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Abstract

Morbidity associated with hepatic and urogenital schistosomiasis stems primarily from the host 

immune response directed against schistosome eggs. When eggs become entrapped in host tissues, 

the development of fibrotic plaques drives downstream pathology. These events occur 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, macrophages, and hepatic stellate cells, 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 and an array of in silico 
analyses, we identified 266, 90 and 50 proteins within the S. mansoni, S. japonicum and S. 
haematobium egg secretomes respectively. We identified numerous proteins with already 

established immunomodulatory activities, vaccine candidates and vesicle markers. Relatively few 

common orthologues within the ESPs were identified by BLAST, indicating that the three egg 
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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 host-parasite interactions, 

particularly those occurring during chronic schistosomiasis, and pave the way towards novel 

therapeutics and vaccines.
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1. Introduction

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

Schistosoma. It affects over 200 million people worldwide, primarily in sub-Saharan Africa, 

Asia and South America, and causes as many as 200,000 deaths per year [1]. Three species 

of schistosomes are primarily responsible for human cases; Schistosoma mansoni, S. 
japonicum and S. haematobium [1]. 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) [2]. 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 [2].

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

schistosome species. Female S. japonicum worms are the most fecund, laying ~1,000–2,500 

eggs per day per pair in an established murine infection, with 30–50 % being successfully 

shed in the faeces [3]. By comparison, S. mansoni females lay approximately 350 eggs per 

day in murine models, with 30 % being successfully shed [3], while S. haematobium 
females produce around 100–200 eggs per day in human infections [4]. 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) [5], or the bladder, cervical, and vaginal wall 

mucosa (S. haematobium) [6].

The chronic pathology associated with hepatoenteric and urogenital schistosomiasis arises 

due to a shift from a moderate host type 1 helper (Th1)-mediated inflammatory immune 

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

granulomatous response against schistosome eggs [5]. 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 towards a Th2 phenotype [5]. 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 [7]. The modulation away from a Th1-mediated response also ensures 
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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 increased inflammation in response to increasing egg burden [8]. Certain 

SEA components released by S. mansoni eggs have been shown to be hepatotoxic, causing 

cell death in hepatocytes [9], driving the formation of granuloma around the eggs. This last 

mechanism benefits the host by containing harmful antigens and protecting the liver tissue 

from necrosis. Eggs that become entrapped 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 function and downstream schistosomiasis 

pathology.

Several components of schistosome egg ESPs have previously been characterised, and the 

most extensively characterised of these proteins 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 granuloma and assists in driving the host immune shift from a Th1 to a Th2 

mediated response that follows egg laying [10,11]. 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 [12]. 

Ribonucleases released by S. japonicum eggs have similar functions [13,14]. 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-gamma (IFN-γ) expression, both of which are 

considered Th1 cytokines, while Sj-P40 has been linked with decreasing hepatic stellate cell 

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

stellate cells [15–18]. 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 (immunomodulatory) 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. japonicum and S. haematobium have been reported previously 

[19–21]. However, this is 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 3 secretomes.

Carson et al. Page 3

Mol Biochem Parasitol. Author manuscript; available in PMC 2021 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Materials and methods

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, United States of America).

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 min. Mice were sacrificed 

after 6–7 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 min. Hamsters were sacrificed after 14–16 weeks post 

infection.

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, Waltham, USA) supplemented with 300 

units/mL penicillin, 300 μg/mL streptomycin and 500 μg/mL gentamycin antibiotics 

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

maintained at 37 °C and 5% CO2 for 72 h, after which the culture medium was collected, 

eggs pelleted and stored at −80 °C. Egg viability was assessed using an egg hatching assay 

[20] and preparations were only retained with 85 % minimum hatch rate. The 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). Approximately 15 μg of total 

protein from each sample were submitted for MS/MS analysis.

2.3. Mass spectrometry analysis

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 suspension were delivered to an analytical column (S. 
mansoni; Acquity UPLC Peptide BEH C18 nano column, 130A, 1.7 um, 75 umx200 mm, S. 
japonicum/S. haematobium; Eksigen C18-CL NanoLC Column, 3 μm; 75 μm x15 cm) 

equilibrated in 5% acetonitrile/0.1 % formic acid (FA). Elution was carried out with a linear 
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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) (S. mansoni) or a nanoESI QqTOF mass 

spectrometer (5600 TripleTOF, ABSCIEX- Warrington, UK) (S. japonicum/S. 
haematobium) operating in information-dependent acquisition mode, in which a 0.25-s TOF 

MS scan from was performed (S. mansoni; 380–1500 m/z, S. japonicum/S. haematobium; 

350–1250 m/z), followed by 0.05-s product ion scans from 100 to 1500 m/z on the 50 most 

intense 2–5 charged ions. Peak list files were generated by Proteome discoverer v2.2 

(ThermoFisher) (S. mansoni) or Protein Pilot v4.5 (Applied Biosystems, Foster City, USA) 

(S. japonicum/S. haematobium) using default parameters.

2.4. Database searching

MS/MS samples were analysed using Sequest HT on Proteome discoverer v2.2 

(ThermoFisher) (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 2 missed cleavages permitted. Sequest HT was searched with a 

fragment ion mass tolerance of 0.80 Da and a parent ion 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. Carbamidomethyl of cysteine was specified in MaxQuant as a fixed modification. 

Gln->pyro-Glu of the N-terminus, deamidation of asparagine and glutamine, oxidation of 

methionine, dioxidation of methionine and acetyl of the N-terminus were specified in 

MaxQuant as variable modifications. Searches were also carried out against proteome 

databases of the host animals Mus musculus (Uniprot ID: UP000000589, 55,462 entries for 

S. mansoni and S. japonicum) and Mesocricetus auratus (Uniprot ID: UP000189706, 31,693 

entries for S. haematobium) using the same settings. Detected host proteins that share 

resemblance with schistosome proteins are reported (Supplementary Tables 1–3).

2.5. Criteria for protein identification

Proteome discoverer v2.2 (ThermoFisher) (S. mansoni) or Scaffold (version Scaffold_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 2 identified peptides. Protein probabilities were 

assigned by the Protein Prophet algorithm.

2.6. Bioinformatic analysis

Identified proteins were assigned functional annotation through Blast2GO [22] software 

against the entire non-redundant (nr) 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 
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made between secretome lists by utilising BLASTp (Basic Local Alignment Search Tool 

protein); any protein that had an 80 % or greater 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. Alignments of these domains were carried out using BLASTp through NCBI using 

default settings. The SecretomeP v2.0 algorithm [23] 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.

3. Results

3.1. S. mansoni egg secretome

LC–MS/MS analysis identified 266 proteins within the S. mansoni egg secretome, including 

36 uncharacterised proteins, and we confirmed the presence of IPSE/α−1 (IL-4-inducing 

protein), omega-1 and P40 (HSP20) (Table 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 [24–26].

We also observed the presence of several putative vaccine candidates, including Sm14FABP 

(fatty acid-binding protein) [27,28], peptidylglycine alpha hydroxylating mono-oxygenase 

(SmPHM) [29], 14-3-3 protein [30], Sm21.7 [31,32] and triosephosphate isomerase [33]. 

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-α/

γ [34–36], thimet oligopeptidase [35], ferritin, as well as several histones and structural 

proteins (actin, tubulin, filamin, spectrin-β), which are characteristic of vesicle components 

[37,38], were noted. The presence of these latter proteins suggests that a portion of the 

proteins identified are packaged and released within extracellular vesicles (EVs) in vivo.

We compared the 266 proteins identified in our study 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 previously reported to comprise 

111 proteins [39], and of these we found 70 proteins that had ≥80 % sequence identity with 

our data set (Supplementary Table 1). This result suggests that there are significant 

similarities in ESPs released in these two life cycle stages. The previously published S. 
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mansoni egg secretome comprised 188 proteins [19], and of these we found 122 proteins 

sharing ≥80 % sequence identity with proteins in our own dataset (Supplementary Table 1).

3.2. S. japonicum egg secretome

Ninety S. japonicum proteins were identified within the egg secretome, including 28 

uncharacterised proteins (Table 2, Supplementary Table 2). We confirmed the presence of 

P40, in addition to 3 ribonucleases (T2, Oy and X25) that share sequence identity with the S. 
mansoni protein omega-1. SjE16.7 (16 kDa calcium-binding protein) and Sj97 (paramyosin) 

were also present. In addition, glutathione S-transferase, serpin and calreticulin, are three 

proteins previously shown to have immunoregulatory activity in multiple helminths (see 

Section 3.1 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, we noted the 

presence of characteristic vesicle components including enolase, HSP70, elongation factor 

1-α, histones, ferritin, and structural proteins (actin, tubulin) indicating that our data 

includes proteins packaged within EVs released from S. japonicum eggs.

The 90 newly identified proteins were then compared with previously described datasets of 

the secretome of adult S. japonicum worms and the previously published egg stage 

secretome. The adult S. japonicum secretome consists of 101 proteins [40], and of these only 

27 proteins had ≥80 % sequence identity with proteins in our own dataset (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 [20], shared ≥80 % 

sequence identity with proteins in our dataset (Supplementary Table 2).

3.3. S. haematobium egg secretome

Fifty proteins were identified within the egg secretome of S. haematobium, including 7 

uncharacterised proteins (Table 3, Supplementary Table 3). We noted the presence of Sh-

IPSE/α−1, which shares sequence identity with Sm-IPSE/α−1. 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 problematical. However, we did 

confirm the presence of proteins such as ShE16 (16 kDa calcium-binding protein) and 

neuroserpin, which are similar to other proteins which have documented immunoregulatory 

roles in both S. japonicum ESPs, and in other helminths as considered above.

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 several proteins associated with 

vesicle packaging, including enolase, 78 kDa glucose-regulated protein (HSP70), histones, 

structural components (actin, filamin, fibrocystin, spectrin) and ferritin. Taken together, this 

indicates that S. haematobium EV-related protein components are also included in this 

dataset.
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The S. haematobium egg secretome has previously been described as comprising 138 

proteins [21]. Despite the difference in the number of proteins, we compared the two 

datasets and found that, of the 50 proteins we identified, 23 shared ≥80 % sequence identity 

with proteins in the previously published dataset (Supplementary Table 3).

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 the different schistosome 

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 (Fig. 1, Tables 

4 and 5). When several proteins matched against the same prospective orthologue, the match 

with the highest % sequence identity was accepted.

Twelve (12) proteins were 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), 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 had 15 proteins in common. Again, a large proportion of these 

proteins are either vaccine targets (superoxide dismutase), vesicle markers (ferritin, 

elongation factor 1-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; hence both proteins are listed as orthologous with S. japonicum and S. 
haematobium proteins separately and not grouped together.

S. japonicum and S. haematobium eggs shared only 4 proteins in common: 2 histones, actin 

and polyubiquitin C. These are extremely ubiquitous proteins that are again likely released 

as part of vesicle content.

3.5. Assignment of Gene Ontology (GO) terms

Gene ontology (GO) terms were assigned to all the identified schistosome proteins 

according to their function (Molecular Function or MF) or role (Biological Process or BP), 

as seen in Table 6. GO terms were also assigned to all recorded proteins for each species 

available in the NCBI database (Table 6).

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-
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oxo-acid transaminase) and various proteases (thimet oligopeptidase, aminopeptidase and 

calpain) were also identified. Antioxidant activity (MF) was consistently enriched across the 

three schistosome 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-transferase 

and various peroxidase enzymes. Conversely, transporter activity (MF) and localization (BP) 

appeared to be downregulated in comparison with schisto-NCBI annotations.

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 we 

expected the proteins described here to be secretory in nature due to their presence in ESP, 

the algorithm SecretomeP v2.0 [23] was used to analyse the protein sequences and to 

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 proteins identified in S. mansoni ESP, 151 were assigned a NN value of >0.5 (56 

%) and thus were assumed to be secretory (Supplementary Table 1). Forty-nine (49) 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 proteins identified in S. 
japonicum ESP, 56 were assigned a NN value of >0.5 (62 %) and therefore assumed to be 

secretory (Supplementary Table 2). Eighteen (18) of these proteins had predicted signal 

peptides (20 %), while 38 did not (42 %). Of the 50 proteins identified in S. haematobium 
ESP, 26 were assigned a NN value of >0.5 (52 %) and thus are assumed to be secretory 

(Supplementary Table 3). Eight of these proteins had predicted signal peptides (16 %), while 

18 did not (36 %).

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 [19]. 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 characterize 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 [41,42]. 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 4 distinct proteins. Mathieson and Wilson attributed the disparity to 

differences in the methods used to obtain the S. mansoni ESP, claiming that Cass’s 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. 
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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 of 95 proteins was recently described using a 1-DE/MS 

approach [20], while the S. haematobium egg secretome, investigated using OFFGEL/MS, 

comprises 138 proteins [21]. In contrast to most of the earlier studies, we analysed the 

schistosome egg ESPs directly in solution without prior separation. Our reasoning 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, we detected 266, 90 and 50 proteins within the egg secretomes of S. mansoni, 
S. japonicum and S. haematobium, respectively. We consider these proteins are indeed 

reflective of the live egg secretome, as in vitro egg hatch assays showed that >85 % of our 

egg preparations were viable. Thus, we consider that the risk of ESP contamination with 

cytosolic proteins from dead or dying eggs was low.

Despite finding significantly more proteins in the S. mansoni egg secretome compared to 

Cass et al.’s original work [19], we identified only 122 proteins that shared ≥80 % sequence 

identity between the two datasets. These discrepancies were anticipated, and we attribute 

them 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’s study [20], we found only 23 proteins that shared ≥80 % sequence 

identity. This is likely due to a variety of reasons, including the method of mass 

spectrometry 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 we detected in S. haematobium 
ESP compared with that previously described is likely due to the difference in MS methods 

used. Sotillo et al. [21] 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 [43].

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 [2]. Schistosome eggs have no or 

limited capacity for such evasion but instead rely on quickly escaping from the host and 

hatching to facilitate transmission to the intermediate snail host. Following egg laying, the 

host immune response undergoes a shift from a low level Th1 inflammatory response to an 

aggressive Th2 response [5]. This is considered to be brought about by immunomodulatory 

components within the crude egg ESP acting on host immune cells. This shift prevents host 

death due to systemic inflammatory shock [8], and creates conditions that promote egg 

survival, host exit and successful disease transmission [7].
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To bring about this host immune shift, components within the crude egg ESP act on host 

cells to alter the balance of cytokine and chemokine expression. These modulations are 

promoted by inducing the release of pro-fibrotic mediators, while dampening the release of 

proinflammatory agents from host cells. This stratagem can be most clearly seen in S. 
mansoni egg ESP, 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 modulatory elements deployed by S. mansoni eggs [9,44]. 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 mediator of the 

Th2 response and IL-13 is a key component of fibrosis, facilitating collagen production 

[10,11]. Omega-1 is another hepatotoxic glycoprotein that functions as a T2 ribonuclease 

(RNase). Omega-1 is bound and internalised by dendritic cells (DCs) in which 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 chemokine involved with developing Th1 cells [12]. 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 [18]. 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.

Similar 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 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 [14], while Sj-P40 inhibits the progression of fibrosis by inhibiting HSC activation and 

promoting HSC apoptosis and senescence [15–17].

The ESPs of S. haematobium are not extensively characterised; however the eggs are known 

to secrete a variant of IPSE/α−1 [45] which shares 67 % sequence identity with the Sm 
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 [45]. A significant clinical 

consequence of chronic infection with S. haematobium is the development of urogenital 

squamous cell carcinoma [6,46–48]. 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 secretions and has been shown to induce cell 

proliferation and angiogenesis [21, 48], implying a role for this protein in urogenital 

carcinogenesis.

All of these proteins were found in our datasets, but schistosome egg ESPs contain 

additional immune-regulatory elements that may also be involved in assisting the driving, 

regulation, and maintenance of the dominant chronic Th2 host immune response.

In our S. mansoni protein dataset we identified several glutathione S-transferase (GST) 

enzymes. Members of the GST family found in S. mansoni have been shown to assist in 
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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 [49]. We also found SmPEPCK, a protein capable of inducing 

proliferation of murine CD4 + T cells and priming them to release significant levels of INF-

γ, IL-4 and IL-5 to promote a mixed Th1/Th2 response [50,51]. 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 inhibitors of 

metalloproteinase (TIMP) genes. This ultimately promotes the degradation of host ECM, 

likely with the aim of assisting egg translocation into the intestinal lumen [52]. Furthermore, 

we also detected peroxiredoxin (Prx1), a protein which assists in priming a Th2-based 

immune response by inducing alternatively activated macrophages which, in turn, upregulate 

the expression of the Th-2 cytokines IL-4, IL-5 and IL-13 in naïve CD4+ cells [53]. 

Moreover, calreticulin and serpin were found which share similarity to known 

immunoregulators secreted by other helminths. 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) [24,25]. Serpin, also produced by Brugia 
malayi, inhibits neutrophil-associated cathepsin G and elastase [26] to facilitate immune-

evasion.

In our S. japonicum protein dataset we noted the presence of SjE16.7, a potent neutrophil 

attractant and inducer of inflammation [54], and Sj97 (paramyosin), capable of inhibiting the 

complement pathway and binding to the Fc region of human immunoglobulins [55,56]. 

SjE16.7 likely acts in tandem with Sj-P40 to balance and regulate the developing Th2 

immune response, while Sj97 both promotes resistance to complement-mediated killing in 

immature and adult worms by binding complement-associated proteins, and also facilitates 

immune-evasion by providing the worm with a protective coating of host antigens.

We detected ShE16 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, the function of many of the components present in S. haematobium egg ESPs 

have not been thoroughly characterised; thus, we are unable to elaborate on the specific 

utility of many of these detected proteins. The only other potentially immunoregulatory 

protein we identified is neuroserpin, which shares sequence identity with both S. mansoni 
and S. japonicum serpins (79 % and 62 % respectively).

Our data indicate that S. mansoni egg ESPs contains a broader range of immune-regulatory 

elements than 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 phenotypes (e.g. SmPEPCK, SjE16.7) 

were also identified. These proteins are likely responsible for modulating the intensity of the 

developing Th2 response, allowing the egg a degree of variable control over the host 

response. The relatively few immunomodulatory proteins detectable in S. japonicum could 

be considered a contributing factor to the marked disease severity this species causes 

compared with a S. mansoni infection [1]. Generally, this is attributed to the larger number 
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of eggs produced per day by a mature adult female S. japonicum worm, resulting in greater 

hepatic inflammation and fibrosis. However, the apparent lack of a diverse range of 

immunomodulatory proteins present in the S. japonicum ESP 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, partly resulting in more pronounced pathology.

4.2. Shared proteins between all three species

As mentioned above, given the difficulty of accurately comparing proteins across different 

species, BLAST was used to compare protein sequence identity. Proteins that showed ≥80 % 

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 are 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 [37,38]. 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 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 [57].

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, 

is reflected in the patterns of assumed orthologues shared between the three species. S. 
mansoni and S. japonicum have the most proteins in common, with S. japonicum and S. 
haematobium the least. S. mansoni shares 18 proteins in common with S. japonicum, and 15 

proteins in common with S. haematobium. Again, these proteins are primarily ubiquitous 

enzymes involved in energy production/metabolism and DNA/RNA synthesis (glucose-6-

phosphate isomerase, nucleoside diphosphate kinase etc.) or are vesicle markers (ferritin, 

elongation factor 1-α, structural proteins). Conversely, S. japonicum and S. haematobium 
eggs share only 4 proteins in common, with 3 (histones H2A and H3, and actin) associated 

with vesicles.

To explore protein identity further, we examined the functional domains of some of the more 

extensively characterised proteins. Sm- and Sh-IPSE/α−1 share an interleukin-4 inducing 

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 

[12,14]. Both proteins also contain a ribonuclease T2-like domain (InterPro: IPR001568), 

and alignment shows 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 
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sHSP domain 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 

across the whole protein which, according to our criteria, prevents their classification as 

orthologues.

4.3. Gene ontology analysis

The most highly enriched 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 secretomes. 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 schistosome 

egg ESPs. Several redox proteins were identified in the egg secretomes 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 [57]. 

Conversely, transporter activity (MF) and localization (BP) appeared to be downregulated in 

the egg stage when compared with all schisto-NCBI annotations. This agrees with our 

finding that approximately 40 % of proteins across all three secretomes were predicted to be 

secreted non-classically, i.e. via membrane budding/vesicle cargo and would therefore not be 

associated with transporter proteins or localization sequences.

4.4. Identification of secretory proteins

Several methods of protein secretion are employed by a typical cell, with the two main 

classes being classical and non-classical secretion [58]. 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 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 [58,59].

SecretomeP analysis revealed that approximately 20 % of proteins within each of the three 

schistosome 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 we are investigating 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 [19,20] also 

reported very similar ratios of classically, non-classically and non-secreted proteins. The 

likely explanation is that the SecretomeP algorithm is trained specifically on mammalian and 

bacterial protein sequences, and therefore some degree of misinterpretation would be 

expected.

Our finding that most proteins across the ESPs of all three schistosomes are secreted via 

non-classical means indicates that secretion of EVs is a major mechanism for release of 

proteins from the eggs. Indeed, proteins commonly associated with EVs [37,38], either 
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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 our data set suggests that it reflects both the soluble and EV-associated 

proteins present in schistosome 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 [60]. For parasite EVs this would be an appropriate method 

of delivering immunomodulatory proteins [61].

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.

5. Conclusions

The commencement of egg laying during a schistosome infection marks a period of abrupt 

change to the host-parasite dynamic. Immature 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. Our 

findings 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 by our criteria, and many that did reflect ubiquitous 

protein elements with no clear role in host-parasite interaction. We confirmed the presence 

of several well characterised immunomodulatory proteins, but the function of many proteins 

within the three secretomes described here remains 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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Fig. 1. 
The number of shared egg stage ESPs between S. mansoni, S. japonicum and S. 
haematobium.
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Table 1

Top 20 most abundant protein components of S. mansoni egg ESPs. 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
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Table 2

Top 20 most abundant protein components of S. japonicum egg ESPs. 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
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Table 3

Top 20 most abundant protein components of S. haematobium egg ESPs. 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
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