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Abstract 

Schistosoma flatworms are a genus of parasitic blood flukes that inhabit tropical and 

developing communities throughout Africa, Asia and South America [1,2]. Infection with 

Schistosoma flukes causes the disease schistosomiasis, which results in approximately 

200,000 deaths per year in Sub-Saharan Africa alone [3,4]. Three schistosome species are 

mainly responsible for human infection; Schistosoma mansoni, S. japonicum and S. 

haematobium [5]. Schistosomiasis progresses through several stages, culminating with the 

establishment of a chronic infection [6,7]. This chronic stage of infection is the phase in which 

the pathology and morbidity most commonly associated with schistosomiasis develops [5]. 

Host-parasite interactions are important in disease progression and pathology; Schistosoma 

parasites utilise host-derived signals as developmental cues, and schistosomiasis pathology 

develops largely as a result of the host response to worm- and egg-derived antigens [6,8]. 

The interactions that occur between schistosomes and the host are therefore of interest in 

furthering our understanding of disease progression and in aiding the search for novel 

methods of controlling schistosomiasis. 

The aim of this thesis was to explore several platforms of host-parasite interactions that 

occur during chronic human schistosomiasis, focusing on egg-derived mediators and host 

responses to such mediators. Chapter 2 details the application of high-throughput 

proteomics methods to identify the proteins secreted by S. mansoni, S. japonicum and S. 

haematobium eggs; examples of such proteins are known to be involved in driving chronic 

schistosomiasis pathology, and modulating host immune responses to promote host survival 

and egg transmission [9–11]. Identifying the full range of these secreted proteins may 

therefore lead to the discovery of novel proteins with pathogenic or immunomodulatory 

roles. Chapter 3 describes the assessment of the bactericidal activity of six antimicrobial 

peptide (AMP) motifs, derived from proteins released by S. japonicum and S. haematobium 

eggs, against four bacterial species associated with the human gut and urinary microbiomes. 

Bacterial components of the host gut microbiome are believed to assist the translocation of 

S. mansoni eggs through the intestines, and evidence suggests that schistosome eggs may 

select for these beneficial components [9,12]. The release of AMPs could be a method of 

such selection. Chapter 4 details the use of RNA sequencing to identify the genes and 

signalling pathways deregulated in human hepatic stellate cells (HSCs) by transforming 

growth factor-β1 (TGF-β1), an inducer of fibrotic responses. HSCs are a population of liver 

fibroblasts responsible for the fibrosis observed during chronic schistosomiasis [6,13]. Closer 

study of how fibrotic responses develop in these cells may provide new insights into the 
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progression of fibrosis in chronic schistosomiasis and other fibrotic liver diseases. Finally, 

Chapter 5 describes the application of several techniques, including RNA sequencing, qPCR, 

and western blotting, to assay the responses of two human fibroblast cell lines, including 

HSCs, to peptide derivatives of Sm16. Sm16 is a protein released by several life cycle stages 

of S. mansoni with documented immunomodulatory activity against host cells [14–16]. HSCs 

are susceptible to immunomodulation by schistosome egg-secreted proteins, and so their 

responses to Sm16 are of interest [17,18]. 
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Chapter 1: Introduction 

 

1.1 Schistosome parasites: basic biology and distribution  

Schistosoma is a genus of parasitic blood flukes that belong to the Trematoda class [2]. 

Schistosomes primarily inhabit tropical and economically developing communities 

throughout Africa, Asia and South America, with 74 countries believed to be endemic for the 

flukes [1]. Like most trematodes, schistosomes possess a dynamic life cycle involving two 

hosts, an intermediate snail host and the definitive mammalian host [19]. Accordingly, the 

parasite life cycle can be divided into two phases; an initial phase involving both free-living 

and snail-infecting larval stages, and a second phase parasitising the mammalian host [19]. 

The geography of species dispersion is closely linked to the habitat of the intermediate and 

definitive hosts that each species has evolved to infect [1]. Schistosomes can infect a range 

of mammalian hosts, including humans, cattle, dogs, cats, pigs, horses, goats and rodents [5]. 

The three schistosome species mainly responsible for human disease are Schistosoma 

mansoni, S. japonicum and S. haematobium [5]. 

Most trematodes are hermaphrodites; adult parasites possess both male and female organs, 

and individuals reproduce without the need for a partner [20]. However, schistosomes are 

unique amongst trematodes in that they are dioecious and display sexual dimorphism [21]. 

Male and female adults can be identified by anatomical and physiological differences in 

addition to their sexual biology; male schistosomes are larger, more muscular and possess a 

ventral groove known as a gynecophoral canal [21]. Immature worms pair up in the hepatic 

portal vein (HPV) of the definitive host, where females become grasped within the male 

gynecophoral canal [21]. This event is necessary to trigger female maturation, and the female 

remains within the canal during mating and egg laying [21,22]. 

Within the definitive host, juvenile and adult parasites actively take-up host material for 

nutrition. Glucose, amino acids and other small solutes are absorbed directly across the 

tegument, while larger materials requiring digestion are taken up via the oral route [23]. In 

particular, red blood cells are taken up orally and lysed within the specialised oesophagus in 

a process that also inhibits the ingestion of harmful leukocytes [23]. The schistosome gut is 

bifurcated and lacks an anus, so material is taken up and regurgitated via the same route, 

although the mechanisms that coordinate regurgitation are not well understood [23]. 
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Currently there are at least 23 known species of schistosome, with species being attributed 

to the genus as recently as 2012 [24–26]. Taxonomic classification has assigned these species 

into four broad groups according to their similar geographical distribution, choice of host and 

egg morphology; the mansoni, japonicum, haematobium and indicum groups [1,27]. 

Members of the japonicum and indicum groups are mainly found throughout Asia; japonicum 

members are particularly abundant in China and the Philippines, while indicum members are 

focussed around India and Thailand [1,27]. Conversely, mansoni and haematobium group 

members are centred in Africa, and the specific habitats of these two groups commonly 

overlap [27,28]. Despite these multi-species groupings, the only human-infecting 

schistosome species endemic in South America is S. mansoni, which is mainly found in Brazil 

and Venezuela [1]. 

Schistosomiasis, or bilharzia, is the disease caused by infection with Schistosoma spp. flukes 

[29]. Approximately 230 million people are infected with schistosomiasis worldwide, with a 

further 600,000 at risk of infection [4]. The disease results in as many as 200,000 deaths per 

year in Sub-Saharan Africa alone, making schistosomiasis the second most common cause of 

death due to parasitic infection after malaria [3,4]. The geography of disease incidence is 

related to the habitat of both the infecting schistosome species and the intermediate snail 

host, and is mainly centred around developing communities in Africa (S. mansoni and S. 

haematobium), South America (S. mansoni) and South-East Asia (S. japonicum) [1]. 

Diagnoses can involve the molecular detection of circulating schistosome-specific antigens, 

antibodies or DNA [30]. However, the identification of eggs in the stool or urine via 

microscopy, known as the Kato Katz test, is considered the "gold standard" in detection of an 

active infection [31,32]. The Kato Katz technique involves passing around one gram of faeces 

through a mesh sieve with a pore size of 150 μm. Thirty milligrams of the sieved sample is 

then placed on a microscope slide, inverted, and pressed firmly down onto a thick glass 

coverslip or layer of cellulose acetate film. The slide is then examined under a microscope at 

a magnification of x40, usually within two hours before the sample dries out [31]. 

Schistosome eggs have distinctive morphological characteristics that can be used to identify 

a species following microscopic examination; S. mansoni eggs are large (115-180 µm × 40-75 

µm), ovular and possess a lateral spine, while S. haematobium eggs (110-170 µm × 40-70 µm) 

instead possess a smaller, terminal spine [33]. S. japonicum eggs are smaller (70-100 µm × 

50-65 µm), more rounded than those of S. mansoni and S. haematobium, and possess a very 

small, non-prominent lateral spine [33].  
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Treatment is commonly given in the form of praziquantel (PZQ), the drug of choice for over 

40 years [34]. PZQ is used against all species of schistosomes and targets adult parasites, with 

little effectiveness against juveniles [35]. Despite the heavy reliance on PZQ to treat 

schistosomiasis, the mechanism of its action is still largely debated, although it is generally 

agreed that the disruption of parasitic calcium homeostasis is a key factor [36]. Upon 

exposure to PZQ, adult schistosomes experience rapid muscle contraction and a disruption 

of their surface tegument, causing antigens on the parasite surface to become exposed [36]. 

These responses have been linked to the PZQ-mediated disruption of calcium homeostasis 

and subsequent influx of calcium ions into the parasite [36]. Parasite death occurs when the 

exposed antigens trigger a host immune response [37]. Given the reliance on PZQ as the only 

treatment for schistosomiasis in widespread use, there are fears that the emergence of PZQ 

resistance will have disastrous consequences for schistosomiasis control and treatment [34]. 

Bergquist et al. have put forward the need for novel schistosomiasis therapies to combat the 

threat of PZQ resistance [34]. They note that supplementing PZQ with alternative 

antischistosomal drugs targeting other life cycle stages could delay or prevent the emergence 

of PZQ resistance, and that the search for alternative therapies could lie in repurposing 

therapeutics for other parasite infections, such as antimalarials [34]. 

Upon establishing a successful chronic infection, adult schistosomes can live for as many as 

10 years within the definitive host, although cases have been described of schistosomes living 

as long as 40 years [5]. The establishment of a chronic infection relies on a dense array of 

host-parasite interactions, and parasite growth and maturation is heavily reliant on signals 

received from the host acting as developmental cues [8]. This is evidenced by the fact that 

schistosomes cannot be continuously cultured in vitro [8]. 
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1.2 The schistosome life cycle 

A general overview of the Schistosoma spp. life cycle can be seen in Figure 1.1. 

 

Figure 1.1 The life cycle of Schistosoma spp. The schistosome life cycle begins when eggs are shed 

from the mammalian host in the faeces (S. mansoni and S. japonicum) or urine (S. haematobium). Eggs 

hatch to release miracidia, which infect an intermediate snail host of the genus Biomphalaria (S. 

mansoni), Oncomelania (S. japonicum) or Bulinus (S. haematobium). Within the snail host, miracidia 

develop into sporocysts which reproduce asexually to produce cercariae. Cercariae shed from the snail 

host and penetrate the skin of the mammalian host. During skin penetration, cercariae shed their tails 

and develop into schistosomula. Schistosomula continue migrating through the skin until they 

penetrate the dermal blood vessels and enter the circulation, which they travel through to reach the 

hepatic portal system. Within the hepatic portal system, schistosomula mature into adult parasites 

and pair up with a mate. The adult worm pairs then migrate to their preferred egg laying sites; the 

vasculature of either the intestinal mesenteries (S. mansoni and S. japonicum) or the venous plexus (S. 

haematobium). Eggs laid within these sites cross the walls of the vasculature and tissue of the 

intestines or bladder to shed in the faeces or urine and continue the life cycle. Figure adapted from 

the Centres for Disease Control and Prevention "Schistosomiasis" [38]. 
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1.2.1 Miracidia and sporocysts 

The schistosome life cycle begins when larval miracidia hatch from eggs that reach 

freshwater after being shed from the mammalian host in the faeces or urine [19]. Miracidia 

possess surface cilia which allow them to swim, which they use to seek out and infect an 

intermediate snail species of the appropriate genus; Biomphalaria (S. mansoni), Oncomelania 

(S. japonicum) or Bulinus (S. haematobium) [19,39]. Within the snail host, miracidia develop 

into mother sporocysts over a period of around 18 hours [39]. Mother sporocysts reproduce 

asexually to produce daughter sporocysts, which in turn produce either cercariae, or further 

generations of daughter sporocysts [39]. 

1.2.2 Cercariae 

Cercariae are shed from the snail host back into the freshwater source, with the precise 

number varying between species; approximately 250–600 for S. mansoni, 15–160 for S. 

japonicum and 200 for S. haematobium [40]. They possess a forked tail that allows them to 

swim and can detect the mammalian host by sensing water disturbance as well as chemical 

signals and temperature gradients given off by the skin [40,41]. Utilising these mechanisms, 

they migrate towards the mammalian host and attach onto the skin by secreting a sticky 

mucus-like substance from specialised acetabular glands [42,43]. Acetabular glands also 

release digestive enzymes which break down the host dermis, allowing the cercariae to 

burrow into it [44,45]. During this penetration process the cercariae shed their tails and 

glycocalyx coating, transforming into juvenile schistosomula [42,43,46]. 

1.2.3 Schistosomula 

Schistosomula continue to migrate through the layers of the skin for up to 72 hours, 

depending on the species [47]. Eventually, they breach the walls of the blood vessels within 

the skin and enter into the vascular circulation [48]. S. japonicum schistosomula migrate 

relatively the fastest, and can be found in the dermal blood vessels as early as two hours 

post-infection (PI), with the majority of schistosomula completing the migration in as early 

as eight hours [47,48]. On the other hand, S. mansoni and S. haematobium schistosomula 

take as long as 72 hours to enter the circulation [47,48]. Schistosomula utilise the circulation 

to travel to the lungs via the heart and pulmonary artery [48]. Once they reach the lungs, 

they migrate through the narrow capillary beds and enter the pulmonary vein [48]. From 

here, the schistosomula pass through the heart once more and can then travel through the 
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arterial circulation to reach the organs. The goal of the schistosomula at this point is to reach 

the HPV, where they can mature into adult parasites.  

There are many routes through the vasculature available to the schistosomula, and the 

migratory paths taken to reach the HPV have been reviewed extensively [48]. Briefly, they 

can travel either directly to the liver from the heart via the hepatic artery, or indirectly 

through other arteries that feed into organs such as the stomach, intestines, spleen, pancreas 

or bladder before draining into the hepatic portal system [48]. Schistosomula that become 

caught-up in circulatory paths that do not link into the hepatic portal system can ride the 

circulation back around and return to the lungs for another pass [48]. Regardless of the 

specific route taken, the majority of schistosomula will eventually arrive at the HPV. The HPV 

is unusual in that it does not directly feed blood into the heart, but rather drains into the liver 

sinusoids, where blood arriving in from the gastrointestinal tract is detoxified by the liver-

resident hepatocytes prior to entering the systemic circulation. Upon reaching the HPV, 

schistosomula undergo several changes, including a shortening in their overall length and an 

increase in the duration of their extension/contraction cycles [49]. The stimulus to incite 

these changes is believed to be linked with the high levels of nutrients in the blood flowing 

through the HPV, which enter the bloodstream from the intestines immediately before 

draining into the HPV [49]. These changes result in the schistosomula becoming unable to fit 

through the liver sinusoids, preventing their further passive migration in the bloodstream 

[49]. Within the HPV, schistosomula begin to feed on host blood, doubling in body mass every 

two days over a period of two weeks as they mature into adult parasites [50,51]. 

1.2.4 Adult parasites 

Two weeks after cercarial penetration, parasites match-up into mating pairs and migrate 

against the flow of blood to their preferred terminal site of egg laying [48]. As with the 

migration into the hepatic portal system, there are several routes available to the adult pairs 

when traveling back through the circulation to their egg laying sites [48]. S. mansoni adult 

pairs migrate to the vasculature of the intestinal mesenteries and are particularly abundant 

in the inferior mesenteric vein, which drains from the large intestine [48]. Eggs laid here cross 

both the blood vessel and intestinal walls to enter into the intestinal lumen and excrete in 

the faeces [9]. However, due to the mobile nature of schistosome adults, S. mansoni worm 

pairs can be found throughout the vasculature of both the small and large intestines, and 

even that of the venous plexus of the bladder, a site favoured by S. haematobium adults 
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[48,52,53]. Reflecting this, S. mansoni eggs have been found deposited throughout the 

intestinal tract of animal hosts [54], and in the bladder and urine of human hosts [52].  

S. japonicum adult pairs also migrate to the intestinal mesenteries utilising several available 

routes through the vasculature [48], and the eggs are also excreted in the faeces [9]. 

However, observations on the differences in the distribution of eggs and severity of 

pathology along the intestinal tract indicate that the size of the host species may impact the 

preferred route taken by S. japonicum worm pairs to reach the mesenteries [48]. Smaller 

hosts suffer greater parasite burden in the small intestine while larger hosts, including 

humans, suffer greater burden in the large intestine, specifically in the inferior mesenteric 

vein and superior rectal vein [55,56]. Eggs can be found deposited throughout the small and 

large intestines [57], and case reports have also detected S. japonicum eggs in the prostate 

and ovaries of human hosts [48]. 

S. haematobium worms differ in that they migrate from the HPV to the vasculature of the 

lower venous plexus, the veins draining from the bladder [48]. Eggs laid here cross the 

bladder wall to enter into the urinary lumen and are excreted in the urine [9]. Despite the 

preference of S. haematobium worms for the vasculature of the urinary tract, they can also 

be found in almost equal measure along the intestines, and eggs can be found deposited in 

large quantities within the large intestine [58,59]. Egg deposition is also possible in the 

vasculature and tissues comprising the male [60] and female [61,62] genitalia, leading to a 

subset of pathology known as genital schistosomiasis, despite these sites offering no means 

of escape for the eggs into the environment [48]. 

Furthermore, eggs belonging to each of the three species have been identified in other 

organs besides the intestinal and urinary systems, including the lungs, stomach, brain, spleen, 

pancreas and aforementioned genitalia of the host [59,63,64]. This ectopic deposition likely 

occurs due to both the transport of eggs passively in the venous blood flow, and from being 

laid by migrating worm pairs while passing through these systems. The burden of eggs 

produced by mature worm pairs varies significantly between the three species; female S. 

japonicum worms lay around 1,000-2,500 eggs per day per pair in an established murine 

infection, of which 30-50% are successfully shed in the faeces [65]. By comparison, S. mansoni 

females can lay approximately 350 eggs per day in murine models, with 30% being 

successfully shed [65], while S. haematobium females produce around 100-200 eggs per day 

in human infections [66]. 
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1.2.5 Egg transmission 

The final stage of the intra-mammalian component of the schistosome life cycle involves the 

eggs crossing through the layers of the intestinal or bladder vasculature and tissue to enter 

into the intestinal or urinary lumen and excrete in the faeces or urine [9]. The precise 

mechanisms involved in the egg-excretion process are yet to be fully characterised, and are 

best understood from the perspective of S. mansoni eggs [9]. The initial phase in egg-

excretion involves the attachment of eggs onto the endothelial surface of the vasculature [9]. 

Female adult worms release eggs proximal to the endothelial wall, and egg surface-

associated proteins interact with host plasma proteins and endothelial cell surface adhesion 

molecules, including von-Willebrand factor, ICAM1 and VCAM1 [9,67,68]. This process 

facilitates endothelial attachment, which prevents the eggs from being swept away in the 

circulation [9,67,68]. The egg surface-associated enzyme enolase then activates endothelial 

cells to "heal over" the eggs, trapping them within the vasculature tissue [9,69]. The egg 

lateral spines are also believed to assist in attachment by piercing the endothelium, although 

some evidence suggests the spine also reduces translocation efficiency [12]. 

Once the egg enters the endothelial lining, it migrates through the layers of the lamina 

propria by utilising several mechanisms that break down intestinal tissues. The expression of 

egg surface-associated enzymes, including enolase and calpain, digest extracellular matrix 

(ECM) proteins such as fibrin and fibronectin [9,70,71]. The eggs also secrete cytotoxic 

proteins within the egg excretory/secretory products (ESPs), such as IPSE/α-1 and omega-1, 

which assist in tissue degradation [9,72,73]. It is not fully understood what force or stimuli 

guides the egg to move directionally towards the lumen, however one theory is that the influx 

of blood and immune cells following the egg from the initial endothelial breach act as a 

propulsive force that drives the egg towards the lumen from behind [9]. Over the course of 

chronic infection, as eggs continue to migrate through the lamina propria, the tissue may 

adopt a more tunnel-like structure facilitating easier migration for following eggs [9].  

The final challenge for migrating eggs to overcome is the barrier-like structure formed by the 

intestinal epithelial cells that comprise the luminal surface [12]. This thick layer is designed 

to protect the host from the contents of the intestinal lumen, including the vast array of 

bacterial, viral and fungal species that colonize the intestinal tract and make up the host gut 

microbiome [12,74]. The intestinal epithelial cells are bound together by protein complexes 

known as tight junctions, which maintain the structure and integrity of the epithelial lining 

[12]. Schistosome eggs cannot pass directly through the epithelial cells, and in order to 
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overcome this barrier eggs target the tight junctions to disrupt the structural integrity of the 

epithelial layer and create openings in the epithelia to pass through [12]. Tissue damage 

caused by migrating eggs can weaken the tight junctions and begin to destabilise the barrier 

integrity [12]. The upregulation of interleukin (IL)-13, a cytokine highly expressed during 

chronic schistosomiasis, has been linked with reducing epithelial integrity by inducing 

epithelial cell apoptosis and increasing the expression of molecules which form pores in the 

tight junctions [75]. Epithelial integrity can also be compromised by pro-inflammatory 

mediators, such as tumour necrosis factor (TNF) and interferon (INF)-γ, which induce swelling 

in the epithelia [12]. Schistosome eggs are unable to promote the expression of these 

mediators by themselves, however, studies have implicated the involvement of bacterial 

components of the intestinal microbiome in aiding egg excretion [9,12]. The initial disruption 

of the epithelial lining by migrating eggs allows for the exposure of host blood and tissue to 

bacterial pathogens of the gut. It is believed that certain bacterial pathogens aid egg 

excretion by inducing local inflammatory responses within the epithelia, causing swelling and 

further weakening the layer [76]. Once eggs breach the epithelia, they pass through a final 

mucus layer. The relevance of this layer to schistosomiasis specifically is unknown, however, 

it may assist egg excretion by increasing egg motility, resulting in fewer eggs becoming 

trapped within the epithelial lining [12,77]. 

Eggs that fail to shed either become trapped within the intestinal tissue or are swept up in 

the venous circulation and deposited within other tissues. The most common sites of egg 

deposition depend on the specific species, and include the liver sinusoids for S. mansoni and 

S. japonicum [78] or the bladder wall mucosa for S. haematobium [79]. The accumulation of 

eggs in these areas leads to the development of chronic schistosomiasis pathology. 

1.3 Schistosomiasis 

1.3.1 Disease epidemiology 

Schistosomiasis progresses through three main phases, defined by the developmental stage 

of the parasite and the pathology provoked by each stage. The initial skin stage marks the 

pathology provoked by invading cercariae as they breach the mammalian dermis [6]. This is 

followed by an acute stage response against antigens released by migrating schistosomula, 

and following early egg laying [7], and then finally by a chronic stage response against the 

eggs and their secreted antigens after they become trapped within the host tissues, 

particularly the liver and bladder [6]. Both the initial infection and the acute stage of 
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schistosomiasis caused by S. mansoni and S. haematobium are typically asymptomatic in the 

local populace living in areas where schistosomiasis is predominant, barring an event of 

heavy re-exposure, due to in utero or early-life exposure leading to sensitization and immune 

tolerance [8,80]. However, travellers or migrants moving through areas where 

schistosomiasis is prevalent are liable to develop symptoms [6]. Conversely, infection with S. 

japonicum results in severe and persistent disease manifestations in both endemic and 

visiting populations [6]. Regardless of the infecting species, the chronic stage of the disease 

is the phase in which the pathology and morbidity most commonly associated with 

schistosomiasis develops [5]. Pathology itself is largely a product of the host's own immune 

response against the migrating parasites and, particularly, their eggs [6]. 

1.3.2 The skin stage 

The initial infection by invading cercariae is generally asymptomatic in low to moderate 

infections corresponding to < 200 cercariae [81]. However, a higher burden of cercariae may 

result in a weak inflammatory response, known commonly as cercarial dermatitis or 

"swimmer's itch", which presents as a skin rash, itching or swelling [6]. It generally presents 

within hours of cercarial exposure and persists for several days or weeks [6,82]. Specifically, 

cercarial dermatitis is a host immunoglobulin E-mediated hypersensitivity reaction to 

antigens present either on the surface of the invading cercariae, or secreted within their ESPs, 

resulting in the recruitment of inflammatory cells to the skin [6].  

1.3.3 The acute stage 

The acute stage of schistosomiasis is commonly referred to as "Katayama syndrome" (KS) [7]. 

The symptoms of KS include, but are not limited to; fever, headache, coughing, eosinophilia, 

fatigue, general weakness and, in strong cases, abdominal pain and hepatomegaly [7,82]. 

These symptoms can manifest anywhere from 2-12 weeks after the initial infection and 

generally persist for a similar length of time [6,82]. KS is the result of an immune-complex 

mediated hypersensitivity reaction against the antigens presented by migrating 

schistosomula and newly laid eggs [6,7]. However, the sudden and drastic increase in 

circulating antigen levels released when egg laying begins is likely the more potent instigator 

of this syndrome [7]. The high level of schistosome antigens in the blood leads to the 

formation of antigen-antibody immune complexes that become too numerous to be 

sufficiently cleared by the innate immune system [83]. These immune complexes deposit 

within the vasculature walls and liver tissue, where they provoke an inflammatory response 

[83]. 
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1.3.4 The chronic stage 

The pathology and morbidity commonly associated with schistosomiasis develops in the 

chronic stage as a result of the host immune response against eggs trapped within the tissues 

[5]. The specific symptoms observed are dependent on the infecting schistosome species, 

with S. mansoni and S. japonicum infections primarily causing liver, intestinal and splenic 

disease, while S. haematobium infections mainly cause bladder disease [6]. Pathology in 

other tissues, including the lungs and brain, is not uncommon and stems from ectopic egg 

deposition within these tissues [84,85]. 

Chronic pathology develops due to the formation of granuloma around trapped eggs in a 

delayed hypersensitivity reaction to egg-derived antigens [6]. Granuloma are structures 

comprised of several layers of host immune cells and ECM components centred around a 

sufficiently antigenic stimulus, such as a schistosome egg. They form around eggs in order to 

sequester their antigenic and cytotoxic secretions, thereby protecting host tissue from 

necrotic damage [8]. However, a consequence of granuloma formation is the development 

of fibrotic lesions that persist after egg death and granuloma resolution [82]. Over the course 

of chronic infection, the accumulation of this fibrotic tissue leads to the eventual impairment 

of liver or bladder function and the development of downstream pathology [6]. 

In S. mansoni and S. japonicum infections, hepatosplenic symptoms initially manifest as 

hepatomegaly, brought about by the accumulation of eggs and granuloma within the liver 

sinusoids [6]. This creates congestion in the liver and restricts blood flow, which leads to the 

development of portal hypertension and fibrosis of the HPV, splenomegaly, ascites and 

portacaval shunting [6]. Concurrently, hepatointestinal pathology presents as abdominal 

pain, diarrhoea, and blood in the stool, provoked by the granulomatous response against 

eggs deposited in the intestinal mucosa [6]. This leads to the development of pseudopolyps, 

ulceration and subsequent bleeding [6]. In S. mansoni infections, chronic disease develops 

after 5-15 years, whereas in S. japonicum infections the chronic stage occurs almost 

immediately after acute disease [6,29]. The intensity of S. japonicum infections are also more 

severe due to several factors including faster parasite migration, greater egg burden and the 

specific cellular make-up of the egg-induced granuloma [6,86]. The mortality caused by both 

species is generally a result of the haemorrhaging of blood through either intestinal bleeding, 

or the bursting of portacaval shunts following increasing blood pressure in the hepatic portal 

system [6]. 



Chapter 1: Introduction 

12 
 

In S. haematobium infections, egg deposition in the bladder wall and ureters causes fibrosis 

and calcification of these same tissues [6]. Symptoms include renal colic, hydroureter, 

hydronephrosis and haematuria, and can develop further into renal failure [6]. Furthermore, 

a significant clinical consequence of chronic S. haematobium infection is the development of 

urogenital squamous cell carcinoma [79,87–89]. Genital schistosomiasis is a common 

consequence of S. haematobium eggs that deposit in the genital tissues, which occurs in one-

third of infected women and less frequently in males [6]. Females experience ulcerative 

lesions and a risk of risk infertility, while symptoms in males include haematospermia [6]. 

Mortality caused by S. haematobium infection is typically due to cancer or complications 

from renal failure [90]. 

Anaemia is a common symptom of schistosomiasis that develops from intestinal or bladder 

bleeding, and from schistosome-derived haemolytic factors. This can lead to further 

complications such as growth inhibition in children, and wasting [6,91]. 

1.4 The immunobiology of schistosomiasis 

1.4.1 The acute and chronic Th responses 

The stage-specific pathology of schistosomiasis is predominantly decided by CD4+ T helper 

(Th) cells, which produce cytokines and chemokines that direct the activity of other immune 

cells [8]. Th cells respond to foreign antigens by differentiating into either pro-inflammatory 

Th1 or pro-fibrotic Th2 cells, relating to the profile of cytokines released by the cell [92]. In 

this way, these cells drive the recruitment and responses of other immune cells that 

cumulate in overall schistosomiasis pathology [6,8]. 

The host immune response during acute schistosomiasis can be characterised by a weak-to-

moderate Th1 response. During this phase, upregulated levels of the inflammatory cytokines 

INF-γ, TNF-α, IL-1 and IL-6 can be detected in the blood which promote the infiltration and 

activation of inflammatory cells [82,93]. The reduced expression of regulatory IL-10 has also 

been reported, and is associated with the diminished modulation of the inflammatory 

response [80,93]. Conversely, chronic schistosomiasis is characteristic of a severe Th2 

response. During this phase, the expression of anti-inflammatory and regulatory cytokines 

are upregulated, including IL-4, IL-5, IL-10 and IL-13, and the expression of inflammatory INF-

γ is reduced [82]. These cytokines dampen the inflammatory response and promote 

fibrogenesis; IL-13 is particularly important in Th2-induced chronic pathology as it is essential 

for fibrogenesis [94,95]. 
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1.4.2 The Th1/Th2 immune shift 

The commencement of egg laying by adult schistosomes coincides with an immune shift from 

a Th1 to a Th2-dominant phenotype [8,96]. This is brought about by antigens present on the 

egg surface and secreted within the egg ESPs [97–99]. The purpose of this shift is to preserve 

host health and to ensure the successful excretion of schistosome eggs. 

For the host, the developing Th2 response is protective and promotes the formation of 

fibrotic granuloma to sequester the highly antigenic schistosome eggs; ECM deposition by 

cellular components of the Th2-granuloma help protect the tissues against cytotoxic damage, 

particularly in the liver and intestines [72,73]. It also serves to dampen the severity of the 

Th1 response, which is essential for host survival; a failure to modulate the mounting 

inflammatory Th1 response to acute schistosomiasis has been shown to result in the onset 

of aggressive acute disease, cachexia and death in murine models [100,101]. The continuous 

overexpression of the Th1 cytokines INF-γ and TNF-α results in extensive inflammation and 

tissue damage, particularly in the liver, and the formation of granuloma with reduced fibrotic 

potential that fail to adequately sequester harmful egg antigens, further exacerbating tissue 

damage [100]. It is important to note, however, that the development of an excessive Th2 

response can be equally as fatal [100]. Overexpression of the Th2 cytokines IL-4 and IL-13 can 

cause the formation of abnormally large and highly fibrotic granuloma, resulting in the onset 

of an aggressive, wasting chronic disease [100]. To prevent this, the developing Th2 response 

also increases the expression of IL-13Rα2, an antagonistic IL-13 receptor that inhibits the 

effects of IL-13 as part of a negative feedback loop [78]. This is associated with the 

development of immune tolerance after eight weeks PI, which provides natural modulation 

of the maturing Th2 response and leads to a reduction in the size of egg-induced granuloma 

[78]. The increased expression of regulatory IL-10 that occurs as part of the Th2 response is 

associated with aiding the Th1-to-Th2 shift, but also in dampening the potency of both 

responses, making it an important cytokine in preventing the development of severe egg-

induced pathology [100]. 

For the parasite, the Th2-associated promotion of granuloma formation directly improves 

the rates of successful egg excretion. Studies have shown how immunocompromised mice, 

which are unable to form intestinal granuloma, exhibit reduced rates of egg excretion in S. 

mansoni and S. japonicum infections [102–104]. Deficiency of the Th2 cytokines IL-4 and IL-

13, both key drivers of the granulomatous response, is also linked with reduced egg excretion 
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and granuloma formation, and increased host morbidity, in murine S. mansoni infections 

[101,105]. 

1.5 The granuloma 

1.5.1 Hepatic granuloma 

The cellular and molecular mechanisms associated with the formation of hepatic granuloma 

provoked by S. mansoni and S. japonicum eggs are the most characterised of the Schistosoma 

species. Little information is available regarding intestinal granuloma outside of the general 

composition of S. mansoni egg-induced lesions and the necessity of their formation to egg 

excretion [9,12], and even less is known regarding the urinary granuloma induced by S. 

haematobium eggs.  

The formation of hepatic granuloma is preceded by the deposition of eggs in the liver tissue. 

When newly laid eggs fail to breach the endothelial lining of the intestinal mesenteries, they 

become swept up in the venous blood flow and are carried to the liver sinusoids [12]. The 

eggs are too large to fit through the capillaries of the liver and so become trapped within the 

liver tissue, where they are quickly identified by the host immune response due to their 

surface and secreted antigens [8]. Granuloma formation begins when liver-resident cells, 

such as hepatocytes and Kupffer cells, detect the antigenic egg and respond by releasing a 

cascade of chemokines [106–108]. This results in an influx of migratory immune cells to the 

site of egg deposition, including macrophages, eosinophils and, in S. japonicum infections, 

neutrophils [6,106]. These cells organise around the egg to form what will become the core 

of the developing granuloma, and launch an inflammatory attack against the egg in an 

attempt to destroy it [6,106]. The granuloma matures as the Th2 response approaches its 

peak intensity at approximately six-eight weeks PI, during which time collagen-producing 

fibroblast cells are recruited to the periphery of the structure [6,8,106]. These fibroblasts 

deposit a layer of collagen and other ECM components around the granuloma core, creating 

an outer zone of ECM and effectively sealing off the structure [6,106]. Once the miracidia 

within the egg is destroyed, a further wave of host immune cells, including B and T cells, 

macrophages and neutrophils, will be recruited to the peripheral zone to assist in resolving 

the granuloma [106]. After eight weeks PI, the Th2 response will naturally be modulated to 

prevent the onset of excessive fibrotic disease, and as a result the granuloma will shrink in 

size and become less fibrotic as IL-13 signalling is reduced [78]. 
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While the order of events spanning the formation and resolution of hepatic granuloma are 

similar in S. mansoni and S. japonicum infections, key species-specific differences exist in the 

distribution of eggs throughout the liver and the cellular composition of the granuloma which 

lead to altered pathology; S. mansoni eggs can be found deposited throughout the larger 

branches of the portal vein, and therefore cause disease at the centre of the organ [109]. 

However, S. japonicum eggs are smaller than those of S. mansoni, and can reach the smaller 

branches of the portal vein, resulting in disease at both the centre and periphery of the liver 

[110]. Furthermore, S. mansoni eggs release IPSE/α-1, a protein that inhibits neutrophil 

infiltration to the site of egg deposition. The S. mansoni egg-induced granuloma core 

therefore comprises solely of eosinophils and macrophages [106,111]. Conversely, S. 

japonicum eggs release SjE16.7, a protein that encourages the influx of neutrophils, which 

make up the major cellular component of S. japonicum egg-induced granuloma [106,112]. 

Neutrophils are potent inflammatory cells, and so chronic pathology is generally greater in S. 

japonicum infections [113]. This is further complicated by the fecundity of S. japonicum 

females, which can lay up to 10 times as many eggs per day than S. mansoni females, resulting 

in greater egg burden and pathology for the host [65]. Due to the absence of neutrophils in 

S. mansoni egg-induced granuloma, a Th2-polarized phenotype will typically be adopted 

throughout the structure [6]. However, granuloma produced by S. japonicum eggs display 

mixed Th1/Th2 responses within the core, as immune cells balance inflammatory attack 

against the egg with the promotion of fibrogenesis, whereas the cells at the periphery are 

generally Th2-polarized [86,113]. A general summary of the composition of S. mansoni and 

S. japonicum egg-induced hepatic granuloma can be seen below in Figure 1.2. 
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Figure 1.2 The cellular composition of schistosome egg-induced hepatic granuloma. The core of S. 

mansoni granuloma primarily consist of eosinophils and macrophages, whereas S. japonicum 

granuloma cores contain a large proportion of neutrophils and relatively fewer eosinophils. Hepatic 

stellate cells (HSCs) facilitate the deposition of collagen around the granuloma core, sealing the 

structure. Following egg destruction, peripheral infiltration of a variety of immune cells occurs to 

facilitate granuloma resolution. Figure adapted from Chuah et al. [106]. 

 

1.5.2 Intestinal and urinary granuloma 

Histological assessment has presented how the composition and structure of S. mansoni egg-

induced intestinal granuloma differs from hepatic lesions, containing greater numbers of 

macrophages and relatively fewer eosinophils, B and T cells [114]. Furthermore, B and T cells 

adopt differing patterns of distribution between the two structures [114]. Due to the 

relatively short time frame eggs spend migrating through the intestinal tissue (less than three 

weeks), identifying the precise cellular and molecular events that lead to intestinal 

granuloma formation is difficult [9]. However, evidence has implicated the involvement of 

gut bacteria, with one study showing that the depletion of gut microbiota results in reduced 

intestinal granuloma formation and a concurrent increase in the collagen content of hepatic 

granuloma in mice infected with S. mansoni [76]. Generally, eggs will complete their passage 

through the intestinal tissue before the granuloma can mature and become fibrotic, 

however, it is not uncommon for eggs to become lost and trapped within the tissue. The 

granuloma that develop around these trapped eggs will eventually adopt a fibrotic 
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component of deposited ECM, more closely resembling chronic hepatic lesions [9]. The 

differences between hepatic and intestinal granuloma are believed to reflect the relatively 

higher number of dead eggs typically found within hepatic lesions [12]. This results in the 

tissues being exposed to differing profiles of egg secretions, with dead eggs releasing 

additional cytosolic components that may impact granuloma formation [12].  

Despite the lack of clarity surrounding the formation of intestinal lesions, it is clear that they 

are essential for the successful excretion of schistosome eggs [9,12]. While further 

uncertainty exists surrounding their precise role in excretion, studies have suggested roles in 

controlling extensive blood contamination by gut pathogens and preserving the structural 

integrity of the gut [105,106]. The process of granuloma formation may also serve to give 

directionality, or polarity, to the migrating egg through the intestinal tissue; it has been 

postulated that granuloma formation begins on the endothelial side of the egg, and that the 

side facing the intestinal lumen is free to continue to digest ECM until it too is enveloped [9]. 

The result of this would be greater tissue degradation, and therefore egg migration, in the 

direction of the intestinal lumen [9]. 

Similarly, histological analysis of S. haematobium egg-induced granuloma has shown that 

formation begins with an initial wave of macrophages, followed by peripheral eosinophil and 

neutrophil infiltration, and that mature granuloma adopt a fibrotic phenotype [115]. How the 

exact structure and composition of these urinary granuloma compare to hepatic or intestinal 

lesions, and any further role outside of the sequestering of egg antigens, is largely unknown. 

However, S. haematobium egg ESP components have been implicated in the development of 

urogenital carcinoma, a major cause of mortality in S. haematobium infections [79,89,116]. 

Given this, the role of the granuloma in sequestering egg antigens could arguably be more 

vital in S. haematobium infections than in those of either S. mansoni or S. japonicum. 

1.6 Host cells and schistosomiasis 

Schistosome eggs rely heavily on interactions with host immune cells in order to establish a 

successful chronic infection [106]. While chronic pathology is largely a product of the host's 

own immune response against trapped eggs, the inhibition of egg-host communication or 

interference in the host cells ability to respond to schistosome antigens can result in a 

deviation away from a natural infection with potentially disastrous consequences for the 

host, including rapid morbidity [100]. As such, the various activities of host cells are important 

in ensuring host survival and protection, as well as the propagation of the schistosome life 

cycle. Several cell populations are of particular relevance in chronic schistosomiasis, mainly 
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due to their role in the development of granuloma but also in egg destruction, granuloma 

resolution and immunity to reinfection. 

1.6.1 Macrophages 

Macrophages are present within the granuloma invoked by S. mansoni, S. japonicum and S. 

haematobium eggs, and are particularly abundant in intestinal lesions [9,106,115]. They are 

involved in the inflammatory attack against trapped eggs, the promotion of fibrosis and 

granuloma formation, and the degradation of ECM components that facilitates both 

granuloma resolution and egg excretion [8,9,117]. Macrophages become Th1- or Th2-

polarized during an immune event, becoming either "classically activated" or "alternatively 

activated" [106]. Classically activated macrophages (CAMs) are induced by Th1-associated 

cytokines including IFN-γ, TNF-α, and IL-12 [118]. CAMs are Th1-polarized and provoke 

inflammatory responses by producing reactive oxygen species (ROS) such as nitric oxide 

[118]. Macrophages recruited to the site of early egg deposition may be classically activated 

due to the Th1-dominant immune response that precedes egg laying, where they release ROS 

in an attempt to destroy the egg [117]. Alternatively activated macrophages (AAMs) are 

induced by Th2-associated cytokines including IL-4 and IL-13 [118,119]. AAMs are Th2-

polarized and promote fibrosis by converting L-arginine into proline, an essential amino acid 

involved in collagen synthesis [8,78]. The development of the Th2-based immune response 

that follows egg laying causes macrophages in the granuloma core to adopt an alternatively 

activated phenotype, resulting in upregulated proline synthesis and the promotion of 

fibroblasts to deposit collagen [106]. AAMs are also capable of collagen degradation, partially 

through the expression of matrix metalloproteinase (MMP)-13, and studies have suggested 

that this activity could be relevant in the resolution of granuloma following egg destruction 

and in the migration of eggs through the intestinal tissue [9,120,121]. 

1.6.2 Eosinophils 

Eosinophils are present within the granuloma induced by S. mansoni, S. japonicum and S. 

haematobium eggs, and are the major cellular component of S. mansoni egg-induced hepatic 

lesions [9,115,122]. Within the granuloma, eosinophils assist in egg destruction by 

degranulating in the presence of egg-specific antibodies to release cytotoxic proteins that 

damage both the egg and surrounding tissues [123]. Furthermore, eosinophils are capable of 

secreting cytokines associated with both the Th1 and Th2 responses, including IL-4, IL-13, 

IL-6, IL-10, IL-12, IFN-γ and TNF-α, although they tend to bias towards promoting Th2 

responses [124]. Outside of chronic schistosomiasis, eosinophils employ similar killing 
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mechanisms against juvenile schistosomula; antibodies specific for schistosomula surface 

antigens facilitate the engagement of eosinophils to the schistosomula surface and promote 

the subsequent activation and release of their cytotoxic granule content [123]. These 

combined roles make eosinophils the major cell type associated with resistance to 

schistosome reinfection and a strong effector of parasitic immunity [125,126]. 

1.6.3 Neutrophils 

While neutrophils are also present in the granuloma induced by S. mansoni, S. japonicum and 

S. haematobium eggs, their presence in the core of S. mansoni and S. haematobium egg-

induced lesions is diminished and they instead appear mainly at the periphery [9,106,115]. 

In contrast, neutrophils represent the main cellular component of S. japonicum egg-induced 

hepatic granuloma [127]. In common with macrophages, neutrophils play dual roles within 

the granuloma by invoking inflammatory responses at the core and facilitating granuloma 

resolution at the periphery [86]. Neutrophils within the granuloma core release pro-

inflammatory cytokines such as TNF and IL-1α, while at the periphery they release ECM 

degrading enzymes including MMP9 and ELA2 [86,128]. Furthermore, neutrophils are 

capable of releasing extracellular fibres of chromatin and histones interspersed with granule 

proteins known as neutrophil extracellular traps (NETs) [129]. NETs can trap and kill 

pathogens, including bacteria and fungi [129,130]. Neutrophils within the core of S. 

japonicum egg-induced lesions have been shown to release NETs in response to egg 

deposition [86]. While NETs do not appear to destroy eggs, it has been suggested that they 

restrict egg movement [86]. 

1.6.4 Hepatic stellate cells 

The deposition of collagen and other ECM components within the granuloma is the primary 

event that drives fibrogenesis and, by extension, the development of the pathology and 

morbidity associated with chronic schistosomiasis [6,106]. The production and deposition of 

collagen is predominantly facilitated by tissue-specific fibroblast cells [131]. These cells are 

involved in maintaining the structure and integrity of the connective tissue, and have critical 

roles in wound healing, angiogenesis, and in the immune response to tissue damage or 

pathogen invasion [131]. In S. mansoni and S. japonicum infections, a population of liver-

resident fibroblasts known as hepatic stellate cells (HSCs) are mainly responsible for the 

deposition of collagen and other ECM components within the egg-induced granuloma [6]. 

Upon receiving stimuli in response to either liver damage or disease, these normally 

quiescent storage cells undergo a process of transdifferentiation, or "activation", into 
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collagen-producing myofibroblasts [132]. Activated HSCs express upregulated levels of pro-

fibrotic genes including collagen, MMP and tissue inhibitor of matrix metalloproteinase 

(TIMP) enzymes, allowing the cell to not only secrete ECM components, but digest and 

remodel them as well [132]. Furthermore, HSCs secrete an array of chemokines that assist in 

directing the influx of immune cells to the site of egg deposition [106,133].  

In the context of schistosomiasis, HSCs are activated by IL-13 and transforming growth factor-

β1 (TGF-β1), a potent fibroblast activator released by liver-resident Kupffer cells and 

activated HSCs [134,135]. Interestingly, studies have shown that exposing HSCs to either S. 

mansoni or S. japonicum whole egg ESPs results in an inhibition of HSC activation and collagen 

production [17,18]. Rather, S. mansoni egg ESPs induce an inactive, quiescent phenotype in 

HSCs while S. japonicum egg ESPs induce a pro-inflammatory response characterised by IL-6 

and MMP9 expression [17,18]. The benefit this mechanism provides the egg is unclear, 

although if a similar response occurred in intestinal fibroblast cells it could benefit egg 

excretion by reducing collagen deposition and increasing local inflammation, both of which 

would reduce the integrity of the gut epithelial lining [9,12]. These responses highlight how 

schistosome egg ESPs are of pertinent interest to egg-host interactions, not only as effectors 

of schistosomiasis pathology but also as potentially beneficial immunomodulatory agents.  

1.7 Schistosome egg secretions play dual roles in pathogenesis and 

immunomodulation 

Unlike juvenile and adult parasites, which adapt to mask their presence within the host to 

avoid detection, the schistosome egg presents a highly antigenic profile [5,136]. Once laid, 

the egg quickly attracts immunological attention to itself from the host due to the foreign 

nature of its surface and secreted antigens [136]. The egg is also incapable of adsorbing host 

antigens and therefore cannot hide from a detrimental host reaction levied against it. Rather, 

eggs rely on rapid excretion from the host in order to survive. To facilitate timely excretion, 

the egg utilises its surface and secreted antigens to influence the host immune response, 

inducing the Th1-to-Th2 immune shift to create conditions which favour egg excretion [8]. In 

keeping with this, evidence has shown that schistosome egg ESPs interact with host cells to 

cause both immunomodulatory and pathological consequences. 

To further understand the impact that eggs have on the host immune response, proteomics 

have been used to characterise the components of their secretions. Schistosoma mansoni, S. 

japonicum and S. haematobium egg ESPs have been found to contain 188, 95 and 138 
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proteins respectively [116,137,138]. However, the function of many of these proteins is 

largely unknown and comparative studies into the similarities and differences between the 

three egg secretomes are lacking. Despite this, several highly abundant ESP proteins have 

been characterised and their involvement in host immune immunomodulation and disease 

pathology has been established. The most extensively characterised of these proteins include 

IPSE/α-1, omega-1, and major egg antigen P40. 

1.7.1 IPSE/α-1 and omega-1 

IPSE/α-1 is a cytotoxic glycoprotein released by S. mansoni and S. haematobium eggs. In 

S. mansoni infections, it inhibits neutrophil migration to the granuloma by interacting with 

IL-8, a potent neutrophil chemoattractant, leading to reduced granulomatous inflammation 

[111]. It also induces basophils to degranulate and release IL-4 and IL-13, both key mediators 

of the Th2 response and fibrogenesis [111,139]. In S. haematobium infections, urogenital 

squamous cell carcinoma is a significant clinical consequence of chronic infection [79,87–89]. 

The role of S. haematobium egg ESPs in carcinogenesis has not been clearly investigated. 

However, IPSE/α-1 is a major component of S. haematobium ESPs and has been shown to 

induce cell proliferation and angiogenesis, potentially implicating it in the development of 

urogenital carcinogenesis [89,116]. Furthermore, while the ability to inhibit neutrophil 

chemotaxis has not been accredited to S. haematobium egg-specific IPSE/α-1, the presence 

of neutrophils in S. haematobium egg-induced granuloma is relatively low compared to other 

forms of urinary inflammation [140]. This may be due in part to the effects of Sh-IPSE/α-1.  

Omega-1 is another cytotoxic glycoprotein released by S. mansoni eggs that functions as a T2 

ribonuclease (RNase). Omega-1 is internalised by dendritic cells (DCs), where it degrades DC 

ribosomal and messenger RNA (rRNA, mRNA) to influence DC function. DCs exposed to 

omega-1 express reduced levels of IL-12, a cytokine that promotes the development of Th1 

cells [99]. Ribonucleases released by S. japonicum eggs have similar functions [141,142]. 

Both IPSE/α-1 and omega-1 are cytotoxic to host cells and tissues, particularly in the liver 

where hepatocyte cell death occurs during active infections [11]. Chemical signals released 

by these damaged hepatocytes assist in directing the immune cell infiltration that precedes 

granuloma formation [107,143]. These proteins have also been implicated in causing necrosis 

in intestinal tissue, thus aiding the egg in digesting the intestinal musculature while migrating 

towards the lumen [9]. Paradoxically, as mentioned above, these same proteins are also 

involved in interacting with host cells to encourage the release of pro-fibrotic and anti-

inflammatory cytokines. In doing so, they drive the development of the chronic Th2 response 
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which protects the host against harmful egg secretions, showing that the egg is well adapted 

to manipulating the host immune response to serve its own needs. 

1.7.2 P40 

P40 is released by S. mansoni and S. japonicum eggs. Unlike IPSE/α-1 and omega-1, P40 is 

involved in anti-fibrotic roles; in S. mansoni infections, P40 stimulates murine lymphocytes 

to express IL-2 and IFN-γ, both Th1 cytokines, while in S. japonicum infections P40 decreases 

HSC activity and contribution to fibrosis by inducing apoptosis and senescence in these cells 

[144–147]. This protein likely acts to temper the activity of other egg ESP proteins, including 

IPSE/α-1 and omega-1, by regulating the developing Th2 response and preventing the onset 

of excessive fibrosis. 

1.7.3 Sm16 

Sm16 is a protein released by S. mansoni sporocysts, cercariae, schistosomula and eggs [14–

16]. Previous studies have shown that Sm16 released by cercariae induces the expression of 

IL-1 receptor antagonist (IL-1ra) in human keratinocyte cells [81]. IL-1ra is an anti-

inflammatory cytokine, and its expression in this context is believed to prevent the 

development of an inflammatory reaction to the invading cercariae in low or moderate 

infections [81]. Furthermore, Sm16 also delays macrophage antigen processing and inhibits 

classical macrophage activation in response to INF-γ, preventing them from adopting a pro-

inflammatory Th1 phenotype [148]. These findings highlight that Sm16 is a strong modulator 

of inflammatory responses. While the role of Sm16 released by the egg stage is not yet 

known, it may be involved in reducing local inflammation and protecting against damage 

within the granuloma. 

1.8 Egg excretion and the host microbiome 

As previously mentioned, in order for S. mansoni and S. japonicum eggs to enter the intestinal 

lumen they must breach the epithelial lining through the tight junctions, a process that 

requires the integrity of the barrier-like layer to first be disrupted [9,12]. This process is 

assisted by the pro-inflammatory mediators TNF and INF-γ [12]. However, schistosome eggs 

cannot induce the expression of these mediators by themselves [12]. The initial disruption of 

the epithelia by migrating eggs exposes the host intestinal tissue to bacterial components of 

the gut microbiome, and it is believed that certain bacterial pathogens aid egg excretion by 

inducing local inflammatory responses in the gut in place of the egg, thereby weakening the 

epithelial layer [76]. 
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The host gut microbiome consists of numerous species of bacteria, fungi, viruses and other 

microbes that form a rudimentary ecosystem in the intestines [149–151]. The microbiome 

plays a key role in general health, and supports a number of diverse key physiological 

activities [152]. The existence of the human urinary microbiome is a contentious issue; recent 

studies have raised the idea that urine may indeed possess its own form of a microbiome 

distinct from that of the gut, although research in this area is still wanting [153,154]. Bacteria 

represent the largest component of the human gut microbiome, with an estimated 300-500 

species believed to be present [155]. The relationships between schistosomes and these 

microbial communities are poorly understood [156]. However, other intestinal helminths are 

known to interact directly with the host gut microbiota to benefit parasitism and host health, 

including Trichuris muris and Heligmosomoides polygyrus parasites [157,158]. 

In murine models of S. mansoni infections, the commencement of egg laying results in the 

expansion of bacterial species involved in intestinal inflammation [159]. Similar observations 

in human S. haematobium infections [160] indicate that these changes may be driven by the 

systemic Th2-based immune response induced by schistosome eggs [12,161]. The depletion 

of murine gut microbiota through the administration of antibiotics also results in reduced 

intestinal inflammation and decreased rates of S. mansoni egg excretion [76], further 

highlighting a potential relationship between the host gut microbiota and successful egg 

translocation. 

Interestingly, emerging data suggests that S. mansoni adults modulate their epithelial surface 

microbiome by secreting proteins which contain antimicrobial peptide (AMP) motifs 

(Personal Communication, Dr G. Gobert QUB). The primary mode of action of AMPs is the 

interaction with, and disruption of, the bacterial cell membrane, causing cell death [162]. 

Given that schistosome eggs pass through the host gut or urinary microbiomes during their 

excretion, and that evidence suggests components of the gut microbiome promote 

successful egg translocation, it is possible that the ESPs released by schistosome eggs also 

contain AMP motifs that are capable of modulating components of the host gut or urinary 

microbiomes to benefit excretion. 

1.9 Conclusions 

Human schistosomiasis, caused by infection with S. mansoni, S. japonicum or S. 

haematobium parasites [5], affects approximately 230 million people worldwide and results 

in as many as 200,000 deaths per year in Sub-Saharan Africa alone [3,4]. Treatment is 

available in the form of PZQ, however, there is a heavy reliance on PZQ as the only widely 
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available schistosomiasis therapy [34]. Researchers have expressed concerns regarding the 

possible emergence of PZQ resistance, and stressed the need for more methods of 

controlling schistosomiasis [34].  

Schistosomiasis progresses through several stages, with severe pathology and morbidity 

developing in the chronic stage [5]. Pathology itself is mainly a result of the host's own 

immune response against worm- and, more significantly, egg-derived antigens [6]. The 

immunobiology of the host response to schistosomiasis is complex, favouring a Th1-based 

inflammatory response in the early stages of disease which develops into a Th2-based 

granulomatous response following the commencement of egg laying [8]. This immune shift 

is orchestrated by egg antigens, including egg-secreted proteins [99], and occurs in order to 

protect host health and create conditions that favour egg excretion [100,104].  

Host cells play essential roles in the immune assault against schistosome worms and eggs, 

but also in the development of schistosomiasis pathology [106]. In particular, HSCs are 

responsible for the hepatic fibrosis that drives the pathology and morbidity associated with 

chronic S. mansoni and S. japonicum infections [106]. Unusually, HSCs are susceptible to 

immunomodulation by S. mansoni and S. japonicum whole egg secretions [17,18]. While the 

specific cause of this immunomodulation is unknown, it highlights that schistosome egg 

secretions have relevance not only as inducers of schistosomiasis pathology, but also as 

potential therapeutic agents. 

The interactions that occur between schistosome eggs and the host are clearly relevant to 

both disease progression and pathology, and further characterisation of these interactions 

will likely benefit the search for alternative methods of schistosomiasis control. This thesis 

will focus on exploring several avenues of interactions that occur between schistosome egg-

derived mediators and the human host.  

The aims and objectives of this thesis were: 

1. To identify and characterise the protein components of S. mansoni, S. japonicum and 

S. haematobium egg ESPs 

2. To identify potential AMP motifs within the egg ESP proteins and assess their 

inhibitory properties against a panel of bacteria found in the human gut microbiome 

3. To identify the genes and pathways most deregulated in hepatic stellate cells by TGF-

β1 

4. To assess the transcriptomic responses of two fibroblast cell lines to peptide 

derivatives of Sm16  
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Chapter 2: A comparative proteomics analysis of the egg 

secretions of three major schistosome species 

 

2.0 Abstract 

Morbidity associated with chronic hepatic and urogenital schistosomiasis stems primarily 

from the host immune response directed against schistosome eggs. When eggs become 

trapped in host tissues, the development of fibrotic granulomatous plaques around these 

eggs drives downstream pathology. Granulomas form due to the antigenic nature of egg 

excretory/secretory products (ESPs). Both Schistosoma mansoni and S. japonicum ESPs have 

been shown to interact with several cell populations in the host liver including hepatocytes, 

leukocytes, and hepatic stellate cells (HSCs), with both immunomodulatory and pathological 

consequences. Several protein components of the ESPs of S. mansoni and S. japonicum eggs 

have been characterised, however, studies into the collective contents of schistosome egg 

ESPs are lacking. Utilising shotgun mass spectrometry (MS) and an array of in silico analyses, 

266, 90 and 50 proteins were identified within the S. mansoni, S. japonicum and S. 

haematobium egg secretomes, respectively. Among these were numerous proteins with 

already established immunomodulatory activities, vaccine candidates and extracellular 

vesicle (EV) markers. Relatively few common orthologues within the ESPs were identified by 

BLAST, indicating that the three egg secretomes differ in content significantly. Having a 

clearer understanding of these components may lead to the identification of new proteins 

with uncharacterised immunomodulatory potential or pathological relevance. This will 

enhance our understanding of the host-parasite interactions that occur during chronic 

schistosomiasis and pave the way towards novel therapeutics and vaccines. 
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2.1 Introduction 

2.1.1 Schistosomiasis progression  

Schistosomiasis is a disease caused by infection with parasitic blood flukes of the genus 

Schistosoma [2]. Three species of schistosomes are primarily responsible for human disease; 

S. mansoni, S. japonicum and S. haematobium [2]. Human infection occurs when water-borne 

larval cercariae penetrate the skin of the mammalian host; following penetration, cercariae 

transform into immature schistosomula which enter the circulation and migrate towards the 

mesenteric veins of the intestines (S. mansoni and S. japonicum) or the venous plexus of the 

bladder (S. haematobium) [5]. During this migratory phase the schistosomula mature into 

dioecious adult worms which, upon reaching the terminal point of their migration, pair up to 

produce eggs which are then shed in the faeces or urine [5]. 

2.1.2 Schistosome egg burden 

The egg burden produced by mature worm pairs varies significantly between the three 

schistosome species. Female S. japonicum worms are the most fecund, laying approximately 

1,000-2,500 eggs per day per pair in an established murine infection, with 30-50% being 

successfully shed in the faeces [65]. By comparison, S. mansoni females lay approximately 

350 eggs per day in murine models, with 30% being successfully shed [65], while S. 

haematobium females produce around 100-200 eggs per day in human infections [66]. Eggs 

that fail to shed become swept up in the circulation and deposited within the host tissues, 

either the liver sinusoids (S. mansoni and S. japonicum) [78], or the bladder, cervical, and 

vaginal wall mucosa (S. haematobium) [79]. 

2.1.3 The immunobiology of chronic schistosomiasis pathology 

The chronic pathology associated with schistosomiasis arises due to a shift from a moderate 

host type 1 helper (Th1)-mediated inflammatory immune response against migrating 

schistosomes to a strong type 2 helper (Th2)-mediated granulomatous response against 

schistosome eggs [78]. This change occurs alongside the commencement of egg laying and is 

brought about by components of the soluble egg antigens (SEA) released by eggs acting on 

host immune cells to alter the balance of cytokines and chemokines they release towards a 

Th2 phenotype [78]. This shift is orchestrated to assist the migrating egg in successfully 

shedding from the host; by reducing local inflammation and acquiring a layer of host cells in 

the form of a granuloma, the eggs will encounter fewer obstacles to transmission and can 

better pass through the lamina propria and intestinal and pelvic organ walls [9]. The 
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modulation away from a Th1-mediated response also ensures host survival. Studies in murine 

models have shown that preventing the Th1-to-Th2 shift and enforcing a dominant Th1 

response throughout the chronic stages of schistosomiasis leads to substantial host death 

due to enhanced egg-related immunopathology, including larger granuloma and tissue 

damage caused by excessive inflammation [10]. Certain SEA components released by S. 

mansoni eggs have been shown to be hepatotoxic, causing cell death in hepatocytes [11] and 

driving the formation of granuloma around the eggs. Granuloma formation benefits the host 

by containing harmful egg antigens and protecting the liver tissue from necrosis. Eggs that 

become trapped in host tissues will eventually be destroyed within the granuloma, however, 

the resolution of these granuloma following egg death leaves behind fibrotic plaques. These 

plaques accumulate throughout the course of chronic infection and eventually lead to 

impaired liver or bladder function and downstream schistosomiasis pathology. 

2.1.4 Schistosome egg-secreted proteins 

Several protein components of schistosome egg ESPs have previously been characterised, 

the most extensively of which include IPSE/α-1, omega-1, and major egg antigen P40. IPSE/α-

1 is a hepatotoxic glycoprotein released by S. mansoni and S. haematobium eggs. In S. 

mansoni infections, IPSE/α-1 inhibits neutrophil migration to the site of the developing 

granuloma and assists in driving the Th1-to-Th2 host immune shift that follows egg laying 

[111,139]. Omega-1 is another hepatotoxic glycoprotein released by S. mansoni eggs that 

functions as a T2 ribonuclease (RNase). Omega-1 is internalised by dendritic cells (DCs), 

where it degrades DC ribosomal and messenger RNA (rRNA, mRNA) to reduce the expression 

of pro-Th1 mediators [99]. Ribonucleases released by S. japonicum eggs have similar 

functions [141,142]. P40 is a component of both S. mansoni and S. japonicum egg ESPs. Unlike 

IPSE/α-1 and omega-1, P40 has been linked with anti-fibrotic roles; Sm-P40 stimulation of 

murine lymphocytes induces interleukin (IL)-2 and interferon (IFN)-γ expression, both of 

which are considered Th1 cytokines, while Sj-P40 has been linked with decreasing HSC 

activity and contribution to fibrosis by inducing apoptosis and senescence in these cells [144–

147]. Together, these proteins act to reduce local inflammation at the site of the granuloma 

and promote the regulated development of a fibrotic phenotype that assists egg survival and 

transmission. 

Identifying the full range of protein components that comprise schistosome egg ESPs is 

advantageous as it could further advance knowledge of the host-parasite dynamic that is 

established during chronic schistosomiasis. The egg stage secretomes for S. mansoni, S. 
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japonicum and S. haematobium have been reported previously [116,137,138]. However, this 

thesis presents the first comparative study that aims to identify common, or species-specific, 

antigens within the egg secretions of the three species in an effort to link these findings to 

differential host pathology. While most of these previously published secretomes used a gel-

based MS approach, we have utilised shotgun proteomics and found differing ESP profiles in 

the three secretomes. 

 

2.2 Materials and methods 

2.2.1 Animal work 

All animal ethics were approved by the Animal Ethics Committee of the QIMR Berghofer 

Medical Research Institute (Brisbane, Australia) and the Biomedical Research Institute (BRI, 

Rockville, Maryland, USA). All animal work, egg isolation and egg culture methods (Sections 

2.2.1 and 2.2.2) were carried out by the same institutes (QIMR, S. mansoni; BRI, S. japonicum 

and S. haematobium). 

Female four-week-old Swiss Webster mice were percutaneously infected with 150-200 S. 

mansoni cercariae (Puerto Rico strain) via tail exposure, or with 20-30 S. japonicum cercariae 

(Chinese Anhui strain) via abdominal exposure, for 45 minutes. Mice were sacrificed after six-

seven weeks post infection. Five to six-week-old male and female Golden Syrian LVG 

hamsters were percutaneously infected with 350 S. haematobium cercariae (Egyptian strain) 

via abdominal exposure for 30 minutes. Hamsters were sacrificed after 14-16 weeks post 

infection. 

2.2.2 Egg isolation and culture 

S. mansoni and S. japonicum eggs were isolated from perfused murine livers by repeated 

homogenisation and sieving of the liver tissue using a Waring blender and several sieves with 

pore sizes ranging from 420 μm to 45 μm. The homogenate was maintained in cold 1.2% 

(w/v) NaCl throughout to prevent egg hatching. Mature eggs were enriched by gentle swirling 

in a petri dish, with the mature eggs collecting in the centre of the dish. These mature eggs 

were concentrated using a 40 μm cell strainer. S. haematobium eggs were obtained from 

perfused hamster livers and intestines using the same method. 

Approximately 500,000 mature eggs of each schistosome species were cultured separately 

in 10 ml of RPMI-1640 media (ThermoFisher Scientific, Waltham, USA) supplemented with 
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300 units/ml penicillin, 300 μg/ml streptomycin and 500 μg/ml gentamycin antibiotics 

(ThermoFisher Scientific), in the absence of phenol red or any serum supplements. Eggs were 

maintained at 37°C and 5% CO2 for 72 hours, after which the eggs and culture medium were 

collected separately and stored at -80°C. Egg viability was assessed using an egg hatching 

assay [138] and preparations were only retained with a hatch rate of at least 85%. The three 

samples of egg culture media were then concentrated down using 3 kDa MW cut-off 

centrifugal filter units (Merck, Kenilworth, USA) to a final concentration of approximately 15 

μg/ml each, as determined by the bicinchoninic acid (BCA) assay (ThermoFisher Scientific). 

Approximately 15 μg of total protein from each sample were submitted for MS/MS analysis. 

2.2.3 Mass spectrometry analysis 

All mass spectrometry analysis and database searching methods (Sections 2.2.3 and 2.2.4) 

were carried out by the QIMR Berghofer Medical Research Institute (Molecular Parasitology 

Laboratory, Immunology Department) (S. mansoni) and the Fingerprints Proteomics Facility 

(School of Life Sciences, University of Dundee) (S. japonicum and S. haematobium).  

Three technical replicates of S. mansoni, S. japonicum and S. haematobium egg secretions 

were analysed by LC-MS/MS. Samples were digested with 100 ng/µl sequencing grade trypsin 

(Sigma-Aldrich, St. Louis, USA) at 37°C overnight. The samples were then dried in a vacuum 

centrifuge and reconstituted with 10 µl of 0.1% trifluoroacetic acid before analysis. Five µl of 

the resulting suspensions were delivered to analytical columns (S. mansoni, Acquity UPLC 

Peptide BEH C18 Nano Column, 130A, 1.7 µm, 75 µm x 200 mm; S. japonicum/S. 

haematobium, Eksigen C18-CL NanoLC Column, 3 µm, 75 µm x 150 mm) equilibrated in 5% 

acetonitrile/0.1% formic acid (FA). Elution was carried out with a linear gradient of 5-35% 

buffer B in buffer A for 30 min (buffer A: 0.1% FA; buffer B: acetonitrile, 0.1% FA) at a flow 

rate of 300 nl/min. Peptides were analysed in an Orbitrap Fusion mass spectrometer 

(ThermoFisher Scientific) (S. mansoni) or a NanoESI QqTOF mass spectrometer (5600 

TripleTOF, AB Sciex, Warrington, UK) (S. japonicum/S. haematobium) operating in 

information-dependent acquisition mode, in which a 0.25s TOF MS scan was performed (S. 

mansoni, 380-1500 m/z; S. japonicum/S. haematobium, 350-1250 m/z), followed by 0.05s 

product ion scans from 100–1500 m/z on the 50 most intense 2-5 charged ions. Peak list files 

were generated by Proteome discoverer v2.2 (ThermoFisher Scientific) (S. mansoni) or 

Protein Pilot v4.5 (Applied Biosystems, Foster City, USA) (S. japonicum/S. haematobium) 

using default parameters. 
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2.2.4 Database searching 

MS/MS samples were analysed using Sequest HT on Proteome discoverer v2.2 (ThermoFisher 

Scientific) (S. mansoni) or MaxQuant v1.6.6 (S. japonicum/S. haematobium) set up to search 

databases comprised of proteins identified within the S. mansoni, S. japonicum and S. 

haematobium genomes (obtained from WormBase Parasite; S. mansoni WBPS10, accession 

PRJEA36577, 11774 entries; S. japonicum WBPS10, accession PRJEA34885, 12738 entries; S. 

haematobium WBPS10, accession PRJNA78265, 11140 entries) assuming strict trypsin 

digestion with two missed cleavages permitted. Sequest HT was searched with a fragment 

ion mass tolerance of 0.80 Da and a parent ion mass tolerance of 20.0 ppm. MaxQuant was 

searched with a fragment ion mass tolerance of 0.060 Da and a parent ion tolerance of 10.0 

ppm. Carbamidomethylation of cysteine was specified in MaxQuant as a fixed modification. 

Glutamate to pyroglutamate conversion of the N-terminus, deamidation of asparagine and 

glutamine, oxidation of methionine, dioxidation of methionine and acetylation of the N-

terminus were specified in MaxQuant as variable modifications. 

2.2.5 Criteria for protein identification 

Proteome discoverer v2.2 (ThermoFisher Scientific) (S. mansoni) or Scaffold (version 4.8.9, 

Proteome Software Inc., Portland, USA) (S. japonicum/S. haematobium) was used to validate 

MS/MS based peptide and protein identifications. Peptide identifications were accepted if 

they could be established at greater than 95.0% probability by the Local FDR algorithm. 

Protein identifications were accepted if they could be established at greater than 99.0% 

probability and contained at least two identified peptides. Protein probabilities were 

assigned by the Protein Prophet algorithm. 

2.2.6 Bioinformatic analysis 

Identified proteins were assigned functional annotation through Blast2GO [163] software 

against the entire non-redundant NCBI database using default settings, supplemented with 

additional annotation from Annotation Expander (ANNEX) and gene ontology (GO) terms 

obtained from InterPro databases. Gene ontology annotations were also obtained for all 

proteins recorded in the NCBI database for each of the three species. Comparisons were 

made between secretome lists by utilising BLASTp (Basic Local Alignment Search Tool 

protein); any protein that shared ≥ 80% sequence identity with a protein from another 

species was considered an orthologue of that protein (e-value 10-5). Functional domains 

within selected proteins were identified using the InterPro database through UniProt. 
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Alignments of these domains were carried out using BLASTp through NCBI with default 

settings applied. The SecretomeP v2.0 algorithm [164] was used to predict the method of 

secretion for each protein. Proteins that were assigned a neural network (NN) value > 0.5 

were assumed to be secreted. Secretory proteins that were predicted to possess a signal 

peptide were assumed to be secreted via classical pathways, while those which did not 

possess a signal peptide were assumed to be secreted via non-classical pathways. Those with 

a NN value ≤ 0.5 were assumed to be non-secretory. 

 

2.3 Results 

2.3.1 S. mansoni egg secretome 

LC-MS/MS analysis identified 266 proteins within the S. mansoni egg secretome, including 

IPSE/α-1 (IL-4-inducing protein), omega-1, P40 (HSP20) and 36 uncharacterised proteins 

(Table 2.1, Supplementary Table 1). Numerous additional proteins with immunomodulatory 

properties were noted, including glutathione S-transferase, phosphoenolpyruvate 

carboxykinase (SmPEPCK), SmVAL9 and peroxiredoxin (Prx1). Several other S. mansoni ESPs 

identified also share similarity with immunomodulatory proteins from other parasitic 

species, including calreticulin, released by Haemonchus contortus and Necator americanus, 

and serpin, produced by Brugia malayi [165–167]. 

We also observed the presence of several putative vaccine candidates, including Sm14FABP 

(fatty acid-binding protein) [168,169], peptidylglycine alpha hydroxylating mono-oxygenase 

(SmPHM) [170], 14-3-3 protein [171], Sm21.7 [172,173] and triosephosphate isomerase 

[174]. Many ubiquitous protein components involved in energy production or metabolism 

(fructose-bisphosphate aldolase, phosphoglycerate kinase, glyceraldehyde-3-phosphate 

dehydrogenase), DNA/RNA synthesis (uridine phosphorylase, hypoxanthine 

phosphoribosyltransferase), amino acid synthesis (ornithine-oxo-acid transaminase), 

nutrition (Sm22.6, cathepsins B and D, leucine aminopeptidase) and detoxification 

(superoxide dismutase, thioredoxin) were also identified. Furthermore, proteins such as 

phosphopyruvate hydratase (enolase), heat shock protein 70 (HSP70), elongation factor 1 

(EF1)-α and EF1-γ [175–177], thimet oligopeptidase [176], ferritin, as well as several histones 

and structural proteins (actin, tubulin, filamin, spectrin-β), which are characteristic of vesicle 

components [178,179], were noted. The presence of these latter proteins suggests that a 

portion of the proteins identified are packaged and released within EVs in vivo. 
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Table 2.1 Top 20 most abundant protein components of S. mansoni egg excretory/secretory 

products. The method of protein secretion as predicted by SecretomeP is listed; classically secreted 

(Y), non-classically secreted (A) or non-secreted (N). Proteins are ranked in order of the highest total 

unique matched peptides taken from three technical replicates. 

Accession 
number 

Protein ID # Unique 
peptides 

% 
Coverage 

SecretomeP 

G4V5U5 Putative macroglobulin/complement 49 26.7 N 

G4V9B9 Putative heat shock protein 27 40.0 N 

G4VPH5 Glucose-6-phosphate isomerase  20 48.0 A 

G4LW91 Thimet oligopeptidase   19 31.7 N 

G4V721 Putative phosphoenolpyruvate 
carboxykinase 

18 40.7 N 

G4LYU6 Serpin, putative 18 52.7 A 

G4V855 Aminopeptidase PILS  17 21.0 A 

G4VFC2 Protein disulfide-isomerase  16 37.3 Y 

G4VJT9 Fructose-bisphosphate aldolase  16 57.7 N 

G4V9U9 Putative major vault protein 16 25.3 N 

G4V8L4 Putative heat shock protein 70 15 33.7 N 

G4V8C5 Putative alpha-glucosidase  15 20.3 A 

C4Q5I7 Calreticulin autoantigen homolog, 
putative 

13 34.7 Y 

G4M057 WD-repeat protein, putative 12 26.3 A 

G4LYC3 Protein disulfide-isomerase  12 30.0 Y 

G4VG40 Dipeptidyl peptidase 3    12 21.3 A 

P09792 Glutathione S-transferase class-mu 
28 kDa isozyme        

12 51.3 N 

G4LVU8 Filamin 11 7.3 N 

G4VQ41 Low-density lipoprotein receptor  11 14.7 Y 

G4V8X7 Putative heat shock protein-HSP20 11 36.7 A 

 

The 266 proteins identified in this study were compared with those described by others in 

both the secretome of adult male S. mansoni worms and the previously published egg stage 

secretome. The adult male S. mansoni secretome has been reported to comprise 111 

proteins [180], 70 of which were found to share ≥ 80% sequence identity with proteins in this 

data set (Supplementary Table 1). This result suggests that there are significant similarities in 
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the ESPs released by these two life cycle stages. The previously published S. mansoni egg 

secretome comprised 188 proteins [137], 122 of which shared ≥ 80% sequence identity with 

proteins in this data set (Supplementary Table 1). 

2.3.2 S. japonicum egg secretome 

Ninety S. japonicum proteins were identified within the egg secretome. These include P40, 

three ribonucleases (T2, Oy and X25) that share sequence identity with the S. mansoni 

protein omega-1, and 28 uncharacterised proteins (Table 2.2, Supplementary Table 2). 

SjE16.7 (16 kDa calcium-binding protein) and Sj97 (paramyosin) were also noted, as were 

glutathione S-transferase, serpin and calreticulin, three proteins previously shown to have 

immunoregulatory activity in S. mansoni ESPs and in other helminths as discussed above. 

Many ubiquitous protein components involved in energy production (fructose-bisphosphate 

aldolase, malate dehydrogenase, nucleoside diphosphate kinase), DNA synthesis (purine 

nucleoside phosphorylase, transaldolase), nutrition (aminopeptidase) and detoxification 

(superoxide dismutase, tryparedoxin peroxidase) were also identified. Again, the presence of 

characteristic vesicle components including enolase, HSP70, EF1-α, histones, ferritin, and 

structural proteins (actin, tubulin) were noted, indicating that the data set reported here 

includes proteins packaged within EVs released from S. japonicum eggs. 

The 90 proteins comprising this data set were compared with the previously described 

secretomes of S. japonicum adult worms and eggs. The adult S. japonicum secretome consists 

of 101 proteins [181], and of these only 27 proteins had ≥ 80% sequence identity with 

proteins in this data set (Supplementary Table 2), suggesting that there are significantly 

different ESPs being produced between the two life cycle stages. It is noteworthy, however, 

that only 23 proteins from the previously published S. japonicum egg stage secretome, 

comprising 95 proteins [138], shared ≥ 80% sequence identity with proteins in this data set 

(Supplementary Table 2). 
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Table 2.2 Top 20 most abundant protein components of S. japonicum egg excretory/secretory 

products. The method of protein secretion as predicted by SecretomeP is listed; classically secreted 

(Y), non-classically secreted (A) or non-secreted (N). Proteins are ranked in order of the highest total 

unique matched peptides taken from three technical replicates. 

Accession 
number Protein ID 

# Unique 
peptides 

% 
Coverage SecretomeP 

Q5DET3 Histone H4 19 71.8 N 

Q5DFZ8 Fructose-bisphosphate aldolase 16 55.8 N 

Q86G46 Polyubiquitin 16 32.1 N 

C1L4Z7 Actin 5C 13 33.2 N 

Q5DHF8 Histone H3 12 64.5 A 

C1LFC4 Aminopeptidase 10 18.2 A 

C1L9B2 Calreticulin 8 19.8 Y 

Q5DDU9 Histone H2B 7 38.0 N 

C1LEJ4 Histone H2A 7 46.4 A 

Q86EU4 Cytochrome c proximal 7 50.8 A 

C1LQJ9 Uncharacterized protein 6 23.3 A 

C1LQT3 Thioredoxin 6 53.5 A 

Q5D8W0 SJCHGC06710 protein 6 40.8 Y 

P33676 Enolase 6 16.0 A 

Q5D9T1 Malate dehydrogenase 6 27.1 A 

C1LJG7 NADH:ubiquinone oxidoreductase 5 22.0 A 

C1LYI9 Calcium-binding EF-hand protein 5 58.7 A 

C1LNR0 Protein disulfide-isomerase 5 14.5 Y 

C1LV44 Tryparedoxin peroxidase 5 28.1 A 

C1LNY3 Superoxide dismutase [Cu-Zn] 5 62.6 A 

 

2.3.3 S. haematobium egg secretome 

Fifty proteins were identified within the egg secretome of S. haematobium. The presence of 

Sh-IPSE/α-1, which shares sequence identity with Sm-IPSE/α-1, and seven uncharacterised 

proteins (Table 2.3, Supplementary Table 3) were noted. The components of S. haematobium 

egg ESPs are poorly characterised compared to those of S. mansoni or S. japonicum, which 

makes assigning their potential functions problematic. However, the proteins ShE16 (16 kDa 

calcium-binding protein) and neuroserpin were identified, both of which are similar to other 
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proteins with documented immunoregulatory roles in both S. japonicum ESPs, and in other 

helminths as considered above. 

 

Table 2.3 Top 20 most abundant protein components of S. haematobium egg excretory/secretory 

products. The method of protein secretion as predicted by SecretomeP is listed; classically secreted 

(Y), non-classically secreted (A) or non-secreted (N). Proteins are ranked in order of the highest total 

unique matched peptides taken from three technical replicates. 

Accession 
number 

Protein ID # Unique 
peptides 

% 
Coverage 

SecretomeP 

A0A094ZWN9 Histone H4 11 61.5 N 

A0A095B131 Polyubiquitin-C 8 30.2 N 

A0A094ZDN2 Thioredoxin peroxidase 2 8 43.6 A 

A0A095AIQ5 Cytochrome c 8 55.6 N 

A0A095AKM1 Fructose-bisphosphate aldolase 8 27.4 N 

A0A094ZX17 GLIPR1-like protein 1 7 39.6 Y 

A0A095A2M4 Thioredoxin 7 61.6 A 

A0A095ANZ3 Histone H3 5 33.3 A 

A0A095A3Q8 Alpha-galactosidase 5 19.2 N 

A5A6F5 14 kDa fatty acid-binding protein 5 32.3 A 

A0A095A0L7 Superoxide dismutase [Cu-Zn] 4 37.5 A 

A0A095A463 Uncharacterized protein 3 13.5 N 

A0A095B4U1 Histone H2B 3 27.9 N 

A0A094ZS57 16 kDa calcium-binding protein 3 25.2 A 

A0A094ZZE3 Basement membrane proteoglycan 3 4.8 N 

A0A095CF43 Alpha-galactosidase 3 12.5 A 

A0A094ZS46 Spectrin alpha chain 3 1.0 N 

A0A094ZVR4 Peptidase inhibitor 16 3 24.5 Y 

A0A095CGL8 78 kDa glucose-regulated protein 3 6.8 Y 

A0A094ZD40 Actin-2 2 13.8 A 

 

Several ubiquitous proteins involved in energy production (fructose-bisphosphate aldolase, 

alpha-galactosidase), DNA synthesis (purine nucleoside phosphorylase) and detoxification 

(superoxide dismutase) were once again identified, as were various proteins associated with 

vesicle packaging, including enolase, 78 kDa glucose-regulated protein (HSP70), histones, 
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structural components (actin, filamin, fibrocystin, spectrin) and ferritin. Taken together, this 

indicates that S. haematobium EV-related protein components are also included in this data 

set.  

The S. haematobium egg secretome has previously been described as comprising 138 

proteins [116]. Despite the difference in the number of proteins identified, these 138 

proteins were compared with the data set reported here; it was found that, of the 50 proteins 

identified here, 23 shared ≥ 80% sequence identity with proteins in the previously published 

data set (Supplementary Table 3). 

2.3.4 Comparison of the three egg secretomes 

BLAST was used to compare the proteins making up the three egg secretomes according to 

sequence identity. Given the difficulty in comparing proteins from different species (different 

naming conventions, accession numbers, etc.), proteins that shared ≥ 80% sequence identity 

with an e-value cut off of 10-5 were considered orthologues (Figure 2.1, Table 2.4, Table 2.5). 

When several proteins matched against the same prospective orthologue, the match with 

the highest % sequence identity was accepted. 

Twelve proteins were shared in common between S. mansoni, S. japonicum and S. 

haematobium egg ESPs. These included several proteins documented as vaccine candidates 

in one or more species (fatty acid-binding protein, fructose-bisphosphate aldolase), proteins 

generally associated with either vesicle markers or cargo proteins (histones H2B and H4, 

enolase, actin, HSP70), or signalling (thioredoxin, calmodulin) and antioxidant (redoxin) 

proteins. 

S. mansoni and S. japonicum egg ESPs shared 18 proteins in common, while S. mansoni and 

S. haematobium eggs shared 15 proteins in common. Again, a large proportion of these 

proteins were either vaccine targets (superoxide dismutase), vesicle markers (ferritin, EF1-α, 

structural proteins) or various ubiquitous elements, particularly involved in energy 

production/metabolism and DNA/RNA synthesis (glucose-6-phosphate isomerase, alpha-

galactosidase, malate dehydrogenase, nucleoside diphosphate kinase). It should be noted 

that S. mansoni eggs produce two isoforms of ferritin and protein disulphide-isomerase, both 

of which share very low sequence identity with their counterparts; both proteins are 

therefore listed as orthologous with S. japonicum and S. haematobium proteins separately 

and not grouped together. 
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S. japonicum and S. haematobium eggs shared only four proteins in common: two histones, 

actin and polyubiquitin C. These are extremely ubiquitous proteins that are again likely 

released as part of vesicle content. 

 

S. mansoni
221

S. haematobium
19

S. japonicum
56

18 15

4

12

 

Figure 2.1 The number of egg stage excretory/secretory proteins shared between S. mansoni, S. 

japonicum and S. haematobium. The largest numbers of species-specific proteins were identified in 

S. mansoni, followed by S. japonicum and finally S. haematobium. 
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Table 2.4 Predicted orthologues shared between S. mansoni (Sm), S. japonicum (Sj) and S. haematobium (Sh) egg excretory/secretory proteins. 

S. mansoni S. japonicum S. haematobium % identity 

Acc. No. Protein ID Acc. No. Protein ID Acc. No. Protein ID Sm-Sj Sj-Sh Sm-Sh 

C4QBN1 Histone H4 Q5DET3 Histone H4 A0A094ZWN9 Histone H4 100 100 100 

G4VLW2 Putative actin-1 C1L4Z7 Actin 5C A0A094ZD40 Actin-2 98 97 96 

G4VJT9 Fructose-bisphosphate aldolase  Q5DFZ8 Fructose-bisphosphate aldolase A0A095AKM1 Fructose-bisphosphate aldolase 96 97 98 

G4V6E9 Histone H2B Q5DDU9 Histone H2B A0A095B4U1 Histone H2B 95 100 95 

G4VT44 Putative calmodulin Q5DA21 Calmodulin 3b A0A094ZPX2 Calmodulin 90 97 98 

G4M131 Fatty acid binding protein O45035 Fatty acid-binding protein A5A6F5 14 kDa fatty acid-binding protein 86 86 99 

Q15EU2 Cytochrome c-like protein  Q86EU4 Cytochrome c proximal A0A095AIQ5 Cytochrome c 90 88 93 

G4VE60 Thioredoxin, Trx M Q5DA40 SJCHGC03107 protein A0A095CEH3 Thioredoxin, mitochondrial 89 84 94 

G4VQ58 Phosphopyruvate hydratase  P33676 Enolase A0A095AJN4 Enolase 85 85 93 

G4VKD9 Peroxiredoxin, Prx1  C1LV44 Tryparedoxin peroxidase A0A094ZDN2 Thioredoxin peroxidase 2 82 85 93 

G4V910 Putative heat shock protein 70  O45038 HSP70 A0A095CGL8 78 kDa glucose-regulated protein 83 81 95 

G4M0D0 Superoxide dismutase [Cu-Zn]  C1LNY3 Superoxide dismutase [Cu-Zn] A0A095A0L7 Superoxide dismutase [Cu-Zn] 81 80 95 
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Table 2.5 Predicted orthologues shared between paired comparisons of S. mansoni, S. japonicum 

and S. haematobium egg excretory/secretory proteins. 

Acc. No. Protein ID Acc. No. Protein ID % 
identity 

S. mansoni S. japonicum   

G4VG19 Phosphoglycerate kinase  B3W661 Phosphoglycerate kinase 100 

G4VHK8 Tubulin beta chain C1LVD4 Tubulin beta chain 99 

G4VMF9 Histone H2A Q5DE19 Histone H2A 99 

G4V865 Tubulin alpha chain Q5D9M8 Tubulin alpha chain 98 

G4VBJ0 Malate dehydrogenase  Q5D9T1 Malate dehydrogenase 94 

G4VPH5 Glucose-6-phosphate isomerase  C1LK30 
Glucose-6-phosphate 
isomerase 93 

G4LYC3 Protein disulfide-isomerase  Q5C0A7 Uncharacterized protein 92 

G4V721 Putative phosphoenolpyruvate 
carboxykinase 

Q5DGF3 SJCHGC06900 protein 91 

G4VCN8 Dihydrolipoyl dehydrogenase  C1LIA4 Dihydrolipoyl 
dehydrogenase 

91 

Q9Y0D3 Peroxiredoxin, Prx2     C1LMD2 Thioredoxin peroxidase 90 

G4VAD2 Elongation factor 1-alpha C1LWQ6 Elongation factor 1-alpha 89 

G4VRK1 Putative glyoxalase II  Q86DW6 Hydroxyacylglutathione 
hydrolase 

89 

G4VJY9 Nucleoside diphosphate kinase  Q86EJ4 Nucleoside diphosphate 
kinase 

88 

G4M0P7 Cell division control protein 48 Q5D9C5 SJCHGC09453 protein 88 

G4VBG6 Ferritin  C1L7G5 Ferritin 87 

G4VFQ0 Peptidyl-prolyl cis-trans 
isomerase   

Q5D8J4 Peptidyl-prolyl cis-trans 
isomerase 

85 

G4V9B9 Putative heat shock protein Q5D947 SJCHGC00820 protein 84 

G4VH95 Putative acyl-CoA-binding protein    C1LJT2 Diazepam-binding inhibitor 84 

S. mansoni S. haematobium   

G4LVU8 Filamin A0A094ZGB5 Filamin-A 95 

G4LXS0 Aldo-keto reductase, putative A0A095AEB2 Alcohol dehydrogenase 
[NADP(+)] A 

95 

G4VAG2 Calpain  A0A094ZH52 Calpain 95 

G4VDR4 
Family C56 non-peptidase 
homologue  A0A095C8I8 Protein DJ-1 93 

G4VMD1 Venom allergen-like (VAL) 26 
protein 

A0A094ZX17 GLIPR1-like protein 1 90 
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Q8T9N5 Thioredoxin   A0A095A2M4 Thioredoxin 90 

G4VSQ5 Superoxide dismutase  A0A095BT16 Superoxide dismutase 88 

G4VP82 Purine nucleoside phosphorylase  A0A094ZR11 Purine nucleoside 
phosphorylase 

88 

G4VA23 
Putative 22.6kDa tegument-
associated antigen A0A095C6E4 Tegument antigen 88 

G4VDQ3 Uncharacterized protein A0A094ZWF6 Uncharacterized protein 87 

G4M010 Low-density lipoprotein receptor  A0A094ZZE3 
Basement membrane 
heparan sulfate 
proteoglycan 

86 

G4LUZ7 Ferritin  A0A094ZYX2 Ferritin 85 

G4VNW4 Putative fibrocystin l A0A094ZQC8 Fibrocystin-L 85 

G4VFC2 Protein disulfide-isomerase  A0A095A463 Uncharacterized protein 83 

G4VLD6 Alpha-galactosidase  A0A095CF43 Alpha-galactosidase 83 

S. japonicum S. haematobium   

Q86G46 Polyubiquitin A0A095B131 Polyubiquitin-C 100 

C1LEJ4 Histone H2A A0A094ZQV5 Histone H2A 99 

Q5DHF8 Histone H3 A0A095ANZ3 Histone H3 98 

Q5C3I8 SJCHGC05636 protein A0A094ZS46 Spectrin alpha chain 88 

 

2.3.5 Assignment of gene ontology terms 

GO terms were assigned to all the identified schistosome proteins according to their function 

(Molecular Function, MF) or role (Biological Process, BP), as seen in Table 2.6. GO terms were 

also assigned to all recorded proteins for each species available in the NCBI database.  

GO annotation revealed that most proteins within the schistosome egg secretomes are 

involved in either binding or catalytic activities (MF) and take part in mostly cellular or 

metabolic processes (BP). Thus, many of the proteins enriched are enzymes; energy-

producing enzymes are particularly abundant, including fructose-bisphosphate aldolase, 

malate dehydrogenase and alpha-galactosidase. Enzymes involved in DNA/RNA synthesis 

(purine nucleoside phosphorylase, uridine phosphorylase), amino acid synthesis (ornithine-

oxo-acid transaminase) and various proteases (thimet oligopeptidase, aminopeptidase and 

calpain) were also identified. Antioxidant activity (MF) was consistently enriched across the 

three schistosome egg secretomes and appeared to be upregulated in the egg stage in 

comparison with the schisto-NCBI annotations. Potential antioxidant activity could be 

attributed to proteins such as superoxide dismutase, tryparedoxin peroxidase, glutathione S-
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transferase and various peroxidase enzymes. Conversely, transporter activity (MF) and 

localization (BP) appeared to be downregulated in comparison with schisto-NCBI 

annotations. 

 

Table 2.6 Gene ontology (GO) annotations and their % representation for S. mansoni (Sm), S. 

japonicum (Sj) and S. haematobium (Sh) excretory/secretory products (ESPs). ESP annotation data is 

compared with the annotation data for all schistosome proteins recorded in NCBI. GO terms that are 

higher in ESP compared to NCBI groups are bolded. 

Molecular Function (MF) 
Sm 
ESP 

Sm 
NCBI 

Sj   
ESP 

Sj 
NCBI 

Sh 
ESP 

Sh 
NCBI 

antioxidant activity  GO:0016209 2.68 0.86 3.91 0.61 6.98 0.22 

binding  GO:0005488 46.34 52.08 50 46.9 56.98 55.97 

catalytic activity  GO:0003824 47.32 35.86 40.63 37.47 31.4 36.28 

molecular function 
regulator  

GO:0098772 1.71 1.42 2.34 1.38 0 1.85 

structural molecule 
activity  

GO:0005198 0.98 1.62 1.56 7.76 1.16 2.1 

transporter activity  GO:0005215 0.73 6.31 1.56 5.88 2.33 5.39 

Biological Process (BP)             

biological regulation  GO:0065007 5.11 10.03 8.05 6.87 10.33 11.35 

carbon utilization  GO:0015976 1 0.12 0.77 0.26 0.33 0.11 

cellular component 
organization 

GO:0071840 1.56 4.18 3.45 6.95 4.67 4.51 

cellular process  GO:0009987 37.67 35.07 39.46 35.06 31.67 34.69 

detoxification  GO:0098754 0.89 0.3 1.15 0.22 1.67 0.1 

developmental process  GO:0032502 2 1.11 0.77 0.96 3 1.15 

immune system process  GO:0002376 0.33 0.16 0.38 0.31 0.67 0.14 

localization  GO:0051179 2.22 7.35 1.92 9.73 3.67 7.05 

metabolic process  GO:0008152 41.22 30.38 35.25 33.79 23.33 29.15 

multicellular organismal 
process  

GO:0032501 1.44 1.12 1.53 1.02 3.67 1.26 

response to stimulus  GO:0050896 4.11 5.16 5.36 2.81 9.33 5.49 

signalling GO:0023052 0.67 3.58 1.15 1.6 3 4.32 

 

 



Chapter 2: Comparative proteomics  

42 
 

2.3.6 SecretomeP analysis for signal peptides 

Secretory proteins generally contain an N-terminal signal peptide sequence, unless they are 

secreted by non-classical means such as being packaged within vesicles. Given that the 

proteins described here were expected to be secretory in nature due to their presence in 

ESP, the algorithm SecretomeP v2.0 [164] was used to analyse the protein sequences and 

determine the likelihood of classical (involving a signal peptide) or non-classical (alternative 

pathways) secretion based on the detection of a signal peptide and a neural network (NN) 

value assigned by the algorithm.  

Of the 266 identified S. mansoni ESPs, 151 were assigned a NN value of > 0.5 (56%) and thus 

were assumed to be secretory (Supplementary Table 1). Forty-nine of these proteins had 

predicted signal peptides (18%), while 102 did not (38%). One protein, titin, was too large for 

the SecretomeP algorithm to analyse; however, a select analysis of the N-terminal half of the 

protein indicated that it is not secreted. Of the 90 identified S. japonicum ESPs, 56 were 

assigned a NN value of > 0.5 (62%) and therefore assumed to be secretory (Supplementary 

Table 2). Eighteen of these proteins had predicted signal peptides (20%), while 38 did not 

(42%). Of the 50 identified S. haematobium ESPs, 26 were assigned a NN value of > 0.5 (52%) 

and thus were assumed to be secretory (Supplementary Table 3). Eight of these proteins had 

predicted signal peptides (16%), while 18 did not (36%). 

 

2.4 Discussion 

In 2007, Cass et al. published the first mass spectrometry-based proteomic analysis of a 

schistosome egg secretome, describing 188 S. mansoni egg ESPs [137]. Since then, mass 

spectrometry has been used in combination with one- (1-DE) and two-dimensional gel 

electrophoresis (2-DE), or OFFGEL electrophoresis, to further characterise S. mansoni, S. 

japonicum and S. haematobium egg secretomes. Efforts were made by Curwen et al. and 

Mathieson and Wilson to decipher the S. mansoni egg secretome as part of studies aimed at 

characterising the proteomes of multiple S. mansoni life cycle stages [182,183]. In both these 

latter studies, the number of proteins found was significantly lower than that of Cass et al.'s 

original description; both studies utilized a 2-DE/MS approach, but Curwen et al. identified 

only 32 unique proteins whereas Mathieson and Wilson described a mixture of isoforms and 

variants of only four distinct proteins. Mathieson and Wilson attributed the disparity to 

differences in the methods used to obtain the S. mansoni ESP, claiming that Cass et al.'s 
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method of incubating eggs overnight in a cold salt solution likely resulted in the egg 

membrane rupturing, contaminating the ESP mixture with the cytosolic contents of dead or 

dying eggs. However, differences in the detection method used (shotgun MS vs MS of 2D-

PAGE protein spots) and the databases interrogated with MS/MS data could also, at least in 

part, explain the observed disparity. 

The S. japonicum egg secretome, comprising 95 proteins, was recently described using a 1-

DE/MS approach [138], while the S. haematobium egg secretome, investigated using 

OFFGEL/MS, was found to comprise 138 proteins [116]. In contrast to these earlier studies, 

the approach used in this chapter instead analysed the schistosome egg ESPs directly in 

solution without prior separation. The reasoning for this was that, with 1-DE or 2-DE/MS, 

very large molecular weight proteins may not enter the gel (and will be missed from the 

subsequent MS analysis), whereas very small proteins/peptides will be too small to be 

retained. Furthermore, MS analysis may also miss proteins expressed at low levels due to 

incomplete recovery of tryptic peptides following in-gel digestion. Accordingly, 266, 90 and 

50 proteins were detected within the egg secretomes of S. mansoni, S. japonicum and S. 

haematobium, respectively. These proteins are considered reflective of the live egg 

secretome, as in vitro egg hatch assays showed that ≥ 85% of the egg preparations were 

viable. Thus, the risk of ESP contamination with cytosolic proteins from dead or dying eggs 

was considered to be low. 

Despite finding significantly more proteins in the S. mansoni egg secretome described here 

compared to Cass et al.'s original work [137], only 122 proteins were identified that shared ≥ 

80% sequence identity between the two data sets. These discrepancies were anticipated and 

are attributed to the dated nature of the database used in the earlier study. Similarly, despite 

identifying a similar number of proteins in the S. japonicum egg secretome compared to De 

Marco Verissimo et al.'s study [138], only 23 proteins were found that shared ≥ 80% sequence 

identity. This is likely due to a variety of reasons, including the method of MS utilised and the 

precise settings applied to the analysis. Differences in the protein database used for peptide 

searching would also largely impact the final protein list generated. The large discrepancy in 

the number of proteins detected in the S. haematobium ESP list described here compared 

with that previously published is also likely due to the difference in MS methods used; Sotillo 

et al. [116] used OFFGEL electrophoresis to separate crude S. haematobium ESP into 24 

distinct fractions which were each subjected to MS analysis. This procedure is reported to be 

more sensitive than traditional proteomics approaches used for the analysis of helminth 

secretions [184]. 
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2.4.1 Immunomodulation by the schistosome egg 

As schistosome egg laying begins, the interactions that occur between host and parasite 

change rapidly. Juvenile and adult schistosomes adapt to hide, or otherwise avoid inciting a 

major response from the host immune system indefinitely [5]. Schistosome eggs have limited 

capacity for such evasion and instead rely on quickly escaping from the host in order to 

survive. Following egg laying, the host immune response undergoes a shift from a low level 

Th1 inflammatory response to an aggressive Th2 granulomatous response [78]. This is 

considered to be brought about by immunomodulatory components within the crude egg 

ESPs acting on host immune cells. This shift prevents host death due to systemic 

inflammatory shock [10], and creates conditions that promote egg survival and transmission 

[9]. 

To bring about this immune shift, components within the crude egg ESPs act on host cells to 

alter the balance of cytokines and chemokines they express. These immunomodulatory 

components promote the release of pro-fibrotic mediators, while dampening the release of 

pro-inflammatory agents, from host cells. This can be most clearly seen in S. mansoni egg 

ESPs, as these secretions have undergone the most detailed functional characterisation. 

IPSE/α-1, omega-1 and major egg antigen P40 are among the most significant 

immunomodulatory elements deployed by S. mansoni eggs [11,185]. IPSE/α-1 is a 

hepatotoxic glycoprotein that inhibits neutrophil migration to the site of a granuloma and 

induces basophils to degranulate and release IL-4 and IL-13. IL-4 is a known promoter of the 

Th2 response and IL-13 is a key requirement for fibrosis that facilitates collagen production 

[111,139]. Omega-1 is another hepatotoxic glycoprotein that functions as a T2 ribonuclease 

(RNase). Omega-1 is bound and internalised by dendritic cells (DCs), wherein it utilises its 

RNase activity to degrade DC ribosomal and messenger RNA (rRNA, mRNA) to influence DC 

function. DCs exposed to omega-1 have been shown to express reduced levels of IL-12, a 

cytokine involved with developing Th1 cells [99]. In contrast, P40 has been linked with anti-

fibrotic and regulatory roles; P40 stimulation of murine lymphocytes induces IL-2 and IFN-γ 

expression, both of which are considered Th1 cytokines [147]. Taken together, these three 

proteins work in tandem towards driving the controlled and measured shift from a Th1 to a 

Th2 dominant host immune response.  

Similarly to S. mansoni, S. japonicum eggs secrete several ribonucleases (T2, Oy and X25) that 

share sequence identity with omega-1 (31%, 52% and 35% respectively) and its own variant 

of P40 (66% sequence identity with Sm-P40). In murine models, ribonuclease T2 has been 
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shown to stimulate a Th2 host immune response by affecting DC maturation, inducing 

macrophages to produce anti-inflammatory IL-10 and upregulating serum levels of IL-4 [142], 

while Sj-P40 hinders the progression of fibrosis by inhibiting HSC activation and promoting 

HSC apoptosis and senescence [144–146]. 

The ESPs of S. haematobium eggs are not extensively characterised, however, they are known 

to secrete a variant of IPSE/α-1 [186]. This variant shares 67% sequence identity with the S. 

mansoni counterpart and, although it is not known if it functions in a similar manner, it has 

been shown to be internalised by HTB-9 bladder cells, where it migrates to the nucleus, 

intimating a possible role in controlling host cell gene expression [186]. A significant clinical 

consequence of chronic S. haematobium infection is the development of urogenital 

squamous cell carcinoma [79,87–89]. The role of secreted proteins released by S. 

haematobium eggs in carcinogenesis has not been clearly formulated. However, IPSE/α-1 is 

a major component of S. haematobium egg secretions and has been shown to induce cell 

proliferation and angiogenesis [89,116], implying a role for this protein in urogenital 

carcinogenesis. 

All of the above proteins were found in the data sets generated through this study, but 

schistosome egg ESPs contain additional immunoregulatory elements that may also assist in 

the driving, regulation, and maintenance of the dominant chronic Th2 host immune 

response. The S. mansoni protein data set generated here included several glutathione S-

transferase (GST) enzymes. Members of the GST family found in S. mansoni have been shown 

to assist in priming a host Th2 phenotype in murine models; treatment with recombinant 

SmGST28 induced the upregulation of the Th2 cytokines IL-4, IL-5 and IL-13, and reduced the 

expression of the Th1 cytokines TNF and IL-1β, thereby assisting the development of the Th2 

host response [187]. SmPEPCK, a protein capable of inducing proliferation of murine CD4+ T 

cells and priming them to release significant levels of interferon (INF)-γ, IL-4 and IL-5 to 

promote a mixed Th1/Th2 response, was noted [188,189]. Also detected was SmVAL9, which 

modulates host extracellular matrix (ECM) remodelling in mice by altering the expression 

profile of various matrix metalloproteinase (MMP) and tissue inhibitor of metalloproteinase 

(TIMP) genes. This ultimately promotes the degradation of host ECM, likely with the aim of 

assisting egg translocation into the intestinal lumen [190]. Furthermore, peroxiredoxin (Prx1) 

was identified, a protein that assists in priming a Th2-based immune response by inducing 

the alternative activation of macrophages which, in turn, upregulate the expression of the 

Th-2 cytokines IL-4, IL-5 and IL-13 in naïve CD4+ cells [191]. Moreover, calreticulin and serpin 

were found which share similarity to known immunoregulators secreted by other helminths. 
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Calreticulin, also released by Haemonchus contortus and Necator americanus, has been 

shown to inhibit the complement cascade by interacting with the complement protein 1q 

(C1q) [165,166]. Serpin, also produced by Brugia malayi, inhibits neutrophil-associated 

cathepsin G and elastase [167] to facilitate immunoevasive actions. 

Within the S. japonicum protein data set, the presence of SjE16.7, a potent neutrophil 

attractant and inducer of inflammation [112], and Sj97 (paramyosin), capable of inhibiting 

the complement pathway and binding to the Fc region of human immunoglobulins [192,193], 

were noted. SjE16.7 likely acts in tandem with Sj-P40 to balance and regulate the developing 

Th2 immune response, while Sj97 promotes resistance to complement-mediated killing in 

immature and adult worms by binding complement-associated proteins, and also facilitates 

immunoevasion by providing the worm with a protective coating of host antigens. Its 

presence within S. japonicum egg ESPs indicates it is likely involved in protecting eggs from 

complement-mediated damage. 

ShE16 was detected in the S. haematobium egg secretome. It is not known if ShE16 possesses 

the same capacity to attract neutrophils and induce inflammation as its S. japonicum 

counterpart, however, both proteins do share strong (70%) sequence identity. 

Unfortunately, many of the components of S. haematobium egg ESPs have not been 

thoroughly characterised; thus, it is difficult to elaborate on the specific activity of these 

detected proteins. The only other potentially immunoregulatory protein identified in S. 

haematobium egg ESPs was neuroserpin, which shares sequence identity with both S. 

mansoni and S. japonicum serpins (79% and 62% respectively).  

This data indicates that S. mansoni egg ESPs contains a broader range of immunoregulatory 

elements than those of either S. japonicum or S. haematobium. Most of these proteins are 

involved in inciting a host Th2 immune response as part of the Th1-to-Th2 shift that follows 

egg laying, however, several proteins that promote mixed or Th1-specific phenotypes 

(SmPEPCK, SjE16.7) were also identified. These proteins are likely responsible for modulating 

the intensity of the developing Th2 phenotype, allowing the egg a degree of variable control 

over the host response and potentially assisting egg migration through the intestinal tissue. 

The relatively few immunomodulatory proteins detected in the S. japonicum data set could 

be considered a contributing factor to the increased severity of disease caused by this species 

compared with S. mansoni [2]. Generally, this is attributed to the larger number of eggs 

produced per day by a mature adult female S. japonicum worm and the involvement of 

neutrophils in the S. japonicum egg-induced granuloma, resulting in greater hepatic 
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inflammation and fibrosis. However, the apparent lack of a diverse range of 

immunomodulatory proteins present in the S. japonicum egg ESPs could indicate that the S. 

japonicum egg is unable to modulate the host immune system as effectively as that of an S. 

mansoni egg. This would result in a less efficient Th1-to-Th2 shift and a more prolonged 

chronic inflammatory phenotype, potentially resulting in more severe pathology.  

2.4.2 Shared proteins between all three species 

As mentioned above, given the difficulty of accurately comparing proteins between different 

species, BLAST was used to compare the sequence identity shared by the identified ESP 

proteins. Proteins that showed ≥ 80% sequence identity were considered orthologues. 

It was not expected that the egg-stage of the three schistosome species would share many 

pathologically relevant proteins in common. Unsurprisingly, only 12 proteins were found to 

be orthologous amongst all three species. Most of these proteins were associated with the 

release of EVs, either as structural components of the vesicle or as cargo, and included 

histones (H2B and H4), enolase, actin and HSP70 [178,179]. Several redox proteins 

(thioredoxin, redoxin peroxidases) were also found to be common; at some point during 

transmission, regardless of species, the schistosome egg will likely become encapsulated 

within a granuloma. At this time, the host immune cells within the granuloma will release 

reactive oxygen species (ROS) to destroy the egg through oxidative stress. In response to this, 

schistosome eggs are known to secrete antioxidant proteins capable of scavenging ROS, 

thereby providing protection [194]. 

The high degree of commonality in the pathology induced by S. mansoni and S. japonicum 

eggs, and the relatively low overall number of proteins found in S. haematobium egg ESPs, 

was reflected in the patterns of assumed orthologues shared between the three species. S. 

mansoni and S. japonicum shared the most proteins in common, while S. japonicum and S. 

haematobium shared the least. S. mansoni shared 18 proteins in common with S. japonicum, 

and 15 proteins in common with S. haematobium. Again, these proteins were primarily 

ubiquitous enzymes involved in energy production/metabolism and DNA/RNA synthesis 

(glucose-6-phosphate isomerase, nucleoside diphosphate kinase etc.) or were vesicle 

markers (ferritin, EF1-α, structural proteins). Conversely, S. japonicum and S. haematobium 

eggs shared only four proteins in common, three of which (histones H2A and H3, and actin) 

were associated with EVs. 

To explore protein identity further, the functional domains of some of the more extensively 

characterised proteins were examined. Sm- and Sh-IPSE/α-1 share an IL-4-inducing 



Chapter 2: Comparative proteomics  

48 
 

immunoglobulin-binding domain (InterPro: IPR041305). Sequence alignment showed that 

this domain shares 69% sequence identity between Sm- and Sh-IPSE/α-1, a level of identity 

similar to that shared by the full-length proteins (67%). Omega-1 (Sm) and ribonuclease T2 

(Sj) have 31% sequence identity and are known to share similar activity [99,142]. Both 

proteins also contain a ribonuclease T2-like domain (InterPro: IPR001568), and alignment 

showed that this domain also shares 31% sequence identity between the two proteins. In 

contrast, Sm-P40 and Sj-P40 both contain two alpha crystallin/hsp20 domains (InterPro: 

IPR002068). While the full-length proteins share 66% sequence identity, the first of these 

domains in each protein is 81% similar and the second is 74% similar. These findings indicate 

that some egg ESPs may possess functional domains that are ≥ 80% similar with those 

released by another schistosome species, despite a lower level of sequence identity shared 

across the whole protein which, according to our criteria, prevents their classification as 

orthologues.  

2.4.3 Gene ontology analysis 

The most highly enriched GO annotations for all three secretomes were binding and catalytic 

activity (MF), and cellular and metabolic processes (BP). This reflects the high proportion of 

ubiquitous protein elements involved in energy production, DNA regulation, amino acid 

synthesis, detoxification and other processes present in the egg ESPs. Antioxidant activity 

(MF) was also enriched and, in comparison with annotations from all schistosome proteins 

recorded in the NCBI database, was upregulated in each of the three egg secretomes. Several 

redox proteins were identified in the egg ESPs, which highlights how the schistosome egg 

releases proteins to combat oxidative stress during prolonged periods under assault by the 

host immune system whilst trapped within the granuloma [194]. Conversely, transporter 

activity (MF) and localization (BP) appeared to be downregulated in the egg ESPs compared 

with the schisto-NCBI annotations. This agrees with the finding that approximately 40% of 

proteins across all three secretomes were predicted to be secreted non-classically, for 

example via membrane budding or as vesicle cargo, and would therefore not be associated 

with transporter proteins or localization sequences.  

2.4.4 Identification of secretory proteins 

Several methods of protein secretion are employed by a typical cell, with the two main modes 

being classical and non-classical secretion [195]. Classical secretion involves the packaging of 

a protein into membrane-bound vesicles and subsequent transport to the cell surface for 

export. In this case, an N-terminal signal peptide sequence marks the protein for such 
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transport. Non-classical secretion involves the protein moving directly to the cell surface 

without the aid of a signal peptide sequence, where it is released via budding from, or fusing 

with, the membrane [195,196]. 

SecretomeP analysis revealed that approximately 20% of proteins within each of the three 

egg secretomes are secreted via the classical pathway, while around 40% are secreted non-

classically and the remaining 40% are not predicted to be secreted at all. One might expect, 

as these are excretory/secretory proteins specifically, that it is unusual to have such a high 

proportion of proteins predicted to be non-secretory. However, the previously published S. 

mansoni and S. japonicum egg stage secretomes [137,138] also reported very similar ratios 

of classically, non-classically and non-secreted proteins. One possible explanation is that the 

SecretomeP algorithm is trained specifically on mammalian and bacterial protein sequences, 

and therefore some degree of misinterpretation would be expected. 

The finding that most proteins within the egg ESPs of all three schistosome species are 

secreted via non-classical means indicates that the release of EVs is a major mechanism for 

the export of proteins from the eggs. Indeed, proteins commonly associated with EVs 

[178,179], either structurally or as cargo components, were detected within all three ESP 

lists, including enolase, histones and structural proteins (actin, filamin, tubulin etc.). The 

presence of these proteins within the three secretomes suggests that the data sets reflect 

both the soluble and EV-associated proteins present in schistosome egg ESPs. The release of 

proteins within EVs is of interest because the vesicle itself offers protection to its cargo 

proteins from proteolytic digestion and facilitates a simple method of targeted delivery to a 

recipient cell via internalisation. By contrast, classically secreted proteins are vulnerable to 

digestion and would therefore have a small local sphere of influence [197]. For these reasons, 

parasite EVs would be an appropriate method of delivering immunomodulatory proteins 

[198]. 

It is difficult to state emphatically whether the mode of secretion of the proteins is relevant 

to their function, but it must be considered that for a protein to function it must reach its 

target, and the non-classical method of secretion within EVs may provide the best chance of 

this occurring. The distance between source and target must also be considered; classically 

secreted proteins likely have a more significant effect within the immediate local 

environment of their release whereas proteins within EVs are more likely to engage with 

targets at a systemic level. 
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2.5 Conclusions 

The commencement of egg laying during a schistosome infection marks a period of abrupt 

change to the host-parasite dynamic. Juvenile and adult worms need to evade the host 

immune system to ensure their survival, while the egg demonstrates an ability to manipulate 

it in a manner that promotes host/egg survival and increases the chance of successful egg 

transmission. This is brought about by immunomodulatory proteins secreted by the egg. The 

findings in this chapter indicate that, despite the similarities in host and pathogenicity, the 

egg secretomes of S. mansoni, S. japonicum and S. haematobium differ significantly and may 

be linked to parasite niche and the severity of host pathology. Relatively few proteins 

displayed sufficient similarity to be considered orthologues, and many that did reflect 

ubiquitous protein elements with no clear role in host-parasite interaction. While the 

presence of several well characterised immunomodulatory proteins was confirmed, the 

function of many proteins within the three secretomes described here remain undefined. 

Further characterisation of these proteins is necessary to identify potential mediators of 

host-parasite interactions as they may provide new target candidates for vaccines against 

schistosomiasis. 
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Chapter 3: Peptides derived from Schistosoma japonicum and 

Schistosoma haematobium egg excretory/secretory proteins have 

antimicrobial properties 

 

3.0 Abstract 

The continuation of the schistosome life cycle is dependent on the successful transmission 

of eggs from the mammalian host to the external environment via excretion in the faeces 

and urine. Since adult parasites are blood borne, this involves the passage of eggs across 

layers of endothelial and epithelial tissue to reach the intestinal or bladder lumen. During 

transmission, migrating eggs come into close proximity with the myriad bacterial species that 

comprise the host gut and, potentially, urinary microbiomes. Little is known about the role 

these bacteria play in egg transmission, although evidence suggests that host gut microbiota 

could influence the successful excretion of Schistosoma mansoni eggs. Studies in murine S. 

mansoni infections have shown that changes in the components of the gut microbiome can 

be seen following the commencement of egg laying, and how the selective depletion of gut 

microbiota results in reduced rates of egg excretion. Emerging data from other researchers 

indicates that adult S. mansoni parasites may release proteins that contain antimicrobial 

peptide (AMP) motifs with varying activity against Escherichia coli and Staphylococcus 

aureus. This highlights a potential mechanism through which adult schistosomes may 

modulate the composition of their surrounding microbiome. In this chapter, the possibility 

that either S. japonicum or S. haematobium eggs also secrete AMPs that can modulate 

components of the host gut or urinary microbiome will be investigated. Using in silico 

scanning algorithms, potential AMP motifs were identified within the proteins secreted by S. 

japonicum and S. haematobium eggs identified in Chapter 2 of this thesis. The most promising 

of these peptides were synthesised and tested for antimicrobial activity against E. coli, S. 

aureus, Bacteroides fragilis and Clostridioides difficile. The peptides ultimately displayed 

varying, albeit limited, levels of antimicrobial potential, particularly against E. coli and C. 

difficile, indicating that schistosome eggs may indeed secrete proteins containing viable AMP 

motifs. 
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3.1 Introduction 

3.1.1 Egg migration through host tissues 

The final stage of the mammalian phase of the schistosome life cycle involves eggs crossing 

from the intestinal mesenteries (S. mansoni, S. japonicum) or the venous plexus of the 

bladder (S. haematobium) through the layers of the intestinal or bladder tissues and into the 

respective lumen, which allows for egg expulsion in the faeces or urine [9]. Traversing eggs 

migrate through the host tissues using egg-derived digestive enzymes which break down the 

extracellular matrix, clearing a path through the musculature [12]. The influx of blood and 

immune cells following the egg from the initial endothelial breach act as a propulsive force 

that drives the egg towards the relevant lumen from behind [9].  

The formation of granuloma around migrating eggs is essential for their successful 

translocation [9]. Egg excretion occurs relatively rapidly, and so granuloma formation is 

considerably less developed than that of hepatic lesions [199]. Several studies highlight how 

immunocompromised mice unable to form intestinal granuloma exhibit reduced rates of egg 

excretion in S. mansoni and S. japonicum infections [102–104]. Deficiency of the Th2-related 

cytokines interleukin (IL)-4 and IL-13, both drivers of the granulomatous response, is also 

associated with reduced egg excretion and granuloma formation, and increased host 

morbidity, in murine S. mansoni infections [101,105]. 

3.1.2 The host microbiome 

The host gut microbiome refers to the numerous species of bacteria, fungi, viruses and other 

microbes that inhabit the human intestinal tract, forming a rudimentary "ecosystem" [149–

151]. The gut microbiome plays a key role in general health, and supports a number of diverse 

key physiological activities including nutrient and drug metabolism, protection against 

colonization by harmful pathogens, strengthening of both the innate and adaptive immune 

systems, and maintenance of the cellular and anatomical structure of the intestinal tract 

[152]. 

While much is known regarding the gut microbiome, the nature, and even the existence, of 

the human urinary microbiome is a contentious issue. Previously thought to be sterile, recent 

studies utilising DNA-based detection methods have raised the idea that urine may indeed 

possess its own form of a microbiome distinct from that of the gut [153,154]. Since research 

in this area is still developing, the contributions of the urinary microbiome to human health 

are still largely unknown. 
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Bacteria represent the largest component of the gut microbiome, with an estimated 300-500 

species believed to be present at any time [155]. These species can be grouped broadly 

according to their respiratory requirements (aerobes and anaerobes) and the nature of their 

cell envelope (Gram-positive or Gram-negative). Aerobic bacteria utilise oxygen for 

respiration, whereas anaerobic bacteria respire using alternatives, including nitrate and 

fumarate, and can be toxically impacted by the presence of oxygen [200]. The gut is 

predominantly anaerobic, and so most of the bacteria comprising the gut microbiome are 

anaerobes [201,202]. Gram-positive and Gram-negative descriptions relate to the nature of 

a bacterium's cell envelope. Nearly all bacteria possess a plasma membrane and a 

peptidoglycan cell wall, however, Gram-negative bacteria possess an additional outer 

membrane comprised of lipopolysaccharides and protein. This extra membrane layer renders 

the cell more impermeable than that of Gram-positive bacteria, although the cell wall of 

Gram-positive bacteria is typically thicker than that of Gram-negative bacteria [203]. 

3.1.3 Helminth infections and the microbiome 

The relationships between schistosomes and the microbial communities that inhabit the host 

gut are not well characterised or understood [156], while those between S. haematobium 

parasites and the microbes of the urinary tract are even less so. However, other intestinal 

helminths are known to interact directly with the host gut microbiota to benefit parasitism 

and host health. Examples of this include Trichuris muris parasites, which receive hatching 

cues from host gut bacteria, and Heligmosomoides polygyrus parasites that alter the 

microbial composition of the caecum to dampen host allergic responses [157,158]. 

In murine models of S. mansoni infections, the commencement of egg laying results in 

changes in the composition of the host gut microbiome, including the expansion of bacterial 

species involved in intestinal inflammation [159]. The depletion of gut microbiota via the 

administration of antibiotics also results in decreased intestinal granuloma formation and 

egg excretion [76]. Furthermore, tissue damage to the intestinal epithelial layer caused by 

translocating eggs exposes the host blood to gut microbiota, resulting in epithelial 

inflammation. This inflammation disrupts the barrier-like structure of the gut epithelia and is 

believed to allow for easier egg penetration into the intestinal lumen [12,76]. Taken together, 

this evidence highlights a potential relationship between the host gut microbiota and 

successful egg translocation, at least in murine S. mansoni infection models.  

Schistosoma haematobium infections have also been linked to changes in the composition of 

the gut microbiome of infected children [160]. This is unusual given that S. haematobium is 
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a urogenital parasite, and indicates that these microbiome changes may be driven by system-

wide influences, such as the Th2-based immune response induced by schistosome eggs 

[12,161]. 

3.1.4 The role of antimicrobial peptides 

Emerging data suggests that S. mansoni adult parasites possess a microbiome on the 

epithelial layer of their tegument that is distinct from that of the host blood in which they 

reside (Personal Communication, Dr G. Gobert, QUB). Investigation into the method the adult 

parasites utilise to modulate their epithelial microbiome revealed that they are capable of 

secreting proteins which contain AMP motifs. The primary mode of action of AMPs is the 

interaction with, and disruption of, the bacterial cell membrane, resulting in cell death [162]. 

Many factors determine the specificity and effectiveness of an AMP, not limited to 

characteristics of the peptide itself, including its specific amino-acid composition, overall 

charge, amphipathicity, and hydrophobicity [162,204]. Evidence suggests that the 

effectiveness of AMPs may also be dependent on the oxygen level of their local environment, 

indicating that a peptide might differ in effectiveness against aerobic vs. anaerobic bacteria 

[205]. Furthermore, the specific make-up of the bacterial cell wall and outer membrane also 

affects AMP binding. The surfaces of bacterial cells are lined with peptidoglycan, 

lipopolysaccharides, lipoteichoic acids and other molecules [206] which allow the cell to 

adhere to host surfaces, facilitate cell movement and promote evasion of the host immune 

response [207]. These molecules can also act as ladders, which AMPs utilise to better attach 

onto the cell surface, or as sponges, which adsorb AMPs and prevent their interaction with 

the membrane [206]. 

Given that schistosome eggs come into proximity with the host gut or urinary microbiomes 

during their translocation, and that evidence suggests components of the gut microbiome 

promote successful egg translocation, I decided to investigate if the excretory/secretory 

products (ESPs) released by S. japonicum and S. haematobium eggs also contain any AMP 

motifs that might be capable of modulating components of the host microbiomes.  

Using in silico scanning tools, I identified six AMP motifs within the egg ESPs of S. japonicum 

and S. haematobium described in Chapter 2. The bactericidal activity of these motifs was 

tested against E. coli, S. aureus, B. fragilis and C. difficile using minimum inhibitory 

concentration (MIC) assays. Each of these bacterial species can be found in the human gut 

microbiome, and evidence has implicated their presence in the urinary microbiome. 
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Together, they represent a selection of Gram-positive and Gram-negative, aerobic and 

anaerobic, species. 

  

3.2 Materials and methods 

3.2.1 Identification of AMP motifs within schistosome egg ESPs 

The sequence scanning tools AMP scanner V2 [208] and AMPA TCoffee [209] were used to 

identify potential AMP motifs within the ESPs of S. japonicum and S. haematobium eggs. The 

complete list of S. japonicum and S. haematobium egg ESPs identified in Section 2.3, totalling 

140 proteins, was scanned with the AMP scanner V2 algorithm initially. Forty-two of the 140 

scanned proteins (Supplementary Table 4) were determined to contain potential AMP motifs 

with a prediction probability score of > 0.5. These 42 proteins were then further scanned by 

the AMPA TCoffee algorithm, which identified a total of 59 AMP motifs within the 42 proteins 

(Supplementary Table 5). Of these 59 motifs, six were assigned a misclassification probability 

score of 0%, i.e. they were considered 100% likely to be true AMP motifs. These six motifs 

(Table 3.1) were selected for synthetic production as candidate peptides. 

 

Table 3.1 Candidate antimicrobial peptide (AMP) sequences. The details of the six AMP motifs 

derived from S. japonicum (Sj) and S. haematobium (Sh) egg excretory/secretory proteins chosen for 

synthesis and characterisation. The method of parent protein secretion as predicted by SecretomeP is 

listed; classically secreted (Y), non-classically secreted (A) or non-secreted (N) (see Section 2.2.6). 

Peptide 
number 

AMP motif 
sequence 

Parent protein accession number 
and description 

Species SecretomeP 

1 GGVNGIRSGVQY C1LQJ9 / Uncharacterized protein Sj A 

2 LFYERKKYGFKK Q5DH97 / PHD finger protein Sj A 

3 AGKLTKSAQKVAKK C1LWQ6 / Elongation factor 1-α Sj N 

4 ISESKRRRKYCR A0A095A2X3 /IPSEα-1 Sh Y 

5 LHGIVTKTCICI A0A094ZIQ2 / GLIPR1-like protein 1 Sh N 

6 GAKYAGKNFRHPK A0A095AJN4 / Enolase Sh A 
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3.2.2 Synthetic peptide production and reconstitution 

The six candidate AMPs were produced synthetically at a purity of > 70% by GenScript 

(Piscataway, USA) and reconstituted to a concentration of 2.5 mg/ml in UltraPure DEPC 

(diethylpyrocarbonate)-treated water (ThermoFisher Scientific, Waltham, USA) under sterile 

conditions. 

3.2.3 Growth and maintenance of bacterial cultures 

Four species of bacteria were used to test the antimicrobial activity of the candidate AMPs: 

Escherichia coli, methicillin-susceptible Staphylococcus aureus (MSSA), Bacteroides fragilis 

and Clostridioides difficile. To obtain fresh cultures, a single colony of each bacterium was 

picked, re-streaked onto blood agar plates (ThermoFisher Scientific), and incubated 

overnight at 37°C under aerobic (E. coli and MSSA) or anaerobic (B. fragilis and C. difficile) 

conditions. The next day, a single colony of the appropriate re-streaked plate was picked and 

placed into five ml of sterile Mueller-Hinton broth (Sigma-Aldrich, St. Louis, USA, 27 g/L). For 

anaerobic cultures, the Mueller-Hinton broth was allowed to rest overnight in an anaerobic 

chamber the previous day to remove any residual O2 in the broth. The cultures were then 

again incubated overnight at 37°C under aerobic or anaerobic conditions in a shaking 

incubator. The next day, the bacterial cultures were diluted down with sterile Mueller-Hinton 

broth to an optical density (OD) absorbance value of 0.5 at a wavelength of 600 nm (OD600) 

prior to use. 

3.2.4 Minimum inhibitory concentration assays 

Each of the four bacterial cultures were plated out into 96-well plates (ThermoFisher 

Scientific) and treated with each of the six candidate AMPs to a range of final doubling 

concentrations (3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml), in technical triplicate. A positive 

control lane of untreated bacterial culture and a negative control lane of sterile Mueller-

Hinton broth were included. The plates were incubated for 24 hours at 37°C in either aerobic 

or anaerobic conditions as appropriate. The following day, the OD600 values of the bacterial 

suspensions were read in a spectrophotometer (POLARstar, BMG Labtech, Cary, USA). 

3.2.5 Statistical tests 

All statistical tests were carried out using Prism software (Version 7, GraphPad, San Diego, 

USA). Growth curve data was analysed using a one-way ANOVA test with multiple 

comparisons (alpha 0.05). 
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3.3 Results 

3.3.1 Peptide 1 inhibited the growth of E. coli and C. difficile in a dose-dependent 

manner 

Figure 3.1 and Table 3.2 show the effects of peptide 1 treatment on bacterial growth. Peptide 

1 was found to reduce the growth of E. coli in a dose-dependent manner starting at 

7.81 μg/ml. The growth of C. difficile was significantly reduced by all treatment 

concentrations, and treatments between 3.9 and 62.5 μg/ml again resulted in dose-

dependent growth inhibition. The growth of MSSA and B. fragilis were mostly unaffected by 

peptide 1, although 125 μg/ml treatment caused an inhibition of B. fragilis growth. 

 

 

Figure 3.1 The antimicrobial properties of peptide 1 (GGVNGIRSGVQY). The effects of peptide 1 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Assays were performed in technical triplicate (N=3). 
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Table 3.2 The antimicrobial properties of peptide 1 (GGVNGIRSGVQY). The effects of peptide 1 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Definitions: NS, not significant; **, significant (p value < 

0.01); ***, significant (p value < 0.001); ****, significant (p value < 0.0001). Assays were performed in 

technical triplicate (N=3). 

 E. coli MSSA 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. 

Significance % 
Inhibition 

Std. 
Dev. 

Significance 

3.9 12.14 11.16 NS 1.30 25.46 NS 

7.81 18.77 7.91 ** 1.88 21.50 NS 

15.63 19.26 10.89 ** 13.80 14.44 NS 

31.25 22.36 11.64 *** 26.55 7.39 NS 

62.5 26.24 7.50 *** 17.07 11.90 NS 

125 32.71 8.30 **** 26.93 7.39 NS 

 B. fragilis C. difficile 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. 

Significance % 
Inhibition 

Std. 
Dev. 

Significance 

3.9 8.80 5.80 NS 33.06 10.53 **** 

7.81 10.41 5.31 NS 36.44 0.11 **** 

15.63 11.35 5.69 NS 46.63 1.03 **** 

31.25 11.83 4.32 NS 62.12 6.14 **** 

62.5 8.59 9.60 NS 67.06 2.16 **** 

125 22.90 12.43 ** 66.09 6.31 **** 
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3.3.2 Peptide 2 inhibited the growth of MSSA and C. difficile in a dose-dependent 

manner while also inhibiting E. coli growth 

The effects of peptide 2 treatment on bacterial growth are shown in Figure 3.2 and Table 3.3. 

Peptide 2 was found to inhibit the growth of E. coli at most concentrations, with 31.25 μg/ml 

causing the greatest growth reduction. However, the inhibition does not appear to be dose-

dependent. MSSA growth was also reduced, and in a dose-dependent manner starting at 

15.63 μg/ml. As with peptide 1, the growth of C. difficile was again significantly reduced by 

all treatment concentrations and the treatment ranges between 3.9 and 62.5 μg/ml resulted 

in dose-dependent inhibition, although the extent of growth inhibition overall was less 

potent. B. fragilis growth was mostly unaffected by peptide 2 treatment. 

 

 

Figure 3.2 The antimicrobial properties of peptide 2 (LFYERKKYGFKK). The effects of peptide 2 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Assays were performed in technical triplicate (N=3). 
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Table 3.3 The antimicrobial properties of peptide 2 (LFYERKKYGFKK). The effects of peptide 2 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Definitions: NS, not significant; *, significant (p value < 

0.05); **, significant (p value < 0.01); ***, significant (p value < 0.001); ****, significant (p value < 

0.0001). Assays were performed in technical triplicate (N=3). 

 E. coli MSSA 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. 

Significance % 
Inhibition 

Std. 
Dev. 

Significance 

3.9 0.04 6.23 NS 3.45 9.86 NS 

7.81 11.76 5.90 ** 8.09 9.17 NS 

15.63 11.30 7.46 ** 11.35 9.07 * 

31.25 12.58 5.51 *** 16.08 8.08 ** 

62.5 12.15 4.07 ** 15.72 12.54 ** 

125 9.38 4.63 ** 21.77 10.06 *** 

 B. fragilis C. difficile 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. 

Significance % 
Inhibition 

Std. 
Dev. 

Significance 

3.9 1.92 2.31 NS 31.46 1.53 **** 

7.81 0.01 2.06 NS 35.00 1.47 **** 

15.63 -1.90 1.36 NS 34.95 0.66 **** 

31.25 -5.60 2.09 * 35.56 1.82 **** 

62.5 -3.09 2.47 NS 40.85 2.18 **** 

125 1.37 2.93 NS 40.63 0.50 **** 
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3.3.3 Peptide 3 inhibited the growth of C. difficile in a dose-dependent manner while 

also inhibiting E. coli and MSSA growth 

Figure 3.3 and Table 3.4 show the effects of peptide 3 treatment on bacterial growth. Peptide 

3 inhibited the growth of E. coli at concentrations ranging from 7.81 to 125 μg/ml, although 

the degree of inhibition does not appear to be linked to peptide concentration. MSSA growth 

was also inhibited at higher peptide concentrations, particularly at 125 μg/ml treatment. The 

growth of B. fragilis was inhibited slightly by 3.9 μg/ml treatment and increased slightly by 

15.63 μg/ml treatment. C. difficile growth appears to be inhibited in a dose-dependent 

manner from 7.81 to 62.5 μg/ml treatment. 

 

 

Figure 3.3 The antimicrobial properties of peptide 3 (AGKLTKSAQKVAKK). The effects of peptide 3 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Assays were performed in technical triplicate (N=3). 
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Table 3.4 The antimicrobial properties of peptide 3 (AGKLTKSAQKVAKK). The effects of peptide 3 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Definitions: NS, not significant; *, significant (p value < 

0.05); **, significant (p value < 0.01). Assays were performed in technical triplicate (N=3). 

 E. coli MSSA 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. Significance 

% 
Inhibition 

Std. 
Dev. Significance 

3.9 -2.83 4.29 NS 9.31 12.21 NS 

7.81 9.89 4.43 * 9.05 9.05 NS 

15.63 11.92 2.59 ** 10.97 4.65 NS 

31.25 12.77 5.74 ** 14.26 10.97 * 

62.5 11.53 4.67 ** 15.78 10.87 * 

125 12.59 6.14 ** 21.77 14.82 ** 

 B. fragilis C. difficile 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. 

Significance % 
Inhibition 

Std. 
Dev. 

Significance 

3.9 8.48 2.31 * 14.56 15.55 NS 

7.81 0.29 1.57 NS 25.27 13.56 * 

15.63 -7.80 4.29 * 27.31 10.34 * 

31.25 -3.71 2.31 NS 27.56 6.16 * 

62.5 -0.77 3.21 NS 29.45 11.07 * 

125 4.02 0.91 NS 27.92 14.98 * 
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3.3.4 Peptide 4 inhibited the growth of E. coli 

The effects of peptide 4 treatment on bacterial growth are shown in Figure 3.4 and Table 3.5. 

Peptide 4 inhibited the growth of E. coli from 7.81 μg/ml treatment onwards. Unusually, the 

growth of B. fragilis and C. difficile were both significantly increased by 125 μg/ml treatment. 

MSSA growth was unaffected by peptide 4. 

 

 

Figure 3.4 The antimicrobial properties of peptide 4 (ISESKRRRKYCR). The effects of peptide 4 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Assays were performed in technical triplicate (N=3). 

  



Chapter 3: Antimicrobial ESPs  

64 
 

Table 3.5 The antimicrobial properties of peptide 4 (ISESKRRRKYCR). The effects of peptide 4 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Definitions: NS, not significant; **, significant (p value < 

0.01); ***, significant (p value < 0.001); ****, significant (p value < 0.0001). Assays were performed in 

technical triplicate (N=3). 

 E. coli MSSA 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. 

Significance % 
Inhibition 

Std. 
Dev. 

Significance 

3.9 4.77 4.71 NS 5.40 22.27 NS 

7.81 8.89 2.04 *** 2.38 19.24 NS 

15.63 8.75 2.86 *** 0.96 15.16 NS 

31.25 11.97 2.21 **** 3.95 24.22 NS 

62.5 10.67 1.43 *** 5.15 24.58 NS 

125 11.28 1.76 **** 1.14 27.60 NS 

 B. fragilis C. difficile 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. 

Significance % 
Inhibition 

Std. 
Dev. 

Significance 

3.9 -9.74 5.59 ** 4.51 17.81 NS 

7.81 -6.17 2.70 NS 7.90 10.69 NS 

15.63 -3.66 2.16 NS 12.77 10.65 NS 

31.25 0.48 4.60 NS 15.32 9.47 NS 

62.5 -2.60 2.31 NS 6.50 5.97 NS 

125 -28.99 5.80 **** -31.50 18.83 ** 
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3.3.5 Peptide 5 inhibited the growth of E. coli in a dose-dependent manner 

Figure 3.5 and Table 3.6 show the effects of peptide 5 treatment on bacterial growth. Peptide 

5 inhibited the growth of E. coli in a dose-dependent manner starting at 7.81 μg/ml and, 

similarly as with peptide 4, increased the growth of B. fragilis and C. difficile at 125 μg/ml 

while MSSA growth was largely unaffected. 

 

 

Figure 3.5 The antimicrobial properties of peptide 5 (LHGIVTKTCICI). The effects of peptide 5 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Assays were performed in technical triplicate (N=3). 
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Table 3.6 The antimicrobial properties of peptide 5 (LHGIVTKTCICI). The effects of peptide 5 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Definitions: NS, not significant; *, significant (p value < 

0.05); ****, significant (p value < 0.0001). Assays were performed in technical triplicate (N=3). 

 E. coli MSSA 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. Significance 

% 
Inhibition 

Std. 
Dev. Significance 

3.9 2.61 2.65 NS 11.52 18.45 NS 

7.81 10.39 2.89 **** 14.36 14.80 NS 

15.63 11.07 4.09 **** 5.77 21.16 NS 

31.25 13.97 3.02 **** 18.52 11.52 * 

62.5 15.57 2.31 **** 17.37 13.48 * 

125 16.68 1.38 **** 19.97 13.84 * 

 B. fragilis C. difficile 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. 

Significance % 
Inhibition 

Std. 
Dev. 

Significance 

3.9 -14.18 9.30 * 3.84 7.81 NS 

7.81 -6.85 4.34 NS 3.83 5.57 NS 

15.63 -7.62 2.05 NS 11.62 4.07 NS 

31.25 -4.89 2.94 NS 4.48 7.45 NS 

62.5 -10.58 6.16 NS 4.51 5.38 NS 

125 -38.42 4.59 **** -36.53 15.67 **** 
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3.3.6 Peptide 6 inhibited the growth of E. coli in a dose-dependent manner 

The effects of peptide 6 treatment on bacterial growth are shown in Figure 3.6 and Table 3.7. 

As with peptide 5, peptide 6 inhibited the growth of E. coli in a dose-dependent manner, 

although the effective concentrations began at 15.63 μg/ml and the overall degree of 

inhibition was less significant, while also increasing the growth of B. fragilis and C. difficile at 

125 μg/ml treatment. MSSA growth was inhibited by several treatment concentrations of 

peptide 6, although there appears to be no relationship between the degree of inhibition and 

peptide concentration. 

 

 

Figure 3.6 The antimicrobial properties of peptide 6 (GAKYAGKNFRHPK). The effects of peptide 6 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Assays were performed in technical triplicate (N=3). 
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Table 3.7 The antimicrobial properties of peptide 6 (GAKYAGKNFRHPK). The effects of peptide 6 

treatment on the growth of E. coli, MSSA, B. fragilis and C. difficile over a range of concentrations (0, 

3.9, 7.81, 15.63, 31.25, 62.5 and 125 μg/ml). Definitions: NS, not significant; *, significant (p value < 

0.05); **, significant (p value < 0.01); ***, significant (p value < 0.001). Assays were performed in 

technical triplicate (N=3). 

 E. coli MSSA 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. 

Significance % 
Inhibition 

Std. 
Dev. 

Significance 

3.9 -2.22 6.88 NS 14.00 12.37 NS 

7.81 5.94 5.21 NS 18.28 10.72 * 

15.63 10.10 4.26 ** 15.77 14.27 * 

31.25 11.24 5.36 ** 18.72 11.06 ** 

62.5 12.68 3.79 *** 6.89 9.92 NS 

125 13.85 3.23 *** 15.74 11.99 * 

 B. fragilis C. difficile 

Peptide conc. 
(μg/ml) 

% 
Inhibition 

Std. 
Dev. 

Significance % 
Inhibition 

Std. 
Dev. 

Significance 

3.9 -9.86 5.04 NS 6.30 5.04 NS 

7.81 -4.01 4.79 NS 8.45 5.86 NS 

15.63 -6.03 10.90 NS 11.07 13.66 NS 

31.25 -25.08 19.49 * 5.05 4.72 NS 

62.5 -14.56 8.24 NS -6.04 12.27 NS 

125 -30.11 3.89 ** -18.66 8.88 * 

 

 

3.4 Discussion 

The complete role played by host gut and urinary bacteria in the translocation of schistosome 

eggs remains an open question. Likewise, the precise mechanisms employed by schistosomes 

to alter these microbial communities are poorly understood. However, the schistosome-

induced expansion of bacterial species associated with intestinal inflammation [159], and the 

utilisation of this inflammation by translocating eggs to better penetrate the intestinal 

epithelial barrier [12,76], show that egg-bacteria communication is important for successful 

egg excretion. The leading opinion is that the Th2 host immune response induced by 

schistosome eggs is responsible for these alterations [12,161]. However, emerging data also 
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suggests that S. mansoni adult parasites are capable of secreting proteins containing AMP 

motifs which may modulate their local epithelial microbiome (Personal Communication, Dr 

G. Gobert, QUB). In this chapter I have sought to determine if the eggs of S. japonicum or S. 

haematobium parasites possess a similar capability of releasing proteins containing AMP 

motifs in order to modulate their surrounding local microbiome in the intestinal or urinary 

tract as they migrate through the host tissues. The six most promising AMP motifs contained 

within the egg ESPs of S. japonicum and S. haematobium detailed in Chapter 2 were identified 

in silico, synthesised, and assayed for bactericidal activity against four species of bacteria. 

Each of the four species examined in this Chapter are capable of colonizing the human gut 

[210–212]. Furthermore, E. coli, S. aureus and B. fragilis have been isolated in the urine of 

patients suffering urinary tract infections [213–215] and C. difficile has been recorded as a 

cause of bladder infection [216], intimating its presence in the urinary microbiome also. 

3.4.1 Bactericidal activity of candidate AMPs 

3.4.1.1 E. coli 

Escherichia coli is a Gram-negative facultative anaerobe (it can respire aerobically or 

anaerobically, but prefers aerobic conditions) and makes up the largest component of the 

gut microbiome, accounting for almost 1% of the total content [217]. All six peptides were 

able to inhibit the growth of E. coli to some extent, mostly in a dose-dependent manner. The 

ability of each peptide to inhibit E. coli growth could relate to the relative abundancy of E. 

coli in the gut and, potentially, urinary tract; perhaps this is an evolved response to prevent 

the surface of the egg from being overwhelmed by E. coli colonization. Eggs are encapsulated 

within the granuloma during translocation, however, eggs found in the faeces of human and 

murine hosts are usually bare, having shed the granuloma through an unknown mechanism 

[9]. Therefore, having a defence mechanism against a major component of the microbiome 

could be advantageous to egg survival. It is interesting that peptides derived from S. 

japonicum and S. haematobium egg ESPs are both capable of inhibiting E. coli growth. The 

overall patterns of growth inhibition elicited by peptides 1-3 and 4-6 are quite varied, possibly 

due to being derived from differing schistosome species, and their effects on E. coli is the 

only significant commonality between the six peptides. This reinforces the idea that the 

growth inhibition seen here is not an attempt at microbiome modulation, but rather a 

defensive mechanism against a common obstacle.  
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3.4.1.2 MSSA 

Staphylococcus aureus is a Gram-positive facultative anaerobe which primarily inhabits the 

nasal passages. While gut colonisation is also possible, the clinical consequences of it are not 

well understood [218]. However, one study using an in vitro culture model of the intestinal 

macroenvironment has shown that intestinal colonisation with S. aureus causes significant 

changes in the composition of the naturally occurring gut microbiota [219]. Of particular 

concern is the emergence of antibiotic-resistant S. aureus; methicillin-resistant strains 

(MRSA) have caused issues in the healthcare setting and highlight both the consequences of 

overly relying on antibiotic therapies, and the need for the development of alternative 

strategies to combat bacterial infections [220,221]. Overall, the growth-inhibiting effects of 

the six peptides against MSSA were limited; peptide 2 displayed the most significant levels of 

inhibition, although peptides 3, 5 and 6 were also capable of inhibiting MSSA growth. 

Peptides 2 and 3 appeared to induce dose-dependent inhibition, while the inhibition induced 

by peptides 5 and 6 was less significant overall and does not appear to be linked to treatment 

concentration. An explanation for the peptides' overall lack of inhibitory activity against 

MSSA growth could be that S. aureus is naturally more predisposed to colonise the nasal 

passages, and gut colonisation only occurs in approximately half as many individuals [218]. 

Given this, the scope of interactions occurring between S. aureus and the schistosome egg 

could be too narrow for the egg to develop a means of modulating it. It would be interesting 

to compare the egg excretion rates of a standard schistosome infection to one complicated 

with intestinal S. aureus; given that S. aureus has been demonstrated to reduce gut 

microbiota diversity, would egg translocation rates suffer as bacterial components critical for 

the excretion process are selected against? These experiments were carried out using the 

MSSA strain for safety and availability, and it is assumed that similar results would be 

achieved using the MRSA strain. However, it cannot be emphatically ruled out that MRSA 

would not react differently to peptide exposure, as evidence has highlighted differences in 

the characteristics of the cell wall of MSSA and MRSA which may impact AMP binding 

specificity and efficiency [222]. 

3.4.1.3 B. fragilis 

Bacteroides fragilis is a Gram-negative anaerobe and makes up around 0.5% of the gut 

microbiome [223], making it the largest anaerobic microbiota component [210]. Although 

the expansion of B. fragilis is associated with numerous infections [224], natural levels of gut 

colonization are linked with increased host fitness [225] and members of the Bacteroides 
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genus have been implicated in preventing gut colonization by harmful C. difficile [226,227]. 

Overall, no peptide was particularly effective at inhibiting the growth of B. fragilis, with only 

peptide 1 able to inhibit its growth with reasonable significance at 125 μg/ml. In fact, 

peptides 4, 5 and 6 were even seen to promote B. fragilis growth at several treatment 

concentrations. Given the benefits of B. fragilis colonization, it is unlikely that the 

schistosome egg would select against it, as doing so would disadvantage the egg by reducing 

the health of the host and exposing them to potentially damaging infections. Therefore, the 

lack of effective growth inhibition displayed by the peptides is likely a sign that neither S. 

japonicum nor S. haematobium eggs benefit from B. fragilis modulation. That peptides 4-6 

could significantly increase B. fragilis growth might indicate that B. fragilis plays an important 

role in S. haematobium egg excretion. However, the role that B. fragilis plays in the urinary 

microbiome is unknown, and if this were true it would be expected that peptides 1-3 would 

also increase B. fragilis growth, as the benefits of intestinal B. fragilis are well documented. 

It is more likely that the increase in growth is due to a nutritional component played by the 

peptides, which is discussed below. Interestingly, members of the Bacteroides genus are 

noted for having the highest levels of antibiotic resistance amongst all anaerobic pathogens, 

although the exact mechanisms employed are not well understood [224,228]. Furthermore, 

they are highly resistant to host-derived AMPs [210,229]. Given this, another explanation for 

the lack of growth inhibition seen here is simply that B. fragilis is likewise resistant to egg-

derived AMPs. 

3.4.1.4 C. difficile 

Clostridioides difficile is a Gram-positive anaerobe, infection with which represents one of 

the most common illnesses acquired in hospitals [230,231]. Clostridioides difficile infections 

are of increasing concern in the health-care setting, causing around 14,000 deaths per year 

in the United States alone [230,232], and typically occur following an event that reduces or 

imbalances the gut microbiome diversity (dysbiosis), such as the administration of antibiotics 

[230]. A healthy gut microbiome plays a major role in preventing C. difficile infections by 

conferring "colonization resistance", which prevents C. difficile from successfully taking root 

in the gut [233]. Peptides 1, 2 and 3 were able to significantly reduce the growth of C. difficile 

in a dose-dependent manner at all concentrations assayed, particularly peptide 1, and the 

extent of inhibition was the greatest of all four bacteria tested. However, peptides 4, 5 and 6 

were only seen to increase the growth of C. difficile at 125 μg/ml. Human infection with C. 

difficile has been linked with intestinal dysbiosis, both as a cause of initial infection and as a 

symptom of it. Evidence has shown that C. difficile possesses the ability to prevent the growth 
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of other gut microbiota through the production of indole, which allows C. difficile to persist 

for longer periods without intervention [234]. If the schistosome egg relies on particular 

components of the gut microbiome for successful excretion, a concurrent C. difficile infection 

would likely inhibit the growth of those components. Therefore, it would be advantageous 

for the egg to be able to inhibit the growth of C. difficile, and may explain the results seen 

here. The ability of peptides 4-6 to increase C. difficile growth is unusual; very little is known 

about the prevalence or pathology of urinary C. difficile infections, although given the 

negative consequences of intestinal infection it can be assumed that urinary infection is 

likewise detrimental. In the absence of knowledge of any benefit provided by C. difficile, the 

cause for the increased growth observed here is likely due to a specific nutritional component 

provided by the peptides, as with B. fragilis. It is interesting that peptides 1-3, derived from 

intestinal S. japonicum egg ESPs, have such a substantial effect on C. difficile growth 

compared to other bacteria, and to the effects of peptides 4-6. It is especially interesting 

when considering that these same peptides had little-to-no effect on the growth of B. fragilis; 

as mentioned above, Bacteroides have been linked with a role in preventing C. difficile 

colonization of the gut [226,227]. Taken together, this could indicate that the eggs of S. 

japonicum release AMPs that target harmful gut bacteria to protect host health. These 

findings could be considered paradoxical, as a major symptom of C. difficile infection is 

diarrhoea [230], and so an argument could be made for the gut colonization by C. difficile to 

positively influence egg excretion by increasing defecation frequency. However, given the 

associated risk of mortality and loss of gut microbiome diversity, it is likely more 

advantageous to the eggs to select against C. difficile, thereby promoting host health. 

3.4.2 Growth enhancing properties of candidate AMPs 

In several instances, peptide treatment can be seen to promote bacterial growth, particularly 

that of B. fragilis and C. difficile. There is a possibility that this fulfils a positive role for the 

egg, enhancing the growth of bacteria that may be involved in egg excretion or colonization 

resistance against more harmful pathogens (B. fragilis). However, the more likely explanation 

is that the peptides provide a nutritional component to certain bacteria; each of the four 

bacterial species assayed here are capable of taking up amino acids from their surroundings 

[235–238]. Furthermore, the use of aminopeptidases by bacterial species to degrade host 

peptides for the purpose of amino acid scavenging has been previously described [239]. In 

the absence of any bactericidal activity, it is not unreasonable to conclude that the peptides 

might instead be selectively digested and metabolised by the bacteria as an additional amino 

acid source. One further consideration to note is the specific method of growth inhibition 
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induced by the peptides. In instances where growth inhibition is dose-dependent, the 

method of inhibition is likely through AMP activity causing bacterial cell death. However, 

there are several examples where the degree of growth inhibition and peptide concentration 

are unrelated. In these cases, it is possible that bacterial growth is inhibited due to toxic over-

exposure to foreign peptide, rather than a specific AMP action. Such a phenomenon would 

likely also affect host cells in a similar manner, strongly disadvantaging their antimicrobial 

effectiveness. 

3.4.3 Further considerations 

The approach taken in this chapter to answer the question regarding egg-derived AMPs and 

their bactericidal potential provides an initial glimpse into the in vivo situation, however 

further research is necessary to accurately conclude the matter. The responses of four 

bacterial species to six candidate AMP sequences have been tested here. These specific 

species were chosen in an attempt to include examples of aerobic, anaerobic, Gram-positive, 

and Gram-negative bacteria. However, given that there are an estimated 300-500 different 

bacterial species living within the healthy human gut [155], and potentially further unknown 

numbers of species in the urinary microbiome, the sample size of bacteria was admittedly 

small. Furthermore, initial screening detected a total of 59 AMP motifs within the 140 

proteins comprising the S. japonicum and S. haematobium egg ESPs, so the range of 

candidate peptides tested was also small. Future investigation along this avenue would 

benefit from employing a wider range of both bacteria and AMPs. Throughout these MIC 

assays, bacterial growth was quantified by measuring the absorbance of the suspension, a 

common technique for determining bacterial concentrations in microbiology [240]. However, 

this method is at a disadvantage in that it is based on suspension turbidity and cannot 

differentiate between living and dead cells. Future research should consider the use of a 

more intricate assay that could make this distinction, such as the resazurin assay or MTT 

staining [241], as a more accurate means of determining bactericidal activity. 
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3.5 Conclusions 

The interactions that occur between schistosome eggs and the bacterial components of the 

host microbiomes are not well understood. However, sufficient evidence exists to conclude 

that these bacteria, or certain species thereof, are necessary in the egg excretion process. 

Evidence also suggests that a combination of the Th2 host immune response brought about 

by schistosome eggs and locally egg-secreted AMPs might create conditions which promote 

the expansion of these beneficial bacteria. 

The six peptides assayed here displayed varying growth inhibitory properties against the 

panel of bacteria, although no peptide was capable of inhibiting bacterial growth to an extent 

that might be therapeutically relevant, with the possible exception of peptide 1's strong 

inhibition of C. difficile. E. coli was the most commonly inhibited bacterium, likely at least 

partially due to its sheer abundance in the gut microbiome. B. fragilis was the least affected 

bacterium, and a possible explanation for this could lie in the fact that basal levels of B. 

fragilis colonisation improves host health and provides resistance against C. difficile infection. 

Interestingly, the peptides derived from S. japonicum egg ESPs showed a particular affinity 

for C. difficile inhibition, implying a potential host-protective role for the peptides.  

The results seen here do not credit the six candidate peptides with considerable enough 

antimicrobial potential that might significantly alter the composition of the host gut or 

urinary microbiomes. Further investigation screening more peptide candidates against a 

larger panel of bacteria will more accurately capture the potentially diverse range of 

interactions that may occur between schistosome eggs and the host gut or urinary 

microbiota and is necessary to conclude if the eggs do indeed modulate these communities 

through the release of AMPs. 
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Chapter 4: RNA sequencing of LX-2 cells treated with TGF-β1 

provides new insights into early hepatic stellate cell activation 

 

4.0 Abstract 

Hepatic stellate cells (HSCs) are a population of liver-resident fibroblasts mainly responsible 

for the production of collagen and other extracellular matrix (ECM) components. As such, 

HSCs are generally involved in diseases characterised by hepatic fibrosis. Upon insult or injury 

to the liver, these cells undergo a process of "activation" and assume roles in ECM synthesis 

and the response against tissue damage and pathogen invasion. Broadly speaking, the 

cellular and molecular events that occur during HSC activation are known. However, given 

the relevance of HSCs in liver disease, having a better understanding of these events may 

assist the design of anti-fibrotic therapeutics. The process of HSC activation is most typically 

driven by the cytokine transforming growth factor-β1 (TGF-β1). To investigate the impact of 

early TGF-β1 signalling in HSCs, RNA sequencing was used to assay the transcriptional 

changes induced by TGF-β1 treatment on LX-2 cells, an immortalised human HSC cell line. In 

total, 5,258 genes were found to be significantly differentially expressed with a false 

discovery rate (FDR) cut-off of < 0.1. The topmost deregulated of these genes included those 

with known roles in influencing HSC activity, as well as those involved in fibrotic responses in 

other cell lines and tissues. In silico pathway analysis of these genes revealed the dominant 

signalling pathways downstream of TGF-β1 in LX-2 cells, which will be useful for improving 

the understanding of how TGF-β1 signalling progresses in activating HSCs. This work may be 

of use in the identification of new markers of liver fibrosis and could provide insight into 

prospective genes or pathways that can be targeted for the amelioration of fibrotic liver 

disease. 
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4.1 Introduction 

4.1.1 Liver fibrosis 

Fibrosis can be defined as the excessive deposition of ECM proteins, such as collagens, within 

a tissue [242,243]. In the liver, ECM protein deposition is often provoked by injury or disease, 

where it assists tissue regeneration and limits the spread of harmful pathogens [244,245]. 

However, the development of fibrosis often has pathological consequences; the 

accumulation of excessive amounts of ECM proteins causes congestion within the liver, 

disrupting the flow of blood to the cells and compromising organ function [242,246]. If the 

provoking agent persists, fibrosis can further develop into a chronic condition resulting in 

severe changes to the liver architecture and ultimately leading to cirrhosis, liver failure and 

death [13,242]. Liver fibrosis is a common pathology of several diseases, including chronic 

hepatitis C virus (HCV), alcoholic liver disease (ALD) and non-alcoholic fatty liver disease 

(NAFLD) [247–249]. 

4.1.2 Hepatic stellate cells 

HSCs are a population of fibroblasts located within the space of Dissé in the liver sinusoids 

[132]. HSCs make up 5-8% of all liver cells [250] and store around 80% of the body’s total 

vitamin A [251,252]. Upon receiving stimuli in response to either liver damage or disease, 

these normally quiescent storage cells undergo a process of transdifferentiation, or 

"activation", into myofibroblasts (aHSCs) [132]. Following activation, these cells lose their 

ability to store vitamin A, develop a broader ‘stretched’ cytoplasm supported by filaments of 

α-smooth muscle actin (ACTA2), and adopt roles involved in tissue regeneration and the 

immune response against invading pathogens [132,253–255]. The primary role of aHSCs is 

the production of collagen and other ECM components, and as such they are the main cell 

population responsible for fibrogenesis in the liver [13]. 

4.1.3 HSC activation and TGF-β1 

HSCs can be driven to activate in response to a wide variety of cell- (growth factors, 

interleukins, reactive oxygen species, damage-associated molecular patterns) and pathogen-

derived (proteins, DNA, lipopolysaccharide) stimuli (Figure 4.1) [256,257]. The various 

mechanisms of HSC activation have been reviewed by Tsuchida and Friedman [256]. The type 

of response levied by HSCs is largely dependent on the specific activating stimulus [13,256]. 

A major driver of both HSC activation and liver fibrogenesis is the cytokine TGF-β1 [258,259]. 

TGF-β1 is almost ubiquitously expressed throughout mammalian tissues and is involved in a 
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wide variety of critical physiological processes, including both immune and inflammatory 

responses, cell differentiation and tissue repair [259–261]. Within the liver, TGF-β1 is 

primarily secreted by Kupffer cells, compromised hepatocytes and aHSCs [134,135]. TGF-β1 

is released into the extracellular space, where it is stored as an inactive pro-peptide complex 

bound to latent TGF-β-binding protein, which can be cleaved off by various proteases to 

release the active protein [259]. TGF-β1 has strong affinity for its receptors, meaning that 

only small quantities of ligand are needed to achieve potent cellular responses [262]. 

 

 

Figure 4.1 Mechanisms of hepatic stellate cell (HSC) activation. A wide variety of signals can drive 

HSC activation. The most potent inducers of fibrotic responses in HSCs include cytokines from the 

transforming growth factor-β (TGFβ), platelet-derived growth factor (PDGF), vascular endothelial 

growth factor (VEGF) and connective tissue growth factor (CTGF) families. Other activating pathways 

include signalling via hedgehog (Hh) ligand and the receptor smoothened homolog (SMO), toll-like 

receptors (TLRs), lipopolysaccharide (LPS), damage-associated molecular patterns (DAMPs), G protein-

coupled receptors (GPCRs), and other cytokine families, including interleukins (IL). Various cellular 

processes are also associated with HSC activation, including the development of oxidative stress, the 

loss of retinoids, the accumulation of cholesterol and autophagy. Definitions: 5-HT, 5-

hydroxytryptamine receptors; AT1R, type 1 angiotensin II receptor; CB, cannabinoid receptor; CCRs, 

C–C chemokine receptors; GPR91, succinate receptor 1; PAR2, proteinase-activated receptor 2. For a 

description of how these signalling pathways and processes influence HSC activation, please see the 

review by Tsuchida and Friedman [256] from which this figure was adapted. 
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TGF-β1 induces cellular responses by acting as a potent inducer of gene expression. The 

typical TGF-β signalling pathway involves a family of signal transducers known as SMAD 

proteins [259]. TGF-β1 interacts with the cell surface receptors TGFβRI and TGFβRII, causing 

the recruitment and phosphorylation of SMAD2 and SMAD3 [259]. These proteins form 

complexes with the ‘co-SMAD’ SMAD4, a regulator of SMAD signalling, allowing signal 

transduction [259]. These complexes then enter the nucleus and interact with transcriptional 

promoters and cofactors to facilitate gene expression [263]. TGF-β ligands can also associate 

with various non-typical SMAD-independent signalling pathways, including with members of 

the mitogen-activated protein kinase (MAPK) family [259].  

4.1.4 HSCs in liver disease 

HSCs often play conflicting roles within the context of liver damage or disease; their ability 

to produce ECM proteins and control the composition of the ECM makes them critical in 

tissue regeneration and, due to the immunologically relevant cytokines and chemokines they 

produce, they are also important in the response against invading pathogens [132,254]. 

However, their primary role of ECM protein synthesis also renders them responsible for the 

fibrosis, and fibrosis-related pathology and morbidity, associated with many chronic liver 

diseases [13]. 

HSC-mediated fibrosis and cirrhosis is a pathological feature of chronic HCV, ALD and non-

alcoholic steatohepatitis (NASH) [247–249]. In these examples, hepatocyte damage and 

death is invoked by several mechanisms including viral infection (HCV), tissue damage by 

reactive oxygen species generated following alcohol metabolism (ALD), or by the excessive 

accumulation of lipid droplets within hepatocytes, inducing swelling and injury (NASH) 

[249,264,265]. The networks of cellular responses to these conditions are complex, but the 

aspect of fibrogenesis is brought about partially through the induction of TGF-β1 expression; 

virally infected hepatocytes release cytokines that drive HSC activation, including TGF-β1, 

and the phagocytosis of infected or dead (apoptotic) hepatocytes by Kupffer cells and HSCs 

also stimulates TGF-β1 release [264,266,267]. 

4.1.5 HSCs and TGF-β1 as targets for the amelioration of fibrosis  

Given the key involvement of aHSCs in fibrogenesis, the process of HSC activation represents 

a potential target for the prevention and treatment of hepatic fibrosis. Many studies have 

demonstrated methods of blocking HSC activation in murine models, linking aHSC inhibition 

with a reduction in fibrosis [268–272]. However, the clinical viability of these treatments is 
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unknown, with differences between human and animal models of liver fibrosis potentially 

presenting implications for their translational benefit [242]. Furthermore, the consequences 

of in vivo aHSC inhibition in humans, including the downstream repercussions to hepatic ECM 

maintenance, tissue regeneration and pathogen defence, are rarely discussed and yet are 

pivotal in deciding the value of aHSC inhibition therapy as a mechanism of combatting liver 

fibrosis. 

As a strong inducer of HSC activation and fibrogenesis, TGF-β1 signalling is the subject of 

increasing interest as a target of fibrotic inhibitors [242]. The subject of TGF-β1 inhibition in 

the context of liver fibrosis has been reviewed extensively by Dewidar et al. [242]. However, 

given the wide range of roles played by TGF-β1, its near-ubiquitous expression throughout 

the tissues and the overall complexity of its signalling pathway, alteration of its signalling 

carries risks that could likely outweigh any therapeutic benefit [242,259]. 

TGF-β1 signalling in HSCs has yet to be explored in-depth at the transcriptomic level. In this 

chapter, I will describe the application of RNA sequencing and in silico pathway analysis to 

identify the genes and signalling pathways that are most strongly deregulated by TGF-β1 in 

early-activating LX-2 cells, an immortalised human HSC cell line that retains the important 

features of primary HSCs [273]. This work should improve the understanding of the 

transcriptional processes of HSC activation. Given the involvement of aHSCs in liver disease, 

these findings may provide new insights into the gene networks involved in fibrogenesis that 

could be exploited as fibrotic markers or as the targets of therapeutics. 

 

4.2 Materials and methods 

4.2.1 Cell culture 

LX-2 cells (Merck Millipore, Burlington, USA), an immortalised human hepatic stellate cell line 

[273], were maintained in Dulbecco's modified eagle medium (DMEM, ThermoFisher 

Scientific, Waltham, USA) supplemented with 2% foetal bovine serum (FBS, Sigma-Aldrich, 

St. Louis, USA), 100 units/ml penicillin/streptomycin (ThermoFisher Scientific) and 4 mM L-

glutamine (L-Glu, ThermoFisher Scientific) at 37°C and 5% CO2. Upon reaching approximately 

80% confluency, LX-2 cells were detached from the culture flask using 0.25% trypsin-EDTA 

solution (ThermoFisher Scientific) and re-seeded according to a split ratio of 1:3. 
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4.2.2 Immunofluorescence 

Cells were seeded in 48-well cell culture plates (ThermoFisher Scientific) at a density of 

approximately 10,000 cells per well, cultured in DMEM with supplements and treated with 

2.5 ng/ml TGF-β1 (InvivoGen, San Diego, USA) where appropriate for 72 hours. Cells were 

then fixed and permealised in ice cold methanol for 5 minutes, washed three times in 

phosphate-buffered saline (PBS) for 5 minutes each and blocked in 5% bovine serum albumin 

(BSA, Sigma-Aldrich) in PBS (Sigma-Aldrich) for 30 minutes at room temperature. Cells were 

then incubated overnight at 4°C in primary antibody (ACTA2, 1:250 dilution, Abcam ab5694, 

Cambridge, UK) diluted in 5% BSA in PBS. The following day the cells were washed three times 

in PBS for 5 minutes each, incubated with secondary antibody (goat anti-rabbit IgG H&L, 

Alexa Fluor® 488, 1:1000 dilution, Abcam ab150077) diluted in 5% BSA in PBS for 1 hour at 

room temperature, washed three times again and then incubated with 4′,6-diamidino-2-

phenylindole (DAPI) solution (1:1000 dilution) diluted in PBS for 15 minutes at room 

temperature. The cells were washed for a final three times and lastly covered with 250 μl of 

clean PBS prior to imaging. Images were taken on a Total Internal Reflection Fluorescence 

(TIRF, Leica, Wetzlar, Germany) microscope in standard fluorescent mode. 

4.2.3 RNA isolation 

Cells were seeded in 6-well cell culture plates (ThermoFisher Scientific) at a density of 

approximately 100,000 cells per well and cultured in DMEM with supplements for 24 hours. 

At this time, the media was removed, and the cells were gently rinsed 3 times with warm 

PBS. The cells were then serum starved overnight in serum-starvation media (DMEM 

supplemented with 0.1% FBS, 1 unit/ml penicillin/streptomycin and 4 mM L-Glu). The 

following morning, 2.5 ng/ml TGF-β1 was added to the cells where appropriate. Cells were 

cultured for a further 24 hours, after which the media was removed, and the cells were rinsed 

3 times with cold PBS. Total RNA was isolated from the cells using the GenElute Mammalian 

Total RNA Miniprep Kit (Sigma-Aldrich). Genomic DNA was digested during this process using 

the On-Column DNase I Digestion Set (Sigma-Aldrich). RNA purity was assessed using the 

POLARstar omega (BMG Labtech, Cary, USA), and triplicate samples of RNA from non-treated 

and TGF-β1-treated LX-2 cells with a 260/280 ratio ≥ 1.9 were submitted for RNA sequencing. 

4.2.4 RNA sequencing pipeline 

All RNA sequencing, data alignment and gene counting methods were carried out by the 

Genomics Core Technology Unit (GCTU, Centre for Cancer Research and Cell Biology, QUB).  
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RNA sequencing libraries were generated using an automated KAPA RNA HyperPrep kit with 

riboerase protocol (Roche, Basel, Switzerland) according to the manufacturer's instructions 

on the Beckman FXP robot (Beckman Coulter, Indianapolis, USA). Sequencing was performed 

on the Illumina Next-Seq 550 platform (Illumina, California, USA) using a 75 base-pair single-

read flow cell. An average of 21,559,518 reads were obtained across all samples. Sequencing 

data was aligned to the human reference genome (assembly GRCh37, BioProject accession 

PRJNA31257) using the STAR aligner (version 2.7) [274] in Linux, and gene counts were 

calculated from the alignment data using HTSeq (version 0.11.1) [275].  

Differential expression analysis was carried out on the data received from the GCTU using 

the DESeq2 (version 3.11) [276] analysis package in R (version 3.5.3) [277] with default 

settings applied. 

Raw sequence data is available at NCBI (BioProject PRJNA680982).  

4.2.5 Pathway analysis 

In order to assess the signalling pathways affected by TGF-β1 in LX-2 cells, pathway analysis 

was carried out on the gene expression data using Ingenuity Pathway Analysis (IPA) [278] 

software (Qiagen, Hilden, Germany). Genes were first mapped to the IPA knowledgebase, 

and the "core analysis" function was used to predict the canonical pathways that data set 

genes are associated with based on the gene fold change and FDR measurements. All 

analyses were carried out against the human knowledgebase with default settings applied. 

Changes in the activity of signalling pathways were quantified by the z-score, a value 

calculated through pathway analysis. The z-score is a directional measurement based on 

several factors including the fold changes of the genes associated with a pathway, and the 

ratio of pathway genes present in the data set vs. those involved in the pathway overall. A 

positive z-score indicates the pathway in question is more active compared to controls. 

 

4.3 Results 

4.3.1 TGF-β1 increased the formation of ACTA2 filaments in LX-2 cells 

The upregulated expression of ACTA2 and formation of organised ACTA2 filaments are 

common markers of aHSCs [255]. The presence of ACTA2 filaments within a cohort of LX-2 

cells was examined to confirm their activation following TGF-β1 exposure. Fluorescent 
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microscopy (Figure 4.2) confirmed that both the protein level of ACTA2 and the formation of 

ACTA2 filaments were increased by TGF-β1 treatment. 

 

 

Figure 4.2 Representative fluorescent imaging of actin filaments in LX-2 cells. Cells shown are either 

(A) non-treated or (B) treated with transforming growth factor-β1 (TGF-β1). As can be seen, TGF-β1 

increased the appearance of organised actin filaments. Scale bar = 100 μm. 

 

4.3.2 Differentially expressed genes in LX-2 cells following TGF-β1 treatment 

Initially, the expression of 17,821 genes were detected in LX-2 cells. Of these genes, 5,258 

were observed to undergo statistically significant (FDR < 0.1) changes in expression following 

TGF-β1 treatment (2,721 up, 2,537 down). Figure 4.3 shows a volcano plot of the distribution 

of these genes. Overall, 600 genes (11.4%) showed a fold change of at least 1.5, while a 

further 873 (16.6%) showed a fold change of at least -1.5. The majority of genes (96.4%) 

displayed an FDR value of between 0.1 and 1E-50. Table 4.1 and Table 4.2 show the 25 most 

up- and downregulated genes detected in LX-2 cells following TGF-β1 treatment, 

respectively. 
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Figure 4.3 Differentially expressed genes in LX-2 cells following transforming growth factor-β1 (TGF-

β1) treatment. The 5,258 differentially expressed genes detected in LX-2 cells following treatment 

with TGF-β1. The x-axis shows the gene log2 fold change (log2 FC) value and the y-axis shows the -

log10 false discovery rate (-log10 FDR). Data points in green correspond to upregulated genes and 

points in red correspond with downregulated genes. The FDR cut-off for significance was set at FDR < 

0.1. 
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Table 4.1 Genes upregulated by transforming growth factor-β1 (TGF-β1) in LX-2 cells. The top 25 

genes most strongly upregulated in LX-2 cells following TGF-β1 treatment (FDR < 0.1). 

Gene ID Gene name Fold 
change 

FDR 

ISLR2 Immunoglobulin superfamily cont. leucine rich repeat 2 324.03 6.06E-11 

KRT3 Keratin 3 56.49 1.71E-04 

FOXS1 Forkhead box S1 54.19 1.18E-12 

PMEPA1 Prostate transmembrane protein, androgen induced 1 49.87 8.20E-279 

EGR2 Early growth response 2 35.26 1.40E-65 

SYN1 Synapsin I 28.84 2.16E-06 

FAP Fibroblast activation protein 26.17 5.84E-33 

SCN7A Sodium voltage-gated channel alpha subunit 7 21.26 3.76E-11 

STRA6 Signalling receptor and transporter of retinol 15.89 1.47E-07 

PI16 Peptidase inhibitor 16 14.83 7.01E-07 

VIP Vasoactive intestinal peptide 14.62 8.14E-03 

NOX4 NADPH oxidase 4 14.22 1.08E-03 

LRRC15 Leucine rich repeat containing protein 15 14.12 9.03E-39 

PRG4 Proteoglycan 4 13.45 1.31E-03 

GAL Galanin and GMAP prepropeptide 13.36 3.27E-05 

DSP Desmoplakin 11.71 0.00E+00* 

UNC5B Unc-5 netrin receptor B 11.31 1.78E-09 

GUCY1A3 Guanylate cyclase soluble subunit alpha-3 10.34 6.82E-03 

KANK4 KN motif and ankyrin repeat domains 4 9.85 1.18E-02 

TGFBI Transforming growth factor beta induced 9.58 0.00E+00* 

FN1 Fibronectin 1 8.06 0.00E+00* 

SLAMF8 SLAM family member 8 7.16 3.95E-32 

HES1 Hes family BHLH transcription factor 1 6.68 2.24E-55 

MICALCL MICAL C-terminal like 6.63 7.93E-07 

CCL7 Chemokine (C-C motif) ligand 7 6.59 5.00E-08 

* A FDR value of 0 is reported due to a limitation of the R software package causing numbers below 

1.00E-308 to be returned as 0. These values were substituted for 1.00E-03 prior to pathway analysis. 
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Table 4.2 Genes downregulated by transforming growth factor-β1 (TGF-β1) in LX-2 cells. The top 25 

genes most strongly downregulated in LX-2 cells following TGF-β1 treatment (FDR < 0.1). 

Gene ID Gene name Fold 
change 

FDR 

SOX3 SRY-box transcription factor 3 -33.33 1.58E-03 

NR5A2 Nuclear receptor subfamily 5 group A member 2 -25.00 5.29E-06 

LRRC7 Leucine rich repeat containing protein 7 -16.67 2.56E-12 

SERPINB2 Serpin family B member 2 -12.50 1.10E-52 

SEMA3B Semaphorin-3B -11.11 1.12E-15 

COL17A1 Collagen type 17 α1 chain -11.11 2.76E-09 

VCAM1 Vascular cell adhesion molecule 1 -11.11 1.83E-05 

EVI2B Ecotropic viral integration site 2B -10.00 4.53E-27 

ZNF665 Zinc finger protein 665 -9.09 1.22E-02 

PSG1 Pregnancy specific β-1-glycoprotein 1 -9.09 1.41E-02 

PTPRC Protein tyrosine phosphatase receptor type C -7.69 1.25E-04 

SEMA3A Semaphorin-3A -7.69 1.84E-50 

SLC27A2 Solute carrier family 27 member 2 -7.14 9.88E-20 

EVI2A Ecotropic viral integration site 2A -7.14 1.32E-20 

PTPRN2 Protein tyrosine phosphatase receptor type N2 -6.67 1.65E-03 

MSTN Myostatin -5.88 2.40E-11 

GRIA1 Glutamate ionotropic receptor AMPA type subunit 1 -5.88 5.08E-04 

PLEKHG4 Pleckstrin homology and RhoGEF domain containing G4 -5.88 5.91E-13 

COL4A6 Collagen type 4 α6 chain -5.88 1.37E-12 

PPL Periplakin -5.56 6.90E-41 

ADRA1B Alpha-1B adrenergic receptor -5.26 1.85E-05 

CHRM2 Cholinergic receptor muscarinic 2 -5.26 1.12E-14 

CIITA Class II major histocompatibility complex transactivator -5.26 1.43E-02 

GALNT5 Polypeptide N-acetylgalactosaminyltransferase 5 -5.26 4.83E-04 

GRIN2A Glutamate ionotropic receptor NMDA type subunit 2A -5.26 5.18E-100 
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4.3.3 Signalling pathways deregulated by TGF-β1 in LX-2 cells 

Overall, the activity of 323 signalling pathways were predicted to be significantly (p value < 

0.05) altered by TGF-β1 in LX-2 cells as quantified by the z-score, an in silico-derived 

directional measurement of activity. Figure 4.4 and Figure 4.5 show the 20 most up- and 

downregulated pathways, respectively. The five most upregulated pathways were "tRNA 

charging" (z-score 4.6), "EIF2 signalling" (z-score 4.272), "ERK5 signalling" (z-score 3.087), 

"actin nucleation by ARP-WASP complex" (z-score 3.053) and "PI3K/AKT signalling" (z-score 

3.048). The five most downregulated pathways included "PPARα/RXRα activation" (z-score -

3.414), "apelin cardiac fibroblast signalling pathway" (z-score -3.162), "neuropathic pain 

signalling in dorsal horn neurons" (z-score -3), "PTEN signalling" (z-score -2.734) and "ethanol 

degradation IV" (z-score -2.53). 

 

Figure 4.4 Signalling pathways upregulated by transforming growth factor-β1 (TGF-β1) in LX-2 cells. 

The top 20 signalling pathways most strongly upregulated in LX-2 cells following TGF-β1 exposure (p 

value < 0.05). The z-score is a directional measurement calculated through pathway analysis. A positive 

z-score infers a predicted increase in pathway activation compared to untreated controls. 
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Figure 4.5 Signalling pathways downregulated by transforming growth factor-β1 (TGF-β1) in LX-2 

cells. The top 20 signalling pathways most strongly downregulated in LX-2 cells following TGF-β1 

exposure (p value < 0.05). The z-score is a directional measurement calculated through pathway 

analysis. A negative z-score infers a predicted decrease in pathway activation compared to untreated 

controls. 

 

4.4 Discussion 

Fibrosis is a pathology associated with many liver diseases, particularly in chronic conditions, 

that can develop into cirrhosis, liver failure and death if left untreated [13,279]. Liver 

fibrogenesis often occurs when HSCs become activated following liver damage or disease and 

respond with the secretion of ECM proteins [257]. HSCs can activate in response to a range 

of stimuli, with one of the most common being TGF-β1 [258,259]. TGF-β1 is a potent cytokine 

expressed throughout the tissues that is involved in a variety of key cellular processes [259]. 

Despite the physiological importance of TGF-β1 and its potent HSC activating ability, the 



Chapter 4: LX-2 cells and TGF-β1 

88 
 

specific responses TGF-β1 induces in HSCs have yet to be fully characterised, mainly due to 

the complexity and far reaching nature of TGF-β1 signalling [242].  

Several studies have explored HSC activation at the transcriptomic level using various 

methods and cell lines [280–285]. The first such study utilised microarray analysis to 

investigate the effects of time-induced activation on gene expression in LI90 cells, another 

immortalised human HSC cell line, when cultured on Matrigel [284]. This study identified 

3,350 differentially expressed genes and led to the identification of myocardin (MYCOD) as 

an activator of HSCs [284]. Similarly, a second study used microarray analysis to identify 

changes in gene expression following time-induced activation in primary rat HSCs [282]. In 

total, over 2,000 differentially expressed genes were identified with a fold change ≥ 2 and 

the Wnt5a signalling pathway was identified as a facilitator of rat HSC activation [282]. The 

third study carried out RNA sequencing on primary human foetal HSCs exposed to TGF-β1 to 

identify differentially expressed long non-coding RNAs (lncRNAs) [281]. This study found that 

TGF-β1 influences the expression of 381 lncRNAs in human foetal HSCs [281]. In the fourth 

study, RNA sequencing was carried out on primary rat HSCs following time-induced activation 

[283]. A total of 553 genes were identified as being differentially expressed [283]. The fifth 

study utilised RNA sequencing to investigate the differences in gene expression between 

quiescent and time-activated primary human HSCs, with valproic acid used to maintain 

quiescence [280]. Overall, the differential expression of 5,449 genes were detected and three 

genes which regulate the expression of connective tissue growth factor (CTGF), fibroblast 

growth factor 2 (FGF2) and netrin 4 (NTN4), each associated with HSC activation and liver 

fibrosis, were identified [280]. The most recent study examining transcriptional regulation in 

HSCs used microarray analysis to investigate the differences between quiescent and time-

activated LX-2 cells, with MDI solution used to maintain quiescence [285]. This study 

identified 3,424 differentially expressed genes with a fold change ≥ 2 [285]. This same group 

had previously reported the RNA sequencing of primary HSCs taken from patients suffering 

from NAFLD [286]. Comparison of the gene expression profiles of time-activated LX-2 cells 

and primary NAFLD-associated HSCs revealed that 1,138 genes are differentially expressed 

in common [285].  

As noted by Gerhard et al., the aim of all of these previous studies can be put simply as 

characterising the changes in gene expression that occur in HSCs during activation, and yet 

the findings show a large amount of variation in both the identity and number of differentially 

expressed genes [285]. It is clear that the methods used to provoke HSC quiescence or 

activation, and detect gene expression, as well as the specific cell lines assayed, have a strong 
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impact on the final results [285]. To my knowledge, this is the first attempt to use RNA 

sequencing to investigate the changes in gene expression induced by TGF-β1 treatment in 

LX-2 cells. 

4.4.1 Genes deregulated by TGF-β1 in LX-2 cells 

Several genes described in Table 4.1 have known roles in promoting HSC activation and liver 

fibrosis downstream of TGF-β1, including FAP, NOX4, FN1 and HES1 [287–290]. While the 

function of these genes in relation to liver fibrosis is known, their highly upregulated status 

in this context may indicate that they are particularly significant mediators of early HSC 

activation or TGF-β1 signalling, and therefore worthy of more attention as potential markers 

for developing HSCs or fibrogenesis.  

Other genes were identified that do not have clearly reported roles in HSCs but have instead 

been associated with either the activity of fibroblasts or fibrogenesis in other tissues, 

including FOXS1, EGR2, TGFβI, PI16, VIP and PRG4. FOXS1 and EGR2 both promote the 

activation of primary human skin fibroblasts [291,292], while TGFβI has been shown to 

interact with ECM proteins, including collagen type 1 (COL1), to inhibit the cell-ECM adhesion 

of skin and scleral fibroblasts [293–295]. The upregulation of these genes seen here may 

indicate that FOXS1 and ERG2 also promote HSC activation downstream of TGF-β1, while 

TGFβI is likely involved in facilitating the migration of early activating HSCs from the space of 

Dissé.  

The overexpression of PI16 has been shown to reduce the proliferation of, and expression of 

COL1 in, murine cardiac fibroblasts [296]. Similarly, the reduced expression of VIP correlates 

with progressive cardiac fibrosis in murine models, which can be reversed by VIP 

overexpression [297]. PRG4 is associated with protection functions in the connective tissues 

and reduced fibroblast activation in the synovial tissue [298,299]. Assuming these genes carry 

out similar functions in HSCs, their upregulation by TGF-β1 is indicative of negative regulation 

of HSC activation, likely as a means of controlling fibrosis progression. 

Several genes whose function likely influences HSC activity were identified in Table 4.2, 

including CIITA, SERPINB2 and PSG1. The upregulation of CIITA results in the increased 

expression of major histocompatibility complex class II (MHCII) genes [300], which have been 

shown to reduce HSC collagen expression and fibrotic potential during schistosomiasis 

infection [301]. It can therefore be assumed that the downregulated CIITA expression seen 

here would increase HSC collagen expression and contribution to fibrosis [301]. A deficiency 

of SERPINB2 in the livers of murine models of Schistosoma japonicum infection results in a 
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reduction in the deposition of collagen within the egg-induced granuloma [302]. Given the 

role of HSCs within the granuloma, it is highly likely that SERPINB2 deficiency reduces HSC 

activity to bring about this effect and, if so, would implicate SERPINB2 as a promoter of HSC 

activity. PSG1 has been shown to stimulate the release of active TGF-β1 protein in vitro [303], 

and therefore its reduced expression in this context would inhibit TGF-β1 signalling and 

subsequent HSC activation. 

Several other genes associated with fibroblast activation or fibrosis in other tissues were also 

identified, including SEMA3A, VCAM1 and MSTN. The increased expression of SEMA3A has 

been shown to activate corneal fibroblasts downstream of TGF-β1 and contribute to corneal 

fibrosis [304]. VCAM1 upregulation is typically observed in cirrhotic liver tissues [305] and in 

pulmonary fibrosis [306], and the depletion of VCAM has been shown to reduce the 

activation of pulmonary fibroblasts [306]. MSTN is involved in the activation of muscle 

fibroblasts via the SMAD pathway, inducing proliferation and the expression of ECM proteins 

in these cells [307]. Given that MSTN works through SMAD2 and SMAD3, it is very likely that 

it is also capable of driving HSC activation [307]. 

The downregulated status of many of these genes was unexpected, as it suggests a reduction 

in HSC activity that conflicts with the activating influence of TGF-β1. The reduced expression 

of PSG1 in this context is likely a mechanism for controlling the levels of active TGF-β1 protein 

in order to regulate TGF-β1 signalling. For the other genes, it is possible that they carry out 

different functions in HSCs than in other cells and tissues, and so are not relevant to HSC-

induced fibrosis, or that their fibrotic responses require cues from particular pathogens or 

from other signalling mediators besides TGF-β1. The short TGF-β1 exposure time used in 

these experiments should also be considered; it could be the case that some of these genes 

are only involved in chronic fibrosis or cirrhosis, rather than the initial events surrounding 

fibrogenesis, and so a longer duration of experiment may be needed to observe the 

previously reported expression pattern of these genes. Indeed, the literature often describes 

gene expression associated with fibrosis from the prospective of established models of 

fibrosis or patients suffering chronic disease, rather than short term in vitro studies. 

Unusually, the expression of COL17A1 and COL4A6 were also downregulated, despite COL4 

having been shown previously to be upregulated in HSCs following TGF-β1 exposure [308]. 

The reason for these abnormal responses is unknown, although it could be linked to the 

specific time course or culture conditions used in these experiments. One study has shown 

that COL17 and COL4 interact together in skin and oral keratinocytes to assist cell-ECM 
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adhesion [309]. COL4 has been identified as an ECM component in the space of Dissé, the 

storage site of quiescent HSCs [310,311], while COL17 is a transmembrane collagen that 

interacts with both extra- and intracellular structural components to facilitate cell linkage to 

the epithelium [312]. Given that activating HSCs must migrate from the space of Dissé 

towards the provoking stimuli, it is possible that the expression of these collagens, perhaps 

working in tandem with TGFβI, might be initially downregulated in order to allow the cell to 

disengage from the anchoring ECM in the space of Dissé, and thus allow migration. 

4.4.2 Signalling pathways upregulated by TGF-β1 in LX-2 cells 

4.4.2.1 Transcriptional regulation 

Several pathways in Figure 4.4, including ERK5, PI3K/AKT and STAT3 signalling, represent 

signalling pathways downstream of TGF-β1 that involve transcriptional regulators capable of 

driving HSC activation [313–315]. TGF-β1 carries out physiological functions by inducing 

cellular gene expression, and the SMAD family of transcriptional regulators are generally 

responsible for transducing signals from TGF-β ligands to the cell nucleus [259]. However, 

SMAD-independent TGF-β signalling is also common, including these three aforementioned 

pathways [242,259]. The absence of SMAD signalling in Figure 4.4 is interesting; in HSCs, the 

level of phosphorylated SMAD2 protein reaches a peak within 1.5 hours of TGF-β1 exposure, 

and returns to basal levels within the following six hours [316]. The absence of such signalling 

from the data could suggest that, while highly active immediately following TGF-β1 exposure, 

by the 24-hour timepoint SMAD signalling gives way to alternative SMAD-independent 

pathways, perhaps to prevent excessive HSC activation whilst simultaneously inducing the 

appropriate gene expression profiles associated with activation. 

Vascular endothelial growth factor (VEGF) is a major cytokine produced by aHSCs, and VEGF 

signalling is strongly associated with HSC activation, fibrosis and, paradoxically, fibrosis 

resolution [317–319]. TGF-β1 is an inducer of VEGF expression [320], and so the increased 

VEGF signalling activity seen here is not surprising. However, it should be noted that the 

absence of any other growth factor signalling pathways in Figure 4.4 could indicate that VEGF 

is a particularly important inducer of TGF-β1 responses in early activating HSCs through auto- 

and paracrine signalling. 

4.4.2.2 Translational regulation 

The most strongly upregulated signalling pathway in Figure 4.4 was that of transfer (t)-RNA 

charging. The process of tRNA charging is involved in protein translation, where a tRNA 
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molecule becomes attached to, and therefore "charged" with, an amino acid. The tRNA 

carries the amino acid to the ribosomes, where it is then incorporated into the translating 

protein chain. Increased tRNA charging activity is synonymous with the increased level of 

protein synthesis that occurs in HSCs during, and following, activation [132]. Furthermore, 

one study has shown that the inhibition of a tRNA synthetase enzyme blocks the TGF-β1-

induced upregulation of fibronectin (FN1) and COL1 protein in LX-2 cells, highlighting a link 

between tRNA activity and the synthesis of fibrosis-related proteins [321]. 

Similarly as with tRNA charging, eukaryotic translation initiation factor 2 (EIF2) signalling is 

important in the initiation of protein synthesis in eukaryotic cells, and its upregulation in this 

context is likely concurrent with the increase in translational activity displayed by aHSCs 

[132,322]. However, one study has reported that a component of the S. mansoni EIF2 

signalling pathway, the subunit EIF2α, can interact with the TGF-β receptors TGFβRI and 

TGFβRII to inhibit TGF-β signalling [323]. The nature of the enhanced EIF2 signalling in aHSCs 

following TGF-β1 exposure could therefore also double as a negative regulator of TGF-β1 

responses. 

The unfolded protein response (UPR) pathway is activated following cellular stress induced 

by the build-up of improperly folded proteins within the endoplasmic reticulum (ER) [324]. 

Activation of this pathway increases the expression of chaperone proteins to assist protein 

folding, reduces protein translation and degrades improperly folded proteins [324]. If the ER 

stress cannot be lifted, the UPR will move to trigger cellular apoptosis [324]. One recent study 

has shown that the sudden increase in protein production that accompanies HSC activation 

can trigger UPR activation, potentially as a compensatory mechanism [325]. This pathway 

does not significantly affect overall HSC activation, but from the results presented here and 

those of others [325], it could be considered an early marker of HSC activation. 

4.4.2.3 Regulation of the actin cytoskeleton 

The assembly of organised ACTA2 filaments is a strong marker of aHSCs [132] (see Figure 

4.2). These filaments carry out several functions in aHSCs, including supporting the expanding 

cell cytoplasm, facilitating cell motility and acting as a method of attaching to, and signalling 

between, the ECM and other cells [132,326]. Therefore, it is unsurprising that the activity of 

pathways associated with the actin cytoskeleton, including the actin nucleation by ARP-WASP 

complex and actin cytoskeleton signalling pathways, were upregulated by TGF-β1 exposure. 

The P21-activated kinase (PAK) family of proteins have diverse physiological roles [327]. One 

study has shown that PAK proteins mediate the pro-fibrotic signalling of integrin-β1 in LX-2 
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cells [328]. This study showed that integrin-β1 deficiency resulted in the reduced expression 

of fibrosis-associated genes, including ACTA2 and COL1, in LX-2 cells [328]. The expression of 

PAK proteins were found to be upregulated in activated LX-2 cells, and reduced in the 

absence of integrin-β1 [328]. Furthermore, the antagonism of PAK protein activity was shown 

to reduce the expression of COL1 and the formation of ACTA2 filaments in LX-2 cells, as well 

as the extent of collagen deposition and fibrotic burden in vivo in murine models of liver 

fibrosis [328]. 

Ga12 and Ga13 are a class of G protein α-subunits which link G protein-coupled receptors 

(GPCRs) with guanine nucleotide exchange factors (GEFs) [329,330]. GEFs in turn activate 

GTPases, such as the Rho GTPase family, to regulate the organisation of the actin 

cytoskeleton [329,330]. Ga12 and Ga13 can initiate the formation of actin filaments through 

Rho GTPases [330]. One study has shown that Ga12/13 signalling is upregulated in aHSCs, 

and that inhibition of this signalling results in the reduced expression of ACTA2 and COL1 

[331]. This same study also showed that integrin-linked kinase (ILK) signalling is also 

upregulated in aHSCs, and that the inhibition of ILK expression caused a reduction in ACTA2 

expression [331]. ILK is a downstream component of integrin-β1 and integrin-β3 signalling 

[332]. As with Ga12/13, ILK signalling is involved in several roles including regulating the 

organisation of the actin cytoskeleton via Rho GTPases [331,333]. 

4.4.3 Signalling pathways downregulated by TGF-β1 in LX-2 cells 

4.4.3.1 Metabolic effects 

The most strongly downregulated signalling pathway in Figure 4.5 was that of PPARα/RXRα 

activation, and PPAR signalling was also found to be downregulated. Quiescent HSCs take up 

and store vitamin A (retinol) within lipid droplets [132,334] following its metabolism into 

lipid-soluble derivatives [335]. HSCs regulate the expression of genes involved in fatty acid 

uptake and metabolism via peroxisome proliferator-activated receptors (PPARs) and the 

retinoid X receptor (RXR), which heterodimerise together to act as a transcription factor for 

these genes [335]. Upon activation, HSCs lose the ability to store vitamin A and, as such, 

display reduced retinol-related signalling [336]. Studies have shown that the expression of 

both PPAR-γ, a relative of PPAR-α, and RXR are reduced in aHSCs [336,337]. Furthermore, 

agonism of PPAR-γ signalling in aHSCs has been shown to suppress the expression of ACTA2 

and collagen type 1α1 (COL1A1), and to facilitate aHSC reversion back into a quiescent state 

[337]. As such, the downregulated activity of the PPARα/RXRα activation and PPAR signalling 

pathways were expected following TGF-β1 exposure. 
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Ethanol and its metabolites have been shown to promote HSC activation through several 

mechanisms [338]. Firstly, ethanol interferes with retinol-related metabolism and signalling 

in HSCs by decreasing the uptake of vitamin A and degrading vitamin A in the liver into 

inactive metabolites [338,339]. As mentioned above, retinol-related signalling promotes HSC 

quiescence, and so reduced levels of vitamin A uptake will encourage HSC activation 

[336,337]. Acetaldehyde, a product of ethanol metabolism, has been shown to induce the 

expression of both latent and active TGF-β1, as well as the receptor TGFβRII, in HSCs, which 

induces further HSC activation via auto- and paracrine TGF-β1 signalling [338,340]. Finally, 

both ethanol and acetaldehyde upregulate the expression of pro-fibrotic genes including 

COL1A1, COL1A2, matrix metalloproteinase (MMP)-2 and FN1 in HSCs [338,341–344]. Given 

the strong activating influence of ethanol and acetaldehyde in HSCs, it is unusual that TGF-

β1 exposure would downregulate the activity of several ethanol degradation pathways. HSCs 

express enzymes involved in ethanol degradation, however, it is possible that activated HSCs 

may inhibit the expression of these enzymes in an attempt to regulate ethanol-induced 

activation and fibrosis as a protective mechanism [345]. 

Oleate is a fatty acid salt of oleic acid. One study has shown that exposing aHSCs to high levels 

of oleate results in the decreased expression of cytoskeletal proteins, including ACTA2 and 

vimentin, and subsequent cell death due to cytotoxicity [346]. Given the apparent 

susceptibility of aHSCs to oleate toxicity, the reduced activity of the oleate biosynthesis 

pathway following TGF-β1 exposure is understandable. 

4.4.3.2 Immunological signalling 

Interferons (IFNs) are a family of cytokines that carry out a wide variety of immunological 

functions and are primarily associated with the defence against viruses [347]. The IFN family 

has also been attributed with anti-fibrotic roles [348,349]. Several studies have described the 

effects of various IFNs on HSCs; one study showed how IFN-β inhibits the proliferation of 

TWNT-4 cells, an immortalised activated human hepatic stellate cell line [348]. Furthermore, 

IFN-β was shown to downregulate the expression of COL1A1 and COL1A4, and decrease the 

burden of fibrosis, in the livers of murine models of fibrosis [348]. Another study showed that 

IFN-γ reduces the number of HSCs expressing organised ACTA2 filaments, and downregulates 

the expression of several ECM genes, including COL1, FN1 and laminin, in the livers of murine 

models of fibrosis [350]. 

Endothelial nitric oxide synthase (eNOS) is one of several enzymes that synthesise nitric oxide 

(NO), a molecule that is involved in various roles including cell signalling, regulating gene 
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expression, protein modification and vasodilation [351–353]. The reduced expression of 

eNOS is associated with liver fibrogenesis [353]. One study has shown that treatment with L-

arginine restores eNOS expression and reduces fibrotic burden in the livers of murine models 

of fibrosis [353]. It was concluded that the L-arginine-induced improvement in fibrotic burden 

was partly due to an increase in NO production by eNOS, which improved blood flow [353]. 

Another study has described that the upregulation of eNOS expression inhibits TGF-β1-

induced LX-2 cell activation [354]. In this study, TGF-β1 reduced the expression of eNOS in 

LX-2 cells, however, simultaneous treatment with TGF-β1 and adiponectin instead blocked 

LX-2 cell activation and increased both the expression of eNOS and the phosphorylation of 

adenosine monophosphate-activated protein kinase (AMPK), an enzyme upstream of eNOS 

whose activation is associated with anti-fibrotic signalling in HSCs [354–356]. 

Apelin is an endogenous ligand of the G protein-coupled APJ receptor [357]. Apelin signalling 

is associated with a diverse range of tissue-specific functions [358]. In the liver, apelin 

signalling is strongly associated with fibrosis [358]. Several studies have highlighted how 

components of the apelin signalling pathway induce the expression of pro-fibrotic genes in 

LX-2 cells, including COL1, ACTA2 and platelet-derived growth factor receptor-β (PDGFRβ) 

[357,359]. Furthermore, the inhibition of apelin signalling has been shown to reduce the 

intensity and burden of liver fibrosis in murine models [360]. Paradoxically however, other 

studies have linked apelin signalling with the inhibition of TGF-β1 responses; one study has 

shown that apelin inhibits the TGF-β1-induced activation of SMAD proteins and subsequent 

upregulation of ACTA2, COL1 and FN1 expression in epithelial cells [361], while another 

described how apelin inhibits the TGF-β1-induced upregulation of ACTA2 and COL1A1 

expression in cardiac fibroblasts [362]. These findings highlight the tissue-specific nature of 

apelin signalling and could indicate an interesting situation in HSCs whereby apelin increases 

fibrotic gene expression whilst simultaneously inhibiting TGF-β1 signalling. 

4.4.3.3 Anti-fibrotic signalling 

Phosphatase and tensin homolog (PTEN) is a tumour suppressor protein that regulates cell 

cycle progression [363]. Several studies have shown that PTEN signalling inhibits HSC 

activation; one study demonstrated that the downregulation of miR-181b, an inhibitor of 

PTEN expression, results in the suppression of HSC activation as determined by reduced 

ACTA2 expression and collagen deposition [364]. Another study showed that PTEN-deficient 

mice develop progressive liver fibrosis characterised by the increased expression of ACTA2, 

COL1 and tissue inhibitor of matrix metalloproteinase (TIMP)-1 [365]. HSCs isolated from 
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these PTEN-deficient mice displayed higher levels of activation on average compared to HSCs 

in wild type mice [365]. Similarly, one final study has described how the overexpression of 

PTEN in rat HSCs prevents the morphological changes associated with activation, and reduces 

the expression of ACTA2 and COL1A1 [366]. Taken together, PTEN signalling is a strong 

negative regulator of HSC activation. 

AMPK signalling is generally involved in energy homeostasis and, as mentioned above, has 

been linked with anti-fibrotic responses in HSCs [356,367]. One study has shown how the 

agonism of AMPK signalling reduces the proliferation of, and expression of COL1A1 in, murine 

HSCs [368]. Another study demonstrated that similar AMPK agonism inhibits the TGF-β1-

induced activation of LX-2 cells by inhibiting autophagy and lipid droplet degradation, both 

of which are processes typically associated with HSC activation [369,370]. The anti-fibrotic 

effects of AMPK signalling in HSCs have been reviewed extensively by Liang et al. [356]. 

4.4.3.4 Hormonal signalling 

Signalling by the hormone melatonin has been implicated in preventing HSC activation and 

protecting against the development of liver fibrosis and cirrhosis [371,372]. One study 

described how melatonin treatment reduces the expression of ACTA2 and COL1A1, and 

increases lipid droplet retention, in rat HSCs in vitro [371]. In this study, synthetic agonism of 

the nuclear melatonin receptor retinoic acid receptor-related orphan receptor-alpha (RORα) 

induced similar, albeit more potent, effects, while antagonism instead blocked the effects 

following melatonin treatment. Melatonin inhibits the expression of 5-lipoxygenase (5-LO) 

via RORα, and inhibition of 5-LO activity was also shown to inhibit ACTA2 and COL1A1 

expression [371]. 

A summary of the effects of TGF-β1 on the genes and signalling pathways discussed above 

can be found in Table 4.3. 
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Table 4.3 Summary of the deregulating effects of transforming growth factor-β1 (TGF-β1) on genes 

and pathways in LX-2 cells. The deregulating effects of TGF-β1 on the genes and signalling pathways 

discussed above, and the result of this deregulation on the activation status of hepatic stellate cells 

(HSCs). Genes whose role within HSCs is unknown are listed as "not characterised". 

 
Effect of TGF-β1? 

Promotes 
quiescent/activated HSC 

phenotype? Gene 

CIITA Downregulated Not characterised 

COL17α1 Downregulated Not characterised 

COL4α6 Downregulated Not characterised 

EGR2 Upregulated Not characterised 

FAP Upregulated Activated 

FN1 Upregulated Activated 

FOXS1 Upregulated Not characterised 

HES1 Upregulated Activated 

MSTN Downregulated Not characterised 

NOX4 Upregulated Activated 

PI16 Upregulated Not characterised 

PRG4 Upregulated Not characterised 

PSG1 Downregulated Not characterised 

SEMA3A Downregulated Not characterised 

SERPINB2 Downregulated Not characterised 

TGFβI Upregulated Not characterised 

VCAM1 Downregulated Not characterised 

VIP Upregulated Not characterised 

Signalling Pathway   

Actin cytoskeleton signalling Upregulated Activated 

Actin nucleation by ARP-WASP complex Upregulated Activated 

AMPK signalling Downregulated Quiescent 

Apelin signalling Downregulated Activated 

EIF2 signalling Upregulated Activated 

eNOS signalling Downregulated Quiescent 

ERK5 signalling Upregulated Activated 

Ethanol degradation Downregulated Activated 

Ga12/13 signalling Upregulated Activated 



Chapter 4: LX-2 cells and TGF-β1 

98 
 

ILK signalling Upregulated Activated 

Interferon signalling Downregulated Quiescent 

Melatonin signalling Downregulated Quiescent 

Oleate biosynthesis Downregulated Quiescent 

PAK signalling Upregulated Activated 

PI3K/AKT signalling Upregulated Activated 

PPAR signalling Downregulated Quiescent 

PPARα/RXRα activation Downregulated Quiescent 

PTEN signalling Downregulated Quiescent 

STAT3 signalling Upregulated Activated 

tRNA charging Upregulated Activated 

Unfolded protein response Upregulated No effect 

VEGF signalling Upregulated Activated 

 

 

4.5 Conclusions 

Taken together, these findings highlight the most strongly deregulated genes and signalling 

pathways in LX-2 cells in response to TGF-β1. While several of the genes identified are known 

influencers of HSC activation, many have no thoroughly characterised role in HSCs, and their 

relevance to fibrosis was inferred from activities in other cell types and tissues. Characterising 

the role of these genes within HSCs could be a useful point for further study in order to 

identify any genes with novel roles in HSC activation. 

As expected, TGF-β1 influenced signalling pathway activity in a direction that favoured HSC 

activation. Broadly speaking, most of the pathways upregulated by TGF-β1 can be 

categorised according to their involvement in either SMAD-independent transcriptional 

regulation, protein translation regulation, or regulation of the actin cytoskeleton. Conversely, 

the pathways downregulated by TGF-β1 cover a broader range of signalling processes that 

are harder to categorise. While I did not identify any novel fibrosis-associated processes 

occurring within LX-2 cells, the identification of the specific pathways most involved in the 

early LX-2 cell response to TGF-β1 is useful for the improved understanding of the impacts of 

TGF-β1 signalling in HSCs. 
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Chapter 5: Synthetic peptides derived from the Schistosoma 

mansoni secretory protein Sm16 induce differing responses in 

human fibroblast cell lines 

 

5.0 Abstract 

Sm16 is a protein released by Schistosoma mansoni that modulates inflammatory responses 

in host cells. Sm16 is released by several life cycle stages of S. mansoni, including the egg 

stage. Schistosome eggs are known to provoke chronic schistosomiasis pathology, which 

involves the development of liver fibrosis. Hepatic stellate cells (HSCs) are responsible for 

this fibrosis; however, these cells are susceptible to immunomodulation by S. mansoni whole 

egg secretions. It would therefore be of interest to define the effects of Sm16 exposure on 

HSCs. Ectopic egg deposition in the lungs is not uncommon in chronic schistosomiasis, and 

pulmonary fibrosis will often develop in response to such deposition. This process involves 

lung fibroblasts, which have similar functions to those of HSCs. As both HSCs and lung 

fibroblasts could conceivably come into contact with egg-secreted Sm16, it would be of 

further interest to see if any cellular responses induced by Sm16 are specific to either cell 

population. In this chapter, two synthetic peptide derivatives of Sm16, coined "KS-84" and 

"KS-66", were tested against LX-2 and MRC-5 cell lines representing immortalised human 

HSCs and primary human lung fibroblasts, respectively. The responses of LX-2 cells were 

assayed via RNA sequencing and in silico pathway analysis, while the expression of an array 

of genes associated with fibroblast activity were assayed in MRC-5 cells using qPCR, western 

blotting, and fluorescence microscopy. It was found that LX-2 cell activation was inhibited by 

KS-84, whereas KS-66 instead promoted LX-2 activation. Reduced transforming growth 

factor-β1 (TGF-β1) signalling was identified as a potential mechanism of KS-84-induced 

inhibition of LX-2 activation. Both peptides induced mixed responses in MRC-5 cells, however 

more data is needed to decisively conclude the nature of the observed phenotypes. Taken 

together, these findings indicate a potential role for Sm16 in combatting fibrotic liver disease. 
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5.1 Introduction  

5.1.1 Sm16.8 

A major challenge faced by all species of parasitic helminth is the need to overcome or out-

manoeuvre the host immune response in order to successfully parasitize the host and avoid 

expulsion or destruction [373]. To achieve these goals, helminths have developed molecular 

mechanisms that allow them to interact with the mammalian host immune system. One such 

method is the release of molecules with immunomodulatory activities which incite changes 

in the host immune response, skewing it in such a way as to promote parasite survival 

[374,375]. 

The initial penetration of mammalian skin by migrating S. mansoni cercariae is associated 

with a general lack of an inflammatory response in low to moderate infections (< 200 

cercariae). This lack of a reaction is despite the close proximity of the invading cercariae to 

skin immune cells and the prolonged time period that cercariae and transforming 

schistosomula reside within the region [81]. Ramaswamy et al. determined that this absence 

of skin inflammation is due to components of the cercarial excretory/secretory products 

(ESPs) which induce the production of interleukin 1 receptor antagonist (IL-1ra), an anti-

inflammatory cytokine, in human keratinocyte cells [81]. The same group later identified a 

16.8 kDa protein, coined "Sm16.8", as the major inducer of IL-1ra production [376].  

Sm16.8, or Sm16 (UniProt ID: O77234), is a protein released by S. mansoni sporocysts, 

cercariae and early-stage schistosomula, although it is not expressed by schistosomula that 

are older than 48 hours [14,15]. Recent evidence has suggested that Sm16 is also released by 

the egg stage [16], although my own proteomics work (Chapter 2) did not detect it in the S. 

mansoni egg ESPs. However, the presence of an uncharacterised protein (UniProt ID: 

G4M247) that shares 54% sequence identity with Sm16 was noted (Chapter 2, 

Supplementary Table 1). Sm16 associates with the plasma membrane of host cells, and is 

internalized via endocytosis by immature erythroid cells, B and T cells, monoblastic cells, 

monocytes and macrophages [16,377]. In addition to its IL-1ra-inducing activity [81,376], 

Sm16 is also capable of inhibiting the lipopolysaccharide (LPS)-induced signalling by, and the 

subsequent cytokine responses of, toll-like receptor (TLR)-3 and TLR-4 in human monocytes 

and macrophages [378], delaying macrophage antigen processing, and inhibiting classical 

macrophage activation in response to interferon (INF)-γ [148]. Taken together, these findings 

implicate Sm16 as a strong modulator of inflammatory immune responses. 
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The full-length Sm16 protein consists of 117 amino acids (AAs) including a signal peptide 

sequence (AA 1-22) that is cleaved off during secretion to release the mature protein. The 

secondary structure of Sm16 is largely that of an uninterrupted C-terminal amphipathic α-

helix that is important in binding to the host cell membrane and the subsequent 

internalisation [16,379]. Previously, Robinson et al. described a conserved family of 

immunomodulatory proteins secreted by parasitic trematodes with similar length and 

secondary structure, known as "helminth defence molecules" (HDMs) [380]. The first HDM 

was identified in the protein secretome of Fasciola hepatica, named "FhHDM-1". In vivo, full-

length FhHDM-1 is taken up by host macrophages, where it undergoes proteolytic cleavage 

to release a peptide containing the C-terminal amphipathic α-helix [381]. Both the full-length 

protein and the cleaved C-terminal peptide were shown to be capable of inhibiting the LPS-

induced activation of, and subsequent release of pro-inflammatory mediators from, 

macrophages [380]. Phylogenetic analysis also revealed several orthologues of FhHDM-1 in 

species such as Clonorchis sinensis, Paragonimus westermani, Opisthorchis viverrini, S. 

mansoni and S. japonicum [380]. 

5.1.2 HSCs, schistosomiasis and schistosome ESPs 

The role of HSCs in chronic schistosomiasis has been discussed previously in Section 1.6.4 of 

this thesis. Briefly, activated HSCs are responsible for the production and deposition of 

collagen and other extracellular matrix (ECM) components within the egg-induced 

granuloma that ultimately drives fibrogenesis and, by extension, the development of the 

pathology and morbidity associated with chronic schistosomiasis [6,106]. Paradoxically 

however, studies have shown that exposing HSCs to either S. mansoni or S. japonicum whole 

egg ESPs results in an inhibition of HSC activation and collagen production [17,18]. Rather, S. 

mansoni egg ESPs induce an inactive, quiescent phenotype in HSCs while S. japonicum egg 

ESPs induce a pro-inflammatory phenotype characterised by IL-6 and CCL2 expression 

[17,18]. These responses highlight how schistosome egg ESPs are of interest to egg-host 

interactions, not only as effectors of schistosomiasis pathology but also as potentially 

beneficial immunomodulatory agents. 

5.1.3 Lung fibrosis in schistosomiasis 

Occasionally, during established chronic infections, schistosome eggs may become deposited 

in tissues outside of the liver and intestines [382,383]. These ectopic depositions are believed 

to occur naturally, but can be exasperated by a high worm burden causing hypertension in 

the hepatic portal vein [383]. The increase in blood pressure in the portal vein forces the 
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development of portacaval shunts, which form to normalize the rising pressure in the portal 

system. Eggs can embolize through these shunts and travel via the circulation to alternative 

sites in the body, including the lungs, brain and pancreas [382,383]. Eggs that are swept 

towards the lungs in this manner become trapped in the pulmonary vasculature, and a similar 

granulomatous response as in the liver occurs against them [85]. Furthermore, a common 

experimental murine model for studying host Th2-related cytokine responses to schistosome 

eggs involves the introduction of previously isolated eggs intravenously to the lungs via the 

pulmonary arteries [384]. This artificial inoculation results in the formation of granuloma in 

around three-four weeks [384], a much shorter time frame compared to that of a natural 

infection which can take as many as 12 weeks to reach the hepato-granulomatous stage in 

murine models [385]. In both cases, the formation of granuloma around these eggs leads to 

the development of pulmonary fibrosis, a process involving lung-specific fibroblasts.  

5.1.4 KS-84 and KS-66 

The reported release of Sm16 by S. mansoni eggs may have implications for host-parasite 

interactions in the liver during chronic schistosomiasis. Considering that S. mansoni whole 

egg ESPs can inhibit HSC activation, and that Sm16 has documented immunomodulatory 

activity against host cells, the effects of Sm16 exposure on HSCs are therefore of strong 

interest. Sm16 released by eggs ectopically deposited within the lungs may also influence the 

activity of lung fibroblasts involved in driving egg-induced pulmonary fibrosis, and so the 

responses of these cells to Sm16 would also be of interest. Furthermore, considering the 

similarities in the mechanisms of fibroblast activation, comparing the responses of different 

fibroblast cell lines to Sm16 may indicate if the protein's immunomodulatory activity is tissue 

specific.  

In order to assess the effects of Sm16 on these cell populations, two synthetic peptide 

derivatives of Sm16 were used in cellular assays against LX-2 and MRC-5 cells, two human 

cell lines representing immortalised HSCs and primary lung fibroblasts, respectively. These 

peptides included the almost full-length mature Sm16 sequence minus a small 11-AA long 

section of the N-terminal end, leaving an 84-AA long peptide dubbed "KS-84" (Sm16 34-117) 

(Figure 5.1) [379]. The second peptide consisted of a 66-AA long sequence that had a larger 

portion of the N-terminal end removed, leaving the C-terminal α-helical domain dubbed "KS-

66" (Sm16 52-117) (Figure 5.1). The responses of LX-2 cells were explored using RNA 

sequencing and in silico pathway analysis, whereas qPCR, western blotting and 
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immunofluorescence methods were used to assay the responses of a panel of genes 

associated with fibrosis in MRC-5 cells. 

 

 

Figure 5.1 Sequences of Sm16 and KS peptides. The sequences of mature Sm16 and the synthetic 

derivatives KS-84 (Sm16 34-117) and KS-66 (Sm16 52-117). 

 

5.2 Materials and methods 

5.2.1 Cell culture 

For details relating to LX-2 cell culture, please refer to Section 4.2.1.  

MRC-5 cells [386] were maintained in minimum essential medium (MEM, ThermoFisher 

Scientific, Waltham, USA) supplemented with 10% foetal bovine serum (FBS, Sigma-Aldrich, 

St. Louis, USA), 100 units/ml penicillin/streptomycin (ThermoFisher Scientific), 2 mM L-

glutamine (L-Glu, ThermoFisher Scientific) and 1% non-essential amino acids (NEAA, 

ThermoFisher Scientific) at 37°C and 5% CO2. Upon reaching approximately 80% confluency, 

MRC-5 cells were detached from the culture flask using 0.25% trypsin-EDTA solution 

(ThermoFisher Scientific) and re-seeded according to a split ratio of 1:2 or 1:3. 

5.2.2 Peptide reconstitution 

Professor John P. Dalton (National University of Ireland, Galway, Republic of Ireland) kindly 

gifted 20 mg each of lyophilised KS-84 and KS-66 peptides (Figure 5.1). Peptides were 

synthesised by GL Biochem (Shanghai, China) and reconstituted in 1 ml of endotoxin-free 

UltraPure DEPC (diethylpyrocarbonate)-treated water (ThermoFisher Scientific) under sterile 

conditions. 
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5.2.3 Cytotoxicity testing 

The cytotoxic effects of KS-84 and KS-66 on LX-2 and MRC-5 cells were assayed using WST-8 

((2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, 

monosodium salt)) as part of the CCK-8 kit (Cell Counting Kit-8, Sigma-Aldrich) according to 

the manufacturer's instructions. Cells were seeded in 96-well cell culture plates 

(ThermoFisher Scientific) at a density of approximately 5,000 cells per well and cultured for 

24 hours in DMEM (LX-2) or MEM (MRC-5) with supplements, upon which time the cells were 

treated with either 20 μg/ml of KS-84 or KS-66 where appropriate. A treatment of 1% triton 

X-100 (v/v) was used as a positive control for cytotoxicity. The cells were cultured for a further 

72 hours, then incubated with 10 μl of WST-8 solution for 2 hours at 37°C. The optical density 

(OD) of the solutions were then read in a spectrophotometer (POLARstar, BMG Labtech, Cary, 

USA) at a wavelength of 450 nm. All treatments were tested in triplicate. 

5.2.4 RNA isolation/DNA synthesis/qPCR 

For details relating to the isolation of LX-2 RNA, please refer to Section 4.2.3. The following 

adjustments were made; following overnight serum starvation, the cells were treated with 

20 μg/ml KS-84 or 20 μg/ml KS-66 where appropriate for 72 hours. RNA isolation then 

proceeded as described in Section 4.2.3. 

MRC-5 cells were seeded in 6-well cell culture plates (ThermoFisher Scientific) at a density of 

approximately 150,000 cells per well and cultured in MEM with supplements for 24 hours. At 

this time, the media was removed, and the cells were gently rinsed 3 times with warm 

phosphate-buffered saline (PBS). The cells were then serum starved overnight in serum-

starvation media (MEM supplemented with 0.1% FBS, 1 unit/ml penicillin/streptomycin and 

2 mM L-Glu). The following morning the appropriate treatment was added to the cells; 20 

μg/ml KS-84, 20 μg/ml KS-66 or 5 ng/ml transforming growth factor-β1 (TGF-β1) (InvivoGen, 

San Diego, USA). Cells were treated for 72 hours, after which the media was removed, and 

the cells were rinsed 3 times with cold PBS. TGF-β1 treatment was included as a positive 

control for MRC-5 activation. 

Total RNA was isolated from the cells using the GenElute Mammalian Total RNA Miniprep Kit 

(Sigma-Aldrich). Genomic DNA was digested during this process using the On-Column DNase 

I Digestion Set (Sigma-Aldrich). Approximately 500 ng of total RNA was used to synthesise 

cDNA using the High-Capacity RNA-to-cDNA Kit (ThermoFisher Scientific). These methods 

were all carried out according to the manufacturer's instructions. 
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Real-time PCR (qPCR) experiments were carried out on a Rotor-Gene Q 5plex HRM platform 

(Qiagen, Hilden, Germany) in triplicate. Reaction mixtures consisted of 10 μl 2x KAPA SYBR 

FAST RT-PCR mastermix (Sigma-Aldrich), 0.4 μl (0.2 μM) primer, 1 μl cDNA and 8.6 μl of 

Nuclease-Free water (ThermoFisher Scientific). Non-template controls were also carried out 

in triplicate. Reactions were cycled as follows; an initial denaturation of 95°C for 10 minutes, 

then 40 cycles of 95°C for 10 seconds, 55°C for 15 seconds and 72°C for 20 seconds. Melt 

curve analysis was carried out from 72°C to 95°C to ensure the product formed was specific. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene.  

Primer sequences were designed using NCBI's primer-BLAST software and purchased from 

Metabion (Steinkirchen, Germany). The sequences can be found below in Table 5.1. PCR 

products were run on agarose gels and analysed with melt curve analysis to ensure primer 

specificity. 

 

Table 5.1 Primer sequences. Primer sequences used for qPCR experiments. 

Gene ID Accession 
number 

Forward 5' to 3' Reverse 5' to 3' 
Product 

length 

GAPDH NM_002046.7 GGCCTCCAAGGAGTAAGACC GATTCAGTGTGGTGGGGGAC 116 

ACTA2 NM_001141945.2 TCCGGAGCGCAAATACTCTG CCCGGCTTCATCGTATTCCT 103 

COL1α1 NM_000088.3 GCTTCACCTACAGCGTCACT AAGCCGAATTCCTGGTCTGG 154 

TGF-β1 NM_000660.6 GCACCTTGGGCACTGTTGAA TCCCCCACTAAAGCAGGTTC 169 

MMP2 NM_004530.6 CTCCAATCCCACCAACCCTC CCAGTGCCCTCTTGAGACAG 174 

TIMP1 NM_003254.3 CGCAGCGAGGAGTTTCTCAT CCGTCCACAAGCAATGAGTG 211 

TGFβR1 NM_004612.4 AGGGAAAGTCTGTCTAGCTGC ACCTTCGCCTTCCTAGAAAAAG 161 

TGFβR2 NM_001024847.2 AGACGTTGACTGAGTGCTGG TTAGGGAGCCGTCTTCAGGA 147 

SMAD2 NM_005901.6 GTTTTCAGTTCCGCCTCCAAT GCCTCTTGTATCGAACCTGC 149 

SMAD3 NM_005902.4 CGCATGAGCTTCGTCAAAGG CTGCCCTCCCCTACCATACT 190 

SMAD4 NM_005359.6 GCTGCAGAGCCCAGTTTAGA CCCCAAAGCAGAAGCTACGA 147 

COL1α2 NM_000089.4 GCAGGAGGTTTCGGCTAAGT GCAACAAAGTCCGCGTATCC 159 

TAGLN NM_001001522.2 CAGGAGCTGCCTCACTGTGT CCCAGCTGAACCCCCAAAATA 144 

FN1 NM_212482.3 CTGGCCAGTCCTACAACCAG CGGGAATCTTCTCTGTCAGCC 118 

 

5.2.5 RNA sequencing pipeline and pathway analysis 

For details relating to the RNA sequencing pipeline and pathway analysis, please refer to 

Sections 4.2.4 and 4.2.5. The following adjustments were made; an average of 20,471,524 
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sequencing reads were obtained across all samples. Raw sequence data is available at NCBI 

(BioProject PRJNA681014).  

5.2.6 Protein isolation/Western blotting 

MRC-5 cells were seeded in 6-well cell culture plates (ThermoFisher Scientific) at a density of 

approximately 150,000 cells per well and cultured in MEM with supplements and the 

appropriate treatments for 72 hours. Cells were then rinsed three times with cold PBS and 

lysed with RIPA lysis buffer (150 mM NaCl, 50 mM tris pH 7.5, 1% triton X-100, 0.5% sodium 

deoxycholate, 0.1% sodium dodecyl sulphate (SDS)) supplemented with protease inhibitors 

(Halt, ThermoFisher Scientific). The cell lysate was collected with cell scrapers, incubated at 

4°C with agitation for 30 minutes then centrifuged at 7,500 G's at 4°C for a further 30 minutes 

to remove cell debris.  

The protein concentrations of the cell lysates were determined using the bicinchoninic acid 

(BCA) assay (Pierce, ThermoFisher Scientific) according to the manufacturer's instructions. 

Fifteen ng (to probe for α-smooth muscle actin (ACTA2) or TGF-β1 protein) or 5 ng (to probe 

for GAPDH protein) of the protein lysates were loaded into pre-cast 4-12% bis-tris gradient 

SDS gels (Novex, ThermoFisher Scientific) and run for 30 minutes at 200 volts (V) constant.  

Proteins were then transferred onto 0.2 μm PVDF blotting membrane (Millipore, Burlington, 

USA) in transfer buffer (25 mM tris free base, 192 mM glycine, 20% methanol, pH 8.3) for 90 

minutes at 30 V constant. Following transfer, the blotting membrane was blocked in 5% milk 

powder (ACTA2, TGF-β1) or 5% bovine serum albumin (BSA, Sigma-Aldrich) (GAPDH) in TBS/T 

(10 mM tris HCl, 3.7 mM tris free base, 75 mM NaCl, 0.1% tween-20, pH 7.6) for 30 minutes 

with agitation at room temperature, rinsed gently with TBS/T and then incubated overnight 

at 4°C with agitation in the appropriate primary antibody (Abcam, Cambridge, UK) (ACTA2: 

1:500 dilution, Abcam ab5694; TGF-β1: 1:1000 dilution, Abcam ab92486; GAPDH: 1:2500 

dilution, Abcam ab9485) diluted in 1% milk powder (ACTA2, TGF-β1) or BSA (GAPDH) in 

TBS/T. The following day, the primary antibody was poured off and the blotting membrane 

was washed three times in TBS/T for 5 minutes each, then incubated in secondary antibody 

(goat anti-rabbit IgG–alkaline phosphatase, 1:30,000 dilution) (Sigma-Aldrich) diluted in 

TBS/T for 2 hours with agitation at room temperature, then washed a further three times in 

TBS/T for 5 minutes each. The signal was developed for approximately 10 minutes using 

BCIP/NBT tablets (Sigma-Aldrich). GAPDH was used as a loading control. 
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5.2.7 Immunofluorescence 

MRC-5 cells were seeded in 48-well cell culture plates (ThermoFisher Scientific) at a density 

of approximately 15,000 cells per well and cultured in MEM with supplements and the 

appropriate treatments for 72 hours. Cells were then fixed and permealised in ice cold 

methanol for 5 minutes, washed three times in PBS for 5 minutes each and blocked in 5% 

BSA in PBS for 30 minutes at room temperature. Cells were then incubated overnight at 4°C 

in primary antibody (ACTA2: 1:250 dilution, Abcam ab5694) diluted in 5% BSA in PBS. The 

following day the cells were washed three times in PBS for 5 minutes each, incubated with 

secondary antibody (goat anti-rabbit IgG H&L, Alexa Fluor® 488, 1:1000, Abcam ab150077) 

diluted in 5% BSA in PBS for 1 hour at room temperature, washed three times again and then 

incubated with 4′,6-diamidino-2-phenylindole (DAPI) solution (1:1000) diluted in PBS for 15 

minutes at room temperature. The cells were washed for a final three times and lastly 

covered with 250 μl of clean PBS prior to imaging. Images were taken on a Total Internal 

Reflection Fluorescence (TIRF, Leica, Wetzlar, Germany) microscope in standard fluorescent 

mode.  

5.2.8 Statistical tests 

All statistical tests relating to cytotoxicity and qPCR data were carried out using Prism 

software (Version 7, GraphPad, San Diego, USA). Both data sets were analysed using a one-

way ANOVA test with multiple comparisons (alpha 0.05). 

 

5.3 Results 

5.3.1 KS-84 and KS-66 are not cytotoxic to LX-2 or MRC-5 cells 

Figure 5.2 shows the quantitation of cytotoxicity caused on LX-2 and MRC-5 cells after 

exposure to either KS-84, KS-66, or triton X-100. WST-8 solution forms a soluble orange 

formazan dye following reduction by dehydrogenase enzymes, where the amount of dye 

produced is directly proportional to the number of living cells in the medium. The results 

indicate that neither KS-84 nor KS-66 caused significant (p value < 0.05) cytotoxicity to either 

cell line compared to non-treated controls. 
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Figure 5.2 The cytotoxic effects of KS peptides on LX-2 and MRC cells. The optical density (OD) of 

WST-8 solution incubated with LX-2 and MRC-5 cells after exposure to KS-84 and KS-66. Triton X-100 

was used as a positive control for cytotoxicity. Absorbance was read at 450 nm. Definitions: NT, non-

treated; KS-84, 20 μg/ml KS-84 treatment; KS-66, 20 μg/ml KS-66 treatment; T X-100, 1% triton X-100 

(v/v) treatment; NS, not significant; ****, significant (p value < 0.0001). Samples were tested in 

triplicate (N=3). 

 

5.3.2 Differentially expressed genes in LX-2 cells following KS-84 and KS-66 

treatment 

Using RNA sequencing, the expression of 17,910 and 18,162 genes were initially detected in 

LX-2 cells following KS-84 and KS-66 treatment, respectively. Of these genes, 78 were 

observed to undergo statistically significant changes in expression following KS-84 treatment 

(29 up, 49 down), whereas 798 were observed to undergo statistically significant changes in 

expression following KS-66 treatment (374 up, 424 down) (FDR < 0.1). Volcano plots of the 

spread of these genes can be seen in Figure 5.3. Table 5.2 and Table 5.3 show the 10 most 

up- and downregulated genes detected in LX-2 cells following KS-84 and KS-66 treatment, 

respectively. 
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Figure 5.3 Differentially expressed genes in LX-2 cells following KS peptide treatment. The 78 and 

798 significantly differentially expressed genes detected in LX-2 cells following treatment with KS-84 

(top) and KS-66 (bottom) respectively. The x-axis shows the gene log2 fold change (log2 FC) value and 

the y-axis shows the -log10 false discovery rate (-log10 FDR). Data points in green correspond with 

upregulated genes and points in red correspond with downregulated genes. The FDR cut-off for 

significance was set at FDR < 0.1. 
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Table 5.2 Genes deregulated by KS-84 in LX-2 cells. The top 20 genes most strongly deregulated (10 

up- and 10 downregulated) in LX-2 cells following KS-84 treatment (FDR < 0.1), sorted by fold change. 

Gene ID Gene name Fold 
change 

FDR 

SERPINB7 Serpin family B member 7 1.92 7.93E-03 

MMP1 Matrix metalloproteinase 1 1.84 8.02E-20 

ESM1 Endothelial cell-specific molecule 1 1.82 2.71E-05 

HAS2 Hyaluronan synthase 2 1.51 7.45E-03 

KITLG KIT ligand 1.39 3.16E-02 

FGF5 Fibroblast growth factor 5 1.37 1.93E-03 

TFPI2 Tissue factor pathway inhibitor 2 1.36 1.18E-04 

AOX1 Aldehyde oxidase 1 1.34 7.32E-05 

SVIP Small VCP interacting protein 1.34 9.72E-02 

CCND1 Cyclin D1 1.32 2.36E-09 

PCOLCE Procollagen C-endopeptidase enhancer -1.47 7.67E-02 

RNF145 Ring finger protein 145 -1.47 4.76E-11 

LPCAT1 Lysophosphatidylcholine acyltransferase 1 -1.49 2.13E-16 

GRAMD4 GRAM domain containing 4 -1.56 1.50E-02 

TAGLN Transgelin -1.59 3.38E-04 

COL1A2 Collagen, type I, alpha 2 -1.72 6.75E-04 

MMP9 Matrix metalloproteinase 9 -1.82 3.80E-04 

ACTG2 Actin gamma 2, smooth muscle -1.82 3.46E-02 

COL5A3 Collagen, type V, alpha 3 -2.22 2.75E-02 

EGR1 Early growth response protein 1 -2.38 2.13E-16 
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Table 5.3 Genes deregulated by KS-66 in LX-2 cells. The top 20 genes most strongly deregulated (10 

up- and 10 downregulated) in LX-2 cells following KS-66 treatment (FDR < 0.1), sorted by fold 

change. 

Gene ID Gene name Fold 
change 

FDR 

NCF2 Neutrophil cytosolic factor 2 4.86 1.18E-07 

MMP1 Matrix metalloproteinase 1 4.72 5.26E-186 

TMEM156 Transmembrane protein 156 4.11 1.84E-03 

MT1X Metallothionein 1X 4.11 7.00E-04 

MT1E Metallothionein 1E 3.84 3.04E-12 

SERPINB2 Serpin family B member 2 3.61 4.43E-25 

OASL 2'-5'-oligoadenylate synthetase like 3.32 2.32E-04 

ESM1 Endothelial cell specific molecule 1 3.03 1.91E-32 

MT2A Metallothionein 2A 2.89 1.34E-48 

G0S2 G0/G1 switch 2 2.87 1.29E-21 

PPL Periplakin -2.04 6.39E-12 

OTUB2 OTU deubiquitinase, ubiquitin aldehyde binding 2 -2.04 3.30E-03 

COL5A3 Collagen, type V, alpha 3 -2.17 4.47E-03 

MYO7A Myosin VIIA -2.33 1.94E-02 

SLC39A10 Zinc transporter ZIP10 -2.44 6.95E-52 

LMOD1 Leiomodin 1 -2.50 7.98E-02 

PLXDC1 Plexin domain containing 1 -2.63 1.32E-08 

MSTN Myostatin -2.78 7.88E-03 

LINC00619 Long intergenic non-protein coding RNA 619 -2.78 4.69E-02 

VGLL2 Vestigial like family member 2 -3.03 2.56E-06 

 

5.3.3 Pathway analysis indicates that KS-84 reduces LX-2 cell activation and fibrotic 

potential, whereas KS-66 increases it 

Overall, the activity of 62 and 147 signalling pathways were predicted to be significantly (p 

value < 0.05) altered in LX-2 cells by KS-84 and KS-66 treatment respectively, as quantified 

by the z-score, an in silico-derived directional measurement of activity. Figure 5.4 shows the 

top 20 most statistically significant pathways altered by each peptide. 

The five most statistically significant pathways altered by KS-84 were "hepatic 

fibrosis/hepatic stellate cell activation" (z-score 0), "GP6 signalling pathway" (z-score -3), 
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"inhibition of matrix metalloproteases" (z-score 0.447), "atherosclerosis signalling" (z-score 

0) and "apelin liver signalling pathway" (z-score -2). The five most statistically significant 

pathways altered by KS-66 included "hepatic fibrosis/hepatic stellate cell activation" (z-score 

0), "hepatic fibrosis signalling pathway" (z-score 0.822), "role of tissue factor in cancer" (z-

score 0), "axonal guidance signalling" (z-score 0) and "HIF1α signalling" (z-score 1.043). 

KS-84 was predicted by pathway analysis to alter the activity of several pathways associated 

with fibroblast activation or fibrosis in a direction that would inhibit both events. In 

particular, the increase in the "inhibition of matrix metalloproteinases" and decrease in the 

"apelin liver signalling", "intrinsic prothrombin activation pathway", "HOTAIR regulatory 

pathway", "hepatic fibrosis signalling", "ILK signalling" and "estrogen receptor signalling" 

pathways would all indicate that KS-84 induces a reduction in LX-2 activation and fibrotic 

potential. Conversely, KS-66 was predicted to influence the activity of several pathways that 

would promote fibroblast activation and fibrosis. Such pathways included the "hepatic 

fibrosis signalling", "HIF1a signalling", "aryl hydrocarbon receptor signalling", "IL-8 

signalling", "inhibition of angiogenesis by TSP1" and "ephrin receptor signalling" pathways. 
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Figure 5.4 Signalling pathways altered by KS peptides in LX-2 cells. The top 20 most statistically 

significant signalling pathways altered in LX-2 cells following treatment with KS-84 (top) and KS-66 

(bottom) (p value < 0.05, dotted line). Pathways coloured grey could not be assigned a z-score, while 

bars coloured green had a positive z-score and bars coloured red had a negative z-score. A positive z-

score infers a predicted increase in pathway activation compared to untreated controls. 

 

5.3.4 Pathway analysis indicates that the inhibition of LX-2 activation by KS-84 may 

stem in part from a reduction in TGF-β1 signalling 

Pathway analysis predicted that the activity of 751 and 1203 upstream regulators were 

significantly (p value < 0.05) affected by KS-84 and KS-66 treatment respectively in LX-2 cells. 

This analysis utilises the fold changes associated with data set genes to predict the activation 

status of upstream regulators which control their expression, even if the regulator in 

question is not present in the data set. Table 5.4 and Table 5.5 show the top 10 most 

statistically significant upstream regulators altered by KS-84 and KS-66 treatment, 

respectively. Interestingly, TGF-β1, a strong inducer of both fibroblast activation and fibrosis, 

was predicted to be the most statistically significant upstream regulator affected by KS-84, 

and the second most regulator affected by KS-66. Furthermore, KS-84 was predicted to 
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reduce TGF-β1 activity (z-score -1.845) whereas KS-66 was predicted to increase it (z-score 

0.942). 

 

Table 5.4 Upstream regulators altered by KS-84 in LX-2 cells. The top 10 most statistically significant 

upstream regulators altered in LX-2 cells following KS-84 treatment (p value < 0.05). Regulators with 

no applicable z-score indicate instances where the pathway direction could not be predicted.  

Upstream regulator z-score p value 

TGFB1 -1.845 9.37E-17 

estrogen receptor 1.114 8.08E-13 

CG 1.598 4.88E-12 

TGFB2 -1.269 1.33E-11 

F2 -0.055 4.63E-11 

FBN1 1.432 9.06E-10 

SCAP n/a 2.96E-09 

ITGAV -1.972 3.05E-09 

ITGB3 -1.095 3.05E-09 

CTNNB1 -0.825 5.91E-09 

 

Table 5.5 Upstream regulators altered by KS-66 in LX-2 cells. The top 10 most statistically significant 

upstream regulators altered in LX-2 cells following KS-66 treatment (p value < 0.05). 

Upstream regulator z-score p value 

CG 4.311 4.07E-27 

TGFB1 0.942 9.43E-27 

ERBB2 1.469 5.36E-24 

TNF 3.199 5.37E-24 

PDGF BB 3.107 2E-19 

Mek 2.726 6.43E-19 

ERK 2.796 1.5E-18 

JUNB 2.735 3.88E-17 

estrogen receptor -0.777 4.02E-17 

EGFR 2.802 8.13E-17 
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5.3.5 The effects of KS-84 on the expression of genes downstream of TGF-β1 reveals 

a potential mechanism for its predicted inhibition of LX-2 activation 

Table 5.6 shows the genes downstream of TGF-β1 that were differentially expressed in LX-2 

cells by KS-84 treatment. TGF-β1 regulates the expression of all of these genes, and a select 

group of genes including fibronectin (FN1), matrix metalloproteinase 9 (MMP9), transgelin 

(TAGLN) and collagen type 1α2 (COL1α2) are also able to influence the mRNA and protein 

expression of TGF-β1 as part of feedback loops (Figure 5.10). The changes induced by KS-84 

in the expression of these genes could represent a potential mechanism for its inhibition of 

TGF-β1 activity, and therefore a cause of its predicted inhibition of the pathways associated 

with fibroblast activation and fibrosis. 

 

Table 5.6 Genes downstream of transforming growth factor-β1 (TGF-β1) that are altered by KS-84 in 

LX-2 cells. The effects of KS-84 treatment on the expression of genes associated with downstream 

TGF-β1 signalling (as identified by pathway analysis) in LX-2 cells. Genes marked with an asterisk (*) 

may be implicated in the inhibition of LX-2 activation by KS-84 by reducing TGF-β1 signalling. 

Gene ID Fold change  Gene ID Fold change 

MMP1 1.84  TUBA1A -1.16 

HAS2 1.51  IGFBP5 -1.18 

TGM2 1.31  SCD -1.18 

DOCK4 1.21  SPOCK1 -1.18 

   BHLHE40 -1.22 

   MMP2 -1.25 

   FN1* -1.28 

   COL6A3 -1.28 

   COL1A1 -1.3 

   COL5A1 -1.33 

   FASN -1.39 

   COL3A1 -1.41 

   TAGLN* -1.59 

   COL1A2* -1.72 

   MMP9* -1.82 
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5.3.6 KS-84 and KS-66 treatment altered the expression of pro-fibrotic marker genes 

in MRC-5 cells 

The expression of four genes, commonly considered pro-fibrotic markers, were assayed in 

MRC-5 cells following treatment with KS-84 and KS-66. These genes included α-smooth 

muscle actin (ACTA2), collagen type 1α1 (COL1α1), matrix metalloprotease 2 (MMP2) and 

tissue inhibitor of matrix metalloprotease 1 (TIMP1). The upregulation of these genes is 

commonly associated with activated fibroblasts. Figure 5.5 and Table 5.7 show that both 

peptides significantly reduced the expression of ACTA2 and increased the expression of 

MMP2. KS-84 was found to increase the expression of COL1α1, and KS-66 was capable of 

decreasing TIMP1 expression. As expected, TGF-β1 treatment increased the expression of all 

four genes. 

 

 

Figure 5.5 Deregulated expression of four fibrotic marker genes in MRC-5 cells following treatment 

with KS-84, KS-66 or transforming growth factor β1 (TGF-β1). Definitions: NS, not significant; *, 

significant (p value < 0.05); ****, significant (p value < 0.0001). Gene expression data was assayed by 

qPCR and normalised to a non-treated control. TGF-β1 treatment was used as a positive control for 

MRC-5 activation. Samples were tested in triplicate (N=3). 
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5.3.7 KS-84 and KS-66 treatment reduced the expression of genes involved in TGF-β1 

signalling in MCR-5 cells 

The TGF-β1 signal is carried to the cell nucleus mainly via TGF-β receptors and SMAD proteins. 

The expression of TGF-β1, two TGF-β receptors (TGFβRI and TGFβRII) and three SMAD genes 

(SMAD2, SMAD3 and SMAD4) were assayed to clarify if either KS-84 or KS-66 target 

components of the TGF-β signalling pathway in MRC-5 cells to affect gene expression. Figure 

5.6 and Table 5.7 show that both KS-84 and KS-66 reduced the expression of TGF-β1 and 

TGFβRI, indicating a reduction in TGF-β signalling. KS-66 was also found to reduce the 

expression of TGFβRII. Neither peptide had a large effect on the expression of any of the 

SMAD genes, although KS-84 did slightly reduce the expression of SMAD3. Again, as 

expected, TGF-β1 treatment reduced the expression of all six genes. 

 

 

Figure 5.6 Deregulated expression of six genes involved in transforming growth factor-β1 (TGF-β1) 

signal transduction in MRC-5 cells following treatment with either KS-84, KS-66 or TGF-β1. 

Definitions: NS, not significant; *, significant (p value < 0.05); **, significant (p value < 0.01); ***, 

significant (p value < 0.001); ****, significant (p value < 0.0001). Gene expression data was assayed by 

qPCR and normalised to a non-treated control. TGF-β1 treatment was used as a positive control for 

MRC-5 activation. Samples were tested in triplicate (N=3). 
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5.3.8 KS-84 and KS-66 altered the expression of feedback regulators of TGF-β1 in 

MRC-5 cells 

FN1, MMP9, TAGLN and COL1α2 were identified above as four genes downstream of TGF-β1 

that regulate TGF-β1 expression and whose expression is altered by KS-84 in LX-2 cells. The 

expression of three of these genes in MRC-5 cells following peptide treatment was also 

assayed. Figure 5.7 and Table 5.7 show that KS-84 and KS-66 were both able to increase the 

expression of FN1 and decrease the expression of TAGLN. KS-66 was also capable of reducing 

COL1α2 expression. MMP9 expression could not be assayed due to the lack of a working 

primer pair. Again, as expected, TGF-β1 treatment increased the expression of all three 

genes. 
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Figure 5.7 Deregulated expression of three genes involved in regulating transforming growth factor-

β1 (TGF-β1) signalling in MRC-5 cells following treatment with either KS-84, KS-66 or TGF-β1. 

Definitions: NS, not significant; **, significant (p value < 0.01); ***, significant (p value < 0.001); ****, 

significant (p value < 0.0001). Gene expression data was assayed by qPCR and normalised to a non-

treated control. TGF-β1 treatment was used as a positive control for MRC-5 activation. Samples were 

tested in triplicate (N=3). 
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Table 5.7 Specific transcriptional fold changes induced by KS-84, KS-66 and transforming growth 

factor-β1 treatments on selected genes in MRC-5 cells. Gene expression data was assayed by qPCR 

and normalised to a non-treated control. 

Gene Treatment/Fold change 

  KS-84 KS-66 TGF-β1 

  Average +/- SD Average +/- SD Average +/- SD 

ACTA2 -1.27 0.01 -1.16 0.02 3.56 0.04 

COL1α1 1.23 0.02 1.03 0.04 1.76 0.05 

MMP2 1.70 0.01 1.49 0.01 2.03 0.03 

TIMP1 1.08 0.03 -1.05 0.01 1.45 0.02 

TGF-β1 -1.11 0.06 -1.09 0.06 -1.19 0.05 

TGFβRI -1.61 0.01 -1.19 0.01 -1.52 0.01 

TGFβRII 1.05 0.03 -1.08 0.03 -1.33 0.02 

SMAD2 1.00 0.01 1.07 0.02 -1.03 0.02 

SMAD3 -1.04 0.03 1.02 0.02 -1.52 0.02 

SMAD4 1.07 0.05 1.01 0.04 -1.22 0.04 

FN1 1.20 0.02 1.16 0.01 2.85 0.09 

TAGLN -1.30 0.01 -1.18 0.03 1.40 0.04 

COL1α2 1.05 0.01 -1.04 0.01 1.14 0.04 
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Table 5.8 Specific transcriptional fold changes induced by KS-84 and KS-66 treatments on selected 

genes in LX-2 and MRC-5 cells. Gene expression data was normalised to a non-treated control. 

Included for comparative purposes. Bolded cells represent a non-significant result (LX-2, FDR > 0.1; 

MRC-5, p value > 0.05). 

Gene Treatment/Cell line/Fold change 

  KS-84 KS-66 

  LX-2 MRC-5 LX-2 MRC-5 

ACTA2 -1.37 -1.27 -1.18 -1.16 

COL1α1 -1.30 1.23 -1.27 1.03 

MMP2 -1.25 1.70 -1.18 1.49 

TIMP1 -1.15 1.08 1.06 -1.05 

TGF-β1 -1.05 -1.11 1.00 -1.09 

TGFβRI 1.05 -1.61 -1.08 -1.19 

TGFβRII 1.09 1.05 1.12 -1.08 

SMAD2 1.04 1.00 -1.03 1.07 

SMAD3 -1.02 -1.04 -1.02 1.02 

SMAD4 1.09 1.07 -1.06 1.01 

FN1 -1.28 1.20 -1.03 1.16 

TAGLN -1.59 -1.30 -1.37 -1.18 

COL1α2 -1.72 1.05 -1.30 -1.04 

 

5.3.9 KS-84 and KS-66 reduced the expression of ACTA2 protein in MRC-5 cells 

The protein levels of ACTA2 and TGF-β1 in MRC-5 cells following peptide treatment were 

investigated to identify if transcriptional changes in gene expression induced by KS-84 or KS-

66 were carried through to the translational level. Western blotting (Figure 5.8) and 

fluorescent microscopy (Figure 5.9) both confirm that the protein level of ACTA2 is reduced 

by both KS-84 and KS-66, and increased by TGF-β1, as expected. Unfortunately, only the 

inactive form of TGF-β1 was detected on the blot, and its expression did not seem to be 

affected by any treatment. The possible reasons for this will be discussed further below. The 

effects of peptide treatment on the levels of these proteins in LX-2 cells could not be assayed 

due to a lack of suitable material. 
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Figure 5.8 The effects of KS-84, KS-66 and transforming growth factor-β1 (TGF-β1) treatment on the 

protein levels of α-smooth muscle actin (ACTA2) and TGF-β1 in MRC-5 cells. Definitions: NT, non-

treated. As can be seen, KS-84 and KS-66 reduced the protein level of ACTA2, in agreement with the 

qPCR data. GAPDH was used as a loading control. 

 

Figure 5.9 Fluorescent imaging of actin filaments in MRC-5 cells following KS peptide treatment. Cells 

shown are either (A) non-treated, or treated with (B) KS-84, (C) KS-66 or (D) transforming growth 

factor-β1. As can be seen, KS-84 and KS-66 reduced the appearance of organised actin filaments. Scale 

bar = 200 μm. 
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5.4 Discussion 

Sm16 is a protein released by various life cycle stages of S. mansoni parasites, including the 

egg stage [16]. Several studies have highlighted the potential of Sm16 as an 

immunomodulator of host cell responses, particularly in macrophages [148,378]. The role of 

schistosome eggs and HSCs in driving chronic schistosomiasis mansoni pathology has been 

discussed throughout this thesis. Briefly, the deposition of eggs in the liver leads to the 

development of fibrotic plaques that drive the downstream pathology and mortality 

associated with chronic schistosomiasis [6]. HSCs are responsible for fibrogenesis in the liver 

following tissue injury or pathogen invasion, including during schistosomiasis [106]. 

Interestingly, S. mansoni whole egg ESPs have been shown to inhibit the ability of HSCs to 

become activated and initiate fibrogenesis [17]. Instead, the expression of pro-fibrotic 

marker genes including ACTA2 and COL1α1 are reduced and HSCs display increased uptake 

of lipid droplets, indicating the adoption of a quiescent phenotype [17]. The addition of TGF-

β1, a potent inducer of HSC activation [259], did not reverse these inhibitory effects [17]. The 

specific cause or mediator(s) of this modulation is unknown; however, it has implications for 

both our understanding of egg-host interactions and the development of anti-fibrotic 

therapeutics. The responses of HSCs to schistosome egg secretory proteins are therefore of 

strong interest, including Sm16, especially since it has been shown to be taken up by a variety 

of different host cell populations, despite its nature as a modulator of inflammatory, rather 

than fibrotic, immune responses [16,377]. In order to assess these responses, two synthetic 

peptide derivatives of Sm16 consisting of the almost full-length peptide (KS-84) and the 

truncated C-terminal α-helix (KS-66) (Figure 5.1) were exposed to LX-2 cells, an immortalised 

human HSC cell line. Furthermore, the responses of both peptides against MRC-5 cells, a 

primary human lung fibroblast cell line, were also assayed to determine the specificity of 

Sm16's immunomodulatory effects. 

5.4.1 Pathway analysis of KS-84 and KS-66 in LX-2 cells 

KS-84 was found to deregulate the expression of significantly fewer genes than KS-66 (78 vs. 

798) in LX-2 cells. The cause of this disparity is unclear, although it could be related to the 

properties of the Sm16 α-helical C-terminal from which KS-66 is derived. Studies have shown 

that truncation or disruption of the Sm16 C-terminal reduces its uptake by host cells [16]. 

Therefore, as the C-terminal appears to assist Sm16 internalisation, it is possible that KS-66, 

which comprises the C-terminal region, experienced a greater, or more rapid, uptake by LX-

2 cells compared to KS-84, which contains the potentially hindering N-terminal end. 
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Alternatively, the C-terminal end may simply be the more potent bioactive component of 

Sm16; while no studies have directly compared the effects of KS-84 and KS-66, it has been 

shown that FhHDM-1, a protein with similar structure to Sm16, undergoes proteolytic 

cleavage within host macrophages to release a C-terminal α-helical peptide that carries out 

further immunomodulatory roles compared to the full-length protein [381]. 

Pathway analysis (Figure 5.4) revealed that KS-84 and KS-66 induce different effects on the 

gene expression profiles of LX-2 cells. KS-84 was predicted to downregulate the activity of 

several pathways that contribute to fibroblast activation and fibrotic potential, whereas KS-

66 was instead found to upregulate pathways associated with both events. Of particular note 

is the activity of the "hepatic fibrosis signalling" pathway, which was reduced by KS-84 (z-

score -1.89) and increased by KS-66 (z-score 0.822). Other pathways predicted to be altered 

by KS-84 exposure include the "inhibition of matrix metalloproteinases", "apelin liver 

signalling", "intrinsic prothrombin activation pathway", "HOTAIR regulatory pathway", "ILK 

signalling" and "estrogen receptor signalling" pathways, while KS-66 was observed to induce 

changes in the activity of the "HIF1a signalling", "aryl hydrocarbon receptor signalling ", "IL-

8 signalling", "inhibition of angiogenesis by TSP1" and "ephrin receptor signalling" pathways. 

These pathways are relevant to fibroblast activity and fibrosis, as discussed below. 

5.4.2 Signalling pathways affected by KS-84 in LX-2 cells 

Matrix metalloproteinases are enzymes capable of digesting the various protein components 

of the ECM [387]. The expression and activity of MMP enzymes is upregulated during liver 

fibrosis, where they facilitate tissue remodelling and cellular migration around the fibrogenic 

stimulus [387]. Furthermore, MMP9 has been shown to upregulate the expression of TGF-β1 

and stimulate the release of active TGF-β1 protein from the inhibitory latent complex, 

thereby indirectly enhancing HSC activation and fibrosis [388,389].  

Apelin is an endogenous ligand of the G protein-coupled APJ receptor [357]. Apelin signalling 

is associated with a diverse range of tissue-specific functions [358]. In the liver, apelin 

signalling is strongly associated with fibrosis [358]. Several studies have highlighted how 

components of the apelin signalling pathway induce the expression of pro-fibrotic genes in 

LX-2 cells, including collagen type 1 (COL1), ACTA2 and platelet-derived growth factor 

receptor-β (PDGFRβ) [357,359]. Furthermore, the inhibition of apelin signalling has been 

shown to reduce the intensity and burden of liver fibrosis in murine models [360].  

The activation of prothrombin into thrombin is one of the first steps towards the formation 

of a blood clot [390]. This reaction is catalysed by the proteinase factor Xa (FXa) [390]. One 
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study has shown that both thrombin and FXa induce the expression of pro-collagen, ACTA2 

and TGF-β1 in LX-2 cells, and that the inhibition of FXa activity significantly reduced the 

burden of fibrosis and hydroxyproline content in a murine model of liver fibrosis [391].  

HOX transcript antisense RNA (HOTAIR) is a long non-coding RNA (lncRNA). LncRNAs are a 

subset of RNA transcripts that do not code for proteins, but instead have roles involved in 

regulating biological processes [392,393]. The expression of HOTAIR is upregulated in fibrotic 

murine and human livers, and in LX-2 cells following TGF-β1 treatment [392]. In LX-2 cells, 

the increased expression of HOTAIR subsequently upregulates the expression of the pro-

fibrotic genes ACTA2, COL1α1, MMP2 and MMP9, while the inhibition of HOTAIR expression 

instead reduces the expression of these genes [392]. Furthermore, HOTAIR also acts to inhibit 

the expression of maternally expressed gene 3 (MEG3), an lncRNA that represses HSC 

activation [392,394].  

Integrins are membrane-spanning proteins that connect the cytoskeleton of a cell to 

components of the ECM in order to facilitate cell motility and adhesion. Integrin-linked kinase 

(ILK) is involved in transducing signals from integrins, allowing the cell to respond to signals 

received from the ECM. One study has shown that the overexpression of ILK in HSCs results 

in enhanced cell motility and adhesion, as well as the upregulated expression of the pro-

fibrotic genes ACTA2, COL1, TGF-β1 and FN1, while the inhibition of ILK expression instead 

reduced the expression of these genes [395]. 

KS-84 was predicted to alter the activity of these pathways, in addition to the "hepatic fibrosis 

signalling" pathway, in a direction that would favour the inhibition of HSC activation and 

fibrosis in vivo. 

5.4.3 Signalling pathways affected by KS-66 in LX-2 cells 

Hypoxia-inducible factor 1α (HIF-1α) is a transcriptional regulator that induces the expression 

of genes in response to hypoxia [396]. The development of hypoxia is commonly associated 

with fibrosis; the excessive deposition of ECM components creates congestion within the 

tissue that results in reduced blood flow and increased distance between the cells and blood 

vessels, both of which lead to reduced oxygenation of the tissue [396]. One study identified 

that HIF-1α is upregulated in fibrotic murine livers, and that HIF-1α-deficiency resulted in a 

significant reduction in the expression of ACTA2, COL1 and other pro-fibrotic genes in these 

livers [397]. Several other studies have shown that HSCs cultured in hypoxic conditions 

activate HIF-1α, and that in turn the expression of a range of pro-fibrotic genes including 

VEGF, ACTA2, TGF-β1, MMP2 and TIMP1 are upregulated [398,399]. 
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Activated HSCs are known to be a major source of IL-8 [400,401]. IL-8 is a potent 

chemoattractant for neutrophils [402], and the influx of neutrophils has been documented 

in many liver diseases, including viral hepatitis, alcoholic liver disease and non-alcoholic fatty 

liver disease [403]. While typically associated with inflammatory liver disease [403], one 

study has implicated the interactions between HSCs and neutrophils in the fibrogenesis 

associated with steatohepatitis [404]. 

Thrombospondin 1 (TSP1) is a secretory glycoprotein that regulates a range of cellular 

functions, including the inhibition of angiogenesis, by interacting with extracellular proteins 

and cell surface receptors [405,406]. The upregulated expression of TSP1 by HSCs has been 

identified in the livers of patients suffering from congenital hepatic fibrosis [407]. TSP1 

contributes to HSC activation and fibrosis by promoting the release of active TGF-β1 protein 

from the inhibitory latent complex [408–410]. 

Ephrin receptors interact with membrane-bound ephrin ligands to induce cell-cell 

communication in a range of biological processes [411]. One study has shown that the ephrin 

receptor B2 (EphB2) is upregulated in murine models of liver fibrosis and in human patients 

suffering from liver cirrhosis [412]. This study also detailed that EphB2 signalling may induce 

HSC activation and fibrogenesis; EphB2-deficient mice displayed a reduced expression of pro-

fibrotic genes, including ACTA2, COL1α1 and TIMP1, and lower burden of fibrosis in fibrotic 

models [412]. Furthermore, HSCs isolated from these EphB2-deficient mice were observed 

to be less prone to activating over time [412].  

KS-66 was predicted to alter the activity of these pathways, as well as the "hepatic fibrosis 

signalling" pathway, in a direction that would favour the promotion of HSC activation and 

fibrosis in vivo. 

The cause of the opposing responses predicted to be induced by KS-84 and KS-66 in LX-2 cells 

is not known. It was not expected that both peptides would provoke such strongly differing 

reactions, however, while no study has so-far compared the immunomodulatory effects of 

KS-84 and KS-66, one thesis has described how several small peptide derivatives of Sm16 

have varying anti-inflammatory activities against LPS-stimulated macrophages, highlighting 

a situation where the effects of Sm16 may be heavily dependent on how it is processed by 

the host cell [379]. A similar, albeit more extreme, situation could be occurring here whereby 

the N-terminal end of KS-84, absent in KS-66, is somehow able to negate any pro-fibrotic 

effects induced by the C-terminal end. Further investigation will be necessary to conclude 

the exact cause of this disparity. 
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5.4.4 The proposed mechanism of KS-84 action in LX-2 cells 

TGF-β1 was predicted to be the most statistically significant upstream regulator affected by 

KS-84 and, based on the altered expression of genes downstream of TGF-β1, its signalling 

was predicted to be reduced (z-score -1.845) (Table 5.4). As discussed in section 4.1.3, 

fibroblast activation, including that of HSCs, is primarily driven by TGF-β1, and TGF-β1 

signalling is strongly associated with fibrosis [259,413]. Therefore, it is tempting to associate 

the inhibition of TGF-β1 signalling and HSC activation induced by KS-84 as two parts of the 

same process. 

Table 5.6 shows a list of genes that were significantly differentially expressed in LX-2 cells by 

KS-84 and are known to be regulated in expression by TGF-β1 in vivo. Among this list are four 

genes, namely FN1, MMP9, COL1α2 and TAGLN, that are of particular interest as they are not 

only upregulated by TGF-β1 in vivo, but they themselves also directly (FN1, MMP9, COL1α2), 

or indirectly (TAGLN), regulate the expression of TGF-β1 mRNA and protein.  

TGF-β1 is released into the extracellular space and stored as an inactive pro-peptide complex 

bound to latent TGF-β-binding protein (LTBP) by disulphide bonds [259]. These bonds are 

cleaved by the appropriate proteases to release active TGF-β1 in small quantities as required 

[388,389]. Given the wide range of signalling pathways that TGF-β ligands are involved in, 

and the potency of the cellular change they induce, numerous mechanisms exist to limit TGF-

β-related signalling at the transcriptional and translational level, particularly through 

feedback loops [414,415].  

FN1 is a glycoprotein component of the ECM that interacts with cell membrane-bound 

integrins and other ECM components to facilitate cell adhesion and migration [416]. FN1 

expression is induced by TGF-β1 [417], and in turn its expression has been shown to incite 

further TGF-β1 mRNA and protein expression [418,419], indicating a positive feedback 

relationship between the two genes. COL1α2 is a component of COL1, the expression of 

which is also induced by TGF-β1 [420,421]. COL1α2 interacts with the protein SP1 to enhance 

TGF-β1 protein expression in HSCs [422], again showing a positive feedback relationship. As 

previously discussed, MMP9 is a member of the matrix metalloprotease family of enzymes, 

known for their ability to degrade various protein components of the ECM [387]. TGF-β1 

upregulates the expression of MMP9, and in return MMP9 has been shown to upregulate the 

expression of TGF-β1 protein and stimulate the release of active TGF-β1 from the latent 

complex [388,389], once again showing a positive feedback relationship. Finally, TAGLN is an 

actin cross-linking protein involved in organising the actin cytoskeleton [423]. TGF-β1 induces 
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the expression of TAGLN [424], however, unlike the previous genes, TAGLN does not have a 

direct effect on TGF-β1 expression. Rather, TAGLN suppresses the release of active TGF-β1 

by inhibiting MMP9 mRNA and protein expression [425,426], highlighting an indirect 

negative feedback relationship between TAGLN and TGF-β1. The deregulation of these four 

genes could be how KS-84 treatment leads to reduced TGF-β1 signalling and LX-2 activation. 

Figure 5.10 below outlines a mechanism for these interactions.  

 

 

Figure 5.10 Proposed mechanism for the inhibition of transforming growth factor-β1 (TGF-β1) 

signalling by KS-84. KS-84 was shown to reduce the expression of FN1, MMP9, TAGLN and COL1α2 in 

LX-2 cells. Each of these four genes are upregulated by TGF-β1 in vivo. In return, FN1, MMP9 and 

COL1α2 are involved in positive feedback loops with TGF-β1, enhancing the expression and release of 

its mRNA and protein; FN1 increases the expression of TGF-β1 mRNA and protein, while COL1α2 

increases TGF-β1 protein expression and MMP9 increases both TGF-β1 protein expression and the 

release of active TGF-β1 protein from the latent complex. TAGLN indirectly reduces the level of active 

TGF-β1 protein by inhibiting the expression of MMP9 mRNA and protein. Despite the reduced 

expression of TAGLN in this scenario, it may still affect TGF-β1 via MMP9. Therefore, the reduced 

expression of FN1, MMP9, COL1α2 and TAGLN in LX-2 cells induced by KS-84 treatment may result in 

the reduction of TGF-β1 signalling and LX-2 activation. Figure produced using BioRender [427]. 
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It should be noted, however, that while the expression of TGF-β1 mRNA was decreased 

slightly by KS-84 treatment, the change was not statistically significant (Table 5.8). Indeed, 

KS-84 did not significantly alter the expression of either the TGF-β1 receptors (TGFβRI and 

TGFβRII) or canonical signal transducers (SMAD2, SMAD3 and SMAD4) at the mRNA level. It 

is therefore likely that the abrogation of TGF-β1 signalling induced by KS-84 is occurring at 

the protein level, either by reducing the expression of TGF-β1 protein or the release of active 

TGF-β1 from the latent complex, or perhaps by inhibiting the activation of the TGF-β1 

receptors or signal transducers. Furthermore, while KS-84 decreased the expression of 

TAGLN, which would normally indicate an increase in TGF-β1 protein expression via reduced 

MMP9 inhibition, the expression of MMP9 was inhibited to a greater degree (fold change of 

0.55 vs 0.63 respectively) and therefore the inhibitory dynamic between TAGLN and MMP9 

may still be negatively affecting TGF-β1 protein expression. 

Despite the identification of reduced TGF-β1 signalling as a potential mechanism for the KS-

84-induced inhibition of LX-2 activation, the question remains regarding what upstream 

component(s) are initially affected in order to suppress FN1, MMP9, COL1α2 and TAGLN 

expression in the first place. Pathway analysis was unable to identify any other transcriptional 

regulators whose expression was influenced by KS-84 that might also be able to affect the 

expression of these genes. This again points to the idea that KS-84 acts at the protein level, 

possibly by antagonising a receptor or transcription factor and thereby altering signalling to 

affect the expression of the four aforementioned genes, culminating in the deregulation of 

TGF-β1 signalling. 

5.4.5 The responses of MRC-5 cells to KS-84 and KS-66 

To assess the effects of KS-84 and KS-66 treatments on MRC-5 cells, 13 genes were chosen 

for analysis. This list included genes commonly upregulated in fibrotic phenotypes (ACTA2, 

COL1α1, MMP2 and TIMP1), genes involved in directing pro-fibrotic gene expression (TGF-

β1, TGFβRI, TGFβRII, SMAD2, SMAD3 and SMAD4) and three of the four genes discussed 

above as potential regulators of TGF-β1 signalling following KS-84 treatment (FN1, TAGLN 

and COL1α2). Unfortunately, MMP9 levels could not be assayed in these experiments as a 

working primer pair could not be obtained. 

As can be seen in Figure 5.5 and Table 5.7, both KS-84 and KS-66 reduced the expression of 

ACTA2 and increased the expression of MMP2 in MRC-5 cells. KS-84 also increased the 

expression of COL1α1, while KS-66 reduced the expression of TIMP1. In activated fibroblasts, 

the expression of all four of these genes are commonly upregulated. ACTA2 expression is 
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upregulated to facilitate the formation of actin filaments, which provide the cell with 

structure and support, and allow increased cellular adhesion to the ECM [428]. Collagen is a 

dominant component of the ECM, and its production is one of the primary roles of activated 

fibroblasts. The enhanced expression of collagen following fibroblast activation is central to 

their role in fibrosis. As discussed above, the upregulated expression of certain MMP 

enzymes, particularly MMP2 and MMP9, allows the activated fibroblast to degrade 

components of the ECM to facilitate matrix re-organization and fibroblast migration through 

the matrix [429]. The concurrent upregulation of the MMP2 and MMP9 inhibitors, TIMP1 and 

TIMP2, allows the fibroblast to closely control MMP activity and inhibit it where necessary 

[430]. The changes in gene expression seen here are not evident of a clear increase or 

decrease in the levels of MRC-5 activation. The ability of KS-84 to reduce ACTA2 expression 

but also increase COL1α1 expression is conflicting, and as such it is not obvious if this would 

result in a pro- or anti-fibrotic phenotype in vivo. However, the increase in MMP2 expression 

is an additional characteristic of an activated fibroblast, indicating that KS-84 induces MRC-5 

cells to adopt at least a partially pro-fibrotic phenotype. However, as KS-66 did not alter 

COL1α1 expression, and did reduce TIMP1 expression, this is more evident of a partially anti-

fibrotic phenotype. 

Figure 5.6 and Table 5.7 show that both KS-84 and KS-66 reduced the expression of TGF-β1 

and TGFβRI. KS-84 also reduced the expression of SMAD3, while KS-66 reduced TGFβRII 

expression. The cell-surface receptors TGFβRI and TGFβRII bind TGF-β ligands and carry the 

signal to cytosolic signal transduction proteins [431,432]. Several methods of signal 

transduction exist downstream of TGFβRI and TGFβRII, however the most common form is 

through the SMAD proteins [259,432]. SMAD2 and SMAD3 become activated by TGFβRI and 

TGFβRII following ligand binding, where they then form a complex together with SMAD4. This 

complex migrates to the nucleus where it directs pro-fibrotic gene transcription [259,432]. 

The patterns of changing gene expression seen here clearly indicate that both KS-84 and KS-

66 reduce TGF-β1 signalling by decreasing the expression of TGF-β1 ligand, its receptors and 

signal transducers. The expected downstream consequences of these changes would be a fall 

in MRC-5 activation, reflected by the reduced expression of all genes described in Figure 5.5. 

However, given that this was not the case, it stands to reason that the peptides may also be 

directly inducing pro-fibrotic genes downstream of TGF-β1 that are capable of maintaining, 

or upregulating, the expression of COL1α1, MMP2 and TIMP1, thus preserving a partial pro-

fibrotic phenotype independent of the diminished TGF-β1 signal. One such gene is connective 

tissue growth factor (CTGF), which is capable of inducing the expression of a variety of pro-
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fibrotic genes, including COL1α1 and MMP2 [433,434]. CTGF can act as both a downstream 

effector of TGF-β1, and independently from it [435,436]. The significant decrease in 

expression of TGF-β1, TGFβRI, TGFβRII, SMAD3 and SMAD4 following TGF-β1 treatment was 

expected. As mentioned above, TGF-β1 signalling is controlled and regulated primarily by 

feedback loops. As such, a consequence of TGF-β1 treatment is the substantial increase in 

TGF-β1 signalling activity, followed by the reduced expression of components of the TGF-β1 

signalling pathway [415,437]. 

Figure 5.7 and Table 5.7 show that both KS-84 and KS-66 increased the expression of FN1 and 

decreased the expression of TAGLN, while KS-66 also slightly reduced COL1α2 expression. 

Once again, the patterns of changing gene expression seen here indicate a conflicting array 

of signalling. On one hand, the changes in FN1 and TAGLN expression indicate a 

strengthening of the TGF-β1 signal. Upregulated FN1 expression would result in greater TGF-

β1 mRNA and protein expression, while downregulated TAGLN expression would lead to the 

reduced inhibition of MMP9 expression and a heightened release of active TGF-β1 protein 

from the inactive complex. However, the reduced expression of COL1α2 may reduce the 

expression of TGF-β1 protein and is therefore a sign of diminished MRC-5 activation.  

It is difficult to comment on how these conflicting changes in gene expression induced by 

both peptides would affect the overall phenotypes adopted by MRC-5 cells in vivo. Part of 

this difficulty stems from the lack of available data to base a conclusion upon, due to the 

relatively small panel of genes tested. Future efforts aimed at either testing a wider panel of 

genes or conducting a more high-throughput approach such as RNA sequencing or 

microarray analysis would provide the data needed to conclude this matter. Despite this 

uncertainty, it remains likely that the root cause of the conflicting gene expression profiles 

lies with the inducement of genes outside of those tested here acting as transcriptional 

regulators independently from TGF-β1.  

Figure 5.8 and Figure 5.9 show the effects of KS-84, KS-66 and TGF-β1 treatment on the 

protein levels of ACTA2 and TGF-β1 in MRC-5 cells as determined by western blotting and 

fluorescent microscopy, respectively. The levels of ACTA2 protein were clearly reduced by 

both KS-84 and KS-66, which was expected given the reduction in ACTA2 mRNA following the 

same treatments, and further supports the idea that both peptides have at least partial anti-

fibrotic effects. However, while TGF-β1 mRNA expression was reduced following both 

treatments, the protein levels did not seem to be affected. The western blot for TGF-β1 

revealed a single band at approximately 44 kDa, which represents the inactive TGF-β1 
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complex. The expected band at approximately 13 kDa representing active TGF-β1 was not 

detected, despite the documentation for the antibody used in the blot confirming it can 

detect both inactive and active TGF-β1. The likely cause of the absent active TGF-β1 band in 

the blot is that the amount of active TGF-β1 in the sample was too small to detect at the 

lysate concentration used. As mentioned previously, TGF-β1 is involved in a wide array of 

signalling pathways and has a high affinity for its receptors. As such, typically only small 

quantities of the active form of TGF-β1 are released at a time in order to avoid uncontrolled 

signalling responses [259,262]. Repeating the blot with a higher lysate concentration would 

likely produce a detectable active TGF-β1 band. Furthermore, the protein levels of inactive 

TGF-β1 were likely not affected by peptide treatment due to how TGF-β1 is secreted and 

maintained. As mentioned above, TGF-β1 is released into the extracellular space and stored 

as an inactive complex bound to LTBP [259]. These bonds are cleaved by the appropriate 

proteases to release active TGF-β1 as required [388,389]. Therefore, it is reasonable to 

assume that changes in the mRNA expression of TGF-β1 may not be immediately reflected in 

the protein level of the inactive complex, unless the store of inactive TGF-β1 was first 

depleted via proteolytic digestion, although such digestion would very likely have significant 

negative consequences for the cell. 

Table 5.8 shows the effects of KS-84 and KS-66 on the expression of the 13 chosen genes 

between LX-2 and MRC-5 cells. As can be seen, each peptide produced differing patterns of 

gene expression, both in terms of the direction and potency of deregulation, between the 

two cell lines. One possible explanation for the differing responses, and response potencies, 

could lie in what is known regarding how the mature Sm16 protein is processed in vivo. Sm16 

belongs to the HDM family, and members of this family have been shown to undergo 

proteolytic cleavage by proteases within the host cell [381]. LX-2 and MRC-5 cells likely 

possess differing profiles of intracellular proteases that result in the digestion of KS-84 and 

KS-66 into slightly different smaller peptides, which in turn may go on to induce different 

patterns of gene expression in the respective cell.  
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5.5 Conclusions 

Taken together, these results highlight that KS-84, an almost full-length peptide derivative of 

the S. mansoni secretory protein Sm16, is predicted to inhibit the activation of LX-2 cells at 

least partly by reducing TGF-β1 signalling, indicating a role for this peptide in combatting 

fibrotic liver disease. Unusually, analysis also predicted that KS-66, a peptide derivative of the 

C-terminal portion of Sm16, would instead enhance LX-2 activation. The cause of this 

disparity is unclear and exploring it should be a target for future research. 

Furthermore, the same peptides produced different patterns of gene expression 

deregulation in MRC-5 cells, likely due to cell-specific processing of the peptides. A definitive 

answer regarding the phenotype induced in MRC-5 cells by KS-84 or KS-66 could not be 

decided due to the conflicting nature of the observed gene deregulation and the relatively 

low number of genes tested overall. A further point of future research could be to test the 

responses of a wider panel of genes, or apply a more high-throughput method of 

transcriptomic analysis, to better define these phenotypes. 
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Chapter 6: Final discussion and conclusions 

 

The disease schistosomiasis results in approximately 200,000 deaths per year in Sub-Saharan 

Africa alone, and as such it is second only to malaria as the most common cause of death due 

to parasitic infection worldwide [3,4]. While treatment exists in the form of praziquantel 

(PZQ), researchers have stressed the need for novel therapies to protect against the possible 

emergence of PZQ resistance [34]. Host-parasite interactions are essential for 

schistosomiasis disease progression and the development of the associated pathology; the 

growth and maturation of Schistosoma parasites is heavily reliant on signals received from 

the host acting as developmental cues, and pathology develops largely as a result of the host 

response to worm- and egg-derived antigens [6,8]. Further characterisation of these 

interactions will therefore improve our understanding of disease progression and assist in 

the search for novel mechanisms of schistosomiasis control. The aim of this thesis has been 

to explore several platforms of such interactions that occur during chronic human 

schistosomiasis, with focus placed on egg-derived mediators and host responses to such 

mediators. 

6.1 The identification of proteins within schistosome egg secretions 

Schistosome eggs are known to secrete proteins involved in driving chronic schistosomiasis 

pathology, and modulating host immune responses to promote host survival and egg 

transmission [9–11]. In Chapter 2, high-throughput proteomics methods were used to 

identify the protein components of the excretory/secretory products (ESPs) released by 

Schistosoma mansoni, S. japonicum and S. haematobium eggs. These egg secretomes were 

found to contain at least 266, 90 and 50 proteins, respectively. Among the ESP components 

identified were numerous examples of immunomodulatory proteins, vaccine candidates, and 

proteins that are characteristic of structural and cargo elements of extracellular vesicles 

(EVs). However, many of the proteins identified are not well characterised, and so their 

role(s) within the context of schistosomiasis, if any, is unknown.  

Potentially orthologous proteins that shared ≥ 80% sequence identity were detected by 

BLAST; only 12 such proteins were found between all three secretomes, most of which were 

proteins that comprise structural or cargo elements of EVs. S. mansoni and S. japonicum were 

found to share the most orthologues in common (18), while S. japonicum and S. 

haematobium were found to share the least (four). This reflects both the strong phylogenetic 
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similarities in the S. mansoni and S. japonicum species, and the low overall number of 

proteins identified in the S. haematobium ESPs. The presence of signal peptide sequences 

within the ESP proteins were detected using an in silico scanning algorithm, which provided 

evidence as to their mode of secretion. Approximately 20% of proteins within each of the 

three secretomes were predicted to be secreted via the classical pathway, while around 40% 

were predicted to be secreted non-classically and the remaining 40% were not predicted to 

be secreted at all. Taken together with the finding that each secretome contained several 

proteins associated with EVs, this indicates that the non-classical secretion of proteins within 

EVs may be the major export path for many of the proteins detected.  

Future study into the area of schistosome egg-secreted proteins would benefit from a focus 

on functionally characterising the role of these proteins within the context of schistosomiasis. 

In doing so, researchers may identify novel egg-derived mediators of host-parasite 

interactions involved in driving schistosomiasis pathology or modulating host immune 

responses to benefit the egg. 

6.2 The activity of AMP motifs derived from schistosome egg-secreted proteins 

Evidence has suggested that bacterial components of the host gut microbiome assist the 

translocation of S. mansoni eggs through the intestinal epithelia, and that schistosome eggs 

may select for these beneficial components [9,12]. In Chapter 3, in silico analysis was used to 

identify antimicrobial peptide (AMP) motifs within the proteins comprising the S. japonicum 

and S. haematobium egg ESPs described in Chapter 2. The six most promising motifs were 

synthesised and assayed for bactericidal activity against four bacterial species associated 

with the host gut and urinary microbiomes: Escherichia coli, methicillin-susceptible 

Staphylococcus aureus (MSSA), Bacteroides fragilis and Clostridioides difficile.  

All six peptides were capable of inhibiting the growth of E. coli to some extent. E. coli is highly 

abundant in the gut microbiome [217], and the ability of all six peptides to inhibit its growth 

could reflect a defence mechanism that allows schistosome eggs to protect themselves from 

E. coli colonisation. Peptides 2, 3, 5 and 6 were able to inhibit MSSA growth, although most 

of the data displayed low levels of significance. This overall lack of significant inhibitory 

potency against MSSA could be due to the fact that MSSA more commonly colonises the 

nasal passages of the host, with gut colonisation occurring in only half as many individuals 

[218]. The interactions that occur between MSSA and schistosome eggs are therefore likely 

to be too limited for the egg to benefit from modulating it. Like E. coli, B. fragilis is highly 

abundant in the gut microbiome [223]. However, none of the six peptides were effective at 
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inhibiting B. fragilis growth. Gut colonisation by B. fragilis is linked with increased host fitness 

[225], and members of the Bacteroides genus have been implicated in preventing gut 

colonisation by harmful C. difficile [226,227]. Given these benefits, it is unlikely that the 

schistosome egg would disadvantage the host by selecting against B. fragilis, possibly 

explaining the lack of bactericidal activity displayed by the peptides. Peptides 1, 2 and 3 were 

able to significantly inhibit the growth of C. difficile, and both the significance and extent of 

the inhibition displayed by peptides 1 and 2 were the greatest amongst all the data collected. 

One study has shown that C. difficile produces indole to limit the growth of other gut 

microbiota [234]. In doing so, it may reduce the growth of microbes that the schistosome egg 

relies on for successful excretion. Therefore, it would be advantageous for the egg to be able 

to inhibit the growth of C. difficile and may explain the strong results seen here.  

While the scope of these experiments was limited, there is clearly potential for the 

identification of AMP motifs with bactericidal activity within the proteins released by 

schistosome eggs. Further investigation could yield novel AMP candidates for the treatment 

of bacterial infections, reducing the reliance on antibiotic-based therapies and the associated 

risk of resistance development. Researchers would be advantaged to consider widening the 

range of both AMP motifs and bacterial species assayed; in this thesis, six of the most 

promising AMP motifs were tested against four bacterial species, however, initial scans 

identified 59 potential AMP motifs within the ESPs of S. japonicum and S. haematobium eggs, 

and the human gut microbiome alone is estimated to contain up to 500 bacterial species 

[155]. As such, there are several options available for future researchers to significantly 

broaden the scale of the experiments performed here. 

6.3 The early signalling responses of HSCs to TGF-β1 

Hepatic stellate cells (HSCs) are a population of human liver fibroblasts responsible for the 

fibrosis observed during many chronic liver diseases, including schistosomiasis [6,13]. In 

Chapter 4, RNA sequencing was performed on LX-2 cells treated with transforming growth 

factor-β1 (TGF-β1) to study the development of fibrotic responses in these cells. The 

expression of 5,258 genes were found to be significantly altered by TGF-β1 treatment. A 

number of the topmost deregulated of these genes have known roles in influencing fibrotic 

activities in HSCs, as well as in other cells and tissues. However, many of the genes identified 

have no formally characterised role in HSCs. Unusually, several genes were identified which 

contribute to fibrosis in various tissues, but whose deregulated expression indicated a 

reduction in the fibrotic potential of HSCs in response to TGF-β1. It was concluded that these 
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genes either perform differing functions in HSCs, or that their involvement in fibrosis occurs 

under chronic conditions, and so would not be reflected in short-term in vitro assays.  

In silico pathway analysis predicted that the activity of 323 signalling pathways were 

deregulated in LX-2 cells by TGF-β1. As expected, many of these pathways were linked to 

processes that influence HSC activation or fibrogenesis. The most upregulated pathways 

were associated with the promotion of transcription, translation, and the organisation of the 

actin cytoskeleton, each of which are associated with HSC activation. The most 

downregulated pathways consisted of a more diverse range of processes, many of which are 

known to inhibit HSC activation and fibrotic responses.  

Given that many of the topmost deregulated genes identified could not be attributed clear 

roles in HSCs, one point of future research could be to further characterise the action of said 

genes in relation to these cells. While it is likely that a significant proportion of the genes are 

not directly associated with fibrosis, functional characterisation may lead to the identification 

of novel influencers of fibrotic responses in HSCs. Furthermore, while the data set generated 

here provides a useful overview of the processes involved in the developing fibrotic 

phenotype adopted by activating HSCs, it is limited by the single timepoint assayed. Given 

the drastic changes that occur in HSCs pre- and post-activation, and the complex nature of 

TGF-β1 signalling, it is likely that the topmost genes and signalling processes deregulated in 

these cells change largely over time. Researchers interested in further defining the fibrotic 

phenotype adopted by LX-2 cells in response to TGF-β1 would therefore be advised to 

consider the use of additional timepoints of TGF-β1 exposure; comparison of these 

timepoints may allow for the identification of core pathways essential for HSC activation and 

fibrogenesis. 

6.4 The immunomodulatory activity of Sm16 in human fibroblasts 

Sm16 is a protein released by several life cycle stages of S. mansoni, including the egg stage 

[14–16]. Studies have shown that Sm16 possesses immunomodulatory activity against host 

cells [16]. In Chapter 5, the responses of LX-2 and MRC-5 cells to two peptide derivatives of 

Sm16 were assayed by RNA sequencing (LX-2), qPCR and western blotting (MRC-5). In silico 

pathway analysis predicted that KS-84 and KS-66 altered the activity of 62 and 147 signalling 

pathways in LX-2 cells, respectively. Both peptides were found to influence the activity of 

pathways associated with HSC activation and fibrogenesis; while KS-84 did so in a way that 

would inhibit these processes, KS-66 was instead found to promote both processes. KS-84 

was also predicted to reduce the activity of TGF-β1, and further investigation contributed this 
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finding to the downregulated expression of several genes that promote TGF-β1 mRNA and 

protein expression: FN1, MMP9, COL1α2 and TAGLN. It was concluded that by 

downregulating the expression of these genes, KS-84 reduces the level of TGF-β1 signalling 

and, by extension, TGF-β1-induced LX-2 activation and fibrogenesis. Both peptides produced 

mixed responses in MRC-5 cells indicative of simultaneous pro- and anti-fibrotic phenotypes, 

although due to the limited number of genes tested the overall phenotypes induced by each 

peptide could not be decided.  

The disparity between the effects induced by KS-84 and KS-66 on LX-2 cells is unusual, 

especially given that both peptides possess largely similar sequences. It was decided that 

each peptide is likely digested into differing smaller immunologically active peptides within 

the host cell, which go on to produce differing molecular responses. One point of future 

research could be to assess the validity of this conclusion; through the use of peptidomics-

based technology, researchers may be able to identify and characterise the smaller peptides 

produced by the proteolytic digestion of Sm16, KS-84 and KS-66 in host cells. This may lead 

to the isolation of the specific immunomodulatory motifs within Sm16, which could have 

pharmacological relevance. Another point of future study could be to further characterise 

the effects of both peptides on MRC-5 cells, or any other appropriate cell population, to 

determine the cell- and tissue-specificity of Sm16's immunomodulatory effects. The overall 

phenotype adopted by MRC-5 cells in response to either peptide could not be concluded due 

to the relatively low number of genes tested which hindered the application of pathway 

analysis software. By testing a larger panel of genes or applying a high-throughput approach 

such as RNA sequencing or microarray analysis, enough data would be generated to allow for 

a conclusive decision to be made regarding the effects of these peptides in the subject cell 

population. 

6.5 Final remarks 

To conclude, this thesis has explored several avenues of the host-parasite interactions that 

occur during chronic human schistosomiasis. While the data generated here will be of use in 

furthering the understanding of chronic disease progression and pathology, additional 

research into the functional roles of many of the genes, proteins and peptides discussed 

throughout this thesis will be necessary before the data sets can be fully utilised. In doing so, 

researchers may uncover novel host- or parasite-derived mediators that can be targeted for 

the development of interventions against chronic schistosomiasis, or indeed general fibrotic 

liver disease. 
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Supplementary information 

 

Supplementary Table 1. Proteins identified within the excretory/secretory products released by S. mansoni eggs. The method of protein secretion as predicted by SecretomeP is listed; 

classically secreted (Y), non-classically secreted (A) or non-secreted (N). Proteins are ranked in order of the highest total unique matched peptides taken from three technical replicates. The 

presence of each protein within the secretomes published by Cass et al. or Floudas et al. [137,180] is noted (Yes/No). 

  Exclusive unique peptide 
count Percent coverage    

Accession 
No. 

Protein ID Sm 1 Sm 2 Sm 3 Sm 1 Sm 2 Sm 3 SecretomeP 
Seen 

in Cass 
et al.? 

Seen in 
Floudas et 

al.? 
G4V5U5 Putative macroglobulin/complement 52 48 48 27 27 26 N Y N 

G4V9B9 Putative heat shock protein 27 29 24 41 43 36 N Y N 

G4VPH5 Glucose-6-phosphate isomerase  23 20 18 50 45 49 A Y N 

G4LW91 Thimet oligopeptidase   20 18 20 32 29 34 N Y N 

G4V721 Putative phosphoenolpyruvate carboxykinase 16 22 17 36 47 39 N Y N 

G4LYU6 Serpin, putative 19 17 18 58 44 56 A Y Y 

G4V855 Aminopeptidase PILS  18 17 17 23 20 20 A N N 

G4VFC2 Protein disulfide-isomerase  17 17 15 35 40 37 Y Y Y 

G4VJT9 Fructose-bisphosphate aldolase  15 17 16 60 58 55 N Y Y 

G4V9U9 Putative major vault protein 16 19 12 25 30 21 N N N 

G4V8L4 Putative heat shock protein 70 17 16 13 34 35 32 N Y Y 

G4V8C5 Putative alpha-glucosidase  15 15 14 20 20 21 A N N 

C4Q5I7 Calreticulin autoantigen homolog,putative 11 16 12 33 38 33 Y Y Y 

G4M057 WD-repeat protein, putative 14 12 11 28 26 25 A Y N 

G4LYC3 Protein disulfide-isomerase  12 15 9 29 37 24 Y N Y 

G4VG40 Dipeptidyl peptidase 3    9 15 11 17 25 22 A Y N 

P09792 Glutathione S-transferase class-mu 28 kDa isozyme        12 11 12 50 55 49 N Y Y 
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G4LVU8 Filamin 9 16 9 6 10 6 N N Y 

G4VQ41 Low-density lipoprotein receptor  13 10 10 18 13 13 Y N N 

G4V8X7 Putative heat shock protein-HSP20/alpha crystallin family 11 11 10 37 41 32 A Y Y 

G4LZI9 Uncharacterized protein 12 9 10 28 22 22 N N N 

G4V9A5 Transketolase  11 11 9 22 24 19 A Y N 

G4VKC8 Aspartate aminotransferase  11 11 9 37 34 28 A N Y 

G4V6B9 Triosephosphate isomerase  9 10 11 36 34 39 A Y Y 

G4VAD2 Elongation factor 1-alpha 9 10 11 25 28 28 N Y N 

G4LXS0 Aldo-keto reductase, putative 9 9 11 28 31 36 N Y Y 

G4VC25 Rab GDP dissociation inhibitor 11 10 8 37 34 24 N Y N 

C4QFX9 Heat shock protein 70 -4, putative 9 13 4 14 19 5 N Y N 

G4LVV4 PwLAP aminopeptidase  9 10 7 26 28 23 N N Y 

G4VDQ0 Uncharacterized protein 9 9 8 28 28 25 Y N N 

G4VQ58 Phosphopyruvate hydratase  7 11 8 16 31 19 N Y Y 

G4V5G7 Glycogenin-related 9 8 8 36 36 35 A Y N 

G4VSJ5 Alpha-1,4 glucan phosphorylase  10 9 6 17 13 8 N Y N 

Q15EU2 Cytochrome c-like protein  8 9 8 60 61 61 N Y N 

G4VBJ0 Malate dehydrogenase  8 10 6 29 32 21 N Y Y 

G4VEV5 Putative interleukin-4-inducing protein 8 8 8 55 55 55 Y Y N 

G4VP82 Purine nucleoside phosphorylase  9 8 7 37 33 32 A Y N 

G4VQZ5 L-lactate dehydrogenase  7 10 7 23 28 23 N Y Y 

G4LXB1 Elongation factor 1-gamma, putative 7 9 7 14 17 15 N Y N 

G4M131 Fatty acid binding protein 9 6 8 70 53 63 A Y Y 

G4V7Z7 Malate dehydrogenase  6 11 6 21 32 22 N N Y 

G4V910 Putative heat shock protein 70  9 9 5 23 24 13 Y N Y 

G4VHK8 Tubulin beta chain 12 2 9 34 37 22 A Y Y 

P35661 Glutathione S-transferase class-mu 26 kDa isozyme    9 8 6 52 54 41 N Y Y 

G4LYZ1 Glutamate dehydrogenase 9 6 7 20 14 15 N Y N 

G4V5C5 Putative ribonuclease t2   9 6 7 60 56 58 A N N 
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G4VKD9 Peroxiredoxin, Prx1  9 6 7 47 35 38 A Y Y 

G4VLD6 Alpha-galactosidase  7 8 7 30 30 27 A Y N 

G4LW37 Uncharacterized protein 7 6 8 34 32 37 A Y N 

G4VJ94 Putative alkaline phosphatase  6 6 9 20 24 30 Y N N 

G4VKJ0 Peptidyl-prolyl cis-trans isomerase   6 8 7 24 29 24 A Y Y 

C4QEK9 Filamin-related 3 14 3 2 12 2 A N N 

G4VD59 Peptidylprolyl isomerase  5 10 5 11 20 10 N Y Y 

G4VFQ0 Peptidyl-prolyl cis-trans isomerase   7 6 7 51 36 51 Y Y Y 

G4VG96 Cell polarity protein 6 7 7 3 4 3 N N N 

G4VP56 200-kDa GPI-anchored surface glycoprotein 6 7 7 5 5 5 Y N Y 

Q8T9N5 Thioredoxin   6 7 7 51 70 63 A Y Y 

G4M0D0 Superoxide dismutase [Cu-Zn]  7 5 7 60 45 60 A Y Y 

G4M1D8 Glutathione-s-transferase omega, putative 6 5 8 28 23 39 N Y Y 

G4V865 Tubulin alpha chain 7 8 4 19 23 13 N Y Y 

G4VDQ3 Uncharacterized protein 6 6 6 26 30 26 Y N N 

G4VL99 Annexin 6 5 7 18 18 23 N N N 

G4VPE8 Putative inorganic pyrophosphatase  6 6 6 22 22 22 Y Y N 

G4LUZ7 Ferritin  5 6 6 25 32 37 A Y N 

G4M0P7 Cell division control protein 48 aaa family protein, putative 6 10 1 7 17 2 N Y Y 

G4V5I2 Glyceraldehyde-3-phosphate dehydrogenase  5 6 6 22 27 24 N Y Y 

G4VA73 Putative vacuolar protein sorting 26, vps26 6 6 5 7 7 6 A Y N 

G4VME3 Venom allergen-like (VAL) 27 protein 6 6 5 35 35 31 Y N N 

G4VRK1 Putative glyoxalase II  4 8 5 26 43 31 N Y Y 

G4LXX4 Polypeptide N-acetylgalactosaminyltransferase   5 5 6 11 11 11 Y N N 

G4LZK0 Transaldolase  6 5 5 17 14 14 N Y N 

G4V5D1 Putative ribonuclease t2  6 6 4 37 37 27 A N N 

G4V9N7 Egf-like domain protein 5 6 5 3 4 3 Y N N 

G4VK26 Putative ribonuclease z, chloroplast 7 5 4 39 31 24 A N N 

G4VL69 Annexin 4 6 6 14 17 17 A N N 
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G4VLE9 Putative nad dependent epimerase/dehydratase 5 8 3 18 26 14 A N N 

C4QPG7 Uncharacterized protein  5 5 5 33 33 33 A Y N 

G4LYG5 Ornithine--oxo-acid transaminase  4 7 4 10 17 8 N N Y 

G4VI95 Putative eukaryotic translation elongation factor 6 7 2 14 15 5 Y Y N 

G4VNW4 Putative fibrocystin l 4 6 5 2 3 3 A N N 

G4VFK1 Leucine aminopeptidase   4 6 4 9 21 13 A N Y 

G4VQD2 Putative dnaj homolog subfamily B member 4 4 5 5 12 17 14 A Y Y 

Q05645 Major tegumental antigen SM15  5 4 5 13 12 13 A N N 

Q7YW72 Cystatin B, putative   5 5 4 50 50 46 A Y Y 

G4LWI3 Aldehyde dehydrogenase,putative  3 6 4 10 15 9 A Y Y 

G4LZY3 Proteasome subunit alpha type  3 7 3 17 44 17 N N Y 

G4VAI0 Pyruvate kinase  4 8 1 11 21 3 N Y N 

G4VE60 Thioredoxin, Trx M 4 5 4 33 41 39 N Y N 

G4VHX9 Proteasome endopeptidase complex  4 5 4 17 22 17 N N Y 

G4VIT2 Putative peptidylglycine alpha hydroxylating mono-oxygenase  5 4 4 23 20 20 Y Y N 

G4VR58 Similar to 16 kDa calcium-binding protein 4 4 5 32 32 37 N Y N 

G4LUI9 14-3-3 protein, putative 4 4 4 35 35 35 N Y Y 

G4LYK4 Translationally-controlled tumor protein homolog, putative 4 4 4 35 35 28 N Y Y 

G4V7P2 Uncharacterized protein 4 4 4 29 37 36 A N N 

G4V958 Putative phosphoglucomutase  3 6 3 7 11 7 N N N 

G4VCN8 Dihydrolipoyl dehydrogenase  3 5 4 8 11 12 A Y N 

G4VDR4 Family C56 non-peptidase homologue  4 4 4 37 37 37 N Y Y 

G4VF03 Uncharacterized protein 4 5 3 9 15 9 Y Y N 

G4VFV5 Phospholipase d-related 5 3 4 13 8 11 Y N N 

G4VG20 Phosphoglycerate kinase  4 4 4 22 22 22 N Y Y 

G4VHV6 Filamin-related 3 7 2 5 16 5 A N N 

G4VMD1 Venom allergen-like (VAL) 26 protein 3 4 5 21 26 30 Y N N 

P16641 Taurocyamine kinase     3 7 2 4 13 4 N Y Y 

Q6WVP6 Arginase  3 5 4 13 18 16 N Y Y 
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G4LYT6 Leishmanolysin-2  3 4 4 4 6 5 N N N 

G4M1L1 Vesicular amine transporter, putative 3 3 5 2 3 3 Y N N 

G4M1S9 Multiple inositol polyphosphate phosphatase-related 3 4 4 7 9 9 Y N N 

G4VHP9 Beta-hexosaminidase  4 3 4 9 8 9 Y N N 

G4VJY9 Nucleoside diphosphate kinase  3 3 5 29 29 40 N Y Y 

G4VKC0 Uncharacterized protein 3 3 5 3 3 5 N N N 

G4VQU0 Putative carbonyl reductase  3 6 2 17 28 13 N N N 

Q8MTB4 Peptidylprolyl isomerase  3 4 4 31 33 44 A N N 

C4Q2I8 Aminoacylase   3 4 3 9 11 9 N N N 

G4LY49 Alpha-l-fucosidase, putative  3 3 4 7 7 7 Y N N 

G4LYU0 Leishmanolysin-2  3 4 3 21 21 21 N Y N 

G4V6Y7 Putative kynurenine aminotransferase  4 4 2 5 5 2 N N N 

G4V7H0 Putative pap-inositol-1,4-phosphatase 3 4 3 11 16 11 Y Y N 

G4V8N4 Peptidyl-prolyl cis-trans isomerase  4 3 3 26 25 25 A N N 

G4VDE6 Spectrin beta chain 5 1 4 3 1 3 N N Y 

G4VDP7 Glyoxalase I   4 3 3 17 12 13 A N N 

G4VKQ9 Putative pc3-like endoprotease variant B 3 4 3 8 10 8 A N N 

G4VSQ5 Superoxide dismutase  3 4 3 20 21 20 A Y Y 

G4VSW3 Proteasome subunit beta  4 3 3 15 12 13 N N N 

Q1WIQ3 Venom allergen-like (VAL) 9 protein 3 4 3 22 22 22 N Y N 

C4Q5J8 Glycerol-3-phosphate dehydrogenase [NAD]  3 4 2 10 13 7 A Y N 

C4QLP6 Ubiquitin-fold modifier 1 3 3 3 32 32 32 N Y N 

G4LV63 Uncharacterized protein Smp_201330 3 2 4 15 15 27 N N N 

G4LV64 Uncharacterized protein 2 4 3 24 38 32 A Y N 

G4LXH7 Peroxiredoxin, Prx3  3 4 2 15 20 9 A Y Y 

G4LYT9 Uncharacterized protein 3 3 3 19 21 19 A N N 

G4LZV1 Uncharacterized protein Smp_204830 3 3 3 7 7 7 Y N N 

G4V926 Proteasome catalytic subunit 1    2 4 3 10 20 15 N N Y 

G4V9X4 Uncharacterized protein 2 4 3 13 29 22 A Y N 
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G4VAQ6 Proteasome subunit beta  3 3 3 22 23 23 N N N 

G4VDG3 Proteasome subunit alpha type  2 3 4 13 16 23 N N Y 

G4VE92 Putative t-complex protein 1 subunit alpha   3 5 1 6 9 2 A N N 

G4VML1 Fructose-1,6-bisphosphatase-related  4 2 3 14 8 15 A Y N 

G4VP46 Proteasome catalytic subunit 3   3 4 2 7 8 4 A N N 

G4VQ42 Low-density lipoprotein receptor  4 3 2 7 4 3 N N N 

G4VQT7 Putative carbonyl reductase  4 3 2 19 26 12 N Y Y 

Q1X6L5 Venom allergen-like (VAL) 2 protein 3 3 3 10 10 10 Y Y N 

B4XC67 Cathepsin L3 2 3 3 5 7 10 N N N 

G4LVA4 Uncharacterized protein 3 2 3 29 18 29 Y Y N 

G4LX03 Adenosylhomocysteinase  4 2 2 11 5 6 A Y N 

G4LXC5 Nuclease-related 2 3 3 12 15 15 A N N 

G4LYE6 Proteasome subunit beta  3 3 2 16 16 9 A N N 

G4LYX2 Egg protein CP391B-like 3 2 3 17 11 17 N Y N 

G4LZ69 Proteasome subunit alpha type  2 3 3 10 13 13 N N N 

G4VA23 Putative 22.6kDa tegument-associated antigen 3 2 3 17 14 17 N Y N 

G4VAG2 Calpain  2 4 2 1 3 2 N Y Y 

G4VAM6 Glucose-6-phosphate 1-dehydrogenase  1 5 2 2 12 5 N N N 

G4VFX0 Putative tropinone reductase  2 4 2 9 18 8 A N N 

G4VLE3 Alpha-galactosidase  1 4 3 4 8 10 N N N 

G4VLW2 Putative actin-1 3 2 3 45 44 43 N Y Y 

G4VMB3 Subfamily S1A unassigned peptidase  3 2 3 13 12 13 A N N 

C4QBN1 Histone H4 2 3 2 19 31 23 N Y N 

C4QPU4 Phosphoglucomutase, putative  2 2 3 3 3 5 Y N N 

G4LW38 Elongation factor 1-beta, putative 1 2 4 4 8 20 N N N 

G4LY10 Endoribonuclease XendoU 1 4 2 5 15 11 A N N 

G4M010 Low-density lipoprotein receptor  2 2 3 3 3 4 A N N 

G4M0W9 Uncharacterized protein 3 1 3 14 6 13 N N N 

G4M158 Egg protein CP391S-like 2 1 4 9 5 14 N N N 
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G4M183 Proteasome subunit alpha type  2 2 3 11 11 14 N N N 

G4M1E1 Nitrilase-related 2 3 2 5 6 3 A N N 

G4V5C6 Putative hepatotoxic ribonuclease omega-1 3 2 2 35 29 34 A Y N 

G4VAQ2 Uncharacterized protein 2 3 2 34 43 34 A N N 

G4VEV7 Cathepsin D  3 2 2 7 4 5 Y Y N 

G4VGH9 Putative uridine phosphorylase  2 3 2 13 17 15 N N N 

G4VHL4 Proteasome endopeptidase complex  1 2 4 2 4 8 N N N 

G4VJ08 Acyl-CoA thioesterase-related 1 3 3 3 7 7 A N Y 

G4VJP7 T-complex protein 1 subunit gamma 3 3 1 6 6 2 N N N 

G4VKT8 Putative atp synthase alpha subunit vacuolar 3 3 1 7 7 2 N N N 

G4VM28 Uncharacterized protein 2 3 2 15 20 13 A Y N 

G4VMD2 Venom allergen-like (VAL) 5 protein 3 2 2 28 20 20 N N N 

G4VMQ7 Putative peptidyl-glycine alpha-amidating monooxygenase 2 2 3 17 17 25 Y N N 

G4VN13 Uncharacterized protein 2 2 3 15 15 22 N Y N 

G4VR84 Putative calmodulin  3 2 2 43 24 30 A Y Y 

G4VSW5 Putative actin 3 2 2 44 44 40 A N Y 

C4QPH6 Uncharacterized protein 1 2 3 11 21 22 Y Y N 

C4QU33 Endoglycoceramidase, putative  2 2 2 11 15 11 A N N 

G4LUJ6 Proteasome subunit beta  2 3 1 16 20 9 N Y N 

G4LW47 Uncharacterized protein 2 3 1 7 11 4 Y Y N 

G4LY72 Set, putative 0 3 3 0 15 12 N Y Y 

G4LZJ1 Dyp-type peroxidase, putative 3 2 1 21 18 12 Y N N 

G4M0F6 Macrophage scavenger receptor-related 2 2 2 4 4 4 A N N 

G4M156 Uncharacterized protein  2 2 2 11 11 11 Y Y N 

G4M247 Uncharacterized protein Smp_205800 2 2 2 29 27 29 A N N 

G4V752 Putative granulin 2 2 2 3 3 3 Y N N 

G4V966 Putative starch branching enzyme II  1 4 1 2 8 2 A N N 

G4VBQ4 Putative rhogap protein 2 2 2 11 11 11 N N N 

G4VH95 Putative acyl-CoA-binding protein     3 1 2 12 5 10 N N N 
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G4VKU8 Uncharacterized protein 3 2 1 12 6 3 Y N N 

G4VMD5 Uncharacterized protein 1 3 2 6 12 9 A N Y 

G4VMN6 Uncharacterized protein 2 2 2 15 15 15 N N N 

G4VRZ7 Putative beta-galactosidase  3 2 1 10 5 3 A N N 

G4VSD7 Uncharacterized protein 3 1 2 12 4 10 A N N 

G4VSX8 Deoxyhypusine hydroxylase     2 2 2 9 9 9 A Y N 

G4VT44 Putative calmodulin 2 2 2 18 18 18 A Y N 

Q15ES0 Nuclear transport factor 2-like protein  2 2 2 19 19 19 N N N 

Q9Y0D3 Peroxiredoxin, Prx2     3 2 1 15 15 7 A Y Y 

C4QPR7 Egg secreted protein ESP15-like 2 2 1 10 10 9 Y Y N 

G4LUA3 p25 alpha-related 1 2 2 5 12 12 A N N 

G4LUI8 14-3-3 protein, putative 2 2 1 22 24 19 N Y Y 

G4M018 Titin, putative 0 3 2 0 1 1 n/a N N 

G4V5T7 Uncharacterized protein 3 1 1 3 2 2 N N N 

G4V6E9 Histone H2B 1 2 2 7 14 14 N Y N 

G4V841 Putative DNAj  homolog, subfamily B, member 2 1 2 7 4 7 N N N 

G4V8A9 14-3-3 epsilon 2 1 2 12 9 12 N Y Y 

G4V9E1 Putative immunoglobulin domain superfamily  2 3 0 2 4 0 N N N 

G4V9L3 Putative shc transforming protein 1 3 1 4 10 3 Y N N 

G4V9S0 Adenylate kinase   2 2 1 13 13 6 A Y N 

G4VBG6 Ferritin  1 2 2 6 20 17 A Y Y 

G4VE62 Putative alpha-amylase  2 2 1 4 4 2 A N N 

G4VGU2 Putative chloride intracellular channel 1 2 2 7 10 17 A Y N 

G4VK20 Cell polarity protein 1 3 1 2 5 2 A N N 

G4VML2 Putative groes chaperonin 2 2 1 24 24 10 N Y N 

G4VN86 Ceramidase  3 1 1 6 2 2 Y N N 

G4VPS5 Putative chaperonin containing t-complex protein 1, theta subunit, tcpq 3 2 0 6 4 0 N Y N 

P32070 Antigen Sm21.7    0 3 2 0 21 16 A Y Y 

Q95PM1 Cathepsin B endopeptidase 2 2 1 9 9 4 Y Y N 
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C1M169 GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase   1 1 2 4 4 6 A N N 

G4LV34 Camp-dependent protein kinase type II-alpha regulatory subunit, putative 1 2 1 4 8 4 A Y Y 

G4LWQ2 Hypoxanthine phosphoribosyltransferase  1 3 0 6 16 0 N N N 

G4LX87 Clumping factor A, putative 1 2 1 5 7 5 N N N 

G4M0K2 Uncharacterized protein 1 3 0 1 3 0 A N N 

G4M159 Uncharacterized protein 0 2 2 0 11 11 A N N 

G4V705 Putative methionyl-tRNA synthetase  0 3 1 0 9 3 N N N 

G4VCN1 Putative fatty acid binding protein 1 1 2 8 20 17 A Y N 

G4VDG9 Egg protein C122-like 1 2 1 5 15 5 Y Y N 

G4VG19 Phosphoglycerate kinase  2 1 1 14 9 5 N N Y 

G4VI96 Putative eukaryotic translation elongation factor 1 2 1 3 7 3 N N N 

G4VIV9 Phosphotransferase  1 2 1 5 4 5 N Y Y 

G4VIW7 Putative heterogeneous nuclear ribonucleoprotein 1 1 2 5 5 8 N N N 

G4VKU2 Uncharacterized protein 1 1 2 7 5 10 A Y N 

G4VKX8 Putative heme binding protein 1 2 1 9 16 9 A Y N 

G4VKZ7 Putative mannosidase, endo-alpha 1 2 1 2 4 2 N N N 

G4VLD7 Alpha-galactosidase  2 1 1 40 37 34 Y N N 

G4VLX3 Putative carbonic anhydrase  2 2 0 11 11 0 A N N 

G4VMF9 Histone H2A 2 1 1 28 7 7 N N N 

G4VMP0 Uncharacterized protein 1 2 1 2 3 2 N N N 

G4VNI0 Cytochrome b-c1 complex subunit Rieske, mitochondrial  1 1 2 5 5 8 A N N 

G4VNJ3 Putative prothymosin alpha-B 1 1 2 9 9 15 A N N 

G4VNM6 GDP-mannose 4,6-dehydratase  2 1 1 6 4 4 N N N 

G4VPP7 Delta-aminolevulinic acid dehydratase  1 2 1 3 7 3 A N N 

G4VSS2 Uroporphyrinogen decarboxylase  1 2 1 3 5 4 A N N 

G4VTL1 Putative titin 2 1 1 0 0 0 N N N 

G4VTN2 Putative tegumental protein  1 2 1 6 11 6 A N N 

G4VTW4 Niemann pick c2  2 1 1 14 8 8 Y Y N 

G4VTX0 Putative endophilin B1 1 2 1 5 11 4 A Y Y 
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G4LVD1 Uncharacterized protein 0 2 1 0 5 2 A Y N 

G4LVI8 Adenylyl cyclase-associated protein 0 2 1 0 5 2 A N Y 

G4LWH7 Deoxyribonuclease II-related 0 2 1 0 7 3 Y N N 

G4M039 Neutral alpha-glucosidase ab, putative 0 2 1 0 3 1 Y N N 

G4V611 EF hand containing protein 2 0 1 11 0 7 Y Y N 

G4V7Q4 Pyruvate carboxylase  0 2 1 0 1 1 N N N 

G4V9U8 Uncharacterized protein 0 1 2 0 1 3 N N N 

G4VCT4 Uncharacterized protein 1 2 0 1 3 0 N N N 

G4VE46 Insulin-like growth factor binding protein-related 2 1 0 7 4 0 Y N N 

G4VER0 Uncharacterized protein 1 2 0 2 3 0 A N N 

G4VF74 Pyruvate kinase  1 2 0 1 1 0 N N N 

G4VH12 Putative ubiquitin-activating enzyme e1 1 2 0 1 3 0 A Y N 

G4VHQ4 Putative heterogeneous nuclear ribonucleoprotein 2 1 0 9 4 0 N N N 

G4VJJ1 Putative heat shock protein 70 -interacting protein 0 2 1 0 9 4 A N N 

G4VL40 Uncharacterized protein Smp_203090 0 2 1 0 27 10 Y N N 

G4VLJ9 Putative peroxidasin 1 2 0 1 2 0 N N N 

G4VN20 Putative aldehyde dehydrogenase  1 2 0 2 5 0 A N N 
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Supplementary Table 2. Proteins identified within the excretory/secretory products released by S. japonicum eggs. The method of protein secretion as predicted by SecretomeP is listed; 

classically secreted (Y), non-classically secreted (A) or non-secreted (N). Proteins are ranked in order of the highest total unique matched peptides taken from three technical replicates. The 

presence of each protein within the secretomes published by De Marco Verissimo et al. or Liu et al. [138,181] is noted (Yes/No). 

  Exclusive unique peptide 
count 

Percent coverage    

Accession 
No. 

Protein ID Sj 1 Sj 2 Sj 3 Sj 1 Sj 2 Sj 3 SecretomeP 

Seen in De 
Marco 

Verissimo 
et al.? 

Seen 
in Liu 
et al.? 

Q5DET3 Histone H4 19 19 20 72 72 72 N N N 

Q5DFZ8 Fructose-bisphosphate aldolase 14 17 18 46 60 61 N Y Y 

Q86G46 Polyubiquitin 13 20 15 28 40 29 N Y Y 

C1L4Z7 Actin 5C 13 13 13 31 35 33 N Y Y 

Q5DHF8 Histone H3 13 12 12 65 64 65 A Y N 

C1LFC4 Aminopeptidase 7 12 11 15 23 17 A N N 

C1L9B2 Calreticulin 6 8 11 17 18 24 Y N Y 

Q5DDU9 Histone H2B 7 9 6 39 38 38 N N N 

C1LEJ4 Histone H2A 7 6 8 50 42 47 A Y N 

Q86EU4 Cytochrome c proximal 4 8 8 31 58 64 A N N 

C1LQJ9 Uncharacterized protein 4 7 8 17 29 24 A N N 

C1LQT3 Thioredoxin 6 5 7 49 48 63 A N N 

Q5D8W0 SJCHGC06710 protein 6 5 7 41 39 42 Y N N 

P33676 Enolase 8 5 4 23 13 12 A Y Y 

Q5D9T1 Malate dehydrogenase 3 9 5 16 34 31 A N Y 

C1LJG7 
NADH:ubiquinone oxidoreductase complex I intermediate-associated protein 
30, domain-containing protein 5 5 6 21 22 23 A N N 

C1LYI9 Calcium-binding EF-hand, domain-containing protein 3 6 7 42 62 72 A N N 

C1LNR0 Protein disulfide-isomerase 4 5 6 12 15 16 Y Y Y 

C1LV44 Tryparedoxin peroxidase 4 5 6 26 30 28 A N Y 



Supplementary information 

190 
 

C1LNY3 Superoxide dismutase [Cu-Zn] 4 5 5 71 45 71 A N Y 

Q5D9M8 Tubulin alpha chain 4 7 3 13 24 12 N Y Y 

A0A0N7I6P5 Heat shock protein 70 3 5 5 12 16 14 N N Y 

Q5D947 SJCHGC00820 protein 3 6 4 6 11 6 N Y Y 

C7TZX7 Ribonuclease Oy 3 4 5 8 18 19 A N N 

O45038 HSP70 4 4 4 6 9 10 N Y Y 

C7TTY4 Egg protein CP422 4 3 3 40 40 40 N Y N 

Q05870 Paramyosin 1 6 3 2 10 8 N N Y 

Q3KZG1 SJCHGC06475 protein 3 6 1 3 9 1 N N N 

Q5D8J4 Peptidyl-prolyl cis-trans isomerase 2 4 4 14 25 29 Y Y N 

Q5D9C5 SJCHGC09453 protein 3 5 2 5 8 3 N N N 

C1LHZ3 GLIPR1-like protein 1 2 4 3 16 16 16 Y N N 

C7TZP2 
NADH:ubiquinone oxidoreductase complex I intermediate-associated protein 
30, domain-containing protein 

2 4 3 7 21 21 N N N 

Q5C296 SJCHGC01885 protein 3 3 3 2 2 4 N N N 

Q5C2V7 SJCHGC09595 protein 2 5 2 3 9 2 A N N 

Q5C317 SJCHGC01097 protein 1 7 1 2 11 1 N N Y 

Q5C3I8 SJCHGC05636 protein 2 3 4 1 1 1 N Y N 

C1LFL0 Uncharacterized protein 3 2 3 13 12 13 Y N N 

C1LS47 Ribonuclease T2 3 2 3 19 19 25 A N N 

Q5BR23 SJCHGC09717 protein 3 2 3 47 33 47 Y N N 

Q5DA21 Calmodulin 3b 1 4 3 10 22 22 Y N N 

C1LKF9 Tegument antigen (I(H)A) 1 4 2 9 40 22 N N N 

C1LNS7 Estrogen-regulated protein EP45 1 4 2 6 15 10 A N N 

C1LQN1 Uncharacterized protein 1 2 4 20 16 20 A N N 

C1LS10 Cell wall integrity and stress response component 1 2 3 2 10 15 11 A Y N 

O45035 Fatty acid-binding protein 1 3 3 12 32 32 N Y Y 

P91800 Translationally-controlled tumor protein homolog 2 3 2 15 20 15 N N N 

Q5C0A7 Uncharacterized protein 2 2 3 8 6 11 Y N Y 
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Q5DE45 SJCHGC04601 protein 2 3 2 25 25 25 N N N 

Q86EJ4 Nucleoside diphosphate kinase 1 4 2 10 29 15 A N Y 

B3W661 Phosphoglycerate kinase 1 4 1 4 17 4 A Y Y 

C1L7G5 Ferritin 1 3 2 14 28 22 N Y N 

C1LYW0 Ribonuclease X25 2 2 2 11 11 11 A N N 

Q5DA69 SJCHGC01759 protein 1 4 1 6 15 5 N N Y 

Q5DEE6 Peptidyl-prolyl cis-trans isomerase 3 1 2 20 7 13 N Y Y 

Q5DH44 SJCHGC02893 protein 2 2 2 13 13 13 Y N N 

C1LIA4 Dihydrolipoyl dehydrogenase 2 1 2 7 2 7 A Y N 

C1LL12 ATP synthase subunit beta 2 2 1 5 5 2 A N N 

C1LUL1 Uncharacterized protein 2 1 2 49 36 50 Y N N 

C1LVD4 Tubulin beta chain 0 3 2 0 8 10 A Y Y 

Q5C2N1 SJCHGC03405 protein 1 3 1 1 4 1 A N N 

Q5DB58 SJCHGC06844 protein 3 1 1 28 16 7 Y N N 

Q5DER3 SJCHGC09135 protein 2 3 0 6 11 0 Y N N 

Q5DH97 PHD finger-like domain-containing protein 5A 2 3 0 23 34 0 A N N 

C1LGJ8 Transmembrane serine protease 8 1 1 2 3 4 7 Y N N 

C1LK30 Glucose-6-phosphate isomerase 2 1 1 7 5 4 N N Y 

C1LK99 Purine nucleoside phosphorylase 1 2 1 6 11 8 A Y N 

C1LMJ0 Uncharacterized protein 1 1 2 7 7 11 Y N N 

C1LNT2 Serine protease inhibitor serpin 2 1 1 10 10 10 N N N 

C1LU42 Major egg antigen (P40) 2 1 1 27 18 18 A Y Y 

C1LWQ6 Elongation factor 1-alpha 0 2 2 0 5 5 N Y Y 

C7TYB4 Uncharacterized protein 0 2 2 0 18 18 Y N N 

Q5C0J9 SJCHGC07460 protein 1 2 1 1 2 1 A N N 

Q5D8J1 16 kDa calcium-binding protein (Egg antigen SME16) 0 3 1 0 22 9 A N N 

Q5D925 SJCHGC09142 protein 2 0 2 4 0 4 N N N 

Q5DA40 SJCHGC03107 protein 1 3 0 13 31 0 A N N 
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Q5DE19 Histone H2A 1 2 1 17 21 17 N N N 

Q5DE66 Major egg antigen (P40) 0 3 1 0 14 7 N N N 

Q5DGF3 SJCHGC06900 protein 1 2 1 3 6 3 N N N 

C1LDC4 Troponin T 1 0 2 5 0 10 Y N N 

C1LG36 Actin-related protein 6 2 1 0 12 11 0 A N N 

C1LJT2 Diazepam-binding inhibitor 0 2 1 0 26 18 A N N 

C1LLL1 Peptidase M8, leishmanolysin, domain-containing protein 0 2 1 0 11 3 A N N 

C1LMD2 Thioredoxin peroxidase 1 2 0 7 12 0 A N Y 

Q26513 Glutathione-S-transferase 1 2 0 4 9 0 N N Y 

Q5BYL0 SJCHGC07767 protein 1 2 0 7 13 0 A N N 

Q5DBB2 Calycin-like domain-containing protein 2 0 1 12 0 6 A N N 

Q5DC74 UPF0506 protein SJCHGC03047 1 0 2 18 0 42 Y N N 

Q5DEG0 Transaldolase 0 2 1 0 12 6 A N N 

Q86DW6 Hydroxyacylglutathione hydrolase 2 1 0 12 6 0 N N N 

Q86DY0 Putative tyrosine 3-monooxygenase 2 0 1 7 0 4 N N N 
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Supplementary Table 3. Proteins identified within the excretory/secretory products released by S. haematobium eggs. The method of protein secretion as predicted by SecretomeP is listed; 

classically secreted (Y), non-classically secreted (A) or non-secreted (N). Proteins are ranked in order of the highest total unique matched peptides taken from three technical replicates. The 

presence of each protein within the secretome published by Sotillo et al. [116] is noted (Yes/No). 

  Exclusive unique peptide 
count 

Percent coverage   

Accession No. Protein ID Sh 1 Sh 2 Sh 3 Sh 1 Sh 2 Sh 3 SecretomeP 
Seen in Sotillo et 

al.? 
A0A094ZWN9 Histone H4 5 11 16 51 62 72 N Y 

A0A095B131 Polyubiquitin-C 3 7 14 29 27 35 N N 

A0A094ZDN2 Thioredoxin peroxidase 2 5 8 10 29 50 52 A Y 

A0A095AIQ5 Cytochrome c 3 11 9 26 77 64 N Y 

A0A095AKM1 Fructose-bisphosphate aldolase 2 10 11 7 38 37 N Y 

A0A094ZX17 GLIPR1-like protein 1 4 9 9 28 44 48 Y Y 

A0A095A2M4 Thioredoxin 5 8 8 48 65 72 A Y 

A0A095ANZ3 Histone H3 1 8 7 7 59 35 A N 

A0A095A3Q8 Alpha-galactosidase 3 6 6 10 26 22 N N 

A5A6F5 14 kDa fatty acid-binding protein 3 4 7 23 29 45 A Y 

A0A095A0L7 Superoxide dismutase [Cu-Zn] 2 4 6 16 44 53 A N 

A0A095A463 Uncharacterized protein 1 5 4 3 18 19 N Y 

A0A095B4U1 Histone H2B 2 3 5 16 29 39 N N 

A0A094ZS57 16 kDa calcium-binding protein 2 3 4 15 23 38 A Y 

A0A094ZZE3 Basement membrane-specific heparan sulfate proteoglycan core protein 2 5 2 3 9 2 N N 

A0A095CF43 Alpha-galactosidase 3 3 3 9 14 14 A N 

A0A094ZS46 Spectrin alpha chain 1 5 2 0 2 1 N Y 

A0A094ZVR4 Peptidase inhibitor 16 0 4 4 0 37 37 Y N 

A0A095CGL8 78 kDa glucose-regulated protein 1 3 4 4 10 6 Y Y 

A0A094ZD40 Actin-2 3 1 3 20 11 11 A Y 

A0A094ZQV5 Histone H2A 1 2 4 7 18 29 A N 
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A0A094ZWB0 Uncharacterized protein 5 1 1 3 1 1 N Y 

A0A094ZYX2 Ferritin 2 2 3 10 12 22 N N 

A0A095CEH3 Thioredoxin, mitochondrial 2 1 4 15 7 27 Y Y 

A0A094ZID2 Actin-1 0 3 3 0 14 14 A N 

A0A094ZIQ2 GLIPR1-like protein 1 1 2 3 3 7 12 N N 

A0A094ZWF6 Uncharacterized protein 1 2 3 10 19 24 A N 

A0A095A2X3 IPSE/alpha-1 0 3 3 7 49 53 Y N 

A0A095A7Z5 Neuroserpin 1 3 2 3 9 4 Y N 

A0A095ACD8 Uncharacterized protein 1 3 2 14 51 54 Y N 

A0A095B2S5 Thioredoxin reductase 1, cytoplasmic 0 3 3 0 8 13 A N 

A0A094ZB49 Venom allergen 5 1 2 2 6 14 14 N N 

A0A094ZBS2 Uncharacterized protein 0 1 4 0 2 8 N Y 

A0A094ZGB5 Filamin-A 3 2 0 2 1 0 A Y 

A0A094ZH52 Calpain 1 3 1 1 2 1 N Y 

A0A094ZPX2 Calmodulin 2 1 2 10 7 18 N Y 

A0A095AJN4 Enolase 1 3 1 3 7 2 A Y 

A0A094ZPS9 Alpha-actinin, sarcomeric 0 2 2 0 1 1 N N 

A0A094ZR37 Peptidase inhibitor 16 0 3 1 0 28 8 Y N 

A0A095A3I2 Uncharacterized protein 1 1 2 13 13 26 N N 

A0A095C142 Cytochrome b5 type B 1 2 1 7 36 28 A N 

A0A095C6E4 Tegument antigen 1 2 1 5 12 5 N Y 

A0A094ZII2 Thioredoxin domain-containing protein 17 0 1 2 0 34 21 A N 

A0A094ZQC8 Fibrocystin-L 1 2 0 0 1 0 N N 

A0A094ZR11 Purine nucleoside phosphorylase 2 1 0 9 5 0 N Y 

A0A094ZZ18 Calcium-binding mitochondrial carrier protein SCaMC-1 0 2 1 0 4 3 N N 

A0A095ACT9 Uncharacterized protein 0 1 2 0 28 35 A N 

A0A095AEB2 Alcohol dehydrogenase [NADP(+)] A 1 2 0 3 6 0 N Y 

A0A095BT16 Superoxide dismutase 0 2 1 0 6 6 A N 
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A0A095C8I8 Protein DJ-1 0 2 1 0 15 9 N Y 
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Supplementary Table 4. Identification of antimicrobial peptide (AMP) motif-containing proteins 

within the excretory/secretory products of S. japonicum and S. haematobium. A prediction 

probability score of >0.5 marks a potential AMP motif-containing protein. The method of protein 

secretion as predicted by SecretomeP is listed; classically secreted (Y), non-classically secreted (A) or 

non-secreted (N). 

Accession No. Prediction Prediction 
probability 

SecretomeP 

Q5DET3 AMP 0.9481 N 

Q5DHF8 Non-AMP 0.2908 A 

Q5DDU9 AMP 0.843 N 

Q86G46 Non-AMP 0.0838 N 

C1LEJ4 AMP 0.7108 A 

C1L4Z7 Non-AMP 0.3188 N 

Q5DFZ8 Non-AMP 0.1478 N 

Q5D8W0 Non-AMP 0.1371 Y 

C1LFC4 Non-AMP 0.2153 A 

C1LJG7 Non-AMP 0.1787 A 

C1L9B2 Non-AMP 0.1208 Y 

Q86EU4 AMP 0.6799 A 

C1LNY3 Non-AMP 0.3071 A 

C1LQJ9 AMP 0.5219 A 

C1LQT3 Non-AMP 0.0251 A 

Q5C296 Non-AMP 0.0139 N 

C7TZX7 AMP 0.9484 A 

P33676 AMP 0.6266 A 

Q5DA21 Non-AMP 0.0065 Y 

C1LV44 Non-AMP 0.1003 A 

C1LYI9 Non-AMP 0.0465 A 

Q5D9T1 AMP 0.6009 A 

A0A0N7I6P5 Non-AMP 0.2519 N 

C1LNR0 Non-AMP 0.0604 Y 

Q5C3I8 Non-AMP 0.0595 N 

O45038 Non-AMP 0.2324 Y 

C7TTY4 Non-AMP 0.1439 Y 

Q5D9C5 Non-AMP 0.0861 N 
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Q5D9M8 Non-AMP 0.2713 N 

C1LHZ3 AMP 0.921 Y 

C1LS47 Non-AMP 0.0926 A 

Q5D947 Non-AMP 0.0138 N 

C1LFL0 AMP 0.507 Y 

Q05870 Non-AMP 0.0059 N 

Q5D8J4 Non-AMP 0.0341 Y 

P91800 Non-AMP 0.1492 N 

Q5DE19 AMP 0.8954 N 

Q5C0A7 Non-AMP 0.3535 Y 

C1LUL1 AMP 0.9964 Y 

C7TZP2 Non-AMP 0.4255 N 

Q5BR23 AMP 0.7232 Y 

Q5C317 AMP 0.7848 N 

Q5C2V7 Non-AMP 0.0015 A 

C1LU42 AMP 0.5933 A 

C1L7G5 Non-AMP 0.038 N 

Q5DA69 Non-AMP 0.158 N 

Q86EJ4 Non-AMP 0.0722 A 

Q3KZG1 Non-AMP 0.1284 Y 

Q5DE66 Non-AMP 0.025 N 

C1LS10 Non-AMP 0.3764 A 

C1LYW0 Non-AMP 0.0216 A 

C1LG36 Non-AMP 0.016 A 

C1LQN1 Non-AMP 0.0213 A 

C1LKF9 Non-AMP 0.3616 N 

C1LK99 Non-AMP 0.3147 A 

Q5DH44 Non-AMP 0.0924 Y 

Q26513 Non-AMP 0.3567 N 

C1LNS7 Non-AMP 0.0528 A 

O45035 Non-AMP 0.0917 N 

Q5DE45 Non-AMP 0.3103 N 

Q5C2N1 Non-AMP 0.153 A 

C1LL12 Non-AMP 0.0272 A 
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Q5DH97 AMP 0.994 A 

C1LIA4 AMP 0.6651 A 

Q86DW6 Non-AMP 0.0958 Y 

C1LDC4 Non-AMP 0.1323 Y 

Q5DEE6 Non-AMP 0.2419 N 

B3W661 Non-AMP 0.2434 A 

Q5DER3 Non-AMP 0.0134 Y 

Q5D8J1 Non-AMP 0.3077 A 

C1LVD4 Non-AMP 0.1695 A 

Q5D925 Non-AMP 0.0415 N 

C1LGJ8 AMP 0.9972 Y 

C1LWQ6 AMP 0.9872 N 

C1LMJ0 Non-AMP 0.0599 Y 

C1LNT2 Non-AMP 0.0118 N 

C1LK30 AMP 0.6186 N 

Q5DB58 Non-AMP 0.2764 Y 

Q5DA40 Non-AMP 0.1275 A 

Q5DEG0 Non-AMP 0.1626 A 

Q5DGF3 Non-AMP 0.1629 N 

C1LMD2 Non-AMP 0.2278 A 

Q5BYL0 Non-AMP 0.2789 A 

Q5C0J9 Non-AMP 0.2483 A 

C1LLL1 Non-AMP 0.1516 A 

C7TYB4 Non-AMP 0.0224 Y 

Q86DY0 Non-AMP 0.072 N 

Q5DBB2 Non-AMP 0.0069 A 

Q5DC74 AMP 0.9291 Y 

C1LJT2 AMP 0.6145 A 

A0A094ZWN9 AMP 0.9481 N 

A0A095ANZ3 Non-AMP 0.3125 A 

A0A095A2M4 Non-AMP 0.0199 A 

A0A094ZQV5 AMP 0.6413 A 

A0A095B131 Non-AMP 0.0838 N 

A0A095B4U1 AMP 0.843 N 
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A0A094ZX17 AMP 0.9295 Y 

A0A094ZDN2 Non-AMP 0.0864 A 

A0A095AIQ5 Non-AMP 0.4317 N 

A0A095A0L7 AMP 0.9823 A 

A0A095AKM1 Non-AMP 0.2168 N 

A0A095A2X3 AMP 0.9795 Y 

A5A6F5 Non-AMP 0.2119 A 

A0A095A3Q8 Non-AMP 0.4008 N 

A0A095CF43 Non-AMP 0.0421 A 

A0A094ZVR4 AMP 0.9283 Y 

A0A094ZB49 AMP 0.8859 N 

A0A094ZD40 AMP 0.5567 A 

A0A094ZPS9 Non-AMP 0.0043 Y 

A0A095CEH3 Non-AMP 0.3348 Y 

A0A094ZS57 AMP 0.5239 A 

A0A095A463 Non-AMP 0.1946 N 

A0A094ZS46 Non-AMP 0.0051 N 

A0A094ZPX2 Non-AMP 0.0124 N 

A0A095CGL8 Non-AMP 0.1352 Y 

A0A094ZID2 AMP 0.7685 A 

A0A094ZWF6 Non-AMP 0.018 A 

A0A094ZWB0 AMP 0.6565 N 

A0A095ACT9 Non-AMP 0.0236 A 

A0A094ZIQ2 AMP 0.9979 N 

A0A095A7Z5 Non-AMP 0.0455 Y 

A0A094ZYX2 Non-AMP 0.0417 N 

A0A094ZZE3 Non-AMP 0.4255 N 

A0A095ACD8 AMP 0.9667 Y 

A0A094ZH52 Non-AMP 0.0197 N 

A0A095C6E4 Non-AMP 0.0303 N 

A0A095C8I8 AMP 0.9455 N 

A0A095C142 Non-AMP 0.0101 A 

A0A095A3I2 Non-AMP 0.1589 N 

A0A095AEB2 Non-AMP 0.4394 N 



Supplementary information 

200 
 

A0A094ZBS2 Non-AMP 0.0385 N 

A0A095AJN4 AMP 0.5931 A 

A0A094ZGB5 Non-AMP 0.4009 A 

A0A095B2S5 AMP 0.5361 A 

A0A094ZII2 Non-AMP 0.1764 A 

A0A094ZQC8 Non-AMP 0.4805 N 

A0A094ZR37 AMP 0.6676 Y 

A0A094ZR11 Non-AMP 0.4354 N 

A0A095BT16 AMP 0.8596 A 

A0A094ZZ18 AMP 0.7932 N 

 

Supplementary Table 5. Identification of specific antimicrobial peptide (AMP) motifs within the 

excretory/secretory products of S. japonicum and S. haematobium. A lower probability score 

indicates a higher chance of the motif being a true AMP sequence. Motifs shaded grey were chosen 

for synthesis and assessment. The method of protein secretion as predicted by SecretomeP is listed; 

classically secreted (Y), non-classically secreted (A) or non-secreted (N). 

Accession No. Motif 
No. 

Probability Motif sequence SecretomeP 

Q5DET3 1 4% RGKGGKGLGKGGAKRHRKVLRD N 

 2 5% AIRRLARRGGVKRISGLI  

 3 13% LKRQGRTLYGFG  

Q5DDU9 1 1% KKKKRRRKESYA N 

C1LEJ4 1 5% RGKGGKVRSKAKTRSARA A 

 2 7% RVHRLLRKGNYA  

 3 11% KTRIIPRHLQLAI  

Q86EU4 1 8% KKLFVQRCGQCHTV A 

C1LQJ9 1 8% TVNYGCTVLNKYTEWKWKNRT A 

 2 0% GGVNGIRSGVQY  

C7TZX7 1 12% SCRQNRGKGSPK A 

P33676 1 9% PKRIEKAIKVKACNC A 

 2 1% AKYAGKHFRHPQ  

Q5D9T1 1 16% VNVFKFGITFRSF A 

 2 19% CAKNCPKAMICIITN  

C1LHZ3 1 14% TCRMGQCGHYTQIV Y 
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C1LFL0 1 5% KYVKQSVRSVGK Y 

 2 13% YYHNYIRRERNTC  

Q5DE19 1 6% RIHRHLKARTTSHGRV N 

 2 9% KVKRITPRHLQLA  

 3 17% IHKSLIGKKIPPP  

C1LUL1 1 5% RCRPKCHYCGKTA Y 

 2 11% CSGLKCVNGKCNYSY  

Q5BR23 1 6% RCKSSCSNNVCRRNC Y 

Q5C317 1 11% KHVNRKPSFRTQKL N 

 2 25% GLIWTLILHYSI  

Q5DH97 1 0% LFYERKKYGFKK A 

C1LIA4 1 12% FQKILTKQGLKFL A 

C1LGJ8 1 16% LKHNAYLQRYLLIL Y 

C1LWQ6 1 18% NVKNVSVKDIRR N 

 2 0% AGKLTKSAQKVAKK  

C1LJT2 1 11% AKWTAWNGRKVKSA A 

 2 11% IFSCQRYCLKQSI  

A0A094ZWN9 1 4% RGKGGKGLGKGGAKRHRKVLRD N 

 2 5% AIRRLARRGGVKRISGLI  

 3 13% LKRQGRTLYGFG  

A0A094ZQV5 1 5% RGKGGKVRSKAKTRSARA A 

 2 7% RVHRLLRKGNYA  

 3 11% KTRIIPRHLQLAI  

A0A095B4U1 1 1% KKKKRRRKESYA N 

A0A094ZX17 1 15% LVCSLVCCCVHA Y 

 2 13% TCRMGQCGHYTQL  

A0A095A2X3 1 10% GLKRISSIQKCVYG Y 

 2 0% ISESKRRRKYCR  

A0A094ZB49 1 20% VVRQAVKYGLIP N 

A0A094ZWB0 1 2% RNIRKYLVLRNWPWWRLYTKVKPMLN N 

 2 3% CIIIILLLLIYIVYRRLRHHHHHSQYF  

 3 6% VRRAYRSPIFRHKIILP  

 4 13% NWKLFRTVQSRA  

 5 3% WTSVCSKQGMIRRTHIL  
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A0A094ZIQ2 1 10% YNILILYILINNVYYVNTNRKLDK N 

 2 7% TTRRPITTKRPKTTRRPGT  

 3 0% LHGIVTKTCICI  

A0A095ACD8 1 10% GLRRISSIQKCVYG Y 

A0A095AJN4 1 20% CNCLLLKVNQIG A 

 2 0% GAKYAGKNFRHPK  

A0A095B2S5 1 16% VNVGCIPKKLMHQ A 

 2 6% LLFVRVCQINLVKASFRNFKNSKLAY  

A0A095BT16 1 8% ILRSSIIRNYGLRFKHTLP A 
 


