ultra-filtered using a 0.22 um Ultrafree-
MC device (Millipore) and stored at -80°C.

Preparation of antibodies and immunoblotting

Specific polyclonal antibodies (Moravian Biotechnology) were generated in rabbits against the
purified rfSmPOP antigen using 50 pg of rSmPOP in Freund’s incomplete adjuvant and applied
three times three weeks apart. IgG was isolated from the serum by affinity chromatography
with a HiTrap Protein A column (GE Healthcare Life Sciences) according to the manufactur-
er’s protocol.

For immunoblotting, adult schistosome homogenate (30 pug protein) and rSmPOP (1 pg)
were resolved by SDS-PAGE (15% polyacrylamide gel) under reducing conditions and trans-
ferred onto a PVDF membrane. The membrane was blocked 16 h in 10% non-fat milk in
50 mM Tris-HCI, pH 7.5, containing 150 mM NaCl and 0.1% Tween (TTBS). The membrane
was then washed three times in TTBS and incubated for 1 h with anti-SmPOP polyclonal IgG
diluted 1:1000 in TTBS. After washing in TTBS, the membrane was incubated for 1 h with goat
horseradish peroxidase-conjugated anti-rabbit IgG (Sigma- Aldrich, catalog number A6154) at
a dilution of 1:20000. After washing in TTBS, the membrane was developed with SuperSignal
West Femto Chemiluminescent Substrate (Pierce) and imaged using an ImageQuant LAS 4000
biomolecular imager (GE Healthcare Life Sciences).

Immunofluorescence microscopy

For sample preparation, adult 8. mansoni worms were washed three times in PBS and fixed ei-
ther in acetone (75% acetone in ethanol) at -20°C for 10 min or 4% formaldehyde in PBS at
25°C for 45 min. The samples were then rinsed with PBS and incubated in a 30% sucrose solu-
tion at 4°C for 16 h. The worms were placed in cryofixation molds and the sucrose solution
was replaced with Optimal Cutting Temperature (OCT) medium (CellPath Ltd). The molds
were placed over dry ice to freeze and the frozen blocks then stored at -80°C, The OCT-embed-
ded worm samples were sectioned with a cryotome (Cryostat 2800 Frigocout, Cambridge In-
struments). Sections of ~7 um were air-dried and further processed for immunostaining.

Sections were rehydrated in PBS and fixed again either with formaldehyde or cold acetone
as described above. The formaldehyde-fixed samples were further blocked in 100 mM glycine
at 22°C for 20 min, followed by 2% BSA in PBS at 4°C for 16 h. Working solutions of primary
and secondary antibodies were prepared in PBS containing 2% BSA; rabbit polyclonal anti-
SmPOP IgG was diluted 1:900 and anti-rabbit IgG Alexa 594-conjugated secondary antibody
(Molecular Probes) was diluted 1:200. The antibodies were incubated at 25°C on the sections
for 45 min with three washes between the primary and secondary antibody incubations, and
four washes after the secondary-antibody incubation (the fourth wash contained DAPI at
1 pg/mL for nuclear staining).

NTS samples were fixed in 4% formaldehyde in PBS at 4°C for 16 h. After fixation, they
were washed 3 times in PBS at 25°C for 10 min and subsequently blocked with 100 mM glycine
at 25°C for 20 min, Samples were permeabilized with 0.2% Triton X-100 in PBS for 40 min at
25°C and blocked with 2% BSA in PBS for 16 h at 4°C. The antibody diluent contained 0.1%
Triton X-100, 0.1% BSA and 0.2% NaN;. Primary and secondary antibody solutions were incu-
bated for 24 h with four washes of diluent over a 10 h period (the fourth wash contained DAPI
at 1 pg/mL for nuclear staining).

Sections of adults and whole-worm preparations of NTS were embedded in Mowiol (Sigma-
Aldrich) and visualized using a Leica SP2 AOBS confocal laser scanning microscope (Leica
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Microsystems) and a 20x oil immersion objective. Appropriate lighting settings were deter-
mined using control slides probed with preimmune serum Lo define the background signal
threshold. Image stacks of optical sections were further processed using the Huygens deconvo-
lution software package version 2.7 (Scientific Volume Imaging).

Preparation of substrates and inhibitors

Fluorescence resonance energy transfer (FRET) substrates containing o-aminobenzoic acid
(Abz) as the fluorescent group and p-nitro-phenylalanine (NPh) as the quencher acceptor
were synthesized as peptidyl amides by Fmac solid phase chemistry in an ABI 433A peptide
synthesizer (Applied Biosystems) as described previously[16,32].

Substrates containing the fluorogenic group, 7-amino-4-carbamoylmethylcoumarin (ACC),
were synthesized in the format Z-Xaa-Pro-ACC, with proteinogenic amino acids (except for
cysteine) at the Xaa position, as described previously [33].

The inhibiters Z-Ala-Pro-chloromethyl ketone (CMK) and Z-Arg-Pro-CMK were prepared
from the peptides Z-Ala-Pro-OH and Z-Arg(Pbf)-Pro-OH, respectively, according to the de-
scribed procedure [34]. Z-Ala-Pro-OH and Z-Arg(Pbf)-Pro-OH were synthesized on solid
phase using 2-chlorotritylchloride resin (Iris Biotech). Z-Xaa-Pro-CHO (CHO, aldehyde) in-
hibitors, where Xaa is Gly, Ala, Tyr, Arg or Lys, were synthesized on solid phase using H-Thr-
Gly-NovaSyn TG resin (Merck) as described [35], All of the substrates and inhibitors were pu-
rified by reverse-phase (RP)-HPLC over a C18 column using a TFA/acetonitrile system and
characterized by electrospray jonization mass spectrometry on an LCQ Classic Finnigan Mat
device (Thermo Finnigan).

The substrates Z-Gly-Pro-AMC, Succinyl (Suc)-Gly-Pro-Leu-Gly-Pro-AMC, Lys-Pro-
AMC, Gly-Pro-AMC and Pro-AMC were purchased from Bachem. The POP inhibitors
Y-29794 oxalate and Z-Pro-Pro-CHO were purchased from Santa Cruz Biotechnology, and
SUAM 14746 from PeptaNova.

Kinetic POP activity and inhibition assays

Assays were performed in triplicate in black, flat-bottomed, 96-well microplates (Nunc) in a
total volume of 100 pL at 37°C. Z-Gly-Pro-AMC was used as substrate at a 50 uM final concen-
tration. rSmPOP (50-100 ng), human POP (25-50 ng; Sigma-Aldrich, catalog number 09515)
or schistosome homogenates (1-5 pg of protein) were pre-incubated for 10 min at 37°C in

80 pL of 0.1 M sodium phosphate, pH 8.0, containing 0.1% PEG 6000. Substrate (20 pL in the
same buffer) was added to a final concentration of 50 pM. Hydrolytic activity was measured
continuously in an Infinite M1000 microplate reader (Tecan) at the excitation and emission
wavelengths of 360 and 465 nm, respectively. The pH profile of the activity was determined in
100 mM citrate phosphate (pH range 5.5-8.0), 100 mM Tris-HCI (pH range 8.0-9.0) and 100
mM sodium borate (pH range 9.0-10.0). For inhibition measurements, inhibitors were added
to the 80 uL pre-incubation solution at a final concentrations of 0 to125 pM for 10 min and the
reaction was initiated by the addition of the substrate, ICs; values were determined by nonline-
ar regression using the GraFit software (Erithacus Software). SmPOP activity in homogenates
was measured in the presence of 10 uM E-64 to prevent undesired proteolysis by cysteine pep-
tidases that contribute significant proteolytic activity in worm extracts [36]. POP activity was
also measured with ACC and FRET substrates at excitation/emission wavelengths of 380/460
nm and 320/420 nm, respectively. Stock solutions of substrates and inhibitors (10 mM) were
prepared in DMSO and the final assays concentration of DMSO was 1.5%.
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Interaction of rSmPOP with protein substrates

rSmPOP (0.7 pug) was incubated at 37°C for 16 h with 100 pg of human hemoglobin, human
serum albumin, human collagens type [ and IV (Sigma-Aldrich, catalog numbers H7379,
A3782, C7774 and C7521 respectively) in 100 mM Tris-HCL, pH 8.0, in a final volume of
50 pL. After incubation, a 10 uL sample was resolved by 15% SDS-PAGE or Tricine-
SDS-PAGE and stained with Coomassie Brilliant Blue G250.

Hydrolysis of peptide hormones and neuropeptides by rSmPOP

The following synthetic analogues of human bioactive peptides were analyzed: angiotensin II
(Sigma, catalog number A9525), angiotensin I, bradykinin, luteinizing-hormone-releasing hor-
mone (LHRH), g-melanocyte-stimulating hormone (¢-MSH), neurotensin, oxytocin, sub-
stance P, and vassopresin (all Bachem, catalog numbers H-1680, H-1970, H-6728, H-1075, H-
4435, H-2510, H-1890 and H-1780, respectively). Stock solutions of peptides (10 mM) were
prepared in water. rSmPOP (0.7 pg) was incubated at 37°C for 16 h with 25 nmol of peptide in
0.1 M Tris-HCI, pH 8.0, in a total volume of 50 pL. The reaction was stopped by adding TFA to
a final concentration of 1%. The resulting fragments were purified by RP-HPLC over a C18 col-
umn {Vydac, 25 x 0.46 cm) using a TEA/acetonitrile system and characterized by electrospray
ionization mass spectrometry on an LCQ Classic Finnigan Mat device (Thermo Finnigan).

Hydrolysis of peptide hormones and neuropeptides by cultured
schistosomes

Five adult schistosome pairs were placed into clear, 24-well, flat-bottom plates (Costar) con-
taining 500 pL Basch Medium 199 [28], supplemented with 2.5% FBS, 100 units/mL penicillin
and 100 pg/mL streptomycin. Human angiotensin I or bradykinin in 5 uL. water was added to a
final concentration of 100 uM and the incubation continued for 16 h at 37°C under a 5% CO,
atmosphere. In control experiments, the peptides were cultivated in the same system in the ab-
sence of schistosomes. After incubation, the samples were ZipTiped and the resulting frag-
ments were analyzed using MALDI-TOF performed on an UltrafleXtreme (Bruker Daltonik)
operated in reflectron mode with an acceleration voltage of 25 kV and a pulsed jon extraction
of 120 ns. Desorption and ienization were achieved using a Smartbeam II laser. o-Cyano-
4-hydroxycinnamic acid was used as a matrix. The data were acquired from m/z 220 to 3700
and analyzed with the FlexAnalysis 3.3 software (Bruker Daltonik). The mass spectra were ex-
ternally calibrated using a Peptide Calibration Standard I (Bruker Daltonik) and averaged from
3000 laser shots.

Fluorescence SmPOP activity assay with cultured schistosomes

Adult worms (3 pairs) or approximately 150 NTS were incubated at 37°C and 5% CO, for

2 days in 200 pL of Basch Medium 169 containing 5% FBS, 100 units/mL of penicillin and
100 pg/mL using black clear bottomed 96-well microplates (Costar). After incubation, half of
the medium (100 pl) was transferred to an empty well leaving the parasites in the remaining
half. Then SmPOP activity was measured in both wells upon the addition of 20 uL of Z-Gly-
Pro-AMC (prepared as a 250 pM stock in Basch Medium 169) and in the presence or absence
of 1 uM of the POP inhibitor, Z- Ala-Pro-CMK. Controls contained medium alone.

Molecular modeling of SmPOP

A spatial model of SmPOP was constructed by homology modeling as described previously [17].
Briefly, the X-ray structure of porcine POP in complex with the inhibitor Z-Pro-Pro-CHO (PDB
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entry: 1QFS) was used as a template. The homology module of the MOE program (Chemical
Compuling Group) was used for the modeling of the SmPOP structure. The inhibitor conforma-
tion was refined by applying the LigX module of the MOE for the optimization procedure and its
final binding mode was selected by the best-fit model based on the London dG scoring function
and the generalized Born method [37]. Molecular images were generated with UCSF Chimera
(http://www.cgl.ucsl.edu/chimera/).

Parasite assay and phenotype scoring

NTS (200-300 parasites) were incubated in 200 pL of Basch Medium 169 and supplements, as
described above. Inhibitors were added at final concentrations of 1 or 10 uM (0.5% DMSO
final) and the incubations continued for 4 days. Grading of phenotypic responses arising as a
function of time and concentration was modified after Jilkova et al. [16]: Grade I, dead NTS by
2 days of culture at 10 uM and dying/dead NTS by 3 days at 1 uM. Grade II, dead NTS by 3
days at 10 uM and round/dark/dying by 3 days at 1 uM; Grade I1I, round/dark by 3 days at

1 and 10 pM concentrations (S1 Fig). ‘Dead’ was adjudicated as the loss of normal shape and
the lack of movement often accompanied by obvious internal disruptions. ‘Dying’ was similar
to death except that movement was detectable. Otherwise, the terms ‘round/dark’ were used to
indicate less severe but obvious changes in the parasites relative to DMSO controls.

Results
SmPOP is homologous to prolyl oligopeptidases from various parasites

A protein BLAST analysis of the S. mansoni genome database [12,38] using mammalian prolyl
oligopeptidases as queries identified a gene ortholog (SmPOP), Smp_213240, located on the
sex-determining Z/W chromosomal pair. SmPOP ¢cDNA was cloned, sequenced, and the se-
quence was deposited into the GenBank as KF956809. The blast analysis did not identify other
gene isoforms. The SmPQOP open reading frame consists of 2,139 bp that encodes a protein of
712 amino acid residues with a calculated molecular mass of 82 kDa. No signal/leader peptide
was predicted for the sequence. SmPOP has about 50% identity with human and porcine POPs
(S1 Table) and belongs to the §9 family of serine peptidases (S2 Fig). SmPOP has the character-
istic domain composition of mammalian POPs, consisting of N-terminal, f-propeller and pep-
tidase domains. The peptidase domain of SmPOP has a catalytic triad in the order of Ser556,
Asp643 and His682, which is typical of POPs and other 89 family peptidases [39]. In addition,
the regions surrounding the catalytic-triad residues have the most notable sequence identity. A
phylogenetic tree constructed for prolyl oligopeptidases of animal, plant, protozoan and bacte-
rial origin (53 Fig) demonstrates that SmPOP clusters with other trematode and nematode
POPs, This monophyletic group is well separated from other clades.

S. mansoni developmental stages express active POP

Messenger RNA transcript levels for SmPOP were evaluated in eggs, miracidia, daughter spo-
rocysts, cercariae, NTS and adults using qRT-PCR (Fig 1A). The expression of SmPOP was re-
corded in eggs, daughter sporocysts, NTS and adult schistosomes (in the range of 4-12% of the
expression of the validated reference gene, SmCOX I [26]). In miracidia and cercariae, expres-
sion was below 1% of the SmCOX Ilevel (Fig 1 A).

At the protein level, SmPOP enzymaltic activity in soluble extracts of various developmental
stages was determined in a kinetic assay using the fluorogenic substrate, Z-Gly-Pro-AMC,
which is specific for prolyl oligopeptidases. The measured activities were further authenticated
as being due to a prolyl oligopeptidase by their sensitivity to Z-Pro-Pro-CHO, a selective
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Fig 1. Activity and transcriptional profiling of SmPOP in the develc tal st of 8. 1. (A) The expression of SmPOP was evaluated by
quantitative RT-PCR. mRNA transcriptional levels are presented as the percentage of expression relative to the constitutively expressed S. mansoni
cytochrome oxidase | (SmCOX |). The mean values 1 S.D. of three replicates are given. (B} SmPOP activities were measured in protein extracts of the
developmental stages {except sporocysts not available in sufficient amount and purity) using a kinetic assay with the fluorogenic substrate Z-Gly-Pro-AMC at
pH 8.0. POP activities (sensitive to inhibition by the specific POP inhibitor Z-Pro-Pro-CHO) are expressed in relative fluorescence units (RFU/s) and
normalized to protein content.

doi:10.1371/journal.pntd.0003827.9001
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small-molecule inhibitor of prolyl eligopeptidases [40]. Prominent SmPOP activity was mea-
sured in the homogenates of eggs, NTS and adults, whereas weak activity was measured in mi-
racidial homogenates; no activity was detected in cercariae (Fig 1B).

Overall, active SmPOP is expressed in the 8. mansoni developmental stages that live in the
human host and the activity profile is consistent with that for mRNA expression. In addition,
the presence of SmPOP was confirmed in the protein homogenate of adult 8. mansoni by mass
spectrometry proteomics (52 Table).

SmPOP cleaves proline-containing neuropeptides and oligopeptide
hormones of the host

Recombinant SmPOP (rSmPQOP) was expressed in E. coli as a soluble and catalytically active
enzyme. rSmPOP was purified to homogeneity by a combination of metal-affinity chromatog-
raphy and ion-exchange chromatography, and subsequently migrated on SDS-PAGE as a sin-
gle band of approximately 80 kDa (Fig 2A). Rabbit polyclonal antibodies raised against
rSmPOP reacted with the original tSmPOP antigen by immunoblotting and recognized a single
band in the homogenates from schistosome adults (Fig 2A). The molecular mass of both the
native SmPOP and rSmPOP is in good agreement with the theoretical mass of SmPOP pre-
dicted from the amino-acid sequence (82 kDa).

The pH activity profile of 'SmPOP was determined using the fluorogenic substrate Z-Gly-
Pro-AMC and compared with that of the native SmPOP in schistosome adult homogenates
(Fig 2B). For both protein sources, the substrate was cleaved between pH 6.0 and 10.0 with op-
timal activity around pH 8.0. No POP activity was detected below pH 5.0.

Prolyl oligopeptidases perform specific post-proline cleavages of various peptides [39,41].
Accordingly, using a broad panel of proline-containing bioactive peptides, we asked whether
SmPOP cleaves human peptide hormones and neuropeptides (Fig 3). After incubation of the
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Fig 2. A comparison of recombinant SmPOP and native SmPOP. (A) Recombinant SmPOP expressed in
E. coli (two left lanes) and S. mansoni protein extract (two right lanes) were resolved by SDS-PAGE, blotted
onto a membrane, and visualized by protein staining or by anti-SmPOP IgG (polyclonal antibodies raised
against recombinant SmPOP). (B) The pH profile of recombinant SmPOP and native SmPOP (in S. mansoni
extracts). Activity was measured in a kinetic assay with the fluorogenic substrate Z-Gly-Pro-AMC. Mean
values, expressed as a percentage are shown (the S.D. values of three replicates are within 10% of the
mean).

doi:10.1371fjournal pntd.0003827.9002
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tested peptides with SmPOP, the resulting fragments were separated by HPLC and the cleavage
positions identified by mass spectrometry. All substrates were cleaved specifically at the car-
boxyl terminus of proline residues with the exception of the Pro-Lys bond in Substance P and
the Pro-Pro bond in bradykinin (Fig 3). The substrate specificity resembles that of mammalian
prolyl oligopeptidases, which cleave a Pro-Xaa bond in peptides, where Xaa is not a Pro resi-
due. Also, like mammalian prolyl oligopeptidases, SmPOP does not cleave after a penultimate
N-terminal Pro residue [42].

The activity of rSmPOP towards host-derived macromolecular substrates was tested with
several human proteins, including hemoglobin, serum albumin and collagens I and IV. No hy-
drolysis was observed even after prolonged incubation (54 Fig), indicating that SmPOP is a
true oligopeptidase with an action restricted to oligopeptide substrates.
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Peptide SmPOP hydrolysis site
v
Angiotensin | DRVYIHPFHL
v
Angiotensin Il DRVYIHPF
\{ \4
Bradykinin RPPGFSPFR
LHRH PEHW SY GLRP G-amide
v
a-MSH ac-SYSMEHFRW G KP V-amide
\j \{

Neurotensin PELYENKPRRPYIL
v
Oxytocin CYI1QNCPL G-amide [Disulfide 1-6]
\
Substance P RPKPQQFFGL M-amide
\/

\asopressin CYF QN C P R G-amide [Disulfide 1-6]

Fig 3. SmPOP cleaves human, proline—containing peptide hormones and neuropeptides. The peptides
were incubated with recombinant SmPOP at pH 8.0 and the cleavage positions (the red triangles) identified
by mass spectrometry. Proline residues are indicated in bold; the disulfide connectivity is indicated

in parentheses.

doi:10.1371fjournal.pntd.0003827.9003

A fluorogenic substrate library was used to determine the SmPOP cleavage specificity at the
substrate P2 position (Fig 4A). The greatest preference was recorded for basic residues (Arg
and Lys), but a variety of other amino acid residues was also acceptable at this position, includ-
ing hydrophobic, aliphatic and polar residues. Substrates with acidic residues and Pro at P2
were least preferred.

The substrate specificity of rSmPOP was further investigated using FRET synthetic substrates
which had been designed based on the aminobenzoyl (Abz)-nitrophenylalanine (NPh) donor—
acceptor pair and contained a Pro residue at P1 (Fig 4B). We prepared a set of substrates with
variations in the P2 position (Abz-Ala-Pro-NPh, Abz-Gly-Pro-NPh, Abz-Lys-Pro-NPh, and
Abz-Pro-Pro-NPh) and which were lengthened to include the P3 (Abz-Ala- Ala-Pro-NPh and
Abz-Gly-Gly-Pro-NPh) or P1” positions (Abz-Ala-Pro-Ala-NPh and Abz-Ala-Pro-Gly-NPh).
The greatest r'SmPOP activity was measured with the substrates Abz-Ala-Pro-NPh and Abz-Lys-
Pro-NPh, whereas the substrate Abz-Pro-Pro-NPh was not digested; increasing the substrate
length to P3 and P1’ positions did not increase its affinity (Fig 4B).

Finally, rSmPOP was tested for its ability to hydrolyze substrates with Pro in the P1 position
that allows for cleavage by other post-proline cleaving enzymes, including collagenase-like
peptidases (Suc-Gly-Pro-Leu-Gly-Pro-AMC), dipeptidyl aminopeptidase II (Lys-Pro-AMC),
dipeptidyl aminopeptidase IV (Gly-Pro-AMC) and prolyl aminopeptidase (Pro-AMC; Fig 4C).
Only Suc-Gly-Pro-Leu-Gly-Pro- AMC, suitable for the endopeptidase mode of cleavage, was
digested by rSmPOP with the same efficiency as found for the classical and minimal POP sub-
strate, Z-Gly-Pro-AMC. The cleavage of exopeptidase substrates with free N-termini occurs
only very slowly (Lys-Pro-AMC) or not at all (Gly-Pro-AMC and Pro-AMC).

To summarize, SmPOP is a true oligopeptidase that hydrolyzes peptide but not protein sub-
strates in the endopeptidase mode with a strict specificity for Pro at P1.
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Fig 4. Substrate specificity of recombinant SmPOP. The peptidolytic activity of SmPOP was probed using a series of synthetic substrate libraries: (A)
fluoregenic substrates Z-XP-ACC with proline in the P1 position and the indicated amino acids in the P2 position; (B) FRET-based peptide substrates with-
XP-{in the P2 and P1 positions) extended to cccupy the P3 and P1' positions; (C) flucrogenic substrates with proline in the P1 position, which w used to
assay the following peptidases: collagenase-like peptidases (Suc-GPLGP-AMC), dipeptidyl aminopeptidase Il (KP-AMC), dipeptidy| aminopeptidase IV
(GP-AMC) and prolyl aminopeptidase (P-AMG). The substrate hydrolysis was measured in a kinetic assay at pH 8.0 using recombinant SmPOP or human
POP (HsPOP). The mean values + S.D. of three replicates are normalized to the maximum value in each series.

doi:10.1371fournal.pntd .0003827.9004

Spegcificity of SmPOP inhibition and the design of specific inhibitors

The general inhibition specificity of rSmPOP was analyzed using a panel of peptidase class/

type-selective small-molecule inhibitors as listed in Table 1. rSmPOP activity was completely
inhibited by selective prolyl-oligopeptidase inhibitors with chloromethyl (CMK) and aldehyde
(CHO) warheads (Z- Ala-Pro-CMK and Z-Pro-CHO), and by the general serine peptidase in-
hibitor, diisopropyl fluorophosphate. Partial inhibition was observed with Pefabloc SC, PMSF
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Table 1. Inhibition of recombinant SmPOP by protease inhibitors.

Inhibitor®

Pefabloc SC

PMSF

Benzamidine

TLCK

TPCK
3,4-dichloroisococumarin
BPTI (Aprotinin)

STI

Diisopropyl fluorophosphate
Leupeptin

Antipain

E64

Pepstatin A

EDTA

Bestatin
Z-Ala-Pro-CMK®
Z-Pro-Pro-CHO®
Z-Pro-Pro-OH®
Z-Pro-OH"

Target protease® Concentration {(uM) Inhibition {%)°
SP 1000 12.0+3.1
SpP 1000 47.6+1.6
SP (irypsin type) 10 3.7+1.1
SP (trypsin type) 1 38.3+1.2
SP (chymotrypsin type) 1 67.2+6.2
SP 100 77.3:0.6
SP 50 1.441.1
SP 10 12.3+32
SP 100 1001
SP,CP 20 2.3+1.2
SP,CP 20 32.4+1.4
CP 10 6.56.1
AP 1 7.343.5
MP 1000 3.8+2.3
MP {leucin amincpeptidase) 1 2.3+2.1
SP (prolyl oligopeptidase) 1 100+3
SP (prolyl oligopeptidase) 1 100+1
SP (prolyl oligopeptidase) 100 37.6£2.1
SP (prolidase) 100 41.1+1.8

? Abbreviations: PMSF (phenylmethylsulfonyl flucride), TLCK (Na-Tosyl-L-lysine chloromethy! ketone), TPCK (N-p-Tosyl-L-phenylalanine chloromethyl
ketone), BPTI (bovine pancreatic trypsin inhibitor), ST1 {(soybean trypsin inhibitor), E64 (trans-Epoxysuccinyl-L-leucylamido(4-guanidino)butane)

° The target proteases are classified based on catalytic type into aspartic (AP), cysteine (CP) and serine (SP) proteases, and metalloproteases (MP).

° The recombinant SmPOP was pre-incubated with the given inhibitor and remaining activity was measured in a kinetic assay with the fluorogenic
substrate Z-Gly-Pro-AMC. The mean values + S.D. of three replicates are expressed as percentage inhibition relative to the uninhibited control.

¥ CMK: chloromethy! ketone; CHO: aldehyde; OH: free carboxyl.

doi:10.1371/journal.pntd 0003827.001

(phenylmethylsulfonyl fluoride), TLCK (No-tosyl-L-lysine chloromethyl ketone), TPCK (N-p-
tosyl-L-phenylalanine chloromethyl ketone) and 3,4-dichloroisocoumarin, all of which target
the serine peptidases of the chymotrypsin S1 family, SmPOP activity was neither affected by
protein inhibitors of serine peptidases (soybean trypsin inhibitor (STI) and bovine pancreatic
trypsin inhibitor (BPTI)) nor by the inhibitors of cysteine, aspartic and metallo-peptidases.
This overall inhibition profile shows that SmPOP has the ligand-binding characteristics analo-
gous to those of mammalian POPs [41,42].

A more detailed inhibitor specificity profile for rSmPOP was investigated using a panel of
synthetic peptidic inhibitors with the structure Z-Xaa-Pro-CHO/CMK, which included alde-
hyde (CHO) or chloromethylketone (CMK) reactive warheads (Table 2). The amino-acid resi-
dues for the Xaa position were selected based on the $2 substrate specificity of rSmPOP (Fig
4A). Table 2 shows that the synthesized aldehyde derivatives inhibit SmPOP with ICs; values
in the low micromolar concentration range (1.3 to 6.1 uM); the inhibitory specificity at the
binding subsite 52 corresponds to the substrate specificity profile (Fig 4A) and shows that
inhibitors with the basic amino acids in the P2 have position have the lowest IC5, values.

The introduction of an irreversible covalent CMK warhead to the inhibitor scaffold im-
proved the ICs, value by three orders of magnitude (ICs, from 2.9 to 3.2 nM) in comparison
with inhibitors containing reversible covalent CHO warhead (Table 2). Furthermore, we tested
the sensitivity of rSmPOP to three commercially available inhibitors developed for human
POP, namely Y-29794 oxalate [43], SUAM 14746 [44], and Z-Pro-Pro-CHQ [40]. Whereas the
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Table 2. Inhibition of SmPOP activity and anti-schistosomal effect of synthetic SmPOP inhibitors.

Inhibitor IC5p (pM)? Severity of phenotype against parasite®
SmPOP HsPOP Grade
Y-29794 oxalate® 8.620.4 0.49+0.03 I
SUAM 14746% 0.092+0.005 0.083+0.007 no effect
Z-Pro-Pro-CHO® 0.1620.03 0.012+0.005 no effect
Z-Ala-Pro-CHO® 3.120.2 6.140.3 1]
Z-Gly-Pro-CHO® 6.120.4 7.6£0.9 ]
Z-Tyr-Pro-CHO® 4.420.4 11.4+0.7 I
Z-Arg-Pro-CHO® 1.340.3 2.4+0.2 I
Z-Lys-Pro-CHO® 3.0£0.6 7.2+0.6 |
Z-Ala-Pro-CMK® 0.003240.0004 0.0168+0.0046 ]
Z-Arg-Pro-CMK® 0.0029+0.0001 0.0048+0.0006 ]

 The ICsq values were determined in a kinetic activity assay with recombinant SmPOP or HsPOP and the
fluorogenic substrate Z-Gly-Pro-AMC at pH 8.0. The mean values + S.D. of three replicates are given.

® Induction of phenotype alterations by the inhibitors was determined with NTS in culture. The inhibitors
were tested at 10 pM and 1 pM concentrations, and the resulting phenotypes, arising as a function of time
and concentration, were graded | to lll, with grade | being the most severe (see Materials and Methods).
©Y-29794 oxalate: 2-[[8-(Dimethylamino)octyl]thio]-6-(1-methylethyl)-3-pyridinyl-

2-thienylmethanone oxalate

9 SUAM 14746: 3-([4-[2-(E)-styrylphenoxylbutanoyl)-L-4-hydroxyprolyljthiazolidine).

° Peptidic inhibitors with reactive aldehyde (CHO) or chloremethyl ketone (CMK) warheads (see Materials
and Methods).

doi:10.1371/journal pntd.0003827.t002

inhibition by SUAM 14746 was similar for both the human and schistosomal enzymes (ICs;,
values of 83 nM and 92 nM, respectively), Y-29794 oxalate and Z-Pro-Pro-CHO inhibited
SmPOP with IC5, values that were about one order of magnitude greater than those for human
POP (IC5 values of 8.6 uM and 0.49 pM, respectively, for Y-29794 oxalate, and 0.16 pM and
0.01 pM, respectively, for Z-Pro-Pro-CHO).

A spatial model of SmPOP was constructed by homology modeling to study the structure-
activity/inhibition relationship. The X-ray structure of porcine POP (PDB code 1QFS) was
used as a template, Fig 5 shows that SmPOP has the conserved architecture of the mammalian
POP comprising both the B-propeller and peptidase domains [45]. The peptidase domain (resi-
dues 430-712) has a characteristic o/ B-hydrolase fold [46,47] which consists of a central eight-
stranded B-sheet flanked on both sides by eight o helices. The catalytic amino-acid residues
Ser556, Asp643 and His682 are located in a large cavity at the interface between the domains.
The disk-shaped B-propeller domain (residues 76-429) is composed of seven repeats of four-
stranded antiparallel B-sheets which are arranged around a central tunnel.

The binding mode of SmPOP was analyzed using the transition-state analog POP inhibitor
Z-Pro-Pro-CHO (benzyloxycarbonyl-L-prolyl-L-prolinal) which was docked into the SmPOP
active site based on the crystallographic complex of this inhibitor with porcine POP (PDB code
1QFS). The docking model (Fig 5) shows that the prolinal residue of the inhibitor forms a cova-
lent hemi-acetal linkage with the catalytic Ser556. The P1 Pro ring binds to the hydrophobic 51
binding pocket (defined by Phe478, Trp597, Tyr601 and Val646 residues) and is stacked
against a Trp597 side chain. The backbone of both the P1 and P2 proline residues forms three
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Fig 5. A three-dimensional homology model of SmPOP. (A) A ribbon representation of the overall SmPOP structure showing the B-propeller domain
(cyan) and the catalytic domain (pink); the N-terminal segment is colored green. The active site containing the catalytic triad Ser556, Asp643 and His682
(vellow) is located at the interface of the two domains. (B) A superposition of the SmPOP model (green) and the porcine POP crystal structure (pink with the
PDB code 1QFS) in a cylinder representation. (C) A view from the top of the SmPOP model (the B-propeller domain (cyan, ribbon representation) controls
access to the active site of the catalytic domain (the pink surface) indicated by the catalytic triad residues (the yellow surface and sticks); the N-terminal
segment is shown as the green surface. (D) A surface representation of the SmPOP active site located in the catalytic domain ({the pink surface). The
covalently-bound inhibitor Z-Pro-Pro-CHQ is depicted in the ball-and-stick representation (carbon atoms in blue, oxygen in red and nitrogen in light blue). The
catalytic-domain residues forming contacts with the inhibitor are highlighted as the magenta surface; the catalytic triad residues are represented by the yellow
surface/sticks. The B-propeller domain is shown as a cyan ribbon, the residues interacting with the inhibitor as cyan sticks.

doi:10.1371fjournal.pntd.0003827.9005

hydrogen bonds to the SmPOP active site. Additionally, the P3 benzyloxycarbonyl group binds
to the hydrophobic $3 binding site (residues Phel75, Cys257, Asn273, 1le593 and Ala596).

SmPOP is localized in the tegument and parenchyma of adult
schistosomes
Indirect immunofluorescence microscopy on semi-thin sections using affinity-purified anti-

bodies against rSmPOP demonstrate that SmPOP is expressed in the parenchyma and tegu-
ment of adult schistosomes (Fig 6; for a high-resolution micrograph, see Fig 7). The intensity
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Fig 6. SmPOP is localized to the tequment and parenchyma of adult S. mansoni. Semi-thin sections of
adult male and female S. marisoni were probed with an anti-SmPOP IgG (A—F) or a pre-immune IgG (G, H)
followed by reaction with an anti-rabbit IgG Alexa 594-labeled secondary antibody (red). DAP| was used to
label the nuclear DNA (blue); female vitellaria are characterized by strong autofluorescence in the green
spectrum (H). The left column shows merged fluorescent channels; in the right column, the signal is merged
with diifferential interference contrast (exceptin H). Male worms (M) incubated with anti-SmPOP show a
stronger immune-reactivity than female worms (F) (micrographs A and B). A red fluorescent signal is found in
the parenchyma and tegument, but it is absent from the gut (the asterisks in A, B, E and F) and muscular
tissue (Mu, micrographs C-F). In male worms the signal is found accumulated in the tubercles of the dorsal
tegument (the arrows in C and D) and also outlines the gynaecophoral canal. Note the difference in signal
intensity between the male and female tegument (the connected arrowheads in E and F). Only faint
background fluorescence could be detected in the red spectrum in the negative control probed with pre-
immune lgG (the micrographs G and H). The scale bar in C and D represents 20 um; in A, B, E-H, 50 pm.

doi:10.1371fjournal.pntd.0003827.9006

of the signal was greater in the tegument of the male compared to the female (Fig 6C and 6D).
Labeling was not observed in the gastrodermis, gut lumen and muscular tissues (Fig 7). Intense
staining was seen in the male tegumental tubercles (Fig 6C and 6D). Pre-immune serum was
applied as a negative control and only faint background fluorescence was detected (Fig 6G and
6I). Similar results were obtained in immuno-histochemical studies with NTS (S5 Fig). With
this developmental stage, SmPOP was localized at or close to the surface; a low diffuse signal
was alse seen in the parenchyma whereas the gut exhibited no specific fluorescence, No reac-
tion was observed with pre-immune serum (S5 Fig).

SmPOP on living parasites cleave host peptides containing preline

We investigated whether SmPOP can interact with peptidic substrates in the environment sur-
rounding the schistosome. NTS or adult schistosomes were incubated in the presence of the

Fig 7. Detailed micrograph of SmPOP localization in the tegument of adult S. mansoni. The tissue section was probed with anti-SmPOP IgG followed
by an anti-rabbit IgG Alexa 594-labeled secondary antibedy (red). DAPI was used to label the nuclear DNA (blue). The left image shows merged fluorescent
channels; on the right, the fluorescent signal is merged with differential interference contrast imaging. A red fluorescent signal is found in the parenchyma
(Pa) and tegument (Teg), but is absent from the gastrodermis (Gd), gut lumen (the asterisks) and muscular tissue (Mu). Male worms (M) show a stronger
immuno-reactivity than female worms (F). Note the difference in the signal intensity on the tegument of the male compared to the female (the connected
arrowheads). Scale bar = 20 pm.

doi:10.1371fjournal.pntd.0003827.9007
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Fig 8. SmPOP in live 8. mansoni cleaves vasoregulatory hormones. (A) SmPOP activity detected in the
excretory-secretory products of or associated with live NTS and adults {worms) maintained in culture was
determined using the fluorogenic substrate Z-GP-AMC. The inhibitor, Z-Ala-Pro-CMK, was added in the
control experiments to specifically block SmPOP activity. The mean values + $°.D. of three replicates are
normalized to the maximum value in each series. (B) The peptide hormones angiotensin | and bradykinin
were incubated with recombinant SmPOP (in vitro) or with live adults maintained in culture (ex vivo). The
reaction mixture and cultivation medium, respectively, were analyzed by mass spectrometry and cleavage
positions (triangles) in the hormones were identified (see also S3 Table)

doi:10.1371/journal pntd.0003827 9008

fluorogenic peptide substrate Z-Gly-Pro-AMC. Cleavage of the substrate was measured in a
microplate reader and was abolished in the presence of the specific POP inhibitor Z-Ala-
Pro-CMK (Fig 8A). We also tested whether SmPOP activity is measurable in the excretory/se-
cretory (E/S) products of NTS and adults. For this purpose, E/S products were collected after a
two-day cultivation of parasites and SmPOP activity was measured using the same fluorogenic
substrate. No significant POP activity was detected in E/S products, demonstrating that
SmPOP is not secreted into the cultivation media.

In the next step, we used the above culture assay to measure cleavage by adult parasites of
two vasoregulatory proline-containing hormones from the human host, namely angiotensin 1
and bradykinin, Both hormones were cleaved when added to the cultivation medium and the
cleavage occurred specifically after Pro residues as demonstrated by mass spectrometry (Fig
8B). Again, the fragmentation was abolished in the presence of a POP-specific inhibitor Z-Ala-
Pro-CMK (but not in the presence of the cysteine peptidase inhibitor E-64; S3 Table). The
identified cleavage positions in the hormone sequences were identical with those obtained by
in vitro fragmentation using rSmPOP.

To conclude, SmPOP, although not secreted from the parasite, can nonetheless interact
with physiologically relevant host peptides in the environment.
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SmPOP inhibitors induce deleterious phenotypes in cultured
schistosomula

A panel of SmPOP inhibitors was tested at 1 and 10 uM against NTS and the phenotypic re-
sponses graded I through IIT from the most to the least severe (Table 2). The CHO inhibitor,
Z-Lys-Pro-CHO, induced a grade I response. Grade II phenotypes were induced by Z-Gly-Pro-
CHO, Z-Tyr-Pro-CHO, Z-Arg-Pro-CHO and the CMK inhibitor, Z-Arg-Pro-CMK. The in-
hibitors Z-Ala-Pro-CHQ and Z-Ala-Pro-CMK induced the least severe grade I1T phenotype.
The commercial inhibitors of human POP, Y-29794 and SUAM 14746, induced a grade II re-
sponse or had no effect, respectively (Table 2).

Discussion

‘We identified and functionally characterized a $9-family serine peptidase from the human
blood fluke, S. mansoni. It was denoted SmPOP, S. mansoni prolyl oligopeptidase, based on its
51% primary sequence identity to human and porcine prolyl oligopeptidases. Also, homelogy
maodeling of SmPOP using porcine POP as a structural template revealed that both enzymes
share the same spatial architecture and domain structure; specifically, a catalytic peptidase do-
main with an o/p hydrolase fold and a catalytic triad, and a cylindrical B-propeller domain that
covers the active site and defines prolyl oligopeptidase as an oligopeptidase [48].

SmPOP was heterologously expressed in E. coli, purified as an active peptidase and subjected
to a series of biochemical analyses to determine its substrate and inhibitory specificity. Consistent
with its classification as a $9-family prolyl oligopeptidase, the enzyme cleaves various oligopep-
tide substrates in an endopeptidolytic mode at the carboxy! terminus of Pro residues [45]. Cleav-
age specificity analysis with the positional-scanning substrate library revealed a preference for
basic amino acids over hydrophobic or aliphatic amino acids at P2; a Pro residue at P2 was unfa-
vorable. A similar §2 subsite specificity profile was obtained for human POP (Fig 4).

rSmPOP was effectively inhibited by the general serine peptidase inhibitor, diisopropylfluoro-
phosphate [49], but only weakly by inhibitors targeting the S1 family of serine peptidases such as
Pefabloc, benzamidine, and BPTI, These data are consistent with the inhibitory specificities of
mammalian and trypanosomal POPs [50,51]. The inhibitor specificity of rSmPOP was investigat-
ed further using a panel of synthetic prolinal inhibitors that vary at the P2 amino-acid residue
(Z-Xaa-Pro-CHO, Table 2). The inhibitor specificity profile mirrored that determined with the
positional- scanning substrate library, with the exception of the Pro residue in the P2 position,
which generates a good inhibitor but a poor substrate (Z-Pro-Pro-CHO vs. Z-Pro-Pro-ACC, re-
spectively, Table 2 and Fig 4A). Note that Z-Pro-Pro- ACC substrate does not bind effectively in
the active site neither as the uncleaved form nor as the hypothetical cleavage product Z-Pro-Pro-
OH (as they do not compete with Z-Gly-Pro- substrate). A similar discrepancy was observed for
human POP (Table 2 and Fig 4A). Based on the assembled biochemical and structural data,
therefore, it is clear that SmPOP and its mammalian orthologs are almost identical in their cata-
lytic specificity profiles suggesting a strong evolutionary conservation of function and structure.

The panel of SmPOP inhibitors was further evaluated for their anti-schistosomal effects
against NTS in culture. These tests demonstrated that some of the investigated inhibitors in-
duced deleterious phenotypes or death, Although, interactions other than with the specific tar-
get protein cannot be excluded, the data encourage the search for small molecule inhibitors of
SmPOP. Inhibitors of human POP are currently being examined as drug leads in several neuro-
logical disorders such as depression, Alzheimer’s disease and amnesia, and a number are in
preclinical and clinical trials as nootropics (for review see [44]). POP is also of interest for the
treatment of celiac sprue, an inflammatory disease of the small intestine caused by ingesting
proline-rich gluten [39].
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The prolyl oligopeptidases Tc80 and Tb80 from the protozoan parasites Trypanosoma cruzi
and T. brucei, respectively, are secreted and can degrade host extracellular-matrix (ECM) pro-
teins such as proline-rich collagens T and 1V [23,51]. Tc80’s ability to ability to degrade of ECM
components contributes directly to the invasion of mammalian cells by T. cruzi trypomasti-
gotes [22]. [n contrast, SmPOP cannot degrade protein substrates, including collagens, even
though it has about 40% identity with trypanosomal POPs (S1 Table). Further, SmPOP is not
found in S. mansoni E/S products suggesting that it is not secreted by schistosomes, a finding
consistent with the absence of the signal peptide in the SmPOP sequence. The data would
therefore indicate that the trypanosomal POPs possess different physiological functions from
those postulated below for the schistosomal enzyme.

By RT-qPCR and substrate analysis, SmPOP is expressed in those developmental stages par-
asitizing the definitive mammalian host (adults, NTS and eggs). By immunolocalization with a
monospecific rabbit antibody SmPOP is distributed in the tegument (males) and parenchyma
of NTS and adult schistosomes. The enzyme is absent from the gastrodermis and gut lumen
suggesting that the enzyme does not contribute to the digestion of ingested blood proteins. The
antibody signal was significantly greater in male worms in accordance with the activity profil-
ing of worm extracts, whereby male worm extracts displayed 5-6 times greater SmPOP specific
enzymatic activity than females (56 Fig). Intriguingly, SmPOP is found in the male tegument,
not least in the tubercles, but is apparently absent from the female tegument. This suggests that
SmPOP may have male-specific peptidolytic functions at the host-parasite interface and/or at
the male-female interface. As noted above, the enzyme seems not to be secreted by the parasite
yet, via contact with the endothelium of the host vasculature, may exert localized effects on vas-
cular physiology, including the degradation of vasoactive peptides (see below). A similar locali-
zation in the tegument and parenchyma was previously noted for the . mansoni cysteine
peptidase cathepsin B2 for which physiological function(s) are not yet known [52].

We demonstrate that the schistosome parasite can cleave the vasoregulatory peptides, an-
giotensin I and bradykinin, when co-incubated in vitro and that the activity is due to SmPOP
as indicated by mass spectrometry and specific inhibition by a POP inhibitor. Angiotensin I is
produced by the renin-angiotensin system which is the primary physiological regulator of
blood pressure, sodium balance and fluid volume [53]. SmPOP converts angiotensin I (precur-
sor of the main vasoconstrictor angiotensin II) to the vasodilatory angiotensin-(1-7). Angio-
tensin-(1-7) also inhibits cell proliferation, angiogenesis, fibrosis, and inflammation [54,55].
Bradykinin is generated by the kallikrein-kinin system which also participates in the regulation
of blood pressure [53]. Bradykinin is a potent vasodilator, promotes natriuresis, diuresis and
inflammation. Proteolytic cleavage by SmPOP inactivates this hormone. The possible contribu-
tion, therefore, by a tegument-localized SmPOP to the modulation or dysregulation of both
these, and possibly, other, homeostatic systems is conceivable whereby cleavage of the pro-in-
flammatory and vasoconstrictory angiotensin I and pro-inflammatory bradykinin may provide
a survival benefit to the schistesome during its residence in and movement through the venous
blood system. Follow-up in vivo studies will examine these possibilities in more detail.

Supporting Information

81 Fig. Examples of phenotypes induced in cultured NTS by POP inhibitors listed in
Table 2. NTS were incubated up to four days in Basch Medium 169 in the presence of inhibi-
tors (for details see Methods). Images were captured using a Zeiss Axiovert 40 C inverted mi-
croscope (10x objective) and a Zeiss AxioCam MRc digital camera controlled by AxioVision
40 (version 4.8.1.0) software. Scale bar = 150 pm.

(T1F)
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$2 Fig. A multiple sequence alignment of S. mansoni prolyl oligopeptidase (SmPOP) with
selected POPs from other blood-feeding parasites and mammalian POPs. Parasite POPs:
SmPOP (S. mansoni, GenBank accession number KF956809), Pediculits humanus (P. huma-
nus, XP_002430998), Aedes aegypti (A. aegypti, Q16WP2), Ixodes scapularis (1. scapularis,
B7PDEFS5), Toxoplasma gondi ('T. gondi, XP_002369249), Trypanosoma cruzi (1. cruzi,
AAQO04681) and Leishmania infantum (L. infantum, CAM72491.1). Mammalian POPs:
human (H. sapiens, P48147) and porcine (8. scrofa, P23687). Catalytic-triad residues (Ser, Asp
and His) are indicated in red; those residues identical with those of SmPOP are shaded in gray.
The residue numbering corresponds to the SmPOP sequence and its color coding refers to the
domain structure of POPs consisting of the N-terminal segment (green), the B-propeller do-
main (cyan) and the peptidase catalytic domain (magenta).

(TIF)

83 Fig. The maximum-likelihood phylogenetic tree displaying the evolutionary relation-
ship of SmPOP to selected POPs from other organisms. A multiple alignment of SmPOP
with 35 other POP protein sequences was performed using Clustal X 2.0 and the default parame-
ters. The resulting alignment was edited to exclude ambiguous regions by the BioEdit 7.0 editing
software. The phylogenetic analysis of the multiple alignment was performed using the maxi-
mum likelihood method in PAUP 4.0, The tree was visualized using the Treeview 1.6.6. program.
Bootstrap values with 100 repeats are shown at the nodes. GenBank or HelmDB accession num-
bers of the aligned sequences are indicated. SmPOP is undetlined in red and beld type faces.
GenBank accession numbers: Kinetoplastida—CAM72491 Leishmania infantum, AAQ04681
Trypanosoma cruzi, CAD42967 Trypanosoma brucei; Apicomplexa—XP_002369249 Toxoplasma
gondii; Bacteria—WP_007903716 Ktedonobacter racemifer, WP_008080757 Vibrio sinaloensis,
WP_012088900 Shewanella baltica, WP_013626821 Planctomyces brasiliensis, WP_011140683
Gloeobacter violaceus, WP_011612632 Trichodesmium erythraeum, EHJ13806 Crocosphaera
watsonii, WP_012411436 Nostoc punctiforme, WP_006634458 Microcoleus vaginatus; Arthro-
poda—XP_002430998 Pediculus humanus, BTPDE5 Ixodes scapularis, QLOWP2 Aedes aegypti,
BOW4N7 Culex quinquefasciatus, EFN76622 Harpegnathos saltator, EFN66352 Camponotus flor-
idanus; Plantae—A9SA32 Physcosmitrella patens, XP_002285910 Vitis vinifera, ACG43067 Zea
mays; Vertebrata—COHBI8 Salino salar, Q503E2 Danio rerio, QoP4W3 Xenopus tropicalis,
FINUS2 Gallus gallus, 070196 Rattus norvegicus, Q9QURE Mus musculus, FIPHX2 Canis famil-
iaris, P48147 Homo sapiens, QX TA2 Bos taurus, P23687 Sus scrofa; Trematoda—KF956809
Schistosoma mansoni. HelmDB accession numbers: Nematoda—Asuul6 1668 Ascaris suum;
Trematoda—Fhep110926 Fasciola hepatica, Shael 72866 Schistosoma haematobitm.

(TIF)

$4 Fig. Recombinant SmPOP does not digest host-derived macromolecular protein sub-
strates. Human serum albumin (HSA), human collagens type I and IV (Col I and Col IV) and
human hemoglobin (Hb) were incubated for 12 h in the presence or absence of rSmPOP. The
reaction mixtures were subjected to SDS-PAGE (HSA, Col I and Col IV) or Tricine-SDS-PAGE
(Hb) and protein stained. For details, see Methods.

(TIF)

85 Fig. The localization of SmPOP in S. mansoni newly transformed schistosomula (NTS).
Parasites were fixed and probed with anti-SmPOP IgG (A) or a pre-immune IgG from the
same rabbit (B). Anti-rabbit IgG Alexa 594-was used as the secondary antibody (red). DAPI
was used to label the nuclear DNA (blue) and the fluorescent signals were merged with differ-
ential interference contrast (DIC). The greatest red fluorescence is localized to the surface (teg-
ument) with a low diffuse signal in the parenchyma (SmPOP in A). The gut is negative for the
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SmPOP signal (the asterisk). NTS probed with pre-immune IgG lack any visible fluorescence
in the red channel (SmPOP in B). Scale bar = 50 pm.
(TIF)

86 Fig. The SmPOP activity in 8. mansoni adult males and females. SmPOP activities were
measured in protein extracts of adult males and females (green bars) or in cultivation medium
post incubation with live parasites (red bars). Z-Gly-Pro- AMC was used as the fluorogenic sub-
strate. SmPOP activity (which was sensitive to inhibition by the specific POP inhibitor, Z-Pro-
Pro-CHOQ) was normalized to protein content of extracts or number of worms used.

(TIF)

S$1 Table. Identity matrix of POP amino acid sequences aligned in S1 Fig.
(PDF)

$2 Table. Identification of native SmPOP by mass spectrometry.
(PDF)

§3 Table. The fragmentation of peptide hormones by live S. mansoni adults.
(PDF)
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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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Chapter 4
updates

Sensitive Fluorescence In Situ Hybridization on Semithin
Sections of Adult Schistosoma mansoni Using DIG-Labeled
RNA Probes

Lenka Ulrychova, Martin Horn, and Jan Dvorak

Abstract

In situ hybridization is a tool for evaluation of gene expression within tissues or single cells. This protocol
describes optimized sensitive fluorescence detection of gene transcripts (mRNAs) in semithin sections of
Schistosoma mansoni adult worms using specifically designed and labeled RNA probes. Due to improved
methodologies in tissue preservation, sectioning, amplification of fluorescent signal, and prehybridization
tissue treatment, it is possible to detect transcripts in the fine structures of schistosomes. The protocol is
sensitive enough to detect very low abundance targets. This procedure is optimized for tissues derived from
S. mansoni adult worms; however, it can be successfully applied to other trematode specics.

Key words Schistosoma mansoni, Adult worm, Tissue section, In situ hybridization, RNA probe,
Digoxigenin labeling, Fluorescence RNA detection

1 Introduction

In situ hybridization (ISH) is a technique that enables the localiza-
tion and visualization of specific nucleic acids in the cells, tissues, or
whole organisms. It is based on annealing of labelled RNA probes
to complementary sequences in the sample. ISH was introduced
more than 50 years ago [1]; however, this technique underwent
enormous development during the time. It is mostly because dif-
ferent types of tissue and /or cells require optimization not only for
the hybridization itself but also for subsequent visualization. Criti-
cal steps include the tissue pretreatment that is highly specific for
different tissue types. Therefore, the effective in situ hybridization
protocol must be always optimized.

Several ISH protocols have been developed for schistosome
tissues—whole mount in situ hybridization (WISH), a protocol
that enables to detect gene transcripts within the whole
S. mansoniadults [2] and ISH performed on their semithin sections

David J. Timson (ed.), Schistosoma mansoni: Methods and Protocols, Methods in Molecular Biclogy, vol. 2151,
https://doi.org/10.1007/978-1-0716-0635-3_4, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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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.
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Check for
updates

Collection of Excretory/Secretory Products from Individual
Developmental Stages of the Blood Fluke Schistosoma
mansoni

Adrian Leontovyc, Lenka Ulrychova, Martin Horn, and Jan Dvorak

Abstract

Individual developmental stages of blood fluke Schistosoma mansoni excrete or secrete a different set of
molecules. Here we describe optimized protocols for collection of excretory/secretory products (E/S
products) from cercariae, schistosomula, adult worms, and eggs. These E/S products are essential for
successful parasitism functioning at the host-parasite interface, enabling invasion into the host and con-
tributing to the survival of the parasite by modulation of host physiology and immune responses. Collection
of sutficient amounts of E /S products is required for detailed research of these processes.

Key words Schistosoma mansoni, Developmental stages, Excretory/secretory products

1 Introduction

Blood flukes of the genus Schistosoma are highly adapted to the
human host. Their larvae (cercariae) invade the host via skin, trans-
form into schistosomula (larval migratory worms), and based on
schistosome species migrate through the lungs to the blood vessels
of mesentery or urinary bladder where they reach maturity. Adule
schistosomes can reside for decades in the host vascular system as
male-female pairs producing hundreds of eggs per day. Entrapped
cggs in the host tissues induce inflammatory processes that signifi-
cantly contribute to discase morbidity [1].

Schistosomes excrete or secrete a broad range of molecules
from their bodies into the surrounding environment of the host.
Composition of these excretory/secretory products (E/S pro-
ducts) greatly differs among individual developmental stages [2—
5]. E/S products of cercariac are mostly produced by pre- and post-
acetabular glands, and their main function is to penetrate the host
skin and to downregulate the host’s immune response during the
invasion [6-9]. The molecules secreted by schistosomula and adults

David J. Timson (ed.), Schistosoma mansoni: Methods and Protocols, Methods in Molecular Biclogy, vol. 2151,
https://doi.org/10.1007/978-1-0716-0635-3_5, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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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 skK1, 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 (lle 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
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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 | 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 (NATSs) (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:

e Excretion-secretion (ES) products of selected developmental stages of S. mansoni were
prepared and the procedures for their collection were optimized.

e 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.

e 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.

e 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.

e 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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e Protease SmSP2 and SmPOP were biochemically characterized and immunolocalized in

adult worms. Their potential role in host-parasite interaction was described.

136



7 References

1. Schistosomiasis. Status of schistosomiasis endemic countries: 2022 [07.12.2022]. Available from:
https://apps.who.int/neglected diseases/ntddata/sch/sch.html.

2. Berry A, Mone H, Iriart X, Mouahid G, Aboo O, Boissier J, et al. Schistosomiasis haematobium,
Corsica, France. Emerg Infect Dis. 2014;20(9):1595-7.

3. Salas-Coronas J, Bargues MD, Lozano-Serrano AB, Artigas P, Martinez-Orti A, Mas-Coma S, et al.
Evidence of autochthonous transmission of urinary schistosomiasis in Almeria (southeast Spain): An
outbreak analysis. Travel Med Infect Dis. 2021;44:102165.

4, Hall SC, Kehoe EL. Case reports. Prolonged survival of Schistosoma japonicum. Calif Med.
1970;113(2):75-7.

5. Loker ES. A comparative study of the life-histories of mammalian schistosomes. Parasitology.
1983;87:343-69.

6. Warren KS. Schistosomiasis: host-pathogen biology. Rev Infect Dis. 1982;4(4):771-5.

7. Vale N, Gouveia MJ, Rinaldi G, Brindley PJ, Gartner F, Correia da Costa JM. Praziquantel for

Schistosomiasis: Single-Drug Metabolism Revisited, Mode of Action, and Resistance. Antimicrob Agents
Chemother. 2017;61(5).

8. Fallon PG, Doenhoff MJ. Drug-resistant schistosomiasis: resistance to praziquantel and
oxamniquine induced in Schistosoma mansoni in mice is drug specific. Am J Trop Med Hyg. 1994;51(1):83-
8.

9. Chitsulo L, Engels D, Montresor A, Savioli L. The global status of schistosomiasis and its control.
Acta Trop. 2000;77(1):41-51.

10. Diaz AV, Walker M, Webster JP. Reaching the World Health Organization elimination targets for
schistosomiasis: the importance of a One health perspective. Philos Trans R Soc Lond B Biol Sci.
2023;378(1887):20220274.

11. Pinto-Almeida A, Mendes T, de Oliveira RN, Correa Sde A, Allegretti SM, Belo S, et al.
Morphological characteristics of Schistosoma mansoni PZQ-resistant and -susceptible strains are different
in presence of praziquantel. Front Microbiol. 2016;7:594.

12. Colley DG, Bustinduy AL, Secor WE, King CH. Human schistosomiasis. Lancet.
2014;383(9936):2253-64.

13. McKerrow JH, Caffrey C, Kelly B, Loke P, Sajid M. Proteases in parasitic diseases. Annu Rev Pathol.
2006;1:497-536.

14. Caffrey CR, McKerrow JH, Salter JP, Sajid M. Blood 'n' guts: an update on schistosome digestive
peptidases. Trends Parasitol. 2004;20(5):241-8.

15. Cocude C, Pierrot C, Cetre C, Godin C, Capron A, Khalife J. Molecular characterization of a partial
sequence encoding a novel Schistosoma mansoni serine protease. Parasitology. 1997;115 ( Pt 4):395-402.

16. Cocude C, Pierrot C, Cetre C, Fontaine J, Godin C, Capron A, et al. Identification of a
developmentally regulated Schistosoma mansoni serine protease homologous to mouse plasma kallikrein
and human factor I. Parasitology. 1999;118:389-96.

137


https://apps.who.int/neglected_diseases/ntddata/sch/sch.html

17. Esch GW, Barger MA, Fellis KJ. The transmission of digenetic trematodes: style, elegance,
complexity. Integr Comp Biol. 2002;42(2):304-12.

18. Cribb TH, Bray RA, Littlewood DTJ, Pichelin SP, Herniou EA. The Digenea. Interrelationships of the
Platyhelminthes. 1st ed: CRC Press 2000. p. 168-85.

19. Cribb TH, Chisholm LA, Bray RA. Diversity in the Monogenea and Digenea: does lifestyle matter?
Int J Parasitol. 2002;32(3):321-8.

20. Keiser J, Duthaler U, Utzinger J. Update on the diagnosis and treatment of food-borne trematode
infections. Curr Opin Infect Dis. 2010;23(5):513-20.

21. Zolfaghari Emameh R, Purmonen S, Sukura A, Parkkila S. Surveillance and diagnosis of zoonotic
foodborne parasites. Food Sci Nutr. 2018;6(1):3-17.

22. Berry A, Fillaux J, Martin-Blondel G, Boissier J, Iriart X, Marchou B, et al. Evidence for a permanent
presence of schistosomiasis in Corsica, France, 2015. Euro Surveill. 2016;21(1):pii=30100.

23. Lawton SP, Hirai H, Ironside JE, Johnston DA, Rollinson D. Genomes and geography: genomic
insights into the evolution and phylogeography of the genus Schistosoma. Parasit Vectors. 2011;4:131.

24, Kali A. Schistosome Infections: An Indian Perspective. Journal of Clinical and Diagnostic Research.
2015;9(2):Del-De4.

25. Haberl B, Kalbe M, Fuchs H, Strobel M, Schmalfuss G, Haas W. Schistosoma mansoni and S.
haematobium: miracidial host-finding behaviour is stimulated by macromolecules. Int J Parasitol.
1995;25(5):551-60.

26. Hansen EL. Secondary daughter sporocysts of Schistosoma mansoni: their occurrence and
cultivation. Ann N Y Acad Sci. 1975;266:426-36.

27. Bogea T, Favre TC, Rotenberg L, Silva HS, Pieri OS. Circadian pattern of cercarial emergence in
Schistosoma mansoni (Platyhelminthes:Digenea) from isolated Biomphalaria glabrata. Chronobiol Int.
1996;13(2):93-101.

28. Haeberlein S, Haas W. Chemical attractants of human skin for swimming Schistosoma mansoni
cercariae. Parasitol Res. 2008;102(4):657-62.

29. McKerrow JH, Salter J. Invasion of skin by Schistosoma cercariae. Trends Parasitol.
2002;18(5):193-5.

30. Zhu B, Luo F, Shen Y, Yang W, Sun C, Wang J, et al. Schistosoma japonicum cathepsin B2 (SjCB2)
facilitates parasite invasion through the skin. PLoS Negl Trop Dis. 2020;14(10):e0008810.

31. Miller P, Wilson RA. Migration of the schistosomula of Schistosoma mansoni from skin to lungs.
Parasitology. 1978;77(3):281-302.

32. Wheater PR, Wilson RA. Schistosoma mansoni: a histological study of migration in the laboratory
mouse. Parasitology. 1979;79(1):49-62.

33. Grabe K, Haas W. Navigation within host tissues: Schistosoma mansoni and Trichobilharzia
ocellata schistosomula respond to chemical gradients. Int J Parasitol. 2004;34(8):927-34.

34. Wilson RA. The saga of schistosome migration and attrition. Parasitology. 2009;136(12):1581-92.

35. Barbosa MA, Pellegrino J, Coelho PM, Sampaio IB. Quantitative aspects of the migration and
evolutive asynchronism of Schistosoma mansoni in mice. Rev Inst Med Trop Sao Paulo. 1978;20(3):121-
32.

138



36. Schistosoma mansoni life cycle [27.03.2023]. Available from:
https://www.flickr.com/photos/23116228 @N07/15893494112.

37. Paraense WL. A bird's eye survey of Central American planorbid molluscs. Mem Inst Oswaldo Cruz.
2003;98(1):51-67.

38. Cheever AW, Macedonia JG, Mosimann JE, Cheever EA. Kinetics of egg production and egg
excretion by Schistosoma mansoni and S. japonicum in mice infected with a single pair of worms. Am J
Trop Med Hyg. 1994;50(3):281-95.

39. Moore DV, Sandground JH. The relative egg producing capacity of Schistosoma mansoni and
Schistosoma japonicum. Am J Trop Med Hyg. 1956;5(5):831-40.

40. Weerakoon KG, Gobert GN, Cai P, McManus DP. Advances in the diagnosis of human
schistosomiasis. Clin Microbiol Rev. 2015;28(4):939-67.

41. Jaureguiberry S, Paris L, Caumes E. Acute schistosomiasis, a diagnostic and therapeutic challenge.
Clin Microbiol Infect. 2010;16(3):225-31.

42, Gray DJ, Ross AG, Li YS, McManus DP. Diagnosis and management of schistosomiasis. BMJ.
2011;342:d2651.

43, Siqueira LD, Fontes DAF, Aguilera CSB, Timoteo TRR, Angelos MA, Silva LCPBB, et al.
Schistosomiasis: Drugs used and treatment strategies. Acta Tropica. 2017;176:179-87.

44, Ross AG, Vickers D, Olds GR, Shah SM, McManus DP. Katayama syndrome. Lancet Infect Dis.
2007;7(3):218-24.
45, Meltzer E, Artom G, Marva E, Assous MV, Rahav G, Schwartz E. Schistosomiasis among travelers:

New aspects of an old disease. Emerging Infectious Diseases. 2006;12(11):1696-700.

46. Bottieau E, Clerinx J, de Vega MR, Van den Enden E, Colebunders R, Van Esbroeck M, et al.
Imported Katayama fever: Clinical and biological features at presentation and during treatment. J
Infection. 2006;52(5):339-45.

47. Hiatt RA, Sotomayor ZR, Sanchez G, Zambrana M, Knight WB. Factors in the pathogenesis of acute
schistosomiasis mansoni. J Infect Dis. 1979;139(6):659-66.

48. Cooke GS, Lalvani A, Gleeson FV, Conlon CP. Acute pulmonary schistosomiasis in travelers
returning from Lake Malawi, sub-Saharan Africa. Clin Infect Dis. 1999;29(4):836-9.

49, Caldas IR, Campi-Azevedo AC, Oliveira LF, Silveira AM, Oliveira RC, Gazzinelli G. Human
schistosomiasis mansoni: immune responses during acute and chronic phases of the infection. Acta Trop.
2008;108(2-3):109-17.

50. Elbaz T, Esmat G. Hepatic and intestinal schistosomiasis: review. J Adv Res. 2013;4(5):445-52.

51. Leshem E, Maor Y, Meltzer E, Assous M, Schwartz E. Acute schistosomiasis outbreak: clinical
features and economic impact. Clin Infect Dis. 2008;47(12):1499-506.

52. Dvorak J, Fajtova P, Ulrychova L, Leontovyc A, Rojo-Arreola L, Suzuki BM, et al. Excretion/secretion
products from Schistosoma mansoni adults, eggs and schistosomula have unique peptidase specificity
profiles. Biochimie. 2016;122:99-109.

53. Wilson MS, Mentink-Kane MM, Pesce JT, Ramalingam TR, Thompson R, Wynn TA.
Immunopathology of schistosomiasis. Immunol Cell Biol. 2007;85(2):148-54.

139


https://www.flickr.com/photos/23116228@N07/15893494112

54, Costain AH, MacDonald AS, Smits HH. Schistosome Egg Migration: Mechanisms, Pathogenesis and
Host Immune Responses. Front Immunol. 2018;9:3042.

55. Ferrari TC, Moreira PR, Cunha AS. Clinical characterization of neuroschistosomiasis due to
Schistosoma mansoni and its treatment. Acta Trop. 2008;108(2-3):89-97.

56. Beltrame A, Guerriero M, Angheben A, Gobbi F, Requena-Mendez A, Zammarchi L, et al. Accuracy
of parasitological and immunological tests for the screening of human schistosomiasis in immigrants and
refugees from African countries: An approach with Latent Class Analysis. PLoS Negl Trop Dis.
2017;11(6):e0005593.

57. Hinz R, Schwarz NG, Hahn A, Frickmann H. Serological approaches for the diagnosis of
schistosomiasis - A review. Mol Cell Probes. 2017;31:2-21.

58. Sarhan RM, Aminou HA, Saad GA, Ahmed OA. Comparative analysis of the diagnostic performance
of adult, cercarial and egg antigens assessed by ELISA, in the diagnosis of chronic human Schistosoma
mansoni infection. Parasitol Res. 2014;113(9):3467-76.

59. Tsang VC, Hancock K, Kelly MA, Wilson BC, Maddison SE. Schistosoma mansoni adult microsomal
antigens, a serologic reagent. Il. Specificity of antibody responses to the S. mansoni microsomal antigen
(MAMA). J Immunol. 1983;130(3):1366-70.

60. Santos MM, Garcia TC, Orsini M, Disch J, Katz N, Rabello A. Oral fluids for the immunodiagnosis of
Schistosoma mansoni infection. Trans R Soc Trop Med Hyg. 2000;94(3):289-92.

61. Sulbaran GS, Ballen DE, Bermudez H, Lorenzo M, Noya O, Cesari IM. Detection of the Sm31 antigen
in sera of Schistosoma mansoni - infected patients from a low endemic area. Parasite Immunol.
2010;32(1):20-8.

62. Sousa MS, van Dam GJ, Pinheiro MCC, de Dood CJ, Peralta JM, Peralta RHS, et al. Performance of
an ultra-sensitive assay targeting the circulating anodic antigen (CAA) for detection of Schistosoma
mansoni infection in a low endemic area in Brazil. Front Immunol. 2019;10:682.

63. Hoermann J, Kuenzli E, Schaefer C, Paris DH, Buhler S, Odermatt P, et al. Performance of a rapid
immuno-chromatographic test (Schistosoma ICT IgG-IgM) for detecting Schistosoma-specific antibodies
in sera of endemic and non-endemic populations. PLoS Negl Trop Dis. 2022;16(5):e0010463.

64. Pinto-Silva RA, Queiroz LC, Azeredo LM, Silva LC, Lambertucci JR. Ultrasound in schistosomiasis
mansoni. Mem Inst Oswaldo Cruz. 2010;105(4):479-84.

65. Cerri GG, Alves VA, Magalhaes A. Hepatosplenic schistosomiasis mansoni: ultrasound
manifestations. Radiology. 1984;153(3):777-80.

66. Silva LC, Andrade LM, Queiroz LC, Voieta |, Azeredo LM, Antunes CM, et al. Schistosoma mansoni:
magnetic resonance analysis of liver fibrosis according to WHO patterns for ultrasound assessment of
schistosomiasis-related morbidity. Mem Inst Oswaldo Cruz. 2010;105(4):467-70.

67. Hussain S, Hawass ND, Zaidi AJ. Ultrasonographic diagnosis of schistosomal periportal fibrosis. J
Ultrasound Med. 1984;3(10):449-52.

68. Pereira LM, Domingues AL, Spinelli V, McFarlane 1G. Ultrasonography of the liver and spleen in
Brazilian patients with hepatosplenic schistosomiasis and cirrhosis. Trans R Soc Trop Med Hysg.
1998;92(6):639-42.

140



69. Taylor AB, Pica-Mattoccia L, Polcaro CM, Donati E, Cao X, Basso A, et al. Structural and functional
characterization of the enantiomers of the antischistosomal drug oxamniquine. PLoS Negl Trop Dis.
2015;9(10):e0004132.

70. Cioli D, Botros SS, Wheatcroft-Francklow K, Mbaye A, Southgate V, Tchuente LA, et al.
Determination of ED50 values for praziquantel in praziquantel-resistant and -susceptible Schistosoma
mansoni isolates. Int J Parasitol. 2004;34(8):979-87.

71. Cioli D, Pica-Mattoccia L. Praziquantel. Parasitol Res. 2003;90 Supp 1:53-9.

72. King CH, Olbrych SK, Soon M, Singer ME, Carter J, Colley DG. Utility of repeated praziquantel
dosing in the treatment of schistosomiasis in high-risk communities in Africa: a systematic review. PLoS
Negl Trop Dis. 2011;5(9):e1321.

73. Jeziorski MC, Greenberg RM. Voltage-gated calcium channel subunits from platyhelminths:
potential role in praziquantel action. Int J Parasitol. 2006;36(6):625-32.

74. Waechtler A, Cezanne B, Maillard D, Sun R, Wang S, Wang J, et al. Praziquantel - 50 Years of
Research. ChemMedChem. 2023;18(12):e202300154.

75. Chulkov EG, Palygin O, Yahya NA, Park SK, Marchant JS. Electrophysiological characterization of a
schistosome transient receptor potential channel activated by praziquantel. Int J Parasitol.
2023;53(8):415-25.

76. Nogueira RA, Lira MGS, Lica ICL, Frazao G, Dos Santos VAF, Filho A, et al. Praziquantel: An update
on the mechanism of its action against schistosomiasis and new therapeutic perspectives. Mol Biochem
Parasitol. 2022;252:111531.

77. Crellen T, Walker M, Lamberton PH, Kabatereine NB, Tukahebwa EM, Cotton JA, et al. Reduced
efficacy of praziquantel against Schistosoma mansoni is associated with multiple rounds of mass drug
administration. Clin Infect Dis. 2016;63(9):1151-9.

78. Abdulla MH, Lim KC, Sajid M, McKerrow JH, Caffrey CR. Schistosomiasis mansoni: novel
chemotherapy using a cysteine protease inhibitor. PLoS Med. 2007;4(1):e14.

79. Eyayu T, Zeleke AJ, Worku L. Current status and future prospects of protein vaccine candidates
against Schistosoma mansoni infection. Parasite Epidemiol Control. 2020;11:e00176.

80. Siddiqui AA, Siddiqui BA, Ganley-Leal L. Schistosomiasis vaccines. Hum Vaccin. 2011;7(11):1192-
7.

81. Evan Secor W. Water-based interventions for schistosomiasis control. Pathog Glob Health.
2014;108(5):246-54.

82. Jones MK, Gobert GN, Zhang L, Sunderland P, McManus DP. The cytoskeleton and motor proteins
of human schistosomes and their roles in surface maintenance and host-parasite interactions. Bioessays.
2004;26(7):752-65.

83. Zhu P, Wu K, Zhang C, Batool SS, Li A, Yu Z, et al. Advances in new target molecules against
schistosomiasis: A comprehensive discussion of physiological structure and nutrient intake. PLoS Pathog.
2023;19(7):e1011498.

84. Skelly PJ, Alan Wilson R. Making sense of the schistosome surface. Adv Parasitol. 2006;63:185-
284.

141



85. Kruger FJ, Schutte CH, Visser PS, Evans AC. Phenotypic differences in Schistosoma mattheei ova
from populations sympatric and allopatric to S. haematobium. Onderstepoort J Vet Res. 1986;53(2):103-
7.

86. Schistosoma. Biology, Pathology and Control. Jamieson BG, editor. Australia: CRC Press; 2017.

87. Sotillo J, Pearson M, Potriquet J, Becker L, Pickering D, Mulvenna J, et al. Extracellular vesicles
secreted by Schistosoma mansoni contain protein vaccine candidates. Int J Parasitol. 2016;46(1):1-5.

88. Cardoso FC, Macedo GC, Gava E, Kitten GT, Mati VL, de Melo AL, et al. Schistosoma mansoni
tegument protein Sm29 is able to induce a Th1l-type of immune response and protection against parasite
infection. PLoS Negl Trop Dis. 2008;2(10):e308.

89. Van Hellemond JJ, Retra K, Brouwers JF, van Balkom BW, Yazdanbakhsh M, Shoemaker CB, et al.
Functions of the tegument of schistosomes: clues from the proteome and lipidome. Int J Parasitol.
2006;36(6):691-9.

90. Leow CY, Willis C, Hofmann A, Jones MK. Structure-function analysis of apical membrane-
associated molecules of the tegument of schistosome parasites of humans: prospects for identification of
novel targets for parasite control. Br J Pharmacol. 2015;172(7):1653-63.

91. Pinheiro CS, Ribeiro AP, Cardoso FC, Martins VP, Figueiredo BC, Assis NR, et al. A multivalent
chimeric vaccine composed of Schistosoma mansoni SmTSP-2 and Sm29 was able to induce protection
against infection in mice. Parasite Immunol. 2014;36(7):303-12.

92. Blower MD. Molecular Insights into Intracellular RNA Localization. Int Rev Cel Mol Bio.
2013;302:1-39.

93. Martin KC, Ephrussi A. mRNA localization: gene expression in the spatial dimension. Cell.
2009;136(4):719-30.

94, Gibbings DJ, Ciaudo C, Erhardt M, Voinnet O. Multivesicular bodies associate with components of
miRNA effector complexes and modulate miRNA activity. Nat Cell Biol. 2009;11(9):1143-9.

95. Rajgor D, Shanahan CM. RNA granules and cytoskeletal links. Biochem Soc Trans.
2014;42(4):1206-10.

96. Anderson P, Kedersha N. RNA granules: post-transcriptional and epigenetic modulators of gene
expression. Nat Rev Mol Cell Biol. 2009;10(6):430-6.

97. Tian S, Curnutte HA, Trcek T. RNA Granules: A view from the RNA perspective. Molecules.
2020;25(14).

98. Kasny M, Mikes L, Hampl V, Dvorak J, Caffrey CR, Dalton JP, et al. Chapter 4. Peptidases of
trematodes. Adv Parasitol. 2009;69:205-97.

99. Franchini GR, Porfido JL, Shimabukuro MI, Burusco MFR, Belgamo JA, Smith BO, et al. The unusual
lipid binding proteins of parasitic helminths and their potential roles in parasitism and as therapeutic
targets. Prostag Leukotr Ess. 2015;93:31-6.

100. Giera M, Kaisar MMM, Derks RJE, Steenvoorden E, Kruize YCM, Hokke CH, et al. The Schistosoma
mansoni lipidome: Leads for immunomodulation. Anal Chim Acta. 2018;1037:107-18.

101.  Verissimo CM, Graeff-Teixeira C, Jones MK, Morassutti AL. Glycans in the roles of parasitological
diagnosis and host-parasite interplay. Parasitology. 2019:1-16.

142



102. Acharya S, Da'dara AA, Skelly PJ. Schistosome immunomodulators. PLoS Pathog.
2021;17(12):e1010064.

103. Mebius MM, van Genderen PJ, Urbanus RT, Tielens AG, de Groot PG, van Hellemond JJ.
Interference with the host haemostatic system by schistosomes. PLoS Pathog. 2013;9(12):e1003781.

104. Da'dara AA, Skelly PJ. Schistosomes versus platelets. Thromb Res. 2014;134(6):1176-81.

105. Da'dara AA, Siddons G, Icaza M, Wang Q, Skelly PJ. How schistosomes alter the human serum
proteome. Molecular and Biochemical Parasitology. 2017;215:40-6.

106. Coakley G, Buck AH, Maizels RM. Host parasite communications-Messages from helminths for the
immune system: Parasite communication and cell-cell interactions. Mol Biochem Parasitol.
2016;208(1):33-40.

107. Soloviova K, Fox EC, Dalton JP, Caffrey CR, Davies SJ. A secreted schistosome cathepsin B1 cysteine
protease and acute schistosome infection induce a transient T helper 17 response. PLoS Negl Trop Dis.
2019;13(1):e0007070.

108. LaPelusa A, Dave HD. Physiology, Hemostasis. StatPearls. Treasure Island (FL)2023.

109.  Xu XR, Gallant RC, Ni H. Platelets, immune-mediated thrombocytopenias, and fetal hemorrhage.
Thromb Res. 2016;141 Suppl 2:576-9.

110. Smith SA, Travers RJ, Morrissey JH. How it all starts: Initiation of the clotting cascade. Crit Rev
Biochem Mol Biol. 2015;50(4):326-36.

111.  Bianchini EP, Auditeau C, Razanakolona M, Vasse M, Borgel D. Serpins in hemostasis as
therapeutic targets for bleeding or thrombotic disorders. Front Cardiovasc Med. 2020;7:622778.

112.  Oncul S, Afshar-Kharghan V. The interaction between the complement system and hemostatic
factors. Curr Opin Hematol. 2020;27(5):341-52.

113.  Trouw LA, Pickering MC, Blom AM. The complement system as a potential therapeutic target in
rheumatic disease. Nat Rev Rheumatol. 2017;13(9):538-47.

114.  Rittirsch D, Flierl MA, Ward PA. Harmful molecular mechanisms in sepsis. Nat Rev Immunol.
2008;8(10):776-87.

115.  Torpier G, Capron A, Ouaissi MA. Receptor for IgG(Fc) and human beta2-microglobulin on S.
mansoni schistosomula. Nature. 1979;278(5703):447-9.

116. Loukas A, Jones MK, King LT, Brindley PJ, McManus DP. Receptor for Fc on the surfaces of
schistosomes. Infect Immun. 2001;69(6):3646-51.

117. Hambrook JR, Hanington PC. Immune evasion strategies of schistosomes. Front Immunol.
2020;11:624178.

118.  Salzet M, Capron A, Stefano GB. Molecular crosstalk in host-parasite relationships: schistosome-
and leech-host interactions. Parasitol Today. 2000;16(12):536-40.

119. Leung MK, Dissous C, Capron A, Woldegaber H, Duvaux-Miret O, Pryor S, et al. Schistosoma
mansoni: the presence and potential use of opiate-like substances. Exp Parasitol. 1995;81(2):208-15.

120.  Pirovich D, Da'dara AA, Skelly PJ. Why do intravascular schistosomes coat themselves in glycolytic
enzymes? Bioessays. 2019;41(12):e1900103.

143



121.  Lica ICL, Frazao G, Nogueira RA, Lira MGS, Dos Santos VAF, Rodrigues JGM, et al. Immunological
mechanisms involved in macrophage activation and polarization in schistosomiasis. Parasitology.
2023;150(5):401-15.

122.  Colley DG, Secor WE. Immunology of human schistosomiasis. Parasite Immunol. 2014;36(8):347-
57.

123.  Burke ML, Jones MK, Gobert GN, Li YS, Ellis MK, McManus DP. Immunopathogenesis of human
schistosomiasis. Parasite Immunol. 2009;31(4):163-76.

124.  Atri C, Guerfali FZ, Laouini D. Role of human macrophage polarization in inflammation during
infectious diseases. Int J Mol Sci. 2018;19(6):1801.

125. Ho CH, Cheng CH, Huang TW, Peng SY, Lee KM, Cheng PC. Switched phenotypes of macrophages
during the different stages of Schistosoma japonicum infection influenced the subsequent trends of
immune responses. ] Microbiol Immunol Infect. 2022;55(3):503-26.

126. Claycomb J, Abreu-Goodger C, Buck AH. RNA-mediated communication between helminths and
their hosts: The missing links. Rna Biology. 2017;14(4):436-41.

127. Cwiklinski K, de la Torre-Escudero E, Trelis M, Bernal D, Dufresne PJ, Brennan GP, et al. The
Extracellular Vesicles of the Helminth Pathogen, Fasciola hepatica: Biogenesis Pathways and Cargo
Molecules Involved in Parasite Pathogenesis. Mol Cell Proteomics. 2015;14(12):3258-73.

128. LiuJ, Zhu L, Wang J, Qiu L, Chen Y, Davis RE, et al. Schistosoma japonicum extracellular vesicle
miRNA cargo regulates host macrophage functions facilitating parasitism. PLoS Pathog.
2019;15(6):1007817.

129. Kifle DW, Chaiyadet S, Waardenberg AJ, Wise |, Cooper M, Becker L, et al. Uptake of Schistosoma
mansonij extracellular vesicles by human endothelial and monocytic cell lines and impact on vascular
endothelial cell gene expression. Int J Parasitol. 2020;50(9):685-96.

130. Stroehlein AJ, Young ND, Korhonen PK, Hall RS, Jex AR, Webster BL, et al. The small RNA
complement of adult Schistosoma haematobium. PLoS Negl Trop Dis. 2018;12(5):e0006535.

131.  Zhu L, Liu J, Cheng G. Role of microRNAs in schistosomes and schistosomiasis. Front Cell Infect
Microbiol. 2014;4:165.

132.  Mekonnen GG, Tedla BA, Pickering D, Becker L, Wang L, Zhan B, et al. Schistosoma haematobium
extracellular vesicle proteins confer protection in a heterologous model of schistosomiasis. Vaccines
(Basel). 2020;8(3):416.

133.  Pearson MS, Becker L, Driguez P, Young ND, Gaze S, Mendes T, et al. Of monkeys and men:
immunomic profiling of sera from humans and non-human primates resistant to schistosomiasis reveals
novel potential vaccine candidates. Front Immunol. 2015;6:213.

134. Molina-Hernandez V, Mulcahy G, Perez J, Martinez-Moreno A, Donnelly S, O'Neill SM, et al.
Fasciola hepatica vaccine: we may not be there yet but we're on the right road. Vet Parasitol. 2015;208(1-
2):101-11.

135.  Kahl J, Brattig N, Liebau E. The untapped pharmacopeic potential of helminths. Trends in
Parasitology. 2018;34(10):828-42.

136.  Diaz Soria CL, Lee J, Chong T, Coghlan A, Tracey A, Young MD, et al. Single-cell atlas of the first
intra-mammalian developmental stage of the human parasite Schistosoma mansoni. Nat Commun.
2020;11(1):6411.

144



137. Wangwiwatsin A, Protasio AV, Wilson S, Owusu C, Holroyd NE, Sanders MJ, et al. Transcriptome
of the parasitic flatworm Schistosoma mansoni during intra-mammalian development. PLoS Negl Trop Dis.
2020;14(5):7743.

138.  PeterkovaK, Vorel J, ligova J, Ostasov P, Fajtova P, Konecny L, et al. Proteases and their inhibitors
involved in Schistosoma mansoni egg-host interaction revealed by comparative transcriptomics with
Fasciola hepatica eggs. Int J Parasitol. 2023;53(5-6):253-63.

139. Gobert GN, Moertel L, Brindley PJ, McManus DP. Developmental gene expression profiles of the
human pathogen Schistosoma japonicum. BMC Genomics. 2009;10:128.

140. Hoffmann KF, Johnston DA, Dunne DW. Identification of Schistosoma mansoni gender-associated
gene transcripts by cDNA microarray profiling. Genome Biol. 2002;3(8):RESEARCH0041.

141. Fitzpatrick JM, Johnston DA, Williams GW, Williams DJ, Freeman TC, Dunne DW, et al. An
oligonucleotide microarray for transcriptome analysis of Schistosoma mansoni and its application/use to
investigate gender-associated gene expression. Mol Biochem Parasitol. 2005;141(1):1-13.

142. LuZG, Sessler F, Holroyd N, Hahnel S, Quack T, Berriman M, et al. Schistosome sex matters: a deep
view into gonad-specific and pairing-dependent transcriptomes reveals a complex gender interplay. Sci
Rep-Uk. 2016;6.

143.  Jolly ER, Chin CS, Miller S, Bahgat MM, Lim KC, DeRisi J, et al. Gene expression patterns during
adaptation of a helminth parasite to different environmental niches. Genome Biol.
2007;8(4):RESEARCHO0065.

144.  Fitzpatrick JM, Peak E, Perally S, Chalmers IW, Barrett J, Yoshino TP, et al. Anti-schistosomal
intervention targets identified by lifecycle transcriptomic analyses. PLoS Negl Trop Dis. 2009;3(11):e543.

145.  Jensen E. Technical review: In situ hybridization. Anat Rec (Hoboken). 2014;297(8):1349-53.
146.  lJin L, Lloyd RV. In situ hybridization: methods and applications. J Clin Lab Anal. 1997;11(1):2-9.

147. Quack T, Knobloch J, Beckmann S, Vicogne J, Dissous C, Grevelding CG. The formin-homology
protein SmDia interacts with the Src kinase SmTK and the GTPase SmRhol in the gonads of Schistosoma
mansoni. PLoS One. 2009;4(9):e6998.

148.  Cogswell AA, Collins JJ, 3rd, Newmark PA, Williams DL. Whole mount in situ hybridization
methodology for Schistosoma mansoni. Mol Biochem Parasitol. 2011;178(1-2):46-50.

149.  Borbolis F, Syntichaki P. Cytoplasmic mRNA turnover and ageing. Mech Ageing Dev. 2015;152:32-
42.

150. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell Biol.
2007;9(6):654-9.

151. de la Torre-Escudero E, Gerlach JQ, Bennett APS, Cwiklinski K, Jewhurst HL, Huson KM, et al.
Surface molecules of extracellular vesicles secreted by the helminth pathogen Fasciola hepatica direct
their internalisation by host cells. PLoS Negl Trop Dis. 2019;13(1):e0007087.

152.  Ancarola ME, Marcilla A, Herz M, Macchiaroli N, Perez M, Asurmendi S, et al. Cestode parasites
release extracellular vesicles with microRNAs and immunodiagnostic protein cargo. Int J Parasitol.
2017;47(10-11):675-86.

145



153.  Coakley G, McCaskill JL, Borger JG, Simbari F, Robertson E, Millar M, et al. Extracellular vesicles
from a helminth parasite suppress macrophage activation and constitute an effective vaccine for
protective immunity. Cell Rep. 2017;19(8):1545-57.

154. Pelechano V, Steinmetz LM. Gene regulation by antisense transcription. Nat Rev Genet.
2013;14(12):880-93.

155. Nishizawa M, lkeya Y, Okumura T, Kimura T. Post-transcriptional inducible gene regulation by
natural antisense RNA. Front Biosci (Landmark Ed). 2015;20:1-36.

156. Nishizawa M, Okumura T, lkeya Y, Kimura T. Regulation of inducible gene expression by natural
antisense transcripts. Front Biosci (Landmark Ed). 2012;17:938-58.

157. Wanowska E, Kubiak MR, Rosikiewicz W, Makalowska |, Szczesniak MW. Natural antisense
transcripts in diseases: From modes of action to targeted therapies. Wiley Interdiscip Rev RNA. 2018;9(2).

158.  Bayer-Santos E, Marini MM, da Silveira JF. Non-coding RNAs in host-pathogen interactions:
subversion of mammalian cell functions by protozoan parasites. Front Microbiol. 2017;8:474.

159. Jedlickova L, Dvorakova H, Dvorak J, Kasny M, Ulrychova L, Vorel J, et al. Cysteine peptidases of
Eudiplozoon nipponicum: a broad repertoire of structurally assorted cathepsins L in contrast to the scarcity
of cathepsins B in an invasive species of haematophagous monogenean of common carp. Parasit Vectors.
2018;11(1):142.

160. Jedlickova L, Dvorak J, Hrachovinova I, Ulrychova L, Kasny M, Mikes L. A novel Kunitz protein with
proposed dual function from Eudiplozoon nipponicum (Monogenea) impairs haemostasis and action of
complement in vitro. Int J Parasitol. 2019;49(5):337-46.

161.  Giri BR, Ye JN, Chen YJ, Wei CC, Cheng GF. In silico analysis of endogenous siRNAs associated
transposable elements and NATs in Schistosoma japonicum reveals their putative roles during
reproductive development. Parasitology Research. 2018;117(5):1549-58.

162.  Abou-El-Naga IF. Emerging roles for extracellular vesicles in Schistosoma infection. Acta Trop.
2022;232:106467.

163.  Tkach M, Thery C. Communication by extracellular vesicles: where we are and where we need to
go. Cell. 2016;164(6):1226-32.

164. Kim KM, Abdelmohsen K, Mustapic M, Kapogiannis D, Gorospe M. RNA in extracellular vesicles.
Wiley Interdiscip Rev RNA. 2017;8:1413.

165. Hansen EP, Kringel H, Williams AR, Nejsum P. Secretion of RNA-containing extracellular vesicles
by the porcine whipworm, Trichuris suis. ) Parasitol. 2015;101(3):336-40.

166. Buck AH, Coakley G, Simbari F, McSorley HJ, Quintana JF, Le Bihan T, et al. Exosomes secreted by
nematode parasites transfer small RNAs to mammalian cells and modulate innate immunity. Nature
Communications. 2014;5:5488.

167. Nowacki FC, Swain MT, Klychnikov Ol, Niazi U, lvens A, Quintana JF, et al. Protein and small non-
coding RNA-enriched extracellular vesicles are released by the pathogenic blood fluke Schistosoma
mansoni. ) Extracell Vesicles. 2015;4:28665.

168. Tritten L, Geary TG. Helminth extracellular vesicles in host-parasite interactions. Curr Opin
Microbiol. 2018;46:73-9.

146



169. Yuan Y, Zhao J, Chen M, Liang H, Long X, Zhang B, et al. Understanding the pathophysiology of
exosomes in schistosomiasis: a new direction for disease control and prevention. Front Immunol.
2021;12:634138.

170. ChaiyadetS, Sotillo J, Smout M, Cantacessi C, Jones MK, Johnson MS, et al. Carcinogenic liver fluke
secretes extracellular vsicles that promote cholangiocytes to adopt a tumorigenic phenotype. J Infect Dis.
2015;212(10):1636-45.

171. Marcilla A, Martin-Jaular L, Trelis M, de Menezes-Neto A, Osuna A, Bernal D, et al. Extracellular
vesicles in parasitic diseases. J Extracell Vesicles. 2014;3:25040.

172.  Coakley G, Wright MD, Borger JG. Schistosoma mansoni-derived lipids in extracellular vesicles:
potential agonists for eosinophillic tissue repair. Front Immunol. 2019;10:1010.

173. Wang L, Li Z, Shen J, Liu Z, Liang J, Wu X, et al. Exosome-like vesicles derived by Schistosoma
japonicum adult worms mediates M1 type immune- activity of macrophage. Parasitol Res.
2015;114(5):1865-73.

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

175. Meningher T, Barsheshet Y, Ofir-Birin Y, Gold D, Brant B, Dekel E, et al. Schistosomal extracellular
vesicle-enclosed miRNAs modulate host T helper cell differentiation. EMBO Rep. 2020;21(1):e47882.

176.  Leontovyc A, Ulrychova L, O'Donoghue AJ, Vondrasek J, Maresova L, Hubalek M, et al. SmSP2: A
serine protease secreted by the blood fluke pathogen Schistosoma mansoni with anti-hemostatic
properties. PLoS Negl Trop Dis. 2018;12(4):e0006446.

177. Page MJ, Di Cera E. Serine peptidases: classification, structure and function. Cell Mol Life Sci.
2008;65(7-8):1220-36.

178.  Puente XS, Sanchez LM, Gutierrez-Fernandez A, Velasco G, Lopez-Otin C. A genomic view of the
complexity of mammalian proteolytic systems. Biochem Soc Trans. 2005;33:331-4.

179. Dvorak J, Horn M. Serine proteases in schistosomes and other trematodes. Int J Parasitol.
2018;48(5):333-44.

180. Rawlings ND, Barrett AJ, Finn R. Twenty years of the MEROPS database of proteolytic enzymes,
their substrates and inhibitors. Nucleic Acids Res. 2016;44(D1):D343-50.

181.  Page MJ, Di Cera E. Evolution of peptidase diversity. J Biol Chem. 2008;283(44):30010-4.

182.  Radisky ES, Lee JM, Lu CJ, Koshland DE, Jr. Insights into the serine protease mechanism from
atomic resolution structures of trypsin reaction intermediates. Proc Natl Acad Sci U S A.
2006;103(18):6835-40.

183. YangV, WenY, Cai YN, Vallee |, Boireau P, Liu MY, et al. Serine proteases of parasitic helminths.
Korean J Parasitol. 2015;53(1):1-11.

184. Barrett AJ, Rawlings ND, Woessner JF, Woessner JF, ScienceDirect. Handbook of Proteolytic
Enzymes. 3rd ed. San Diego: Elsevier Science & Technology; 2012.

185.  Szeltner Z, Polgar L. Structure, function and biological relevance of prolyl oligopeptidase. Curr
Protein Pept Sci. 2008;9(1):96-107.

147



186. Kato T, Okada M, Nagatsu T. Distribution of post-proline cleaving enzyme in human brain and the
peripheral tissues. Mol Cell Biochem. 1980;32(3):117-21.

187.  Dresdner K, Barker LA, Orlowski M, Wilk S. Subcellular distribution of prolyl endopeptidase and
cation-sensitive neutral endopeptidase in rabbit brain. ) Neurochem. 1982;38(4):1151-4.

188. Gotoh H, Hagihara M, Nagatsu T, lwata H, Miura T. Activity of dipeptidyl peptidase IV and post-
proline cleaving enzyme in sera from osteoporotic patients. Clin Chem. 1988;34(12):2499-501.

189. Garcia-Horsman JA, Mannisto PT, Venalainen JI. On the role of prolyl oligopeptidase in health and
disease. Neuropeptides. 2007;41(1):1-24.

190. BlumbergS, Teichberg VI, Charli JL, Hersh LB, McKelvy JF. Cleavage of substance P to an N-terminal
tetrapeptide and a C-terminal heptapeptide by a post-proline Cleaving enzyme from bovine brain. Brain
Res. 1980;192(2):477-86.

191.  Wilk S. Prolyl endopeptidase. Life Sci. 1983;33(22):2149-57.

192. Tritten L, Tam M, Vargas M, Jardim A, Stevenson MM, Keiser J, et al. Excretory/secretory products
from the gastrointestinal nematode Trichuris muris. Exp Parasitol. 2017;178:30-6.

193. Sajid M, McKerrow JH. Cysteine proteases of parasitic organisms. Mol Biochem Parasitol.
2002;120(1):1-21.

194. Winkelmann F, Gesell Salazar M, Hentschker C, Michalik S, Machacek T, Scharf C, et al.
Comparative proteome analysis of the tegument of male and female adult Schistosoma mansoni. Sci Rep.
2022;12(1):7569.

195. Braschi S, Curwen RS, Ashton PD, Verjovski-Almeida S, Wilson A. The tegument surface
membranes of the human blood parasite Schistosoma mansoni: a proteomic analysis after differential
extraction. Proteomics. 2006;6(5):1471-82.

196. Sotillo J, Pearson M, Becker L, Mulvenna J, Loukas A. A quantitative proteomic analysis of the
tegumental proteins from Schistosoma mansoni schistosomula reveals novel potential therapeutic
targets. Int J Parasitol. 2015;45(8):505-16.

197.  Caffrey CR, Salter JP, Lucas KD, Khiem D, Hsieh I, Lim KC, et al. SmCB2, a novel tegumental
cathepsin B from adult Schistosoma mansoni. Mol Biochem Parasitol. 2002;121(1):49-61.

198.  Siddiqui AA, Zhou Y, Podesta RB, Karcz SR, Tognon CE, Strejan GH, et al. Characterization of Ca(2+)-
dependent neutral protease (calpain) from human blood flukes, Schistosoma mansoni. Biochim Biophys
Acta. 1993;1181(1):37-44.

199. ZhangR, Suzuki T, Takahashi S, Yoshida A, Kawaguchi H, Maruyama H, et al. Cloning and molecular
characterization of calpain, a calcium-activated neutral proteinase, from different strains of Schistosoma
japonicum. Parasitol Int. 2000;48(3):232-42.

200. TallimaH, Dvorak J, Kareem S, Abou El Dahab M, Abdel Aziz N, Dalton JP, et al. Protective immune
responses against Schistosoma mansoni infection by immunization with functionally active gut-derived
cysteine peptidases alone and in combination with glyceraldehyde 3-phosphate dehydrogenase. PLoS
Negl Trop Dis. 2017;11(3):e0005443.

201.  lJilkova A, Rezacova P, Lepsik M, Horn M, Vachova J, Fanfrlik J, et al. Structural basis for inhibition
of cathepsin B drug target from the human blood fluke, Schistosoma mansoni. J Biol Chem.
2011;286(41):35770-81.

148



202. Berriman M, Haas BJ, LoVerde PT, Wilson RA, Dillon GP, Cerqueira GC, et al. The genome of the
blood fluke Schistosoma mansoni. Nature. 2009;460(7253):352-8.

203. Young ND, Jex AR, Li B, Liu S, Yang L, Xiong Z, et al. Whole-genome sequence of Schistosoma
haematobium. Nat Genet. 2012;44(2):221-5.

204.  Oey H, Zakrzewski M, Gravermann K, Young ND, Korhonen PK, Gobert GN, et al. Whole-genome
sequence of the bovine blood fluke Schistosoma bovis supports interspecific hybridization with S.
haematobium. PLoS Pathog. 2019;15(1):e1007513.

205. Howe KL, Bolt BJ, Shafie M, Kersey P, Berriman M. WormBase ParaSite - a comprehensive resource
for helminth genomics. Mol Biochem Parasitol. 2017;215:2-10.

206. Dvorak J, Mashiyama ST, Braschi S, Sajid M, Knudsen GM, Hansell E, et al. Differential use of
protease families for invasion by schistosome cercariae. Biochimie. 2008;90(2):345-58.

207. Ingram JR, Rafi SB, Eroy-Reveles AA, Ray M, Lambeth L, Hsieh I, et al. Investigation of the
proteolytic functions of an expanded cercarial elastase gene family in Schistosoma mansoni. PLoS Negl
Trop Dis. 2012;6(4):e1589.

208. Horn M, Fajtova P, Rojo Arreola L, Ulrychova L, Bartosova-Sojkova P, Franta Z, et al. Trypsin- and
Chymotrypsin-like serine proteases in schistosoma mansoni-- 'the undiscovered country'. PLoS Negl Trop
Dis. 2014;8(3):e2766.

209. McKerrow JH, Pino-Heiss S, Lindquist R, Werb Z. Purification and characterization of an
elastinolytic proteinase secreted by cercariae of Schistosoma mansoni. ) Biol Chem. 1985;260(6):3703-7.

210. McKerrow JH, Jones P, Sage H, Pino-Heiss S. Proteinases from invasive larvae of the trematode
parasite Schistosoma mansoni degrade connective-tissue and basement-membrane macromolecules.
Biochem J. 1985;231(1):47-51.

211.  Aslam A, Quinn P, Mclntosh RS, Shi J, Ghumra A, McKerrow JH, et al. Proteases from Schistosoma
mansoni cercariae cleave IgE at solvent exposed interdomain regions. Mol Immunol. 2008;45(2):567-74.

212.  Salter JP, Choe Y, Albrecht H, Franklin C, Lim KC, Craik CS, et al. Cercarial elastase is encoded by a
functionally conserved gene family across multiple species of schistosomes. J Biol Chem.
2002;277(27):24618-24.

213.  Carvalho WS, Lopes CT, Juliano L, Coelho PM, Cunha-Melo JR, Beraldo WT, et al. Purification and
partial characterization of kininogenase activity from Schistosoma mansoni adult worms. Parasitology.
1998;117:311-9.

214. Da'dara A, Skelly PJ. Manipulation of vascular function by blood flukes? Blood Rev.
2011;25(4):175-9.

215.  Protasio AV, Tsai lJ, Babbage A, Nichol S, Hunt M, Aslett MA, et al. A systematically improved high
quality genome and transcriptome of the human blood fluke Schistosoma mansoni. PLoS Negl Trop Dis.
2012;6(1):14565.

216. Bastos IM, Grellier P, Martins NF, Cadavid-Restrepo G, de Souza-Ault MR, Augustyns K, et al.
Molecular, functional and structural properties of the prolyl oligopeptidase of Trypanosoma cruzi (POP
Tc80), which is required for parasite entry into mammalian cells. Biochem J. 2005;388:29-38.

217.  Grellier P, Vendeville S, Joyeau R, Bastos IM, Drobecq H, Frappier F, et al. Trypanosoma cruzi prolyl
oligopeptidase Tc80 is involved in nonphagocytic mammalian cell invasion by trypomastigotes. J Biol
Chem. 2001;276(50):47078-86.

149



218. Bastos IM, Motta FN, Grellier P, Santana JM. Parasite prolyl oligopeptidases and the challenge of
designing chemotherapeuticals for Chagas disease, leishmaniasis and African trypanosomiasis. Curr Med
Chem. 2013;20(25):3103-15.

219. Shao S, Sun X, Chen Y, Zhan B, Zhu X. Complement evasion: an effective strategy that parasites
utilize to survive in the host. Front Microbiol. 2019;10:532.

220. Pleass RJ, Kusel JR, Woof JM. Cleavage of human Igk mediated by Schistosoma mansoni. Int Arch
Allergy Imm. 2000;121(3):194-204.

221. LuZ, Sessler F, Holroyd N, Hahnel S, Quack T, Berriman M, et al. Schistosome sex matters: a deep
view into gonad-specific and pairing-dependent transcriptomes reveals a complex gender interplay. Sci
Rep. 2016;6:31150.

222. LuZ, Sessler F, Holroyd N, Hahnel S, Quack T, Berriman M, et al. A gene expression atlas of adult
Schistosoma mansoni and their gonads. Sci Data. 2017;4:170118.

223.  Tran MH, Pearson MS, Bethony JM, Smyth DJ, Jones MK, Duke M, et al. Tetraspanins on the
surface of Schistosoma mansoni are protective antigens against schistosomiasis. Nat Med.
2006;12(7):835-40.

224.  O'Donoghue AJ, Eroy-Reveles AA, Knudsen GM, Ingram J, Zhou M, Statnekov JB, et al. Global
identification of peptidase specificity by multiplex substrate profiling. Nat Methods. 2012;9(11):1095-100.

225.  R. Huber WB. Structural basis of the activation and action of trypsin. Hoppe-Seylers Z fur Physiol
Chem. 1979;(360):489-90.

226.  Stanley RG, Jackson CL, Griffiths K, Doenhoff MJ. Effects of Schistosoma mansoni worms and eggs
on circulating cholesterol and liver lipids in mice. Atherosclerosis. 2009;207(1):131-8.

227. Gonzalez-Calvo |, Cizeron M, Bessereau JL, Selimi F. Synapse formation and function across
Species: ancient roles for CCP, CUB, and TSP-1 structural domains. Front Neurosci. 2022;16:866444.

228.  Ulrychova L, Ostasov P, Chanova M, Mares M, Horn M, Dvorak J. Spatial expression pattern of
serine proteases in the blood fluke Schistosoma mansoni determined by fluorescence RNA in situ
hybridization. Parasit Vectors. 2021;14(1):274.

229.  Adams JC, Tucker RP. The thrombospondin type 1 repeat (TSR) superfamily: diverse proteins with
related roles in neuronal development. Dev Dyn. 2000;218(2):280-99.

230. ChenH, Herndon ME, Lawler J. The cell biology of thrombospondin-1. Matrix Biol. 2000;19(7):597-
614.

231.  Fajtova P, Stefanic S, Hradilek M, Dvorak J, Vondrasek J, Jilkova A, et al. Prolyl Oligopeptidase from
the Blood Fluke Schistosoma mansoni: From Functional Analysis to Anti-schistosomal Inhibitors. PLoS Negl
Trop Dis. 2015;9(6):e0003827.

232.  Cunningham DF, O'Connor B. Proline specific peptidases. Biochim Biophys Acta.
1997;1343(2):160-86.

233.  Jandura A, Hu J, Wilk R, Krause HM. High resolution fluorescent in situ hybridization in Drosophila
embryos and tissues using tyramide signal amplification. J Vis Exp. 2017;(128):56281.

234. Wendt G, Zhao L, Chen R, Liu C, O'Donoghue AJ, Caffrey CR, et al. A single-cell RNA-seq atlas of
Schistosoma mansoni identifies a key regulator of blood feeding. Science. 2020;369(6511):1644-9.

150



235.  WangJ, Collins JJ, 3rd. Identification of new markers for the Schistosoma mansoni vitelline lineage.
Int J Parasitol. 2016;46(7):405-10.

236. Shakes DC. For male Caenorhabditis elegans, sperm activation is a "just-in-time" event. PLoS
Genet. 2011;7(11):e1002392.

237. ZhaoY, Sun W, Zhang P, Chi H, Zhang MJ, Song CQ, et al. Nematode sperm maturation triggered
by protease involves sperm-secreted serine protease inhibitor (Serpin). Proc Natl Acad Sci U S A.
2012;109(5):1542-7.

238. Kelleher ES, Pennington JE. Protease gene duplication and proteolytic activity in Drosophila
female reproductive tracts. Mol Biol Evol. 2009;26(9):2125-34.

151



