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Abstract 
 
 
 

Schistosomes are wide-spread and clinically significant parasites of humans in the tropics and sub-

tropics. Trematodes of the genus Schistosoma require a freshwater snail intermediate host and 

colonise the circulatory system of their definitive mammalian host. The treatment of 

schistosomiasis, the disease caused by infection with schistosomes, currently relies on a single 

widely used drug, praziquantel (PZQ), causing concerns about the emergence of drug resistance. 

The development of new treatment options for the control of schistosomiasis is thus an urgent 

priority. An interesting avenue for the development of therapeutics is targeting the mechanisms 

through which parasites interact with their host. Host–parasite interactions have been shaped by 

millennia of co-evolution and are characterised by highly intricate molecular dialogues, involving 

the release of excretory/secretory products (ESPs) by the parasite. Amongst helminth ESPs, 

extracellular vesicles (EVs) are increasingly recognised as key mediators of host–parasite 

interactions, making them appealing targets for the development of new therapeutics. EVs include 

all types of secreted membrane-bound vesicles, of which exosomes (formed within multivesicular 

bodies) and microvesicles (formed by the outward budding of the plasma membrane) are the best 

characterised. We and others have reported the release of EVs by schistosomes and showed 

enrichment in putative effector molecules such as microRNAs (miRNAs) and proteins. Building 

on our previous work, this thesis focuses on the study of EVs secreted by the parasite Schistosoma 

mansoni. 

First, using a lectin microarray approach, we assessed the diversity of surface-exposed glycans 

present on parasite-derived EVs and identified several lectins with strong binding affinity for S. 

mansoni EVs, suggesting the presence of multiple glycan structures. Despite a growing 

appreciation for the roles of glycans in EV biology, such as in interactions between EVs and target 

cells, limited information is available on schistosome EV glycomics and its role in infection. 

Interestingly, SNA-I, a lectin that recognises terminal sialic acid, was amongst the lectins 

displaying strong binding, suggesting sialylation in the EV sample, which was confirmed in 

additional experiments. This finding is of interest, as sialic acids play important roles in the context 
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of infection, such as by aiding immune evasion, and affecting target recognition and cell entry, but 

are not thought to be synthesised by helminths. Mass spectrometry analyses identified the 

sialoglycoconjugates associated with S. mansoni EVs as mammalian serum proteins, potentially 

revealing a novel immune evasion mechanism. Then, we investigated the route of EV secretion in 

adult worms using a lectin histochemistry and fluorescence in situ hybridization approach. Our 

results suggest the involvement of the tegument and the digestive and excretory systems in the 

release of EVs. This work addressed for the first time the origin of EV secretion in schistosomes. 

Lastly, we hypothesized that miRNAs contained in parasite EVs contribute to changes in host gene 

expression during infection. We performed a comparative transcriptomic analysis of intestinal 

lymphatic tissues extracted from infected and non-infected mice and report the differential 

expression of several genes of interest. This work provides new insights on the mechanisms of 

host-parasite interaction in schistosomiasis and provides foundation for the development of novel 

therapeutic interventions. 
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Résumé 
 

 
Les schistosomes sont des parasites de l'homme très répandus et cliniquement significatifs dans 

les régions tropicales et subtropicales. Les trématodes du genre Schistosoma nécessitent un 

mollusque d'eau douce comme hôte intermédiaire et colonisent le système circulatoire de leur hôte 

définitif. Le traitement de la schistosomiase, la maladie causée par l'infection par les schistosomes, 

repose actuellement sur un seul médicament largement utilisé, le praziquantel (PZQ), ce qui suscite 

des inquiétudes quant à l'émergence d'une résistance au médicament. Le développement de 

nouvelles options thérapeutiques pour le contrôle de la schistosomiase est donc une priorité 

croissante. Une piste intéressante pour le développement de thérapies consiste à cibler les 

mécanismes par lesquels les parasites interagissent avec leur hôte. Les interactions hôte-parasite 

ont été façonnées par des milliers d’années de coévolution et sont caractérisées par des dialogues 

moléculaires très complexes, impliquant la libération de produits excrétoires/sécrétoires 

(excretory/secretory products; ESPs) par le parasite. Parmi les ESPs des helminthes, les vésicules 

extracellulaires (extracellular vesicles; EVs) sont de plus en plus reconnues comme d’importants 

médiateurs des interactions hôte-parasite, ce qui en fait des cibles intéressantes pour le 

développement de nouvelles thérapies. Les EVs comprennent tous les types de vésicules 

membranaires sécrétées, dont les exosomes (formés dans les corps multivésiculaires) et les 

microvésicules (formées par le bourgeonnement de la membrane plasmique) sont les mieux 

caractérisés. Nous avons précédemment rapporté la libération d'EVs par les schistosomes et avons 

montré un enrichissement en effecteurs putatifs tels que les microARNs (miRNAs) et les protéines. 

S'appuyant sur nos travaux précédents, cette thèse se concentre sur l'étude des EVs sécrétées par 

le parasite Schistosoma mansoni. 

Tout d'abord, en utilisant une approche de puces de lectines, nous avons évalué la diversité des 

glycoconjugués présents à la surface des EVs et avons identifié plusieurs lectines ayant une forte 

affinité de liaison pour les EVs de S. mansoni, suggérant la présence de multiples structures de 

glycanes. Malgré une appréciation croissante des rôles des glycanes dans la biologie des EVs, par 

exemple, dans les interactions entre les EVs et les cellules cibles, peu d'informations sont 
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disponibles sur la glycomique des EVs sécrétées par les schistosomes ainsi que son rôle dans 

l'infection. Il est intéressant de noter que SNA-I, une lectine qui reconnaît l'acide sialique terminal, 

était parmi les lectines affichant une forte liaison, suggérant une sialylation dans l'échantillon d'EV, 

ce qui a été confirmé par des expériences supplémentaires. Cette découverte est intéressante, car 

les acides sialiques jouent des rôles importants dans le contexte de l'infection, notamment en aidant 

à l'évasion immunitaire et en affectant la reconnaissance des cibles et l'entrée dans les cellules, 

mais on ne pense pas qu'ils soient synthétisés par les helminthes. Les analyses de spectrométrie de 

masse ont identifié les sialoglycoconjugués associés aux EVs de S. mansoni comme étant des 

protéines sériques de mammifères, révélant potentiellement un nouveau mécanisme d'évasion 

immunitaire. Nous avons ensuite étudié la voie de sécrétion des EVs dans les vers adultes en 

utilisant une approche d'histochimie des lectines et d'hybridation in situ par fluorescence. Nos 

résultats suggèrent l'implication du tégument, ainsi que des systèmes digestif et excréteur dans la 

libération des EVs. Ce travail aborde pour la première fois l'origine de la sécrétion des EVs chez 

les schistosomes. Enfin, nous avons émis l'hypothèse que les miRNAs contenus dans les EVs du 

parasite contribuent aux changements de l'expression des gènes de l'hôte pendant l'infection. Nous 

avons réalisé une analyse transcriptomique comparative des tissus lymphatiques intestinaux 

extraits de souris infectées et non infectées et rapportons l'expression différentielle de plusieurs 

gènes d'intérêt. Ces travaux fournissent de nouvelles informations sur les mécanismes d'interaction 

hôte-parasite dans la schistosomiase et jettent les bases pour le développement de nouvelles 

interventions thérapeutiques. 

 
  



 v 

 

Acknowledgements 
 

 

What a journey this has been. 

 

I must start by expressing my deepest gratitude to my supervisor, Prof. Timothy G. Geary, for his 

continuous support, both academic and personal. I feel extremely fortunate to have had the 

opportunity to work with Tim. He is the best mentor one can hope for, he is incredibly reassuring, 

devoted, trusting and trustworthy, but most importantly, he elevates people in a remarkably selfless 

way. I will always remember his humanity, his willingness to listen and give advice on just about 

anything, and his Hawaiian shirts. Tim is not only a mentor to me, but also a confidant and a friend. 

He has continued to guide me through my studies as well as through life and I would not be here 

without him. 

 

I sincerely thank Prof. Thavy Long, for taking me on and seeing me through. I truly appreciate the 

guidance and support she has provided me with until the end. Thank you for your friendship, for 

the many discussions about gardening, and for the office space, I am sincerely grateful to have 

ended my supervisory saga with you. Merci Thavy. 

 

I am also thankful to Prof. Paula Ribeiro, with whom I first started this journey, for her kindness 

and generosity and for the grace with which she handled the many challenges that came her way. 

Despite the countless complications that she experienced, Paula remained optimistic and continued 

to prioritise her students until the very end. I feel immensely fortunate to have been given the 

chance to work with such a determined and passionate woman. Thank you, Paula. 

 

I have had the privilege to collaborate with several outstanding individuals and I wish to extent 

my sincere appreciation to all of them, their contribution has been invaluable for the progression 

of this thesis. I sincerely thank Prof. Angela Mousley and Dr. Louise Atkinson from the Queen’s 

University Belfast (QUB) for their warm hospitality, welcoming me into their lab not once but 



 vi 

twice, and for their unrelenting concern for my safety. I am extremely grateful to Dr. Jared Q. 

Gerlach from the National University of Ireland (NUI) Galway for his guidance, his elaborate 

answers to my many questions, and for the Galway pint. Many thanks to Prof. James J. Collins 

and Dr. George R. Wendt from the University of Texas Southwestern (UTSW) Medical Center for 

generously hosting me and providing extremely valuable help for the progression of this project. I 

am truly grateful to Prof. Stephen J. Davies form the Uniformed Services University of the Health 

Sciences (USUHS) for welcoming me into his lab and for his and Dr. Erika White Davies’ 

kindness, generosity, and support when I needed it the most. 

 

Thanks are expressed to my former and current lab members as well as the members of the various 

labs I have visited. Special thanks go to Dr. Jennifer D. Noonan, Dr. Elizabeth Ruiz Lancheros, 

Dr. Thomas Duguet, Damian Clarke, Sohini Kumar, Ryan Chan, Trevor Bell, Martín Montiel, 

Asimah Hussain, Dr. Vitali Samoil, Dr. Ciaran McCoy, Allister Irvine, Dr. Nathan Clarke, and Dr. 

Fiona McKay for their friendship, help, support, and sense of humour.  

Several members of the Institute of Parasitology deserve my recognition. Thanks are due to Profs. 

Fernando Lopes, Armando Jardim, and Petra Rohrbach for their kind words and advice; Michel 

“Mike” Masse for the company during the late nights in the lab and for his unwavering 

cheerfulness; Kathy Keller, Christiane Trudeau, Dr. Norma Bautista-López, Shirley Mongeau, and 

Serghei Dernovici for their administrative support. 

I gratefully acknowledge the Natural Sciences and Engineering Research Council (NSERC) for 

granting me the CGS-M and NSERC Michael Smith Foreign Study Supplements. I also thank the 

Institute of Parasitology and the Faculty of Agricultural and Environmental Sciences for the 

Graduate Research Enhancement and Travel (GREAT) awards and the Graduate Mobility Awards. 

I am thankful to the Burroughs-Wellcome Funds for the Burroughs-Wellcome travel award, as 

well as The Company of Biologists and the Journal of Experimental Biology and Disease Models 

& Mechanisms for the two travelling fellowships. This funding allowed me to attend international 

conferences and trainings and to conduct part of my research in other institutions in the USA and 

the UK.  

 



 vii 

Finalement, je remercie de tout cœur ma famille et mes ami.e.s pour leur amour inconditionnel et 

pour leur support tout au long des longues années qui ont menées à la rédaction de ma thèse. 

Mentions spéciales à mes parents, à Mamie, à Derek, à mon frère et à Juju. Merci pour tout, je 

vous aime.  

 

 

Thank you. Merci. 

 

MD 

 

 

 

  



 viii 

Statement of Originality 
 
 
The following aspects described in this thesis are considered contributions of original knowledge: 

 

Manuscript I. Dagenais, M., Gerlach, J. Q., Wendt, G. R., Collins III, J. J.; Atkinson, L. E., 

Mousley, A., Geary, T. G., Long, T, 2021. Analysis of Schistosoma mansoni extracellular vesicles 

surface glycans reveals potential immune evasion mechanism and new insights on their origins of 

biogenesis. Pathogens 10, 1401. 

 

In this manuscript, we profiled carbohydrate moieties present on the surface of adult S. mansoni 

EVs via lectin microarray. This report provides the first attempt at characterising adult S. mansoni 

EV glycome and is one of the very few studies investigating the glycan content of helminth EVs. 

We also report the presence of sialic acid residues on EVs secreted by adult S. mansoni. However, 

the origin of the sialylated content remains unclear, as helminths are generally regarded as being 

unable to synthesise sialic acid due to the apparent lack of enzymes required for its synthesis. 

Moreover, we labelled whole adult worms with lectins displaying high avidity for S. mansoni EVs 

and identified the tegument and the digestive and excretory systems as potential sources of EVs. 

Again, this represents the first study attempting to identify the origin(s) of EV secretion in 

schistosomes. 

 

 

Manuscript II. Dagenais, M., Gerlach, J. Q., Geary, T. G., Long, T, 2022. Sugar coating: 

utilisation of host serum sialoglycoproteins by Schistosoma mansoni as a potential immune 

evasion mechanism. Pathogens 11, 426. 

 

In this manuscript, we investigated the origin of the sialic acid residues previously identified at the 

surface of adult S. mansoni EVs and report that these sialylated molecules are in fact mammalian 

serum proteins. In addition, our data suggest that most sialylated EV-associated proteins do not 

elicit a humoral response upon injection into mice, or in sera obtained from infected animals. Given 

the involvement of sialic acid in immune evasion and cell adhesion, entry, and invasion, we 

hypothesise that the parasite might be exploiting host sialylated glycoconjugates to mask antigenic 



 ix 

sites, protecting EVs from removal from serum and aiding in cell adhesion and entry to exert their 

functions. 

 

 

Manuscript III. Dagenais, M., Haçariz, O., Xia, J., Long, T. & Geary, T. G. Transcriptomic 

changes in Peyer’s patches associated with Schistosoma mansoni infection in mice. In preparation. 

 

In this manuscript, we investigated the transcriptomic changes in Peyer’s patches 7-weeks post-

infection with S. mansoni. We also explored the possibility that parasite EV-associated miRNAs 

may contribute to the regulation of gene expression in this tissue. This study provides a snapshot 

in time of the intestinal immune tissue transcriptome as affected by infection with the mesenteric 

helminth parasite S. mansoni. It provides valuable information to further understanding of the 

disease and the potential involvement of miRNAs secreted by the parasite in modulating host 

responses. 

 
Appendix, Manuscript IV. Samoil, V., Dagenais, M., Ganapathy, V., Aldridge, J., Glebov, A., 

Jardim, A., Ribeiro. P, 2018. Vesicle-based secretion in schistosomes: Analysis of protein and 

microRNA (miRNA) content of exosome-like vesicles derived from Schistosoma mansoni. 

Scientific Reports 8, 3286 

 

In addition to the work presented in the body of this thesis, we optimised an isolation protocol for 

adult S. mansoni EVs and characterised the protein and miRNA content of those EVs. Moreover, 

we confirmed the presence of parasite-derived miRNAs in EVs isolated from infected mouse sera, 

suggesting that schistosomes secrete EVs in vivo. This study provided evidence of EV secretion 

by these parasites as well as valuable information about their cargo. 
 

 
 
 
 
 
 
 



 x 

Author Contribution 
 

The design, execution and analysis of the experiments presented in this thesis were carried out by 

the author under the supervision of Drs. Timothy G. Geary and Thavy Long.  

In the first manuscript, the author collected the extracellular vesicles and the parasites used 

throughout the manuscript. Dr. Jared Q. Gerlach contributed to the design and analysis of the lectin 

microarrays and the author conducted the free-sialic acid detection assays. The lectin 

histochemistry experiments were conducted by the author with the technical assistance of Drs. 

Angela Mousley and Louise E. Atkinson at the laboratory of Dr. Mousley (Queen’s University-

Belfast). Dr. George R. Wendt contributed to the fluorescence in situ hybridization experiments 

which were conducted with the author at the laboratory of Dr. James J. Collins (University of 

Texas Southwestern Medical Center).  

The author conducted all the experimental work described in the second manuscript. Drs. Jared Q. 

Gerlach, Thavy Long, and Timothy G. Geary contributed to editing the manuscript, which was 

written by the author.  

In the third manuscript, Drs. Jianguo Xia, Thavy Long, and Timothy Geary contributed to the 

design of the experiment. The author carried out the experimental work and the data analysis. Dr. 

Orçun Haçariz performed the raw read count for gene-expression.  

The study presented in the Appendix was conducted under the supervision of Dr. Paula Ribeiro. 

The author contributed to the purification of extracellular vesicles, data analysis, and writing of 

the manuscript.  

This thesis was written by the author with editorial contributions from Drs. Thavy Long and 

Timothy G. Geary. 

 

 
 
 



 xi 

List of Figures 
 
 
Chapter I. Literature Review 

Figure 1.1. Global distribution of countries where human schistosomiasis is transmitted…….7 

Figure 1.2. Life cycle of Schistosoma species………………………………………………….8 

Figure 1.3: Overview of S. mansoni adult male and female anatomy……………….……..…10 

Figure 1.4: Schematic diagram of the Schistosoma mansoni male ventral tegument…………11 

Figure 1.5. Overview of macrophage subsets………………………………………………....16 

Figure 1.6. Overview of T helper subsets……………………………………………………..18 

Figure 1.7. Induction of host immune responses after infection with schistosomes…………..20 

Figure 1.8. Overview of extracellular vesicle (EV) subtypes………………………………….23 

Figure 1.9. Mechanisms of exosome interaction with target cells……………………………..30 

 

Chapter II. Manuscript I 

Figure 1. Lectin microarray………………………………………………………………….…64 

Figure 2. Treatment of S. mansoni EVs with neuraminidase……………………………….….65 

Figure 3. Comparison of Schistosoma mansoni-derived EVs and Fasciola hepatica-secreted EVs 

lectin microarray profiles………………………………………………………………….…….67 

Figure 4. Whole worm labelling with SNA-I lectin…………………………………………....68 

Figure 5. Whole worm labelling with DSA………………………………………………….…69 

Figure 6. Whole worm labelling with RCA-I……………………………………………….….70 

Figure 7. All definitive tegumental cells are SNA-I positive………………………………..….71 

Figure 8. DSA labels definitive tegumental cells and the gut of the parasite………………..….72 



 xii 

 

Chapter III. Manuscript II 

Figure 1. Treatment of S. mansoni EVs with neuraminidase (Neur) reduces SNA-I binding….91 

Figure 2. Antigenic profile of S. mansoni EV proteins…………………………………………93 

 

Chapter IV. Manuscript III 

Figure 1. Predicted host biological pathways targeted by helminth miRNAs across helminth-host 

associations……………………………………………………………………………………..110 

Figure 2. miRNA target predictions KEGG analysis…………………………………………..111 

Figure 3. Differential expression analysis of Peyer’s patches from mice infected with S. 

mansoni 7 weeks P.I. vs. non-infected control mice……………………………………………112 

Figure 4. KEGG enrichment network of significantly differentially expressed genes………...113 

Figure 5. Gene ontology (GO) analysis of differentially expressed genes in Peyer’s patches of S. 

mansoni-infected mice………………………………………………………………………….114 

 

Appendix. Manuscript IV 

Figure 1. Overview of the procedure used for isolation and characterisation of secreted 

exosome-like vesicles from Schistosoma mansoni…………………………………….……….186 

Figure 2. Purification of exosome-like vesicles from S. mansoni………………….….…...….188 

Figure 3. Gene ontology (GO) analysis of proteins recovered from S. mansoni exosome-like 

vesicles…………………………………………………………………………………..….…..196 

Figure 4. Comparative analysis of S. mansoni microRNAs (miRNA) obtained from whole 

worms and purified exosome-like vesicles………………………………………………….…198 



 xiii 

Figure 5. Quantitative qRT-PCR analysis of S. mansoni exosomal miRNAs in sera of infected 

mice………………………………………………………………………………………….…199



 xiv 

List of Tables 
 
 
Chapter I. Literature Review 

Table 1.1: Size-based categories of extracellular vesicles………………………………………24 

 

Chapter II. Manuscript I 

Table 1. Lectins exhibiting strong adhesion with Schistosoma mansoni EVs with specificity 

information for each……………………………………………………………………………..63 

Table 2. Summary of the effect of neuraminidase treatment on lectin affinity…………………65 

 

Chapter III. Manuscript II 

Table 1. The most abundant proteins detected in excised bands 1 and 2……………………….91 

Table 2. Proteins detected in the SNA-I pull-down experiment………………………………...92 

 

Chapter IV. Manuscript III 

Table S1. miRNA target predictions…………….……………………………………………..127 

Table S2. Predicted host biological KEGG pathways targeted by helminth miRNAs across 

helminth-host associations……………………………………..……………………...………..127 

Table S3. Overrepresented pathways predicted to be targeted by S. mansoni miRNAs ..…......132  

Table S4. List of DEGs in Peyer's patches.………………………………………...........……..132  

Table S5. GO and KEGG pathway analysis of DEGs………...……………………...………..132 

 



 xv 

 

Appendix. Manuscript IV 

Table 1. Protein content of S. mansoni exosome-like vesicles………………………………….190 

Table 2. List of most abundant miRNAs in purified S. mansoni exosomes…………………….197 

Table S1: List of primers, TaqMan probes and synthetic RNAs used in this study…………….211 

Table S2: Mass spectrometry data: Protein and peptide list…………………………………….212 

Table S3:  Summary of RNA sequencing results……………………………………………….217 

Table S4: miRNA sequences detected in exosomes and whole worms…………………………217 

Table S5: Comparison of protein content with published proteomics analysis of extracellular 

vesicles from adult and schistosomule S. mansoni……………………………………………..221 

 

 

 

  



 xvi 

List of Abbreviations 
 
 
3’-UTR: 3' untranslated regions 

5’-UTR: 5' untranslated regions 

AA: Arachidonic acid 

AAM: Alternatively activated macrophage 

(also M2) 

AbD: Antibody diluent 

ACN: Acetonitrile  

AdjP: Adjusted P value 

ADP: Adenosine diphosphate 

AGC: Automatic Gain Control 

ALA: Alpha-linoleic acid 

Arg1: Arginase-1 

ATP: Adenoside triphosphate 

ATPDase-1: ATP-diphosphohydrolase 1 

BCA: bicinchoninic acid 

BSA: Bovine serum albumin 

Bt: Bos taurus 

Ca2+:  Calcium ion 

CAA: Caragana arborescens Lectin 

CaCl2: Calcium chloride 

Calsepa: Calystegia sepium lectin 

CAM: Classically activate macrophage 

(also M1) 

cAMP: Cyclic adenosine monophosphate 

CCA: Circulating cathodic antigen 

CCL: Chemokine (C-C motif) ligand 

CD: Cluster of differentiation 

CHU: Centre hospitalier universitaire 

 

CID: Collision-induced dissociation 

CLP: Chitinase-like protein 

CLR: C-type lectin receptor 

CO2: Carbon dioxide 

Ct: Cycle threshold 

CXCL: Chemokine (C-X-C motif) ligand 

CYP450: Cytochrome P450 

DAPI: 4′,6-diamidino-2-phenylindole 

DC-SIGN: Dendritic cell-specific ICAM-3-

grabbing nonintegrin 

DDAH: N.N-dimethylarginine 

dimethylaminohydrolase 

DEG: Differentially expressed gene 

DNA: Deoxyribonucleic acid  

   cDNA: Complementary deoxyribonucleic 

acid  

   EV-DNA: EV-enclosed DNA 

   mtDNA: Mitochondrial DNA 

dNTP: Deoxynucleoside triphosphate 

DSA: Datura stramonium Lectin 

DTT: Dithiothreitol 

ECL: Enhanced chemiluminescence 

eEF1: Eukaryotic elongation factor 1 

complex 

ELV: Exosome-like vesicle 

EM: Electron microscopy 

   TEM: Transmission electron microscopy 

ER: Endoplasmic reticulum  



 xvii 

ES: Excretory/secretory 

ESCRT: Endosomal sorting complex 

required for transport 

ESI-LC-MS/MS: Liquid Chromatography 

Electrospray Ionization Tandem Mass 

Spectrometric 

ESP: Excreted/secreted product 

EV: Extracellular vesicle 

   15k EV:  EV sedimenting at 15k ´ g 

   120k EV:  EV sedimenting at 120k ´ g 

   sEV: Small EV 

EXOmotif: sEV-export sequence 

CELLmotif: Cellular retention sequence 

FA: formic acid 

FBS: Fetal bovine serum  

FcεRI: high-affinity IgE receptor 

FDR: False discovery rate 

FhEV: Fasciola hepatica EV 

FISH: Fluorescence in situ hybridization 

FITC: Fluorescein isothiocyanate 

FoxO: Forkhead box proteins class O 

GAPDH: Glyceraldehyde 3-phosphate 

dehydrogenase 

GlcNAc: N-acetyl-glucosamine 

GNA: Galanthus nivalis agglutinin 

GnRH: Gonadotropin-releasing hormone 

GO: Gene ontology 

GPI: Glycosylphosphatidylinositol 

GSL: Glycophospholipid 

GST: glutathione- S-transferase 

H2O2: Hydrogen peroxide 

HCD: Higher energy Collision-induced 

Dissociation 

HGRPT: hypoxanthine-guanine 

phosphoribosyltransferase 

HHA: Hippeastrum hybrid lectin 

HIV: Human immunodeficiency virus 

HRP: Horseradish peroxidase 

HSP: Heat shock protein 

IC: Immune complex 

Ig: Immunoglobulin 

   IgE: Immunoglobulin E 

   IgG: Immunoglobulin G 

IGF: Insulin-like growth factor 

IL: Interleukin 

ILC2: Group 2 innate lymphoid cell 

ILV: Intraluminal vesicle 

INF: Interferon 

iNOS: Inducible nitric oxide synthase 

IP: Intra-peritoneal 

ITIM: Immunoreceptor tyrosine-based 

inhibitory motif 

KEGG: Kyoto Encyclopedia of Genes and 

Genomes 

LA: Linoleic acid 

LAP: leucine aminopeptidase 

LC: Liquid chromatography 

LEL: Lycopersicon esculentum lectin 

LogFC: Log2 fold-change 

LOX: Lipoxygenase 

LPS: Lipopolysaccharide 



 xviii 

M1: Classically activate macrophage (also 

CAM) 

M2: Alternatively activated macrophages 

(also AAM) 

MAPK: Mitogen-activated protein kinases 

MC: Mast cell 

MDA: Mass drug administration 

MgCl2: Magnesium chloride 

MGF: Mascot generic format 

MHC: Major histocompatibility complex 

Mm: Mus musculus 

MS: Mass spectrometry 

MSMS: Tandem mass spectrometry 

mTOR: Mechanistic target of rapamycin 

MVE: Multivesicular body 

MW: Molecular weight 

MWCO: Molecular weight cutoff 

NaCl: Sodium Chloride 

NaN3: Sodium azide 

nanoLC/MSMS: Nanoscale liquid 

chromatography coupled to tandem mass 

spectrometry 

NCBI: National Center for Biotechnology 

Information 

NK: Natural killer 

NLR: NOD-like receptor 

NOD: Nucleotide-binding oligomerization 

domain 

NPA: Narcissus pseudonarcissus lectin 

NTD: Neglected tropical disease 

ORA: Overrepresentation analysis 

P: Probability value 

PAMP: Pathogen-associated molecular 

pattern 

PBS: phosphate buffered saline 

   DPBS: Dulbecco’s phosphate buffered 

saline 

   PBST: PBS containing Tween 20 

   PBSTx: PBS containing triton-X100s 

PC: Principal component 

PCA: Principal component analysis 

PCR: Polymerase chain reaction 

   qPCR: Quantitative polymerase chain 

reaction 

   qRT-PCR: Quantitative real-time 

polymerase chain reaction 

PFA: Paraformaldehyde 

PGE2: Prostaglandin E-2 

PHA-E: Phaseolus Vulgaris 

Erythroagglutinin 

P.I.: Post-infection 

PI3K-Akt: phosphatidylinositol 3‑kinase-

protein kinase B  

PLA2: Phospholipase A2 

PMT: Photomultiplier tube 

POC-CCA: Point-of-care circulating 

cathodic antigen 

PPM: Parts per million 

PRR: Pattern recognition receptor 

PS: Phosphatidylserine 

PVDF: polyvinylidene difluoride 

PZQ: Praziquantel 



 xix 

RAS: Reticular activating system 

RCA-I: Ricinus communis agglutinin 

RELM-α: Resistin-like alpha (also FIZZ or 

Retnla) 

RFU: Relative fluorescence units 

RISC: RNA-induced silencing complex 

RLR: RIG-I-like receptor 

RNA: Ribonucleic acid 

   lncRNA: Long non-coding RNA 

   miRNA: Micro RNA 

   mRNA: Messenger RNA 

   piRNA: Piwi-interacting RNA 

   rRNA: Ribosomal RNA 

   snRNA: Small non-coding RNA 

   tRNA: Transfer RNA 

   vtRNA: Vault RNA 

RNAseq: RNA sequencing 

RPMI: Roswell Park Memorial Institute 

medium 

RT: Reverse transcription 

SD: Standard deviation 

SDS-PAGE: Sodium dodecyl-sulfate 

polyacrylamide gel electrophoresis 

Siglec: sialic acid-binding immunoglobulin-

like lectin 

Sm: Schistosoma mansoni 

SmEV: Schistosoma mansoni EV 

SmSP2 : Type 2 serine protease 

SNA-I:  Sambucus nigra lectin-I 

STAT: Signal transducer and activator of 

transcription 

SWAP: Schistosome soluble worm antigen 

preparation 

TAMRA: Tetramethylrhodamine 

TBS: Tris-buffered saline 

TBST: Tris-buffered saline with Tween 20 

TCEP: Tris (2-carboxyethyl)phosphine 

TFA: Trifluoroacetic acid 

TGF: Transforming growth factor 

Th1: T helper 1 

Th2: T helper 2 

Th17: T helper 17 

TLR: Toll-like receptor 

TNF: Tumour necrosis factor 

Treg: Regulatory T cell 

Tris-HCl: 

Tris(hydroxymethyl)aminomethane 

hydrochloride 

TRITC: Tetramethylrhodamine 

TSP-2: Thrombospondin 

UA: Uranyl acetate 

VEGF: Vascular endothelial growth factor 

WB: Western blot 

WGA: Wheat germ agglutinin 

WHO: World Health Organisation 

YLDs: Years lived with disabilities 

 

 

 

 

 

 



 1 

 

Introduction 
 
 

Parasitic platyhelminths of the genus Schistosoma are wide-spread and clinically relevant to 

human health. Infection with Schistosoma spp causes schistosomiasis, a chronic disease affecting 

~240 million people worldwide and resulting in significant morbidity and mortality [1]. The 

infective larval stage (cercaria) is released from freshwater snails. Cercariae infect human hosts by 

penetrating the skin and morphing into maturing larvae (schistosomulae), which enter the host’s 

circulation and migrate to the hepatic portal system and mesenteries (S. mansoni, S. japonicum) or 

the venous plexus of the urinary bladder (S. haematobium). Larvae mature throughout this journey 

to eventually become adult male and female worms, which form pairs and produce large numbers 

of eggs [2]. Some eggs are released into the environment through faeces or urine, but many remain 

trapped in the liver and surrounding tissues, thereby causing tissue fibrosis and organ damage. 

Schistosomes have the ability to establish long-term chronic infections [2]. If left untreated, adult 

worms can survive within a mammalian host for many years [3]. Their outstanding longevity is 

attributable, in part, to their remarkable capacity to manipulate host immunity [4,5]. Treatment of 

schistosomiasis relies heavily on the efficacy of a single drug, praziquantel, which is administered 

to tens of millions of people each year, raising concerns of drug resistance [6]. It is thus critical to 

pursue the search for alternative schistosomicidal chemotherapies and develop new treatment 

options for the control of schistosomiasis.  

In this context, there is a growing interest in better characterising and understanding the 

carefully orchestrated molecular dialogue employed by the parasites to modulate the host immune 

system, as it could lead to the identification of novel therapeutic strategies. Parasite 

excreted/secreted products (ESPs) are widely regarded as important players in the interactions 

between the parasite and the host, with increasing attention being paid to parasite-derived 

extracellular vesicles (EVs) in this regard. EVs encompass all types of secreted membrane-bound 

vesicles, of which exosomes (originating within multivesicular bodies and release upon fusion 

with the plasma membrane) and microvesicles (plasma membrane-derived) have received the most 

attention [7]. There is increasing evidence of vesicle-based secretion in parasitic infections, with 
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roles in both parasite-parasite inter-communication [8] and parasite-host interactions [9-11]. EVs 

are involved in cell-cell communication, transferring molecules from one cell to another via 

membrane vesicle trafficking, thus explaining the broad array of functional activities attributable 

to them. 

Despite multiple reports of EV secretion in schistosomes, the origin(s) of EV secretion remains 

elusive. To date, the cargo of schistosome EVs has been partially characterised in various life 

stages [12-16], and has unveiled an enrichment of putative effectors such as proteins and 

microRNAs (miRNAs). The mechanisms by which host cells interact with parasite-derived EVs 

are not well characterised, and thus little is known about the functions of EVs during the course of 

infection. A better portrait of EV surface molecules could help unveil means by which host 

recipient cells interact with and take up schistosome EVs. There is growing interest for the 

carbohydrate composition of EVs, with evidence suggesting glycan-dependent EV uptake 

mechanisms [17-21]. Despite these findings, there is a flagrant lack of knowledge on carbohydrate 

moieties present on the surface of S. mansoni-derived EVs.  

In contrast, EV-associated miRNAs have received considerable attention. miRNAs are a 

class of small non-coding RNAs which act as regulators of gene expression. Specifically, miRNAs 

bind target messenger RNA (mRNA) by complementary base-pairing, typically inducing mRNA 

degradation. Recent studies indicate that helminth-derived miRNAs can regulate gene expression 

in mammalian cells, suggesting that parasites may exploit this mechanism by secreting miRNA to 

shape the host into an environment favourable for their own development. Supporting this idea, 

we and others have previously detected schistosomal miRNAs in infected hosts [14,22], with 

Meningher et al. (2020) reporting the presence of the schistosomal miRNAs Bantam and miR-10 

in gastrointestinal lymph nodes (Peyer’s and mesenteric lymph nodes) of S. mansoni-infected mice 

[22]. However, the question of whether parasite-derived miRNAs actively regulate host gene 

expression in vivo remains unresolved. 

 

Central hypothesis 

 

This thesis is centered around S. mansoni-derived EVs, their content, their origins of 

secretion, and their functions. The central hypothesis of this project is that adult S. mansoni secrete 
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EVs which are involved in the interaction between the parasite and the host and the regulation of 

host gene expression, thereby contributing to the development of a permissive environment for 

parasite propagation. 

 

Objectives 

The aim of this thesis was 1) to explore the content of EVs secreted by adult S. mansoni parasites, 

2) to investigate the origins of EV secretion in adult worms, and 3) to investigate EV functions in 

vivo as well as host response to infection with S. mansoni. 

 

Chapter II (Manuscript I) 

- Profile the major glycan motifs present on the surface of adult S. mansoni-derived EVs 

using lectin microarrays; 

- Identify potential sources of EV secretion in adult S. mansoni. 

 
Chapter III (Manuscript II) 

- Determine the origin of the sialylated molecules identified in Chapter II; 

- Investigate the immunogenic potential of EVs. 

 
Chapter IV (Manuscript III) 

- Carry out target searches of previously identified EV-associated S. mansoni miRNAs 

against mouse mRNAs; 

- Investigate transcriptional changes in intestinal lymphoid tissue Peyer’s resulting from 

infection with S. mansoni; 

- Analyse and compare predicted targets and differentially expressed genes. 
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Chapter II. Literature Review 
 
 
1. Schistosomiasis 
 
1.1 Epidemiology and distribution 

Schistosomiasis, or bilharziasis, is a parasitic disease caused by blood-dwelling trematodes 

of the genus Schistosoma. There are 2 major forms of schistosomiasis: intestinal – which, in 

humans, mainly develops from infection with S. mansoni or S. japonicum, and less frequently with 

S. mekongi, S. intercalatum, or S. guineensis – and urogenital, which is caused by infection with 

S. haematobium. Additionally, there have been several reports of hybridisation occurring within 

and between human and animal schistosome species in West African countries, and more recently 

in Corsica [1-4]. Transmission has been reported in at least 78 countries [5]. According to estimates 

from 2017, schistosome infections were responsible for over 1,000 years lived with disabilities 

(YLDs) that year alone, with more than 140 million people infected worldwide [6]. This 

prevalence, however, is based on insensitive egg-detection methods, which under-represent active 

infection due to frequent false negative diagnosis [7-9]. The great majority of cases (> 90%) occur 

in Africa, most of which are found in the sub-Saharan area, but schistosomiasis transmission also 

occurs in South America, the Caribbean, the Middle East, Europe (Corsica), and Southeast Asia 

(Figure 1.1) [5,10-13]. Schistosomiasis is a disease intrinsically linked to poverty, predominantly 

transmitted in poor rural areas without access to safe drinking water and adequate sanitation 

system. In such settings, infection is highly prevalent in school-aged children and people with 

frequent contact with infested water, and can lead to growth stunting, anemia, cognitive 

impairment and decreased physical fitness  [11,14]. For this reason, the World Health Organisation 

(WHO) prioritized schistosomiasis as one of the 20 neglected tropical diseases (NTDs). Control 

strategies employed to reduce or preclude transmission include vector control, chemotherapy, 

health education, and improved sanitation [5]. 
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Figure 1.1: Global distribution of countries where human schistosomiasis is transmitted. Main 
foci: S. mansoni — much of sub-Saharan Africa, northeast Brazil, Surinam, Venezuela, the 
Caribbean, lower and middle Egypt, the Arabic peninsula; S. haematobium — much of sub-
Saharan Africa, Nile valley in Egypt and Sudan, the Maghreb, the Arabian peninsula; S. japonicum 
— along the central lakes and River Yangtze in China; Mindanao, Leyte, and some other islands 
in the Philippines; and small pockets in Indonesia; S. mekongi — central Mekong Basin in Laos 
and Cambodia; S. intercalatum — pockets in west and central Africa. 
Source: Modified from Gryseels et al (2006) [10] & Colley et al., 2014 [11] 
 

1.2 Life cycle 
 
Schistosoma species develop through a similar life cycle, requiring a freshwater snail 

intermediate host and a mammalian definitive host (figure 1.2, from [12]). The infectious larval 

stage of the parasite, the cercariae, emerge from the freshwater snail intermediate host and utilise 

environmental cues including motion, light-dark contrast, and chemical and thermal gradients to 

find a suitable mammalian definitive host [10,15,16]. Upon encounter with the definitive host, 

cercariae penetrate the skin by secreting acetabular gland mucus-like substances and proteases, 

shed their tails within 3-4 hours to become schistosomulae, enter the dermal circulation within the 

first two days, and migrate through the lungs and to the liver via systemic circulation. Young 

worms mature in the portal veins for 4-6 weeks before male-female pairs migrate to the mesenteric 

venules (S. mansoni, S. japonicum) or venules that drain the bladder (S. haematobium) [10], where 
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female worms produce hundreds of eggs per day. The average lifespan of adult worm is 3-5 years, 

but they can live as long as 30 years [10]. Each egg contains a miracidium larva that secretes 

proteolytic enzymes to assist its migration into the lumen of the intestine for excretion within host 

feces (S. mansoni and S. japonicum) or into the bladder for excretion with urine (S. haematobium); 

however, some eggs become entrapped within host tissues and often lead to significant pathology 

[10,17]. Eggs that are excreted into the environment remain viable for up to 7 days, and the 

miracidium hatches after the egg is in contact with water. The miracidium is then directed by light 

and chemical stimuli to the intermediate host, a freshwater snail of the Biomphalaria (S. mansoni), 

Oncomelania (S. japonicum) or Bulinus (S. haematobium) genera [10]. After penetrating the snail, 

the miracidia differentiate into multicellular mother sporocysts containing germ cells that divide 

asexually to produce many daughter sporocysts. The daughter sporocysts then migrate to the 

hepatopancreas, where their germ cells divide via asexual reproduction to produce cercariae [10]. 

Four to six weeks after infection, cercariae emerge from the snail and the life cycle repeats (Figure 

1.2) [10,15,16].  
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1.3 Schistosome morphology 

Contrarily to most other trematodes, schistosomes are diecious organisms, with adult males 

and females exhibiting major morphologic differences (Figure 1.3). Mature males are short and 

stout and possess a gynecophoric canal in which the long and slender female resides. This pairing 

is essential for effective mating and is crucial for the stimulation of female growth and sexual 

maturation.  
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Figure 1.3: Overview of S. mansoni adult male and female anatomy. 

Schistosomes are covered by a syncytial outer layer, called the tegument, which consists 

of a complex epithelial structure comprising multiple nucleated cell bodies (tegumental cells, also 

known as cytons) fused to a continuous cytoplasmic matrix (Figure 1.4, from [18]) [18]. 

Tegumental cell bodies are located beneath the body wall of the worm and are connected to the 

tegument syncytial cytoplasm by cytoplasmic projections. The tegument surface consists of a 

double outer bilayer which is overlayed by a secreted bilayer, the membranocalyx. The tegument 

is a major site of molecular interactions between the parasite and the host and it is believed to 

participate in several important functions such as acquisition of nutrients and other exogenous 

material [19-22], secretion of endogenous materials [23], osmoregulation [24]. 
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Figure 1.4: Schematic diagram of the S. mansoni male ventral tegument with underlying single 
layers of circular and longitudinal muscle fibres, and associated tegument cell bodies. The spaces 
between cell bodies are filled with interdigitated parenchyma cells. The layout in the female is 
similar, but with parenchyma largely replaced by vitellaria in the posterior third of the body. The 
male dorsal tegument is underlain by a single layer of circular fibres and three to four layers of 
longitudinal fibres making the corresponding cytoplasmic connections between cell bodies and 
tegument syncytium long and more tortuous. The male dorsal tegument is also lifted off the muscle 
layer at intervals by extensions of parenchymal cells to form tubercles, through which ciliated and 
non-ciliated sensory endings project. The two types of Golgi apparatus are speculatively shown in 
separate cell bodies but one to several cell types may exist.  
Source: Wilson and Jones (2021) [18] 

Blood flukes are equipped with two suckers, ventral (located on the ventral face of the mid-

posterior end of the head) and oral (surrounds the opening of the mouth at the anterior end of the 

head region), which serve many functions, such as attachment to the host and feeding [25]. The 

alimentary tract of schistosomes is made up off the mouth, a short esophagus, and the absorptive 

gut, which consists of two intestinal caeca joining in the anterior end of the body and extending to 

the farthest extremity of the body to form a blind gut [26]. Blood cells ingested by the parasite are 



 12 

lysed by digestive enzymes during their passage through the esophagus before entering the 

digestive gut, lined with gastrodermal cells. The blind-ended gut means that schistosomes 

regurgitate residual products of digestion through the mouth [26]. 

Platyhelminths also possess a protonephridial system, which is involved in excretion of 

metabolic wastes, xenobiotics, and immunomodulatory proteins, and performs osmoregulation 

[27,28]. The schistosome protonephridium consists of heavily ciliated cells called flame cells, 

branching and collecting tubules, and excretory tubules which connects to the outside by extending 

to the nephridiopore [27,28]. In S. mansoni, the nephridiopore is found at the posterior tip of the 

worm [27]. Flame cells are specialized excretory cells which filter interstitial fluid, allowing small 

molecules into the tubules, but restricting the passage of larger molecules. 

 
 
1.4 Pathology of schistosomiasis  

There are two major clinical forms of schistosomiasis: acute and chronic schistosomiasis. 

The symptoms associated with acute schistosomiasis, or Katayama fever, develop a few weeks 

after primary infection due to a systemic hypersensitivity reaction to migrating schistosomulae. 

Katayama fever due to S. mansoni and S. haematobium is common among tourists and migrants 

that visit an endemic region, but is rarely observed in people living in endemic regions, possibly 

due to in utero exposure as a result of maternal infection [29,30]. The characteristic symptoms 

include fatigue, malaise, fever, myalgia, non-productive cough and eosinophilia; spontaneous 

recovery is common within 2-10 weeks [10]. However, acute schistosomiasis due to infection with 

S. japonicum does occur in people living in endemic regions with a history of previous infections 

and can cause serious symptoms with persistent fever, cachexia, and organomegaly [10]. 

 

Chronic schistosomiasis, the most common form of the disease, develops as a consequence 

of the host’s inflammatory response to eggs entrapped within host tissues, resulting in intestinal 

and hepatosplenic (S. mansoni and S. japonicum) or urogenital (S. haematobium) diseases. Many 

eggs are swept up in blood flow, accumulating in the liver, spleen, or urogenital systems. In 

addition, ectopic egg deposition may occur in the skin, lungs, cerebrospinal system, skeletal 

muscles, and adrenal glands. Eggs deposited in the liver or intestine often cause an obstruction of 
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these tissues. While trapped within host tissues, parasite eggs secrete proteolytic enzymes that 

stimulate a potent inflammatory response associated with eosinophilia and the formation of 

granulomas, giving rise to the most serious symptoms of disease [10,31]. Egg antigens induce a 

CD4+ T helper cell response which orchestrates the formation of granulomatous lesions around 

tissue-trapped eggs. Granulomas are composed of a mix of cells, including macrophages, dendritic 

cells, B and T lymphocytes, eosinophils, basophils, and neutrophils, and collagen fibers [32,33]. 

Chronic infections with S. mansoni, S. japonicum and S. mekongi are associated with hepatic 

disease resulting from fibrosis within the portal tract of the liver portal, which can lead to 

obstructive vascular lesions, ascites and portal hypertension, ultimately resulting in oesophageal 

varices and death [11]. 

 

Intestinal schistosomiasis is due to the migration of egg through the intestinal wall, leading 

to mucosal granulomatous inflammation, microulcerations, and superficial bleeding mainly in the 

large intestine and rectum. Common manifestations include loss of appetite, abdominal pain and 

discomfort, and diarrhea [10] 

 

In urinary schistosomiasis, eggs of S. haematobium induce granulomatous inflammation, 

ulceration and calcification of the bladder and ureteral wall, haematuria, dysuria, and proteinuria. 

Chronic infections with S. haematobium are associated with squamous bladder cancer [10].  

 

Moreover, deposition in the reproductive organs of eggs from S. haematobium and S. 

mansoni (albeit to a lesser extent) cause genital schistosomiasis. Approximately 30% of women 

infected with S. haematobium develops genital schistosomiasis [34]. Common manifestations 

include lesions of the vulva, vagina, and cervix, which likely facilitate transmission of sexually 

transmitted infections, such as the human immunodeficiency virus (HIV) [10]. In addition, lesions 

to fallopian tubes and ovaries can lead to infertility. In men, lesions to the testes, epididymis, 

spermatic cord, and prostate commonly result in haemospermia [10]. 

 

1.5 Diagnosis 

Traditionally, diagnosis of active schistosomiasis relies on the detection of viable eggs in 

urine (urogenital schistosomiasis), using filtration methods, or feces (intestinal schistosomiasis) 



 14 

using the Kato-Katz technique [5,10,11]. Identification of the schistosome species is based on the 

size and morphology of the eggs; S. mansoni eggs are ovoid and laterally spined, S. haematobium 

and S. intercalatum eggs are ovoid and terminally spined, and S. japonicum and S. mekongi eggs 

are small, round, and laterally spined. This microscope-based diagnostic technique lacks 

sensitivity, especially for patients with a low worm burden [11]. Molecular techniques to detect the 

presence of schistosome DNA in urine, faecal, or blood samples increase sensitivity, but remain 

limited by the irregular egg distribution between samples [11]. Though detection of anti-

schistosome antibodies is effective at diagnosing schistosomiasis in infected travellers, serological 

assays can cross-react with other helminth species and cannot be used for people living in endemic 

regions as they do not distinguish active infection from past exposure [11]. One promising 

alternative, the point-of-care Circulating Cathodic Antigen (POC-CCA) test, uses a rapid lateral 

flow strip and is based on the detection of CCA in urine using monoclonal antibodies, providing 

results within minutes [35,36]. CCA, however, is a genus-specific glycoprotein which does not 

discriminate between Schistosoma species [35].  

 

1.6 Prevention and control 

Control and prevention strategies are largely based on large-scale treatment of people at 

risk; access to clean water, improved water, sanitation, and hygiene (WASH); improved 

information, education, and communication (IEC); and snail control [37]. Currently, praziquantel 

(PZQ) is the only drug recommended by the WHO for the treatment of all forms of schistosomiasis 

and is used both in clinical settings and for public health interventions. Initially, preventative 

chemotherapy efforts were rather limited, but have scaled up significantly since 2005, when 

Merck pledged to donate 250 million doses of PZQ annually to enable mass drug administration 

(MDA) programs [38]. In February 2022, the WHO published updated guidelines on control and 

elimination of human schistosomiasis. The new guidelines recommend higher frequency of 

treatments and the expansion of treatment to more age groups and more risk groups [37]. The 

introduction of PZQ greatly improved treatment of individual uncomplicated infections. However, 

many endemic countries have no or irregular MDA programs; thus, only a small percentage of the 

millions of people who need PZQ currently receive the treatment because the distribution of the 

drug to people at risk can be challenging [37,39]. In addition, a major drawback of PZQ is its lack 
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of efficacy against juvenile stages of the parasite [40], which renders those who are treated at risk 

of immediate re-infection. 

 

Nevertheless, an increase in PZQ distribution comes with greater risks of drug resistance. 

Resistance has not yet been observed in the field, although it has been induced in laboratory 

settings [41] and there have been reports of reduced PZQ efficacy [42,43]. PZQ being the only 

approved compound against all schistosome species, it is imperative to develop new treatment 

options for the control of schistosomiasis. 

 

A Schistosoma mansoni Ca2+-permeable transient receptor potential melastatin ion channel 

(TRPMPZQ) was recently identified as a target of PZQ [44,45]. The effects of therapeutic doses of 

PZQ on schistosomes include massive calcium influx into the parasite, muscle contractions 

leading to spasmic paralysis, and disruption of the tegument [46]. In vivo, the efficacy of PZQ is, 

at least partly, dependant on the integrity of the host’s immune system. One possibility is that 

alterations of the tegument results in the display of antigenic molecules, exposing them to 

recognition from host antibodies [47,48]. 

 
 

2. Immunobiology 
 
2.1 Immunology background  

Macrophages are found in virtually all tissues and maintain considerable functional and 

anatomical diversity. They are described as part of the mononuclear phagocytic system (MPS), 

which includes professional phagocytes and their bone marrow progenitors [49]. Macrophages are 

a component of the innate immune system and are distributed throughout the body to serve as 

sentinels for the immune response. These cells are important phagocytes, engulfing foreign 

material and apoptotic bodies, recycling waste products from dying cells. Thus, in addition to their 

essential immune functions, macrophages are key players in tissue development and homeostasis 

[50]. Macrophages can be activated by various stimuli; they express pattern recognition receptors 

(PRRs) that recognize specific pathogen-associated molecular patterns (PAMPs), which are 

conserved and necessary for the survival of many pathogens [51]. Several classes of PRRs have 

been described, notably Toll-like receptors (TLRs), C-type lectin receptors (CLRs), RIG-I-like 
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receptors (RLRs), and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) 

[52]. PRRs maintain broad specificity due to their ability to detect a variety of molecules that share 

a similar structural motif [53-56]. Upon recognition of PAMPs through PRR ligation, macrophages 

may develop a variety of activation states. In general, activated macrophages are characterised into 

two broad subpopulations: classically activated (CAM, also known as M1) and alternatively 

activated (AAM, or M2) (Figure 1.5, from [57]) [57,58]. The M1 phenotype develops in response to 

cytokines such as interferon-γ (IFN-γ) and tumour necrosis factor alpha (TNF-α) in combination 

with certain toll-like receptor (TLR) agonists (e.g., lipopolysaccharide; LPS), and is characterized 

by increased expression of inducible nitric oxide synthase (iNOS), as well as production of the 

inflammatory cytokines IL-1β, IL-6, IL-12, IL-23, TNF- α, and chemokine (C-X-C motif) ligand 

9 (CXCL9). M1 macrophages are associated with pro-inflammatory responses and are crucial for 

protection against infections with many intracellular pathogens, including viruses, bacteria, and 

protozoan parasites [57-64]. Alternatively, M2 macrophages, which can be further divided as M2a, 

M2b, M2c, and M2d, can be polarised by various stimulatory molecules [57,65,66].  
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Figure 1.5: Overview of macrophage subsets. Macrophages can be roughly divided into two 
subtypes: M1-like and M2-like, while M2-like macrophages can be further differentiated into M2a, 
M2b, M2c, and M2d phenotypes depending on their different microenvironmental stimuli. All 
these phenotypes express different cytokines, chemokines, and receptors which give rise to their 
different functions. Generally, M1-like macrophages mainly induce proinflammatory responses 
and are usually associated with Th1 responses, while M2-like macrophages contribute trophism 
and tissue tolerance. Furthermore, M2a macrophages mainly mediate tissue repair and remodelling 
and Th2 responses; M2b macrophages are commonly responsible for immunoregulation; M2c 
mainly function in phagocytosis, and M2d participate in angiogenesis in tumours. 
Source: Wang et al., 2020 [57] 
 

M2a macrophages, known for their wound-healing properties, are induced via activation 

of the activating signal transducer and activator of transcription 6 (STAT6) pathway through IL-

4Rα signalling by the cytokines IL-4 and IL-13 and are characterized by increased expression of 

arginase-1 (Arg1), resistin-like alpha (RELM-α, also known as FIZZ or Retnla), and chitinase-like 

3 (Ym1) and 4 (Ym2) and secretion of the potentially regulatory cytokines IL-10 and IL-1 receptor 

antagonist (IL-1ra), and pro-fibrotic factors such as transforming growth factor beta (TGF-β), 

insulin-like growth factor (IGF), and RELM-α [57,58,64,66]. The regulatory M2b subtype, which 

can arise from joint stimulation with immune complexes (IC) and TLR agonists or IL-1R agonists, 

expresses high levels of CCL1 and TNF superfamily member 14 (TNFSF14) and secretes the pro-

inflammatory cytokines IL-1β and TNF-α the pleiotropic cytokine IL-6, which exhibits both pro- 

and anti-inflammatory properties, as well as large amounts of the anti-inflammatory cytokine IL-

10 [57,64]. The M2c phenotype develops via STAT3 upon IL-10 stimulation of IL-10R and displays 

highly anti-inflammatory and pro-fibrotic properties by in turn releasing high amounts of IL-10 

and TGF-β. M2c macrophages also express high levels of Mer receptor tyrosine kinase (MerTK), 

a surface receptor which recognises apoptotic cells, making them efficient apoptotic body 

phagocytes [64]. Finally, M2d macrophages, also known as tumour-associated macrophages 

(TAMs), arise from combined stimulation with TLR ligands and A2 adenosine receptor (A2R) 

agonists, or by IL-6 [57,63,67,68]. M2d cells secrete high levels of IL-10, TGF-β, and vascular 

endothelial growth factor (VEGF), which promotes angiogenesis, and low levels of IL-12, TNF-

α, and IL-1β, and are known for inflammatory properties in neoplastic tissue and contribution to 

angiogenesis and tumour metastasis [60,63,64,69,70]. M2 macrophages are commonly enriched 

during chronic infections, such as infection with parasitic helminths [59,71-73] 

Upon encountering their cognate antigen, lymphocytes of the acquired immune system (B 

and T cells) undergo clonal expansion to produce large numbers of antigen-specific lymphocytes 
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during infection [74]. Activated macrophages are key contributors to lymphocyte activation, 

presenting antigen in the context of major histocompatibility molecules (MHC) and providing the 

co-stimulation necessary for activation of T lymphocytes. More specifically, macrophages present 

antigen on MHC-II molecules to CD4+ T lymphocytes that define the direction of the immune 

response through the secretion of cytokines. CD4+ T helper (Th) lymphocytes are classified into 

phenotypic subsets based on the profile of cytokines they secrete (Figure 1.6, from [75]) [76]. The 

two most well-studied phenotypes are known as Th1 and Th2. Th1-polarized cells secrete INF-γ, 

IL-2 and IL-12, whereas Th2 polarized cells produce IL-4 and IL-13 [76]. The polarization of CD4+ 

Th cells is based on the initial signals received from macrophages during the process of antigen 

presentation, establishing macrophages as key regulators of the immune response. 

 

Figure 1.6: Overview of T helper subsets. Upon encountering foreign antigens, dendritic cells 
(highly specialised antigen presenting cells) process and present fragments of antigen to naïve 
CD4+ T cells via major histocompatibility complex (MHC) class II molecules. During this process, 
specific cytokines drive differentiation and clonal expansion of CD4+ T cells into functionally 
distinct T helper (Th) subsets. Each Th subset is associated with a master transcription factor, and 
secretes specific cytokines involved in coordinating different types of host immune response. 
Source: modified from Corripio-Miyar et al., 2022 [75] 
 

APC 
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2.2 Immunology of S. mansoni infection 

Infection with S. mansoni elicits a diverse host response, beginning after cercariae penetrate 

the skin. Invading cercariae are first identified by tissue resident macrophages that reside beneath 

the epithelial barrier. These macrophages secrete chemokines that recruit naïve mononuclear cells 

and neutrophils to the site of infection [77], and then migrate to the draining lymph nodes to deliver 

antigen for presentation to naive T helper (Th) cells [78]. Schistosomulae counter this response by 

inducing development of an immuno-suppressive environment, potentially via the secretion of an 

anti-inflammatory protein (Sm 16.8).  Sm 16.8 suppresses lymphocyte proliferation and stimulates 

secretion of the anti-inflammatory IL-1ra [79]. Typically, the production of the key inflammatory 

factors IL-1α and IL-1β is part of the host response to injury and infection. IL-1ra competitively 

inhibits the binding of both cytokines to the IL-1 receptor, preventing them from stimulating 

inflammation [80]. Schistosomulae are also believed to stimulate the production of prostaglandin 

E-2 (PGE2), which acts as a suppressor of T cell proliferation via an IL-10-dependent mechanism 

[81]. 

Parasite migration through the blood triggers a mixed systemic response, with signs of both 

Th2 [82] and modest Th1 differentiation (Figure 1.7, from [83]) [84]. The Th2 response is 

accompanied by production of antigen-specific IgE, which bind to Fc receptors on the membrane 

of circulating basophils. Antigen-driven cross-linkage of receptor-bound IgE causes degranulation 

of basophils and increased production of IL-4 [82]. At weeks 5-6 after infection, the parasites begin 

producing eggs that stimulate a dominant Th2 response [33,84], which dampens previously 

activated worm-specific immune responses [84]. The Th2 response peaks around 8 weeks post-

infection (p.i) with a gradual increase in regulatory T cell (Treg) population. However, these 

dominant Th2 and Treg responses do not kill the parasites. Adult schistosomes typically survive 

5-10 years in humans [85], but have been reported to live up to 40 years [86]. Clearly, these parasites 

have evolved to evade immunological attacks and thus establish chronic infections [14]. 
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Figure 1.7: Induction of host immune responses after infection with schistosomes. Following 
infection with schistosomes, the early immune response that develops is a T helper 1 (Th1)-
dependent cellular response. As the worms mature into adults and the females start to lay eggs, 
there is an increased production of interleukin-10 (IL-10) by dendritic cells, and a Th2 response 
ensues. In addition, B cells produce IL-10 in response to antigens derived from eggs and adult 
worms. Populations of regulatory T cells and alternatively activated macrophages also develop. 
Abbreviations: NO, nitric oxide; IFN-γ, interferon-γ; TNF, tumor necrosis factor; TGF-β, 
transforming growth factor-β; Tfh, follicular helper T cells. 
Source: Molehin 2020 [83] 

 

2.3 Immunomodulation 

 Schistosomes employ several mechanisms to evade the immune response, which ultimately 

promotes the survival of both parasite and host [17]. Indeed, pathologies associated with 

schistosomiasis are due to damage inflicted by the host response to parasite eggs that become 

trapped in tissues [87]. Serological assays, however, show the presence of both anti-worm and anti-

egg antibodies. Although live worms successfully evade the host immune response, the finding 

that efficacy of PZQ is severely decreased in the absence of a functional immune system suggests 

that dead or dying worms may be immunostimulatory [87]. Whether the success of live worms 

results from a failure to activate or directly suppress the host response remains to be determined. 

Paradoxically, schistosomes’ proper development, reproduction [88-91] and excretion of parasitic 

instance, it is important to know whether the individuals 
are currently uninfected or infected, and for how long,64,65 

whether their mothers were infected during pregnancy66 

and whether they have been treated with praziquantel 
(PZQ).67,68 All of the aforementioned factors, including 
many other scenarios, will determine a person’s immune 
status at the time of study. Therefore, when interpreting 
these human population studies, one should always 
remember that the study of human immune responses to 
schistosomiasis is almost exclusively based on serum anti-
bodies, cytokines and/or the responsiveness of peripheral 
blood mononuclear cells. It is possible that these sources 
may not be a true representation of what is happening 
within the immune microenvironment of a granuloma or 
around migrating schistosomula. Nonetheless, these are 
the specimens that are readily available, except in very 
rare circumstances when tissue becomes available through 
biopsy or autopsy. Regardless of these limitations, several 
aspects of the immunology of human schistosomiasis have 
been successfully characterized.

Immunity to Reinfection in Humans
The possibility of humans acquiring immune resistance to 
schistosome reinfection has long been a subject of 
discussion.69 Clear evidence now indicates that protective 

immunity does develop in people living in endemic areas, 
however very slowly.17,19,70 The hypothesis that the acquired 
schistosomiasis resistance observed in humans is linked to 
the stimulation of host protective immune responses to anti-
gens released as a result of worm death is supported by many 
studies.71–74 Regardless of the geographic setting, epidemio-
logical and immune correlate data obtained from schisto-
some-endemic regions indicate an age-dependent 
acquisition of resistance to reinfection. Children under the 
age of eleven are generally more susceptible to infection and 
reinfection in endemic areas than their adult counterparts, 
partly as a result of their history of exposure and infection 
intensity.3,75–77 Identifying immune “signatures” that corre-
late with protection is a key process in understanding resis-
tance to schistosome infection and/or reinfection.

As already discussed, resistance to schistosomiasis in mice 
is associated primarily with Th1-type immune responses (see 
“What We Have Learnt from Experimental Animal Studies”). 
In contrast, in humans, Th2-type responses (although not 
exclusively) have been repeatedly associated with protection 
against reinfection. Multiple lines of evidence indicate that the 
production of parasite-specific IgE, eosinophils and cytokines 
such as IL-5 and IL-4 is required for resistance to 
reinfection,78–84 and that soluble IgE receptors and/or those 
expressed on eosinophils and B cells are also associated with 

Figure 1 Induction of host immune responses after infection with schistosomes. Following infection with schistosomes, the early immune response that develops is a T 
helper 1 (Th1)-dependent cellular response. As the worms mature into adults and the females start to lay eggs, there is an increased production of interleukin-10 (IL-10) by 
dendritic cells, and a Th2 response ensues. In addition, B cells produce IL-10 in response to antigens derived from eggs and adult worms. Populations of regulatory T cells 
and alternatively activated macrophages also develop. Image created with BioRender (app.biorender.com) 
Abbreviations: NO, nitric oxide; IFN-γ, interferon-γ; TNF, tumor necrosis factor; TGF-β, transforming growth factor-β; Tfh, follicular helper T cells.
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eggs [92] require the presence of functional CD4+ T cells. 

The first indication that parasite development may be linked to the host immune response 

was the observation that patients co-infected with S. mansoni and human immunodeficiency virus 

(HIV) shed significantly fewer eggs than those who were seronegative for HIV [92]. In HIV 

positive patients, the number of eggs shed was directly proportional to the number of circulating 

CD4+ lymphocytes, suggesting that the presence of CD4+ T cells promotes egg excretion [92]. This 

idea was supported using immunodeficient mice that lack mature B and T lymphocytes. 

Schistosome growth and sexual maturation were both impaired in these mice [88], but adoptive 

transfer of CD4+ T cells restored worm development [93]; however, the contribution of CD4+ T 

cells may be indirect, because repeated stimulation of the innate response restored parasite 

development in the absence of CD4+ T cells [89,90]. Repeated stimulation of a PRR was previously 

shown to induce tolerance in macrophages via decreased transcription of inflammatory cytokines 

[94]. Similarly, parasite development was restored by either the absence of TNF, a Th1-associated 

cytokine produced by activated macrophages, or administration of IL4, a cytokine produced by 

Th2-polarized CD4+ T-cells [90]. Collectively, these observations suggest that a shift in 

macrophage phenotype (from M1 to M2) is required for optimal schistosome development, and 

that the secretion of IL4 by CD4+ Th-cells may trigger this phenotypic change. 
Chronic infections generally result in the suppression of the innate, the adaptive, or both 

immune responses [95-99], and schistosomiasis is no exception. Indeed, patients chronically 

infected with S. haematobium [100,101] or S. mansoni [102] present blunted T cell responsiveness, 

not only to parasite antigens, but also after polyclonal stimulation [103]. Polyclonal stimulation of 

T cells by activators such as anti-CD3/CD28 antibodies is widely employed to stimulate all T cells 

of a population regardless of their antigen specificity. Interestingly, T cells isolated from a 

schistosome-infected host that are specific for antigens not expressed by schistosomes become 

non-responsive prior to the onset of egg production [91]. Ferragine et al. reported that loss of T cell 

responsiveness was attributable to a specific reduction in the ability of CD11b+ monocytes, and 

not CD11c+ dendritic cells, to stimulate T cells in a contact-dependent manner [91]. CD11b+ is an 

integrin expressed primarily by monocytes, granulocytes, and macrophages [104]. In this case, 

however, CD11b+ cells likely are macrophages, due to their antigen-presenting capacity. These 

findings support the idea that schistosomes exploit the host immune system by altering CD4+ T 

cell and macrophage function, as both cell types were demonstrated to influence parasite 
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development during pre-patent infection [91]. 

The precise mechanisms by which schistosomes alter the host immune response for the 

establishment of chronic infections remain unknown. Thus far, most studies have focussed on 

proteins of the parasite excretory/secretory (ES) milieu, as well as antigens from the surface of the 

worm or egg [78,79,105,106]. Among the scientific community, there is a growing interest in the 

immunomodulatory potential of extracellular vesicles (EVs), although the potential contribution 

of helminth-derived EVs in immune evasion remains largely unexplored. 

 

3 Extracellular vesicles 

3.1 Background 

Long regarded as little more than cellular debris, believed to function as “trash cans” of 

cells, extracellular vesicles (EVs) are now the subject of intense research. EVs are small vesicles 

enclosed by a phospholipid bilayer and are released by all cellular organisms, including bacteria 

and archaea, spanning all three domains of life [107]. Since the early 2000s, several subtypes of 

EVs have been described, with an impressive heterogeneity of properties and functions [108-110]. 

There are two main classes of EVs, distinguishable by their route of biogenesis (Figure 1.8, from 

[111]). Exosomes are formed as intraluminal vesicles (ILVs) by inward budding of multivesicular 

bodies (MVBs) or amphisomes and are released following fusion of the endosomal membrane 

with the plasma membrane [108,112,113] in a well-defined mechanism in mammals involving the 

endosomal sorting complex required for transport (ESCRT) [114]. Whilst ESCRT is central to 

exosome secretion, ESCRT-independent pathways have also been reported. Such pathways 

include instances of ceramide microdomain-dependant exosome biogenesis [115] and a pathway 

requiring members of the tetraspanin protein family (e.g., CD63) [116]. There may also be hybrid 

mechanisms, in which the various biogenesis systems act in concert [117]. Recent evidence points 

to the involvement of the endoplasmic reticulum [118] and the nuclear envelope [119], suggesting a 

variety of potential cellular origins for exosomes. The other type of EVs encompasses vesicles 

originating from direct outward budding of the plasma membrane, generally known as ectosomes. 
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Figure 1.8: Overview of Extracellular vesicle (EV) subtypes. EVs are heterogeneous, 
phospholipid membrane-enclosed structures. Two main types of EV are distinguished based on 
their biogenesis, known as exosomes and ectosomes. Exosomes are small EVs of endosomal origin 
released by the exocytosis of multivesicular bodies (MVBs) and amphisomes. Amphisomes are 
formed by the fusion of autophagosomes and MVBs. By contrast, ectosomes are generated by 
plasma membrane budding and blebbing. Of note, some ectosomes may also carry endosomal 
cargo components. Ectosomes include small-sized EVs (such as small ectosomes and arrestin 
domain-containing protein 1-mediated microvesicles), medium-sized microvesicles and the larger-
sized apoptotic bodies. Viruses can also bud from the plasma membrane or can be released from 
MVBs. En bloc-released virus clusters represent a novel type of large EV similar to the en bloc-
released MVB-like EV clusters produced by tumour cells. Oncosomes are large EVs produced by 
tumour cells. Long protrusions of migrating cells give rise to EVs such as migrasomes, which 
detach from the end of the long retraction fibres of migrating cells. Secreted midbody remnants 
are released upon completion of cytokinesis by dividing cells. A special type of ectosome, known 
as ciliary ectosomes, are shed from the plasma membrane of cilia. Beaded apoptopodia release 
apoptotic vesicles during apoptosis. Neutrophils rolling on the vascular endothelium leave behind 
elongated neutrophil-derived structures (ENDs), which later round up. Cytoplasts are large 
remnants of neutrophils undergoing non-lytic NETosis (not shown). Follicular dendritic cells have 
long filiform processes from which a beading mechanism gives rise to iccosomes. In the immune 
synapse, T cell microvilli are fragmented by a similar beading process to give rise to EVs known 
as T cell microvilli particles (TMPs). Exophers are large vesicles hanging at the end of a stalk that 
contain damaged organelles and protein aggregates. Secretory autophagosomes are also released 
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by cells. Of note, in the extracellular space, non-EV nanoparticles, such as exomeres, supermeres 
and T cell-derived supramolecular attack particles, are also present (not shown). These 
nanoparticles are distinguished from EVs by their smaller size and by the lack of a phospholipid 
bilayer membrane surrounding them. The biogenesis of non-EV nanoparticles remains to be 
explored. 
Source: Buzás 2022 [111] 
 
 

Specific molecular markers for the different biogenetic routes are lacking, hindering identification 

of EVs based on their biogenesis. Instead, operational terms have been proposed to distinguish 

EVs based on their biochemical and biophysical properties [109]. The notable heterogeneity of EVs 

is due to the different biogenesis pathways in addition to the extreme variety of their cellular origin, 

the activation status, and functional state of those cells. Importantly, these also include vesicles 

released as a result of different cell death mechanisms, such as necroptosis, apoptosis, and 

pyroptosis (Table 1.1, modified from [111]). EVs are found in bodily fluids, including saliva, blood, 

ascites, breast milk, cerebrospinal fluid, and urine [120-123], where they contribute to a variety of 

physiological and pathological processes. Additionally, EVs are found in high concentrations in 

tissue culture supernatants [124-126]. The classification of EV subtypes remains challenging and 

inconsistent, due in part to the lack of universal subtype-specific markers and their overlapping 

size and density, which most isolation procedures are based on [127]. The most common types of 

EVs are small EVs (of either endosomal or plasma membrane origin) and microvesicles. 

 

Table 1.1: Size-based categories of extracellular vesicles 
Source: Modified from Buzás 2022 [111] 

Property Small EVs Medium EVs Large EVs 
Diameter ~ 50 – 150 nm ~ 200 – 800 nm ³ 1,000 nm 

Biogenesis Endosomal (exosomes) 

but some small EVs can 

be derived from the 

plasma membrane 

(ectosomes) 

Plasma membrane-

derived ectosomes 

Plasma membrane-derived 

ectosomes (some of which may 

carry endosomal small EVs) 

Examples Exosomes, small 

ectosomes [128], ciliary 

ectosomes [129], 

arresting domain-

Microvesicles, FDC-

derived iccosomes, T 

cell microvilli particles 

[131], elongated 

Apoptotic bodies, large oncosomes 

[134], beaded apoptopodia [135], 

migrasomes [136], exhophers [137], 

en bloc-release virus clusters [138], 
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EV, extracellular vesicle; FDC, follicular dendritic cell; MVB, multivesicular body. 
 

 

3.2 General composition and content of extracellular vesicles  

On-line databases, such as ExoCarta (www.exocarta.org) [141] and Vesiclepedia 

(www.microvesicles.org/) [142], comprising EV-associated proteins, RNAs, and lipids have been 

made easily accessible. 

 

3.2.1 Proteins composition 

Proteomic studies of EVs from a variety of cells, in vivo and in vitro, and from a variety of 

organisms, have yielded extensive lists of proteins abundant in different EV subsets. Some proteins 

commonly found in EV samples are considered to be general EV markers. These include 

tetraspanins (CD9, CD63, CD81, CD89), 14-3-3 proteins, proteins involved in membrane vesicle 

trafficking such as the Endosomal Sorting Complex Required for Transport (ESCRT-3) binding 

proteins Alix and Tsg101, and heat shock proteins [143], as well as the cytoskeletal proteins β-

actin, cofilin, myosin and tubulin. In addition, the metabolic proteins glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and enolase 1 (ENO1) are common EV markers [144-151]. Many EVs 

also carry MHC class I and II proteins, which supports the idea that they may contribute to antigen 

presentation to naïve lymphocytes [152-155]. 

Importantly, EVs have been shown to carry a variety of cytokines and chemokines, either 

as internal cargo [156] or bound to the surface [157]. Unsurprisingly, the selection of soluble 

mediators present in cytokine-containing EVs is highly dependent upon the cellular origin and 

activation state of the parent cell. Encapsulation of cytokines into vesicles confers protection from 

enzymatic degradation and potentially allows for their delivery to distant cells [111].  

However, the diversity of isolation methods used highly influences the subtypes and 

homogeneity of EVs recovered and thus affect the resulting protein profile, limiting comparison 

between studies. Although protein profiles may be representative of the cellular origin and 

biogenesis pathway of EVs and thus may be characteristic of different EV subtypes, no single 

containing protein 1-

mediated microvesicles 

[130] 

neutrophil-derived 

structures [132], 

secreted midbody 

remnants [133] 

en bloc-released MVB-like EV 

clusters [139], secretory 

autophagosomes [108], cytoplasts 

[140] 
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protein marker is unique to EVs [158].  

3.2.2 RNA content 

In the extracellular milieu, RNA has been found circulating as free RNA, bound to protein 

complexes, or encapsulated within EVs. Several types of RNA have been reported to localise 

inside EVs, including messenger RNA (mRNA), mRNA fragments, long non-coding RNA 

(lncRNA), and various small non-coding RNAs (snRNAs), such as microRNA (miRNA), piwi-

interacting RNA (piRNA), ribosomal RNA (rRNA), and fragments of transfer RNA (tRNA), Y 

RNA, and vault RNA (vtRNA).  

 mRNAs found in EVs are typically no longer than 700 nucleotides (nt) [159,160] and can 

remain functional and be translated once in the target cell [161,162]. EVs are enriched in 3’UTR 

mRNA fragments, which contains miRNA-binding sites [160]. It has thus been proposed that they 

may compete with recipient cell RNA for binding of regulatory miRNAs, therefore contributing 

to RNA stability and translation [160]. 

 miRNAs are commonly described as integral components of EVs. Approximately 22 nt in 

length, miRNAs function as regulators of gene expression. Specifically, miRNAs are bound by 

argonaut proteins (Ago), recruited to the RNA-induced silencing complex (RISC), and their seed 

sequence (roughly nucleotides 2-7 from the miRNA 5´-end) base-pairs with complementary 

sequences of mRNA, inducing mRNA degradation or translation repression by interfering with 

ribosomal binding [163]. Typically, base-pairing occurs in the 3’UTR region of mRNAs; however, 

interaction with other regions such as coding sequences, 5’UTR, and gene promoters, has also 

been observed [163,164]. The presence of RISC complex proteins in EVs has been inconsistently 

reported by different groups [165-167], which raises many questions on the functions and 

requirements of EV-associated miRNAs. 

 The RNA cargo of EVs does not mirror parental cell RNA population; instead, specific 

RNA populations are enriched in EVs. This selection is not merely based on size exclusion, as 

specific subsets of miRNAs are commonly found to be preferentially included in EVs [168,169], 

suggesting that miRNAs are actively sorted for inclusion as EV cargo [158]. In this context, the 

recent discovery of small EV (sEV)-export sequences (EXOmotifs) and cellular-retention 

sequences (CELLmotifs) represents a major breakthrough in elucidating the underlying sorting 

mechanisms, though the complete process remains elusive [170]. EXOmotifs are 4-7 nt in length 

with high G+C content and their presence strongly correlates with miRNA enrichment in sEVs 
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compared to cellular content. In contrast, cellular retention of miRNAs shows strong association 

with the presence of G+C low CELLmotifs. These localisation sequences appear to be cell-specific 

and to be preferentially found in the 3’ half of the miRNA, away from the regulatory seed sequence 

[170]. 

 

3.2.3 DNA 

 Despite early reports of EV-enclosed DNA (EV-DNA) [171], comparatively little attention 

has been given to this topic. Nevertheless, single-stranded and double-stranded DNA have been 

detected in EVs derived from various cell types [172-175] and DNA transfer has been demonstrated, 

with EV-DNA localised in the cytosol and the nuclei of the target cell [173], with reports suggesting 

it can integrate into the genome of recipient cells [176]. Also of interest, Guescini et al., reported 

that EVs derived from astrocytes, glioblastoma cells and myoblasts contain mitochondrial DNA 

(mtDNA) [177,178]. It is difficult to estimate what proportion of EVs contain DNA, and the 

significance of EV-DNA cargo is still unclear, but roles have been proposed in cellular 

homeostasis [179-181] and regulation of inflammatory responses [182-184]. 

 

3.2.4 Lipids 

Similarly, despite being an essential component of EVs, there is limited knowledge about 

EV lipidomics. Although lipid composition varies depending on sources and EV subtypes, 

analyses of the lipid composition of EVs have identified certain lipids that are generally enriched 

among EVs. Notably, EVs are enriched in cholesterol, sphingolipids, ceramide, 

glycosphingolipids, and phosphatidylserine (PS) compared to their parent cells [115,185,186]. A 

study has consistently observed a higher content in cholesterol and sphingomyelin in exosomes 

from various cell lines than in microvesicles and apoptotic bodies originating from the same cells 

[187], which is consistent with reports of exosomes being less sensitive to detergents than other EV 

subtypes [188]. Cholesterol and long saturated fatty acids provide structural rigidity to lipid 

membranes by increasing intermolecular interactions between neighbouring phospholipid tails, 

resulting in a tightly packed lipid arrangement. This also provides resistance to physicochemical 

changes. The distinct lipid composition of EVs confers different characteristics and contribute to 

their stability in different extracellular environments [158]. As with other EV components, lipids 

are not arbitrarily included, rather, they are selected for inclusion [158,189]. 
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3.2.5 Glycans  

An important yet until recently completely overlooked component of EVs are 

carbohydrates (glycans). Glycans are carbohydrate-based polymers which can conjugate proteins 

(glycoproteins) or lipids (glycolipids) or exist as free oligosaccharides or as polysaccharides. 

Glycans are a vastly diverse group of biological compounds, both in terms of structure and 

function, and are involved in a plethora of biological functions. Long recognised for their structural 

and energy storage functions, glycans are increasingly regarded as important players in 

recognition, adhesion, and signalling [190,191]. It is estimated that 50% of human proteins are 

glycosylated [192] and many diseases are associated with abnormal glycosylation [193,194], 

emphasising the importance of glycans in the molecular make-up of cells. Despite that, the field 

of glycomics emerged long after genomics, transcriptomics, and proteomics due to the wide array 

of glycan structures, properties, and conjugates, thus preventing the development of a single 

standardised approach for analysis [195]. In addition, the lack of template and sequence relationship 

between glycans and their protein conjugates makes it impossible to determine the glycome based 

on the genome [191,196].  

Different types of protein glycosylations have been described. N-linked glycosylation 

occurs on the nitrogen atom of a carboxyamide of asparagine residues in the consensus sequence 

Asn-X-Ser/Thr, where X is any amino acid except proline, and is initiated in the endoplasmic 

reticulum (ER) by the co-translational on-bloc addition of a 14-mer precursor oligosaccharide. 

This is then trimmed down, and the protein is transferred to the Golgi, trimmed further, forming a 

high-mannose oligosaccharide, or being remodeled by the sequential addition of various 

monosaccharides, forming a multitude of possible complex oligosaccharide structures. O-linked 

glycosylation, however, is characterised by the incremental addition of sugars and occurs in the 

cis-Golgi compartment following protein folding and N-glycosylation. It can occur on the oxygen 

atom of the hydroxyl group of any serine or threonine residue, and, to a lesser extent, 

hydroxyproline and hydroxylysine. Many proteins contain multiple glycosylation sites, which can 

be occupied by various structures, adding to the incredible complexity of glycobiology.  

Conversely, glycolipids represent an entirely separate class of glycoconjugates. In animals, 

glycosphingolipids (GSLs), characterised by their ceramide backbone, represent the vast majority 

of glycolipids [197]. Ceramides can be glycosylated with either glucose or galactose while in the 

ER and then be extended in a sequential manner by glycosyltransferases once it reaches the Golgi. 
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GSLs can contain carbohydrates chains between one and six monosaccharides, but the addition of 

sialic acid residues can lead to larger, branched glycans. Prediction of glycolipid abundance is 

impossible and can therefore only be determined experimentally [191].  

Recent interest for the EV glycome led to the identification of generally conserved sugar 

moieties in EVs derived from mammalian cells, and the observation that, although there are cell-

specific differences in glycosylation, EV carbohydrate profiles differ from that of their parent cells 

[198]. Amongst commonly enriched glycan epitopes in EVs are high mannose, complex N-linked 

glycans, α-2,6 sialic acids, and poly N-acetyllactosamines, as determined by lectin microarray. In 

addition, EVs showed reduced binding to lectins recognising blood group antigens and N-acetyl-

D-galactosamine compared to their cell of origin, suggesting the exclusion of such epitopes 

[198,199]. There is mounting evidence suggesting roles for carbohydrate moieties in the interaction 

between EVs and target cells, either through charge-based effects, direct glycan binding, or the 

joint action of both. Experimental alterations to EV glycosylation, in particular the removal of 

terminal sialic acid, affect cellular uptake and biodistribution of EV [191,200-202]. Degradation of 

O-linked glycans also results in altered biodistribution of EVs in mice [203].  

 

The content of EVs is highly dependent on multiple factors, such as cellular origin, 

environmental factors, and the activation state of the producing cell. In addition, a given cell may 

release a heterogeneous population of EVs depending on the site of secretion (e.g., basal or apical 

side) [160], and on different subtypes of EVs (the same cell may release multiple subgroups). It has 

also been proposed that a given cell may be populated by a variety of MVBs with distinct content 

[204,205]. 

 

3.3 EV uptake and biological functions 

EVs have been implicated in various aspects of health and disease, including but not limited 

to homeostatic processes, e.g., removal of unnecessary molecules, cell maturation, and adaptation 

to environmental variation, the regulation of pregnancy and delivery [206], and the establishment 

of conditions favourable for tumour growth [207,208]. These functions are exerted via interactions 

with recipient cells. EVs act as intercellular messengers, delivering signals from one cell to 

another, and can affect cellular function via various mechanisms. As the many EV subtypes with 

their distinct characteristics, which undoubtedly impact their cellular interaction and subsequent 
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effector functions, are only starting to be appreciated, our understanding of specific EV uptake 

mechanisms remains limited [112]. General EV interaction and uptake mechanisms are depicted in 

Figure 1.7. EVs can affect target cell intracellular signalling cascades initiated through ligand-

receptor interaction following direct contact between an EV and a cell, by direct fusion with the 

plasma membrane of a target cell, thereby releasing their cargo into the cytoplasm of the cell, or 

target cells may internalise EV via endocytosis. EVs represent important elements of cell 

signalling and their function is highly dependent on their components and encapsulated cargo 

molecules. The variety of these molecules and potential interaction mechanisms are responsible 

for the impressive array of functions attributable to EVs. 

 
Figure 1.9: Mechanisms of exosome interaction with target cells. Once EVs reach a recipient cell, 
they may bind a cell surface receptor, initiating intracellular signalling pathways. Target cells may 
also internalise EVs via multiple pathways, targeting exogenous EVs to the canonical endosomal 
pathway, reaching MVEs where they are likely to mix with populations of endogenous ILVs. 
Fusion of MVEs to lysosomes will result in degradation of EVs and recycling of their components 
by the recipient cell. Alternatively, it is possible that EVs docked to the limiting membrane of 
MVEs or to the plasma membrane may discharge their cargoes into the cytoplasm of the target 
cell by fusion. Though this mechanism remains poorly characterised, it would be critical for 



 31 

delivery of EV-derived molecules such as miRNA. It is also possible that endocytosed EVs may 
be redirected to the plasma membrane and re-secreted to the extracellular environment. 
Source: created with BioRender (https://app.biorender.com/), modified from van Niel et al., 2018 
[209]. 
 
  

EVs maintain a variety of functions within a given organism but have also been reported 

to participate in inter-organism, inter-species, and even inter-kingdom communication. Notably, 

there is accumulating evidence for their contribution to host-parasite interactions during infections 

[210-212]. For instance, malaria-derived EVs were identified from malaria-infected human and 

murine hosts. In these instances, the level of circulating EVs was correlated with clinical signs of 

disease, which suggests that EVs may contribute to the development of pathology in a host [213-

216].  Supporting this idea, EVs isolated from the plasma of malaria-infected mice potently induced 

inflammation via TLR-dependent activation of macrophages [217], and increased production of 

inflammatory cytokines [218]. Moreover, inhibition of EV formation protected mice in a murine 

model of cerebral malaria [219]. Moreover, Plasmodium berghei releases EVs capable of inhibiting 

T-cell responses [220]. Similarly, EVs isolated from Toxoplasma gondii-infected macrophages 

induced pro-inflammatory responses both in vitro and in vivo [221]. Apicomplexa are not the only 

protozoan parasites for which EVs are important. Kinetoplastids, including Trypanosoma and 

Leishmania species, also produce and release EVs that are suggested to induce the development 

of a permissive environment for parasite survival [222-226]. Leishmania EVs promote an anti-

inflammatory phenotype in monocytes and monocyte-derived dendritic cells, favouring Th2 

polarisation and exacerbating disease [225]. 

EVs also mediate communication between individual parasites within a host. In vitro, 

Plasmodium falciparum-infected erythrocytes release vesicles that contain both host- and parasite-

derived proteins. These vesicles are subsequently acquired by other infected erythrocytes, where 

they contribute to the initiation of gametocytogenesis [218,227].  

Comparatively little is known about helminth-derived EVs as they are a more recent field 

of study. In the recent years, however, a number of parasitic helminths have been found to secrete 

EVs [228-243] . This may explain the observation that some proteins lacking the classical signal 

peptides necessary for secretion, including enolase, are indeed found in the secretory milieu of 

helminth parasites [244]. As more helminth-derived EVs have their molecular content characterized 

and their function studied, there is increasing experimental evidence supporting the role of 
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parasitic helminth EVs in host manipulation [73,236,245-247]. The characterization of these vesicles 

and how they may confer or modify intra- and extracellular signalling may prove beneficial in the 

development of novel diagnostic tools as well as identification of putative drug and/or vaccine 

targets [248]. 

 

3.4 Helminth EVs 

3.4.1 Origin of secretion 

EV secretion in parasitic helminths was first reported in 2012 in the trematodes 

Echinostoma caproni and F. hepatica [240] and has since been reported for many species of 

parasitic helminth, including S. mansoni [228-230], and, though most research has focused on the 

adult stage [228,234-237,249-251], EV release has also been described for various larval stages 

[229,238,239]. This is supported by the fact that proteins involved in microvesicle formation as well 

as those making up the ESCRT machinery are conserved in helminths [252]. The content (primarily 

proteins and miRNAs) of EVs from an increasing number of helminths are being characterised. 

However, the cellular origin(s) and route(s) of EV secretion remain largely uncharacterised for 

most species. Thus far, evidence points to the gut as a site of EV secretion for adult stages of the 

nematode Heligmosomoides polygyrus [236] and Haemonchus contortus L4 larvae [235], while both 

the gut and the secretory pore are possible sources of EVs in Ascaris suum [239]. Similarly, the 

excretory-secretory pore is a likely site of EV secretion in Brugia malayi microfilariae [249]. In 

platyhelminths, on the other hand, the syncytial outer coat called the tegument appears to be 

involved in the release of EVs. Platyhelminths are characterised by a tegument, which both 

protects them and plays roles in nutrient acquisition. A study on adult F. hepatica reported 

localisation of RAL-A (one of two markers used for small EVs) in the tegumental syncytium and 

sub-tegumental cells. The same group also identified the protonephridial system through the 

excretory pore as the source of small EVs (EVs sedimenting at 120k × g) and gastrodermal 

epithelial cells lining the gut as the source of large EVs (EVs sedimenting at 15k × g) [251]. 

Importantly, Bennett et al described a novel EV secretion mechanism from F. hepatica 

gastrodermal cells, whereby the cells undergo progressive thinning of the apical membrane until 

its rupture, releasing cellular contents such as secretory vesicles into the gut lumen [253]. However, 

the origin of EV secretion in schistosomes remains elusive. 
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Other important questions to address include the composition and biological functions of 

helminth-derived EVs. Given the plethora of immunoregulatory and immunosuppression roles 

attributed to EVs, the prospect that they may be involved in the extensive molecular dialogue 

between the parasite and the host is extremely appealing, particularly in the context of helminth 

infections, which are associated with immune down-modulation and in which parasitic worms 

regularly display significant longevity. 

A major determinant of EV function is their cargo. Whilst contents of helminth EVs are 

comparable to mammalian EVs, including the same general classes of macromolecules, some 

notable differences have been observed. 

 

3.4.2 Helminth EV composition and cargo 

The protein fraction is by far the best characterised component of helminth EVs. 

Biogenesis-related content, such as proteins required for MVB formation, in particular members 

of the ESCRT pathway and accessory proteins, are also found in helminth EVs. For instance, EVs 

from F. hepatica contain proteins of the ESCRT pathway as well as other proteins involved in 

vesicular trafficking [251]. Likewise, the endosome-specific tetraspanin CD63, which is commonly 

used as a mammalian EV marker, has also been identified in EVs from F. hepatica and the 

nematode Trichinella spiralis [234,254]. Other tetraspanins have been detected in EVs from various 

other helminths, including the nematode H. polygyrus and the platyhelminths Echinococcus 

multilocularis, Opisthorchis viverrine, and Schistosoma species [228,236,255-257]. Heat shock 

proteins, GAPDH, and enolase have also served as markers for schistosome EVs [228,258]. Whilst 

there does not appear to be a universal helminth-specific protein marker, proteins from the EF-

hand family were consistently detected in EVs from cestodes and trematodes, whereas M13 

metallopeptidases were found in nematode EVs [259]. In addition, known immunomodulatory 

proteins, such as members of the SCP/TAPS family, have been identified in EVs from several 

nematodes, namely Trichuris muris, Nippostrongylus brasiliensis, Teladorsagia circumcincta, and 

H. polygyrus [236-238,260]. The protein cargo of EVs is likely to play a role in host-parasite 

interactions.  

 

Like their mammalian homologues, helminth EVs also contain small RNAs, such as 

miRNAs, which are regarded as key effectors of host modulation, capable of regulating host gene 
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expression. Recent studies suggest that EV-encapsulated helminth miRNAs can be transferred to 

host cells, where they can induce gene silencing with major potential for immunomodulation. 

Parasite-derived miRNAs have been found in host biofluids and tissues. The S. mansoni miRNAs 

miR-10 and miR-Bantam were detected in Th cells derived from mesenteric lymph nodes and 

Peyer’s patches of infected mice during chronic infection with S. mansoni, suggesting EV delivery 

of those miRNAs in the lymphatic tissues draining the site of infection and potentially regulating 

gene expression in those cells [261].  

 

Few studies have focused on the lipid components of helminth EVs. H. polygyrus EVs 

were reported to be enriched in ether phospholipids, including plasmalogens, which are believed 

to increase membrane rigidity and resistance and, although sphingomyelinases and ceramides were 

detected, their level appeared to be significantly reduced compared to mammalian EVs [262]. 

Sphingomyelinases were also identified as part of the molecular makeup of F. hepatica EVs 

[234,251]. Further lipidomic studies are needed to determine the components and roles that helminth 

EV lipids may play in the context of infection. Importantly, it has been suggested that, since 

parasitic helminths do not synthesise fatty acids [263], worm culture conditions may greatly affect 

EV lipid composition, and so extra care must be taken when investigating this question [264]. 

 

Similarly, the number of studies that have focused on helminth EV glycomes is extremely 

limited. Glycan structures coating the surface of EVs have sparked interest as regulators of EV 

uptake, making them potentially key players in the host-parasite interaction as they are presumably 

responsible for delivering parasite-derived molecules to host cells. Comparison between F. 

hepatica EV glycans and tegument glycans revealed a different profile of carbohydrate moieties 

and removal of EV surface glycans by treatment with glycosidases blocked internalisation by a 

macrophage cell line [251]. This finding supports a requirement for these molecules in cellular 

uptake, though this may also be due to a disruption in surface charge, altering stability of EVs 

[264]. Surface N-ligand and glycolipid-glycan analysis of EVs secreted by S. mansoni 

schistosomulae revealed the presence of ligands for dendritic cell-specific ICAM-3-grabbing 

nonintegrin (DC-SIGN; CD209), including LewisX motifs (Galβ1-4(Fucα1-3)GlcNAc) [265]. 

LewisX is a well-known immunogenic glycan motif conjugated to glycoproteins, proteoglycans, 

or glycolipids, and a known component of the schistosome glycome and ES products [266,267]. 
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Blocking DC-SIGN greatly reduced EV uptake by human monocyte-derived dendritic cells 

(moDCs) [265], reenforcing the requirement for EV glycosylation for interaction with host cells. In 

addition to aiding target recognition or cell adhesion and cell entry/invasion, glycans also play 

roles in immune evasion. For instance, carbohydrate structures can mask antigenic sites or protect 

from attacks by proteases or glycosidases. Therefore, it is possible that EV glycans may also 

participate in parasite evasion of the host immune system by shielding EVs, allowing them to travel 

to and interact with their target cells, where they can exert their function. 

 
3.4.3 Host-manipulation effects of trematode EVs  

Despite the growing number of studies reporting vesicle-based secretion in various 

helminth species, few have focused on the functional aspect of EVs. Functions have been proposed 

for EVs secreted by various nematodes, cestodes, and trematodes (reviewed in [268,269]). This 

section will focus on potential functions and effects described for trematode EVs. 

Helminth parasites are characterised by complex life cycles, each stage occupying one or 

more anatomical niches, thus interacting with various types of cells and tissues throughout the life 

cycle. As such, studies have investigated interactions between parasite EVs and their surrounding 

non-immune cells. In 2012, a study reported internalisation of E. caproni EVs by rat intestinal 

epithelial cells in vitro, suggesting that they could modulate functions of these cells [240]. 

Subsequently, human intrahepatic biliary epithelial cells were shown to take up Fasciola gigantica 

EVs in vitro, which resulted in increased levels of reactive oxygen species and induction of 

autophagy and damage and repair processes in recipient cells [270]. EVs secreted by adult S. 

japonicum were internalised by murine liver cells [231] and egg-derived EVs by hepatic stellate 

cells [271], transferring their miRNA cargo into recipient cells. S. japonicum egg EV-associated 

miRNAs were linked to inhibition of hepatic stellate cells in vitro and the attenuation of liver 

fibrosis in vivo [271]. In the same genus, adult S. mansoni-derived EVs were internalised by 

monocytic and human umbilical vascular endothelial cell lines, resulting in differential expression 

of genes associated with intravascular parasitism, including vascular endothelial contraction, 

coagulation, arachidonic acid metabolism and immune cell trafficking and signalling [272].  

In addition, there is increasing evidence for uptake of trematode EVs by host immune cells. 

For instance, S. japonicum EVs were reported to increase production of several M1 and M2 

markers, such as iNOS, TNF-α, IL-12, IL-10, and Arg-1, in the murine macrophages cell line 
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RAW264.7, promoting a mixture of M1 and M2 macrophages [233,258]. Similarly, S. japonicum 

EVs are taken up by other peripheral blood immune cells in vitro as well as in vivo, and S. 

japonicum miRNAs were shown to associate with Argonaut proteins once in a recipient cell, 

suggesting that parasite miRNAs can be functional in the host. Transfection of RAW264.7 cells 

with the S. japonicum EV-associated miRNAs miR-125b and bantam led to increased 

proliferation. Interestingly, reduction in host monocyte populations has been associated with 

reduced worm burden and egg deposition, supporting the hypothesis that parasite-derived EVs 

have immunomodulatory properties and play crucial roles in parasite survival and proliferation 

[258]. The uptake of S. mansoni schistosomula EVs by mouse DCs resulted in increased expression 

of IL-6, IL-10 and IL-12 and of costimulatory molecules CD80 and CD86, which are required for 

co-stimulation of CD4 T cells [265]. F. hepatica EVs are also capable of modulating DCs, inducing 

increased secretion of TNF-a, and expression of CD80, CD86, and resulting in a DC phenotype 

which supresses IL-2 secretion from T cells [273]. Parasite EVs also interact directly with 

lymphocytes. Meningher et al demonstrated that primary murine Th cells can take up adult S. 

mansoni EVs, internalising their miRNA content. Importantly, the authors reported the detection 

of S. mansoni miRNAs in Th cells isolated from the gut-associated lymphoid tissues Peyer’s 

patches and mesenteric lymph nodes [261], suggesting that parasite-derived EVs make their way to 

neighbouring lymph nodes to carry out their immunomodulatory functions. Moreover, it has been 

speculated that S. mansoni EVs may be responsible for the targeting of bioactive lipids to 

eosinophils, which may play critical roles in tissue repair and fibrosis during infection [274]. 
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Abstract 

 

Parasitic helminths are master manipulators of host immunity. Their strategy is complex and 

involves the release of excreted/secreted products, including extracellular vesicles (EVs). The 

protein and miRNA contents of EVs have been characterised for many parasitic helminths but, 

despite reports suggesting the importance of EV surface carbohydrate structures (glycans) in the 

interactions with target cells and thus subsequent effector functions, little is known about parasite 

EV glycomics. Using lectin microarrays, we identified several lectins that exhibit strong adhesion 

to Schistosoma mansoni EVs, suggesting the presence of multiple glycan structures on these 

vesicles. Interestingly, SNA-I, a lectin that recognises structures with terminal sialic acid, 

displayed strong affinity for S. mansoni EVs, which was completely abolished by neuraminidase 

treatment, suggesting sialylation in the EV sample. This finding is of interest, as sialic acids play 

important roles in the context of infection by aiding immune evasion, affecting target recognition, 

cell entry, etc., but are not thought to be synthesised by helminths. These data were validated by 

quantitative analysis of free sialic acid released from EVs following treatment with neuraminidase. 

Lectin histochemistry and fluorescence in situ hybridisation analyses on whole adult worms 

suggest the involvement of sub-tegumental cell bodies, as well as the digestive and excretory 

systems, in the release of EVs. These results support previous reports of EV biogenesis diversity 

in trematodes and potentially highlight new means of immune modulation and evasion employed 

by schistosomes. 
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1. Introduction 
 

Schistosomiasis is caused by infection with parasitic trematodes in the genus Schistosoma, 

which have a complex life cycle that includes freshwater snails as intermediate hosts and 

mammalian definitive hosts. Despite mass drug administration programs with praziquantel, 

schistosomiasis is estimated to affect ~ 240 million people worldwide [1] and to still be responsible 

for the loss of 1.43 million disability-adjusted life years [2]. 

 

Owing to their ability to evade and modulate host immune responses [3,4], adult 

schistosomes can survive within their mammalian host for many years [5]. In this regard, their 

excreted/secreted products (ESPs) are of particular interest, as parasite-secreted molecules are 

instrumental for host-parasite interactions and thus represent promising targets for diagnostic and 

vaccine antigen discovery [4,6-8]. Significant advances have been made in the characterisation of 

the secretomes of Schistosoma species [9-11], but it is only recently that the release of extracellular 

vesicles (EVs) by schistosomes has been described [8,12-16], suggesting such vesicles as a route of 

ESP secretion.  

 

EVs include all types of secreted membrane-bound vesicles, of which exosomes (formed 

within multivesicular bodies) and microvesicles (formed by the outward budding of the plasma 

membrane) are the best characterised [17]. Despite mounting evidence for vesicle-based secretion 

in schistosomes, the specifics of EV release remain elusive and the origin(s) of EV secretion is 

still unclear. There is increasing evidence for the release of EVs in parasitic infections, with roles 

in both parasite-parasite inter-communication [18] and parasite-host interactions [7,19,20]. EVs 

transfer molecules from one cell to another via membrane vesicle trafficking, thus explaining the 

broad array of functional activities attributable to them. However, little is known about the 

mechanisms of parasite-derived EV uptake by host cells and therefore how their effects are 

transduced in vivo. This is due, at least in part, to the lack of knowledge regarding schistosome-

derived EV surface molecules. A growing body of evidence suggests a requirement for various 

carbohydrate moieties, on the surface of both cells and vesicles, for EV uptake by recipient cells 

[21-25]. Despite increasing appreciation for the role of glycans in EV biology, little information is 

available regarding carbohydrate structures present on the surface of adult S. mansoni-derived 

EVs. Glycoproteins secreted by helminth parasites are immunogenic and represent appealing 



 59 

components of vaccine preparations. A better understanding of the glycans present on vesicles 

secreted by the parasite could lead to the identification of novel biomarkers for the development 

of superior diagnostic tools as well as new targets for prevention and therapy of schistosomiasis. 

 

We previously characterised the protein and miRNA composition of adult S. mansoni-

derived EVs [12]. Here, we profiled the major glycan motifs present on the surface of adult S. 

mansoni-derived EVs using lectin microarrays. Interestingly, SNA-I, a lectin that recognises 

structures with terminal sialic acid residues, displayed strong affinity for S. mansoni EVs, which 

was validated by quantitative analysis of free sialic acid released following treatment with 

neuraminidase, suggesting sialylation in the EV sample. The presence of sialic acid in S. mansoni 

EV samples is of interest, as sialic acids play important roles in infection by, for example, aiding 

immune evasion, and affecting target recognition and cell entry [26,27], but are not thought to be 

synthesised by helminths [28]. Moreover, our lectin histochemistry and fluorescence in situ 

hybridisation (FISH) studies suggest possible roles for the tegument, the gut and the excretory 

system in the secretion of EVs, indicating the presence of a heterogeneous EV population. 

 

2. Materials and Methods 
 
2.1 Parasites  
 

Biomphalaria glabrata snails infected with the S. mansoni Puerto Rican strain PR1 were 

maintained the Institute of Parasitology of McGill University. Schistosoma mansoni adult worms 

were obtained by perfusion of female CD1 mice 7 weeks after infection via tail exposure to 

approximately 150 cercariae. Mice were housed in the animal facility at the Small Animal 

Research Unit of McGill University as per the McGill University Animal Care Committee (Permit 

# 2019-8138). Briefly, mice were euthanized by CO2 asphyxiation followed by cervical dislocation 

and adult S. mansoni worms harvested by cardiac perfusion. For histochemistry, worms were 

washed in sterile PBS and fixed immediately (as described below), whereas for EV isolation, 

worms were maintained in RPMI-1640 medium supplemented with 100 U penicillin, 100 mg/mL 

streptomycin, and 10% EV-depleted FBS. EV depletion was performed by ultracentrifugation of 

FBS under sterile conditions for 18 h at 120,000 ´ g and 4 °C, followed by filtration through 0.22 

µm hydrophilic PVDF Durapore membranes (EMD Millipore; SVGV01015) as described [29]. 
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FBS was of the highest grade and lowest endotoxin level (Life Technologies; Ref: 16000). Adult 

male and female worm pairs were maintained in 6-well plates for 72 h at a density of approximately 

20 worms (10 males and 10 females)/well in 10 ml culture medium at 37 °C. Conditioned medium 

was collected after 48 and 72 h. Worms remained active during this period of incubation, with no 

apparent change in morphology or movement. 

 

2.2 Isolation of adult S. mansoni extracellular vesicles 
 

EVs were isolated as described [12]. Briefly, parasite-conditioned culture medium was 

collected and centrifuged at increasing speeds: 300 ´ g/15 min, 700 ´ g/15 min and 3000 ´ g/15 

min to remove larger debris, and the supernatant was centrifuged at 12,000 ´ g for 45 min. 

Supernatants were filter-sterilised using a 0.22 µm hydrophilic PVDF Durapore membrane as 

above and centrifuged at 100,000 ́  g for 2 h using a Beckman-Coulter SW-48 rotor on a Beckman-

Coulter ultracentrifuge. The pellet was re-suspended in sterile GIBCO® Dulbecco's Phosphate-

Buffered Saline (DPBS) (Life Technologies) and loaded onto a sucrose step gradient (25%, 30% 

and 35%), then centrifuged at 120,000 ´ g for 18 h using a SW-48 rotor. Following centrifugation, 

the 30% sucrose fraction was collected and washed by diluting 4–5-fold with sterile DPBS and 

EVs were re-pelleted by centrifugation in an SW-28 rotor at 100,000 ´ g for 2 h. The pellets were 

washed once again by re-suspension in DPBS and centrifugation in a SW-41 rotor at 100,000 ´ g 

for 2 h. Finally, pellets were re-suspended in 1.0 ml DPBS, transferred to 1.5 ml Beckman-Coulter 

ultracentrifuge tubes and centrifuged in an Optima TL100 tabletop ultracentrifuge (Beckman-

Coulter) for 1.5 h at 100,000 ´ g using a TLA-100.3 rotor. Exosomes were quantified based on 

protein concentration using a Pierce BCA Protein Assay Kit (ThermoFischer Scientific) and 

absorbance measured at 562 nm using a Synergy H4 Hybrid plate reader. The pelleted material 

was snap-frozen and stored at –80°C. 

 

2.3 Soluble worm antigen preparation 
 

Schistosome soluble worm antigen preparation (SWAP) was prepared from ~30 adult 

worms collected as described above. Worms were freeze-thawed in 150 µL lysis buffer (1X DPBS, 

0.5% Triton X-100) with cOmplete™ Mini Protease Inhibitor Cocktail (Roche, Laval, QC, 
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Canada), homogenised using a pestle, and centrifuged at 4000 ´ g for 30 min at 4 °C. The 

supernatant was collected and used as SWAP. SWAP concentration was determined using a Pierce 

BCA Protein Assay Kit as above.  

 

2.4 Profiling of fluorescently-labeled EVs with lectin microarrays 
 

Microarrays (v2.4.0) comprised of 50 unique plant and fungal lectins were printed by a 

non-contact method onto Schott Nexterion® H (Schott, Mainz, Germany, Cat. No. 1070936 ) 

substrates with a Scienion SciFlexArrayer S3 piezoelectric spotter (Scienion, Berlin, Germany) as 

previously described [30]. Lectins and their specificities are presented in Supplementary Table 1. 

Microarrays were washed with PBS containing 0.05% Tween 20 (PBST) three times and once 

with PBS, centrifuged dry (450 x g, 5 min) and stored at 4 °C with desiccant until use.  

 

Aliquots of EVs were thawed over ice and immediately labeled with the lipophilic dye 

PKH26 (Sigma Aldrich, Dublin, Ireland) as previously reported [31]. All steps were carried out at 

room temperature and in the dark. Following labeling, excess dye was removed from EVs by 

centrifugal filtration in a 500 μL, 100 kDa MWCO spin device (Amicon, EMD-Millipore, Cork, 

Ireland). The centrifugal filter was pre-washed by centrifugation with PBS containing 0.1% BSA 

before the entire final volume of the EV labeling mixture was added. An additional 400 µL PBS 

was added prior to centrifugation for 15 min, 8000 ´ g, at room temperature. Finally, an additional 

400 µL PBS was added to the spin device prior to the final centrifugation at 8000 ´ g in which the 

final volume was reduced to approximately 50 μL. Concentrated EVs were removed by pipetting 

and the bottom of the spin device was rinsed with an additional 20 μL PBS which was added to 

the recovered volume. EVs were used immediately after labeling. 

 

Lectin microarray interrogation of EV surface glycosylation was carried out in the dark at 

23°C for 40 min with gentle inversion (approximately 4 rpm) as previously described [32]. 

Microarray slides were incubated with PKH26-labelled EVs diluted in buffer containing 20 mM 

Tris-HCl, 100 mM NaCl, 1 mM CaCl2, 1 mM MgCl2 (pH 7.4) with 0.025% Tween 20 (TBST) for 

40 min at 23°C. Titrations with labeled EVs were carried out at 5, 2.5, 1.25, and 0.63 μg/mL. 

Subsequent lectin microarray interrogations were performed in 12 replicates, 4 from one EV 
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isolation sample (SmEV1 A-D) and 8 from pooled EV samples (SmEVc A-H), at 3 µg/mL which 

provided the best signal to noise ratio and fewest artefacts. Following incubation, arrays were 

unpacked under TBST, washed once in TBST for 5 min with gentle shaking and then briefly rinsed 

with TBS before being centrifuged dry (450 ´ g, 5 min). Microarrays were imaged immediately at 

532 nm in an Agilent G2505B microarray scanner at 100% PMT. Data extraction was carried out 

in GenePix Pro (v6.0, Molecular Devices, San Jose, CA, USA), processing was carried out in 

Excel (v2013, Microsoft, Redmond, WA), and analysis performed with Excel, HCE 3.5 

(http://www.cs.umd.edu/hcil/hce/) and Morpheus (Morpheus, 

https://software.broadinstitute.org/morpheus). 

 

2.5 Neuraminidase treatment 
 

Neuraminidase treatments employed a broad-spectrum α2-3,6,8,9 neuraminidase A (New 

England Biolabs P0722, Ipswich, MA, USA). For microarray experiments, no detergents or 

reducing agents were used in the enzymatic digestion and hydrolysis was carried out on PKH26-

labeled EVs in the dark at 37 °C for 1.5 h. For Western blots and free sialic acid detection assays, 

50 µg of proteins (EV samples or SWAP) were incubated with 40 units (2 µL) neuraminidase for 

1.5 h at 37 °C according to the manufacturer’s protocol and assayed immediately. 10 µg fetuin 

(New England Biolabs P0722, Ipswich, MA, USA) was used as a control sialylated glycoprotein.  

 

2.6 Free sialic acid detection assay 
 

Free sialic acid was quantified according to the manufacturer’s instruction using a Sialic 

Acid Assay Kit (abcam ab83375, Cambridge, UK), which uses an enzyme coupled reaction in 

which oxidation of free sialic acid creates an intermediate that reacts stoichiometrically with a 

probe, generating a product which is detected by measuring fluorescence (Ex/Em = 535/587 nm) 

using a Synergy H4 Hybrid plate reader. 

 

2.7 Lectin- and immunofluorescence microscopy of parasites  
 

Dextran-labelled parasites were prepared as previously described [33]. Briefly, ~50 freshly 

perfused worms were immersed in 100 µl of a 5 mg/ml solution of biotin-TAMRA-dextran (Life 
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Technologies D3312) dissolved in ultrapure water. Worms were gently vortexed for 3 min, and 

then submerged in 10 ml fixative solution (4% formaldehyde in PBSTx (PBS + 0.3% triton-X100)) 

to stop labeling. The fixative solution was discarded and replaced with 10 ml fresh fixative solution 

to dilute residual dextran. The worms were subsequently fixed for 4 hr in the dark with mild 

agitation. Parasites were subsequently washed with 10 ml fresh PBSTx for 10 min and then 

labelled with FITC-conjugated lectins as detailed below. In other experiments, adult S. mansoni 

worms were flat-fixed in 4% paraformaldehyde (PFA) in PBS; freshly perfused male and female 

worms were separated, placed between two microscope slides and further flattened under 

additional weight while submerged in 4% PFA in the dark for 4 hr at 4 °C. Following fixation, 

worms were washed in antibody diluent (AbD; 0.1% BSA, 0.1% NaN3, 0.5% Triton x-100 in 1X 

PBS) and incubated with biotinylated lectins (SNA-I, DSA, or RCA-I; 1:100 in AbD) (Biolynx B-

1305, B-1185, B-1085, Brockville, ON, Canada) for 3 days at 4 °C. Parasites were then washed in 

AbD overnight and incubated with fluorescein (FITC)-conjugated anti-biotin (abcam ab53469, 

Cambridge, UK) diluted 1:500 in AbD for 3 days at 4 °C. Worms were again washed in AbD 

overnight and counterstained overnight with tetramethylrhodamine (TRITC)-conjugated 

phalloidin (Millipore Sigma, Oakville, ON, Canada) (1:100 in AbD) at 4 °C, after which parasites 

were washed in AbD overnight and mounted on glass microscope slides with Vectashield® anti-

fading solution (Vector Laboratories). Specimens were viewed using a Leica TCS SP5 confocal 

scanning microscope or a Nikon A1R MP confocal scanning microscope.  

 

2.8 Fluorescence in situ hybridisation (FISH) lectin co-labelling 
 

Fluorescence in situ hybridisation was performed as described [33-35]. To label the 

cytoplasm of tegumental cells by FISH, riboprobes recognising the tegument-specific markers 

calpain, gtp-4, annexin, and npp-5 were pooled as described by Wendt et al., 2018. Male and 

female parasites were separated by incubation (2–3 min) in 0.25% ethyl 3-aminobenzoate 

methanesulphonate (Sigma-Aldrich A5040) in PBS. Relaxed worms were fixed for 4 h in the dark 

in 4% formaldehyde in PBSTx (PBS + 0.3% triton-X100) with gentle agitation. Following the 

fixation process, parasites were dehydrated in methanol and rehydrated in 1:1 methanol:PBSTx 

followed by incubation in PBSTx. Rehydrated worms were then bleached under bright light for 

1 h in formamide bleaching solution (0.5% formamide, 0.5% saline-sodium citrate buffer, and 
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1.2% H2O2), rinsed with PBSTx and briefly post-fixed for 10–15 min in 4% formaldehyde in 

PBSTx. Samples were hybridised overnight with the 4 riboprobes at 52 °C. Worms were then 

washed in AbD and incubated with fluorescein-conjugated lectins (SNA-I or DSA) (Vector 

Laboratories, FL-1301-2 and FL-1181-2, Burlingame, CA, USA); 4 µg in 500 µL AbD) overnight 

at 4 °C. FISH-labeled parasites were exposed to either FITC-conjugated SNA-I or DSA as 

described above, counterstained with DAPI (1 mg/ml), cleared in 80% glycerol, and mounted on 

slides with Vectashield (Vector Laboratories). Specimens were viewed using a Nikon A1R MP 

confocal scanning microscope. 

 

3. Results 
 

3.1 Sialic acid residues are detected on Schistosoma mansoni-derived EVs. 
 

Using lectin microarrays, we identified several lectins with various binding specificities 

(Table 1; see Supplemental Table S1 for full list of lectins and specificities) that exhibited strong 

adhesion with EVs, including SNA-II, DSA, LEL, Calsepa, NPA, GNA, HHA, WGA, SNA-I, 

RCA-I and CAA (Figure 1a).  

 
Table 1. Lectins exhibiting strong adhesion with Schistosoma mansoni EVs with specificity information 
for each.  

Lectin Organism Common name Specificity 

SNA-II Sambucus nigra Sambucus lectin-II Gal/GalNAc 

DSA Datura stramonium Jimson weed lectin GlcNAc 

LEL Lycopersicum eculentum Tomato lectin GlcNAc-β-(1,4)-GlcNAc 

Calsepa Calystegia sepium Bindweed lectin Man/Maltose 

NPA Narcissus pseudonarcissus Daffodil lectin α-(1,6)-Man 

GNA Galanthus nivalis Snowdrop lectin Man-α(1,3)- 

HHA Hippeastrum hybrid Amarylis agglutinin Man-α(1,3)-Man-α(1,6)- 

WGA Triticum vulgaris Wheat germ agglutinin NeuAc/GlcNAc 

SNA-I Sambucus nigra Sambucus lectin-I Sialic acid-α-(2,6)-Gal(NAc) 

PHA-E Phaseolus vulgaris Kidney bean erythroagglutinin biantennary, bisecting GlcNAc,β-Gal/Gal-β-(1,4-)GlcNAc 

RCA-I/120 Ricinus communis Castor bean lectin Gal-β-(1,4)-GlcNAc 

CAA Caragana arborescens Pea tree lectin Gal-β-(1,4)-GlcNAc 

 

These results suggest the presence of a wide range of glycan structures on these vesicles. 

Interestingly, SNA-I, a lectin that recognises structures with α2-6-linked terminal sialic acid, 
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displayed strong affinity for S. mansoni EVs, which treatment with a broad-spectrum 

neuraminidase (also “sialidase”; enzymes that cleave sialic acid) completely abolished (Figure 1b; 

Table 2), suggesting the presence of oligosaccharides with terminal sialic acid residues in the EV 

sample. WGA, a lectin that recognises both N-acetyl-glucosamine (GlcNAc) and sialic acid 

residues on proteins, also demonstrated a sharp decrease in intensity after EVs were treated with 

neuraminidase. Importantly, SNA-II and RCA-I, which have affinity for structures which are 

frequently terminated with sialic acids (those with distal N-acetyl-galactosamine and/or galactose, 

especially in Type I and Type II N-acetyllactosamine configurations) demonstrated sharp increases 

in signals following neuraminidase treatment (Figure 1b; Table 2), which is consistent with the 

exposure of these structures following removal of terminal sialic acids.  
 

Figure 1. Lectin microarray. Microarray slides were incubated with PKH26-labelled EVs and imaged at 
532 nm in an Agilent G2505B microarray scanner at 100% PMT (a) Lectin microarray response generated 
for S. mansoni EVs. (b) Significant effect of neuraminidase treatment on lectin-binding at the surface of 
EVs. Data subjected to total intensity mean normalisation, n = 4, +/- SD. Statistics were performed using a 
paired t-test * p < 0.05, ** p < 0.01, *** p < 0.0005, **** p < 0.00001. 
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Table 2. Summary of the effect of neuraminidase treatment on lectin affinity. 

Difference1 P value Significance2 +/-?1 Lectin Top ligands 
11386.58 0.000285 *** Up SNA-II Gal/GalNAc 
2829.56 0.028967 * Down LEL GlcNAc-β-(1,4)-GlcNAc 
775.70 0.000462 *** Down Calsepa Man/Maltose 

5911.46 0.001086 *** Down WGA NeuAc/GlcNAc 
8346.68 0.000001 **** Down SNA-I Sialic acid-α-(2,6)-Gal(NAc) 
1610.86 0.003570 ** Down PHA-E biantennary, bisecting GlcNAc,β-Gal/Gal-β-(1,4-)GlcNAc 
8081.83 0.009170 ** Up RCA-I Gal-β-(1,4)-GlcNAc 
858.01 0.002417 ** Up ECA Gal-β-(1,4)-GlcNAc oligomers 

1 Numbers in red show an increase in lectin affinity (Up) following incubation with neuraminidase, whereas 
numbers in green represent a decrease in lectin affinity (Down) following enzymatic digestion. 
2 Statistics were performed using a paired t-test * p < 0.05, ** p < 0.01, *** p < 0.0005, **** p < 0.00001. 
 

We reasoned that if terminal sialic acid residues were indeed present on the surface of EVs, 

not only would hydrolysis of these structures by a broad-spectrum neuraminidase prevent SNA-I 

binding, but would also result in the release of free sialic acid. We thus validated sialylation of 

EVs by quantitative analysis of sialic acid released following treatment with neuraminidase and 

observed a consistent increase in free sialic acid concentration as a result of enzymatic digestion 

(Figure 2). 

 
Figure 2. Treatment of S. mansoni EVs with neuraminidase (Neur.) results in the release of free sialic acid 
residues. EVs were incubated with a broad-spectrum neuraminidase, after which samples were assayed for 
the presence of free sialic acid residues. Fetuin was used as a control sialylated glycoprotein. +/- SD.  
 

Microarray profiles were nearly identical between technical replicates from two 

independent samples (SmEV1 and SmEVc; Figure 3A). We compared our analysis to the EV 
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microarray profile of another trematode, Fasciola hepatica, obtained by de la Torre-Escudero et 

al [21]. A two-dimensional hierarchical clustering of scale-normalised lectin microarray profile 

data for all technical replicates of the two trematode genera highlighted the different abundances 

and/or combinations of carbohydrate moieties present on the surface of their respective EVs 

(Figure 3A). The four mannose-binding lectins which displayed strong affinity with S. mansoni 

EVs, Calsepa, NPA, GNA and HHA maintained a comparably strong signal with F. hepatica EVs, 

suggesting a similar abundance of high-mannose glycans for both trematodes (Figures 3A, B). 

RCA-I and CAA, with specificity for terminal galactose, also had similar affinity for both EV 

populations (Figures 1A, B). Overall, F. hepatica EVs had a slightly wider variety of lectin 

affinities than S. mansoni EVs, but had very low-level interactions with SNA-I (Figure 3), 

suggesting minimal sialylation in the F. hepatica samples, if any. 
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Figure 3. Comparison of Schistosoma mansoni-derived EVs and Fasciola hepatica-secreted EVs lectin 
microarray profiles. (a) Heat map and two-dimensional hierarchical clustering of scale-normalised lectin 
microarray profile data for all twelve SmEV technical replicates, 4 from one EV isolation sample (SmEV1 
A-D) and 8 from pooled EV samples (SmEVc A-H), and three FhEV replicates (Fh 120k EV A-C) 
obtained by de la Torre-Escudero et al. (2019). Data depicted in heat map was scaled to fit a 0–30,000 
RFU window and clustered by average linkage, Euclidean distance method (b) Regression analysis 
comparing S. mansoni EV and F. hepatica EV lectin-binding profiles. 
 

3.2 Lectin immunocytochemistry and in situ hybridisation reveal sub-tegumental cells as a 
potential source of EVs in Schistosoma mansoni  
 

To identify worm structure(s) as possible sources of EVs, we performed histochemistry on 

whole adult worms with three lectins that exhibited strong affinity for S. mansoni EVs (DSA, 
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RCA-I and SNA-I) (Figures 4–6). We observed strong labelling of distinct cell bodies immediately 

below the body wall muscle by SNA-I (Figure 4) and less intense labelling of similar cellular 

structures by DSA (Figure 5A). We identified these cells as tegumental cell bodies by performing 

FISH-lectin co-labelling experiments (Figure 7, Figure 8), using a combination of markers 

previously shown to specifically label definitive tegumental cells (calp, gtp-4, npp-5, annexin) [33]. 

Indeed, 100% of FISH-labelled tegumental cells were positive for SNA-I (Figure 7) and DSA 

labelling (Figure 8). A few non-tegumental cells at the same level within the worm were also SNA-

I positive (possibly tegumental progenitor cells; Figure 7A). Interestingly, we also noted SNA-I 

nuclear labeling, not only in tegumental cell bodies, but also in nuclei at the same level within the 

worm (Figure 7B). 

  

Figure 4. Whole worm labelling with SNA-I lectin. Flat-fixed adult worms were labelled with 
SNA-I (green) and fluorescent phalloidin (red) and imaged by confocal microscopy (a) Transverse 
plane through the anterior portion of a male worm and (b) maximum intensity projection of z-
stacks acquired at the tail of a male worm. (c) Higher magnification of a transverse plane through 
the side of the worm.  
 

Higher magnifications of DSA-labelled tegumental cells revealed a granular pattern of 

DSA localisation (Figure 5B), which could indicate the presence of intraluminal vesicle (ILV)-

filled multivesicular bodies (MVBs; Figure 5C). In addition, DSA strongly labelled the gut of the 
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parasite (Figure 5D, Figure 8), marking the digestive system as a potential route of EV secretion 

in adult worms. 

 

Figure 5. Whole worm labelling with DSA. (a, b) Flat-fixed adult worms were labelled with DSA 
(green) and fluorescent phalloidin (red) and imaged by confocal microscopy (a) Transverse plane 
through the oral sucker of a male worm and (b) Higher magnification of cells labelled with DSA 
show a granular labelling pattern. (c) Cartoon depicting the biogenesis of exosomes, via the 
formation of intraluminal vesicles within multivesicular endosomes (MVEs) and the subsequent 
fusion of MVEs with the plasma membrane, thereby releasing exosomes into the extracellular 
space. (d) Cross-section of a male worm labelled with fluorescent dextran (tegument), DAPI 
(nuclei) and DSA (green) shows clear labelling of the parasite gut with the lectin. 
 

Finally, RCA-I labelled various structures within the worm, including potential tegumental 

cells and what appear to be the excretory pore and excretory tubules (Figures 6A–B), which might 

implicate the excretory system in the release of at least a subset of EVs. RCA-I also labels the 

esophageal glands (Figure 6C). 
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Figure 6. Whole worm labelling with RCA-I. (a – c) Flat-fixed adult worms were labelled with 
RCA-I (green) and fluorescent phalloidin (red). (a, b) Transverse plane acquired at different levels 
through the tail of a female worm, arrows indicate (a) the excretory pore and (b) the excretory 
tubules. (c) Image of the anterior region of a female worm. 
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Figure 7. All definitive tegumental cells are SNA-I positive. Fluorescence in situ hybridisation with 
tegument markers (calpain, gtp-4, annexin, and npp-5; white), and SNA-I (green) co-labelling. 100% of 
tegumental cells are also positive for SNA-I labelling, SNA-I also labelled (a) a few non-tegumental cells 
at the same level within the worm (yellow arrows inset shows enlargement of an SNA-I+ non-tegumental 
cell) and (b) some nuclei (red arrows; insets) 
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Figure 8: DSA labels definitive tegumental cells and the gut of the parasite. Adult worms were labelled by 
fluorescence in situ hybridisation with tegument markers (calpain, gtp-4, annexin, and npp-5), after which 
they were incubated with fluorescent DSA lectin and imaged via confocal microscopy. Dorsal view of a 
male worm, showing the bifurcated intestinal ceca, right above the ventral sucker. 
 
 
4. Discussion 
 

There is growing interest for understanding the role of EVs in the context of parasitic 

infections. Many groups have studied the protein, miRNA, and even lipid composition of different 

populations of parasite EVs, providing important information regarding pathways of EV 

biosynthesis and potential functions [8,12,16,36-39]. Despite mounting evidence pointing to the 

importance of the glycan composition of EVs [21-23,40], only one study on schistosome EV 

glycomics has been published [25]. Glycan structures coating the surface of EVs are likely to be 

functionally important to host-parasite interactions, as they are presumably responsible for 

delivering parasite-derived molecules to target cells. In this study, we profiled various 

carbohydrate moieties present on the surface of adult S. mansoni EVs via lectin binding. 

Comparison with lectin profiling of F. hepatica EVs [21] revealed a comparable abundance of 

high-mannose sugars, as well as the presence of terminal galactose on EVs from both trematodes. 
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Our results also suggest the presence of sialic acid residues on adult S. mansoni-derived 

EVs. Helminths are generally regarded as unable to synthesise sialic acids due to their apparent 

lack of enzymes required for sialic acid synthesis [28,41]. However, evidence of sialylation has 

been found in different helminth glycoprotein preparations, such as the Echinococcus granulosus 

hydatid cysts [42], Taenia crassiceps metacestodes [43], and F. hepatica tegument [44], but these 

findings have systematically been attributed to the presence of host glycans. The origin of sialic 

acid in our samples remains unclear (parasite, host, or EV-depleted fetal bovine serum; FBS), but 

the presence of host or bovine sialylated molecules on S. mansoni EVs, despite the many washes 

and a density sedimentation step, could be relevant, given that in vivo, EVs are released in host 

blood and would be exposed to similar blood proteins. We previously found no evidence of murine 

or bovine miRNAs in our EV samples [12], suggesting that minimal contamination of schistosome 

EVs with host or bovine EVs occurred during our EV isolation protocol. 

 

Coating with host glycoproteins could confer EVs protection from host immune effectors, 

allowing them to travel undetected and interact with target cells to exert their function. Indeed, 

previous lectin microarray analyses on mammalian EVs revealed an enrichment in specific glycan 

features, including a2-6 linked sialic acid, compared to the plasma membrane of the producing 

cells [23]. Additional reports have also linked sialic acid residues and sialic acid receptors to EV 

uptake [22,24,45] and others have observed the impact of EV desialylation on biodistribution in vivo 

[40], further highlighting the importance of EV glycosylation state. Fasciola hepatica EVs, on the 

other hand, displayed low-level interactions with SNA-I [21], suggesting minimal sialylation. This 

discrepancy, however, could be explained by the life cycle differences between these parasites; 

adult S. mansoni are found in the blood whilst F. hepatica reside in the bile duct. Alternatively, 

the discrepancy may be due to the fact that liver fluke EVs were collected from parasites cultured 

without serum [21].  

 

Moreover, given their avidity for S. mansoni EVs, we employed SNA-I, DSA and RCA-I 

in lectin immunofluorescence studies to locate site(s) of EV secretion in adult parasites. SNA-I 

and DSA both label sub-tegumental cell bodies in adult S. mansoni. In addition, we noted SNA-I 

labelling in a small number of non-definitive tegumental cells as well as some SNA-I positive 

nuclei at the same level within the worm. Significantly, we observed distinct granular structures 
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in DSA-labelled tegumental cells, perhaps representing future exosomes encapsulated within 

MVBs, although it is important to note that the size of EVs is below the level of resolution of the 

confocal instruments used. Besides accumulating within tegument cells, DSA also strongly 

labelled the gut of the parasite. Lastly, RCA-I labelled various regions of the worm, possibly 

including tegumental cells, although co-localisation experiments have not been conducted in this 

case. RCA-I also accumulated in what appears to be the excretory pore and the excretory tubules 

and around the esophageal glands. Together, these results may indicate the presence of multiple 

EV sub-populations and the involvement of the tegument and the digestive and protonephridial 

(excretory) systems in the release of EVs from adult schistosomes. A previous study on adult F. 

hepatica identified the excretory system as the source of small EVs (EVs sedimenting at 120k ´ 

g; 120k EVs) and gastrodermal epithelial cells lining the gut as the source of large EVs (EVs 

sedimenting at 15k ´ g; 15k EVs) [21]. The same group also reported localisation of RAL-A (one 

of two markers used for 120k EVs) in the tegument syncytium and sub-tegumental cells [21]. It is 

important to consider that the localisation studies performed by de la Torre-Escuerdo et al. were 

done using antisera raised against markers for specific EV sub-populations (120k and 15k EVs) as 

their protein content differed, but that lectin microarray profiles of the 120k and 15k EVs were 

nearly identical. Comparable EV sub-populations (120k and 15k) have also been identified in adult 

S. mansoni [38]; it is thus fair to expect that lectin profiling could be similar between our EV 

samples and larger 15k EVs. That being said, it is possible that different EV sub-populations have 

different origins within the parasite, as observed in F. hepatica, and that our EV population of 

interest may only be released by one of the identified structures in our lectin histochemistry 

experiments. 

 

To better understand the role of EVs in the course of infection, we must start with 

unravelling their mechanism of action, including how they travel within the host to reach their 

target cells and how they interact with these cells. EV surface-coating molecules such as glycans 

are highly likely to be key players in these important steps. Thus, their characterisation is crucial 

and could lead to the development of novel therapeutic interventions. In addition, glycans present 

on parasite-derived EVs may be used as biomarkers for the development of superior diagnostic 

tools. 
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Connecting Statement I 
 
In this first manuscript, the terminal carbohydrate structures of Schistosoma mansoni EVs were 

profiled by lectin microarray. Three of the lectins exhibiting strong adhesion to EVs were used to 

localise sites of EV release from adult S. mansoni by lectin histochemistry and the identity of these 

structures was confirmed by coupling lectin histochemistry and in situ hybridisation experiments. 

These localisation experiments highlighted sub-tegumental cell bodies, as well as the digestive and 

excretory systems, as potential players in the release of EVs.  

 

Interestingly, SNA-I, one of the lectins displaying high avidity for S. mansoni EVs, recognises 

structures with terminal sialic acid residues, suggesting the presence of sialic acid residues on 

schistosome EVs. The occurrence of sialylated molecules was validated by additional testing. This 

finding led to several more questions since helminths are generally regarded as unable to 

synthesise sialic acid. In the following chapter, I thus sought to investigate the origin of sialic acid 

present in our samples. Sialic acid-terminated glycans play important roles in infection by, for 

example, aiding immune evasion and affecting target recognition and cell entry. I therefore 

explored the hypothesis that they may be involved in masking antigens on EVs, thereby 

contributing to immune evasion. 
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Abstract 
 
Parasitic helminths resort to various mechanisms to evade and modulate their host’s immune 

response, several of which have been described for Schistosoma mansoni. We recently reported 

the presence of sialic acid residues on the surface of adult S. mansoni extracellular vesicles (EVs). 

We now report that these sialylated molecules are mammalian serum proteins. In addition, our data 

suggest that most sialylated EV-associated proteins do not elicit a humoral response upon injection 

into mice, or in sera obtained from infected animals. Sialic acids frequently terminate glycans on 

the surface of vertebrate cells, where they serve important functions in physiological processes 

such as cell adhesion and signaling. Interestingly, several pathogens have evolved ways to mimic 

or utilise host sialic acid beneficially by coating their own proteins, thereby facilitating cell 

invasion and providing protection from host immune effectors. Together, our results indicate that 

S. mansoni EVs are coated with host glycoproteins, which may contribute to immune evasion by 

masking antigenic sites, protecting EVs from removal from serum and aid in cell adhesion and 

entry to exert their functions. 
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1. Introduction 
 

Schistosomiasis, a chronic disease affecting ~240 million people worldwide and resulting 

in significant morbidity and mortality, is caused by infection with parasitic platyhelminths of the 

genus Schistosoma [1]. The infective stage is a short-lived larva (cercaria), which is released from 

freshwater snails. Cercariae infect human hosts by penetrating the skin and morphing into maturing 

larvae (schistosomula), which enter the host’s circulatory system and migrate to the hepatic portal 

system and mesenteries (S. mansoni, S. japonicum) or the venous plexus of the urinary bladder (S. 

haematobium). Larvae mature during the migration to eventually become adult male and female 

worms, which pair up and produce large numbers of eggs [2]. Eggs are destined to be released into 

the environment through faeces or urine, but many remain trapped in the liver and surrounding 

tissues, thereby causing tissue fibrosis and organ damage. A particularity of schistosomes is their 

ability to establish long-term chronic infections [2]. If left untreated, adult worms can survive 

within a mammalian host for many years [3]. Their longevity is attributable, in part, to their 

remarkable capacity to manipulate host immunity [4,5]. There is a growing need to better 

characterise and understand the specific and carefully orchestrated molecular dialogue employed 

by the parasites to modulate the host immune system, as it could lead to the identification of novel 

diagnostic and therapeutic targets. Parasite excreted/secreted products (ESPs) are widely regarded 

as key players in these host–parasite interactions with increasing attention being paid to vesicle-

based secretion. We, and others, have previously reported the release of extracellular vesicles 

(EVs) in schistosomes [6-13]. The contents of EVs have been partially characterised in eggs [13], 

larvae [7], and adult schistosomes [6,8,14,15], showing enrichment in putative effectors such as 

proteins and microRNAs (miRNAs). It is only recently, however, that attention has been given to 

the carbohydrate structures (glycans) present on the surface of schistosome EVs [10,16]. There is 

increasing appreciation for the roles of glycans in EV biology, with reports suggesting the 

importance of carbohydrate moieties in interactions between EVs and target cells [10,17-20]. 

Despite these findings, limited information is available on schistosome EV glycomics and its role 

in infection [10,16]. 

Recently, we reported the presence of sialic acid residues on the surface of EVs released 

from adult Schistosoma mansoni in culture [16]. Moreover, we observed the bright labelling of sub-

tegumental cells bodies by SNA-I, a plant-derived lectin that recognises glycan molecules with 

terminal sialic acid residues [16]. Sialic acids are a family of nine-carbon carboxylated sugars, 
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which are common terminal monosaccharides of vertebrate glycans. They have mainly been 

identified in the animal kingdom, from the echinoderms onwards, with lower animals, including 

helminths, assumed to lack sialic acids [21-23]. We performed mass spectrometry analyses on 

sialylated EV and worm proteins to determine the origin of the sialylated molecules, and identified 

them as mammalian serum proteins. Given that, in vivo, worms reside in host venules and are thus 

exposed to blood proteins, this finding could indicate a novel immune evasion mechanism 

employed by the parasite. Incorporation of sialylated host glycoconjugates by S. mansoni is of 

great interest, as sialic acids play important roles in infection by, for example, aiding immune 

evasion and affecting target recognition and cell entry. Finally, we tested the antigenic profile of 

EV proteins and found that sialylated glycoproteins (sialoglycoproteins) did not elicit a humoral 

response in mice, supporting our hypothesis that sialic acid residues contribute to antigen masking. 

 

2. Materials and Methods 

 
2.1 Parasites 

 
Adult S. mansoni were obtained by cardiac perfusion of infected female CD1 mice 7 weeks 

after infection as per approval from the McGill University Animal Care Committee (Permit # 

2019–8138). Parasites were cultured as previously described [6,16]. Briefly, worms were washed 3 

times in sterile RPMI-1640 for 15 min and subsequently maintained in RPMI-1640 medium 

supplemented with 100 U penicillin, 100 mg/mL streptomycin, and 10% EV-depleted FBS (Life 

Technologies, Burlington, ON, Canada; Ref: 16000). EV depletion was performed in advance by 

ultracentrifugation of FBS under sterile conditions for 18 h at 120,000 × g and 4°C, followed by 

filtration through 0.22 µm hydrophilic PVDF Durapore membranes (EMD Millipore, Billerica, 

MA, USA; SVGV01015) [24] 

 
2.2 Isolation of adult Schistosoma mansoni extracellular vesicles 
 

EVs were isolated as previously described [6,16]. Briefly, parasite-conditioned culture 

medium was collected after 48 and 72 h of culture and centrifuged at increasing speeds, 300 × g/15 

min, 700 × g/15 min, and 3000 × g/15 min, to remove larger debris, following which the 

supernatant was centrifuged at 12,000 × g for 45 min. Supernatants were filter-sterilised using a 

0.22 µm hydrophilic PVDF Durapore membrane (EMD Millipore; SVGV01015) and centrifuged 
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at 100,000 × g for 2 h using a Beckman-Coulter SW-48 rotor on a Beckman-Coulter 

ultracentrifuge. The pellet was re-suspended in sterile cell culture grade GIBCO®® Dulbecco’s 

Phosphate-Buffered Saline (DPBS; Life Technologies) and loaded onto a sucrose step gradient 

(25%, 30% and 35%), then centrifuged at 120,000 × g for 18 h using an SW-48 rotor. Following 

centrifugation, the 30% sucrose fraction was collected and washed by diluting 4–5-fold with sterile 

DPBS, and EVs were re-pelleted by centrifugation in an SW-28 rotor at 100,000 × g for 2 h. Pellets 

were washed by re-suspension in DPBS and centrifuged in an SW-41 rotor at 100,000 × g for 2 h. 

Finally, pellets were re-suspended in 1.0 mL of DPBS, transferred to 1.5 mL Beckman-Coulter 

ultracentrifuge tubes and centrifuged in an Optima TL100 tabletop ultracentrifuge (Beckman-

Coulter, Mississauga, ON, Canada) for 1.5 h at 100,000× g using a TLA-100.3 rotor. EVs were 

quantified based on protein concentration using a Pierce BCA Protein Assay Kit (ThermoFisher 

Scientific, Burlington, ON, Canada) and absorbance-measured at 562 nm using a Synergy H4 

Hybrid plate reader. The pelleted material was snap-frozen and stored at −80 °C until use. 

 
2.3 Neuraminidase treatment 
 

All neuraminidase treatments were carried out using a broad-spectrum α2–3,6,8,9 

Neuraminidase A (New England Biolabs P0722, Ipswich, MA, USA). Proteins (50 µg EV 

samples) were incubated with 40 units (2 µL) neuraminidase overnight at 37 °C according to the 

manufacturer’s protocol and assayed immediately. 10 µg fetuin (New England Biolabs P0722, 

Ipswich, MA, USA) was used as a control sialylated glycoprotein. 

 
2.4 Lectin-probed Western blot assay and extraction of reactive bands 
 

Samples were mixed with Laemmli buffer (4% SDS, 20% glycerol, 10% 2-

mercaptoethanol, 0.004% bromophenol blue, and 0.125 M Tris HCl) and incubated at 95°C for 5 

min. Aliquots were resolved by electrophoresis through 4–15% Mini-PROTEAN®® TGX™ 

Precast Protein Gels (Bio-Rad, Mississauga, ON, Canada) and transferred to a PVDF membrane 

according to standard protocols. Five µg fetuin (New England Biolabs P0722, Ipswich, MA, USA) 

was used as a control sialylated glycoprotein. Blots were blocked overnight at 4 °C in blocking 

buffer (1X Tween 20 (TBST), 0.1% Tween 20, 5% BSA) and probed with biotinylated SNA-I 

(1:200 in PBS; Biolynx B-1305, Brockville, ON, Canada), after which they were incubated with 

streptavidin–horseradish peroxidase (1:5000 in blocking buffer; abcam ab7403, Cambridge, MA, 
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USA). Blots were developed using PierceTM ECL Western Blotting Substrate (Thermo Fisher 

Scientific) following the manufacturer’s protocol and imaged with a ChemiDoc MP Imaging 

System (Bio-Rad). For mass spectrometry analysis, freshly run gels were rinsed 3 times for 5 min 

with 100 mL of deionised water and stained by immersion in SimplyBlue™ SafeStain (Life 

Technologies, Burlington, ON, Canada) for 1 hr at room temperature with gentle shaking. The 

staining solution was discarded and the gel washed with 100 mL of water for 2 h. The two most 

prominent bands that lost reactivity with SNA-I in neuraminidase-treated samples were excised in 

the neuraminidase-treated group and de-stained with 30% ethanol. Bands were rinsed in ultrapure 

water and processed and analysed by MS/MS at the Plate-forme protéomique CHU de Quebec as 

described below. 

 
2.5 Lectin pulldown 
 

Streptavidin-conjugated resin beads (Novagen 69203–3, San Diego, CA, USA) were 

incubated with 250 µg biotinylated lectin SNA-I for 1 h on a rotating incubator at 4 °C. Beads 

were washed 10X with PBS in Pierce™ Spin Columns (ThermoFisher Scientific, 69705). Lectin-

beads were incubated with lysed EVs. Briefly, 155 µg EVs were lysed in PBS, 0.1% Triton X-

100, diluted 10-fold in PBS and centrifuged at 3000 × g for 3 min. The supernatant was collected, 

added to the SNA-I-conjugated beads and incubated overnight at 4 °C on a rotating incubator. 

Beads were washed 10 times with PBS followed by 5 washes with 50 mM ammonium bicarbonate 

(pH 7.4) and sent to the CHU de Quebec Research Center for mass spectrometry analysis. 

 
2.6 Protein digestion 
 

Protein digestion and mass spectrometry experiments were performed by the Proteomics 

platform of the CHU de Quebec Research Center, Quebec, Canada. Proteins in bands extracted 

from gels were reduced with 10 mM DTT and alkylated with 55 mM iodoacetamide. Trypsin 

digestion was performed using 126 nM of modified porcine trypsin (sequencing grade, Promega, 

Madison, WI) at 37 °C for 18 h. Digestion products were extracted using 1% formic acid and 2% 

acetonitrile followed by 1% formic acid and 50% acetonitrile. The recovered extracts were pooled, 

vacuum-centrifuge-dried and then resuspended in 10 µL of 0.1% formic acid, and 5 µL was 

analysed by mass spectrometry. On beads, protein digestion was carried out using 0.1µg modified 

porcine trypsin (sequencing grade, Promega, Madison, WI) in 50 mM ammonium bicarbonate for 
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5 h at 37 °C. Digestion was stopped with 5% formic acid (FA), and peptides were eluted from the 

beads with 60% acetonitrile (ACN) 0.1% FA. Tryptic peptides were desalted on Stage tips 

(Empore C18, 3 M Company), vacuum-dried, and then resuspended in LC loading solvent (2% 

ACN, 0.05% trifluoroacetic acid (TFA)). 

 
2.7 Mass spectrometry 
 

Half of the amount of each sample was analysed by nanoLC/MSMS using a Dionex 

UltiMate 3000 nanoRSLC chromatography system (Thermo Fisher Scientific) connected to an 

Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific, San Jose, CA,USA) equipped with 

a nanoelectrospray ion source. Peptides were trapped at 20 μL/min in loading solvent (2% ACN, 

0.05% TFA) on a 5 mm × 300 μm C18 pepmap cartridge (Thermo Fisher Scientific) during 5 min. 

Then, the pre-column was switched online with a 50 cm × 75µm-internal-diameter separation 

column (Pepmap Acclaim column, ThermoFisher), and the peptides were eluted with a linear 

gradient from 5–40% solvent B (A: 0.1% FA, B: 80% ACN, 0.1% FA) in 30 min, at 300 nL/min 

(60 min total runtime). Mass spectra were acquired using a data-dependent acquisition mode using 

Thermo XCalibur software version 4.1.50. Full-scan mass spectra (350 to 1800 m/z) were acquired 

in the orbitrap using an AGC target of 4e5, a maximum injection time of 50 ms, and a resolution 

of 120 000. Internal calibration using lock mass on the m/z 445.12003 siloxane ion was used. Each 

MS scan was followed by acquisition of fragmentation MSMS spectra of the most intense ions for 

a total cycle time of 3 s (top speed mode). The selected ions were isolated using the quadrupole 

analyzer with 1.6 m/z windows and fragmented by Higher energy Collision-induced Dissociation 

(HCD) with 35% of collision energy. The resulting fragments were detected by the linear ion trap 

at a rapid scan rate with an AGC target of 1e4 and a maximum injection time of 50 ms. Dynamic 

exclusion of previously fragmented peptides was set for a period of 30 sec and a tolerance of 10 

ppm. 

 
2.8 Database searching 
 

MGF peak list files were created using Proteome Discoverer 2.3 software (Thermo). MGF 

files were then analysed using Mascot (Matrix Science, London, UK; version 2.5.1). Mascot was 

set up to search a contaminant database and Uniprot Bos taurus (37885 entries, UP000009136), 

Mus musculus (63738 entries, UP000000589), and Schistosoma mansoni (16227 entries, 
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UP000008854) databases assuming the digestion enzyme trypsin. Mascot was searched with a 

fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10.0 PPM. Carbamidomethyl 

of cysteine was specified in Mascot as a fixed modification. Deamidation of asparagine and 

glutamine and oxidation of methionine were specified in Mascot as variable modifications. Two 

missed cleavages were allowed. 

 

2.9 Criteria for protein identification 
 

Scaffold (version Scaffold_4.8.4, Proteome Software Inc., Portland, OR, USA) was used 

to validate MS/MS-based peptide and protein identifications. A false discovery rate of 1% was 

used for peptide and protein. Proteins that contained similar peptides and could not be 

differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. 

Peptide identifications were accepted if they could be established at greater than 95.0% probability 

by the Scaffold 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 in two 

independent experiments. 

 

2.10 Soluble worm antigenic preparation 
 

SWAP was prepared as previously described [16]. Approximately 30 freshly perfused adult 

worms were freeze–thawed in 150 µL lysis buffer (1X DPBS, 0.5% Triton X-100) with cOmplete™ 

Mini Protease Inhibitor Cocktail (Roche, Laval, QC, Canada), homogenised using a pestle, and 

centrifuged at 4000 × g for 30 min at 4 °C. The supernatant was collected and used as SWAP. 

SWAP concentration was determined using a Pierce BCA Protein Assay Kit as above. 

 

2.11 Mouse infection and vaccination 
 

CD1 mice were obtained as described above. Naïve CD1 mice received an intra-peritoneal 

(IP) injection of 200 μL cell culture grade PBS (Thermo Fisher Scientific) with or without 15 μg 

EV protein and received the same immunization regimen 2 weeks later. The experimental group 

and control group comprised 5 mice each. In both cases, mice were euthanised, and serum collected 

from blood was obtained by cardiac puncture. 
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2.12 Immunogenicity Western blot assays 
 

To characterise immunogenic components, purified EVs or SWAP were mixed with 

Laemmli buffer [25] and incubated at 95°C for 5 min. Aliquots were resolved by electrophoresis 

through a 10% acrylamide SDS-PAGE gel and transferred to a nitrocellulose (or PVDF) membrane 

according to standard protocols. Antigenic EV proteins were detected using control uninfected 

mouse serum, vaccinated mouse serum (see below), or serum from infected mice obtained 2, 4, or 

6 weeks post-infection. Goat anti-mouse IgG-HRP conjugate (Santa Cruz Biotechnology, Dallas, 

TX, USA, sc-2354, Lot L0312) was used as the secondary antibody. Blots were developed using 

PierceTM ECL Western Blotting Substrate (ThermoFisher Scientific) following the manufacturer’s 

protocol. 

 
3. Results 

 
3.1. Lectin-probed Western blots and mass spectrometry analysis of reactive bands 
 

We previously reported that several lectins exhibit strong adhesion to adult S. mansoni 

EVs, including the sialic-acid-binding SNA-I [16]. Treatment of EV samples with a broad-

spectrum neuraminidase markedly reduced SNA-I binding compared to the strong signal observed 

with untreated control samples following gel electrophoresis (Figure 1), supporting our previous 

findings and suggesting the presence of sialylated molecules in our EV samples [16]. To determine 

the origin of sialic acid residues (parasite or host), we sought to identify sialylated proteins. First, 

we excised two of the most prominent bands (roughly 55 kDa and 100 kDa) in the neuraminidase-

treated group, which strongly interacted with SNA-I in the control group (Figure 1) for analysis 

by mass spectrometry. We found a mixture of S. mansoni proteins and mammalian serum proteins 

in each of these bands, potentially suggesting a host origin of sialic acid. The mammalian serum 

glycoproteins included alpha-2-macroglobulin, albumin, alpha-1-antiproteinase, and Inter-alpha-

trypsin inhibitor heavy chain H3 (Table 1), all of which are sialylated or have known sialylated 

variants [26-30]. Similar protein profiles were found in size-matched bands from untreated samples 

(data not shown), indicating that neuraminidase treatment does not affect protein content. 
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Figure 1. Treatment of S. mansoni EVs with neuraminidase (Neur) reduces SNA-I binding. EVs were 
incubated with a broad-spectrum neuraminidase, after which samples were resolved by electrophoresis, 
transferred to a PVDF membrane, and probed with SNA-I. Fetuin was used as a control sialylated 
glycoprotein. Ponceau-stained PVDF membrane and SNA-I-probed membrane. Two gel sections 
(corresponding to boxes 1 and 2) were excised and analysed by mass spectrometry. 
 
 

 
 
 
 
 
 
 
 
 
 

Table 1. The most abundant proteins detected in excised bands 1 and 2. Bands were analysed by mass 
spectroscopy, and MS spectra were searched against the Schistosoma mansoni, Mus musculus, and Bos 
taurus Uniprot databases. Bt, Bos taurus. 
 
 
3.2. Identification of glycosylated proteins 
 

  
Total Spectrum Count 

Accession Number Identified Proteins Band 1 Band 2 
A0A140T897 Albumin [Bt] 17 233 

P34955 Alpha-1-antiproteinase [Bt] 7 62 
F1MM86 (+1) Complement component C6 [Bt] 

 
13 

Q7SIH1 Alpha-2-macroglobulin [Bt] 4 8 
A0A3Q1MU98 (+1) Complement component C9 [Bt] 4 

 

A0A3Q1NJR8 Antithrombin-III [Bt] 
 

7 
A0A3Q1LQ21 (+1) Inter-alpha-trypsin inhibitor heavy chain H3 [Bt] 

 
6 

G3X6N3 Beta-1 metal-binding globulin [Bt] 3 2 
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To confirm that EV-associated proteins that bind SNA-I are indeed mammalian proteins, 

we performed a lectin pull-down assay on EV lysate. Lysed EVs were incubated with biotinylated 

SNA-I-coated beads, and MS spectra were searched against the Schistosoma mansoni, Mus 

musculus, and Bos taurus Uniprot databases. This experiment pulled down a total of 20 

mammalian proteins, 15 of which were bovine serum proteins (Table 2). These include alpha-2-

macroglobulin, alpha-1-antiproteinase, clusterin, hemoglobin, bovine complement proteins, and 

alpha-2-HS-glycoprotein (Table 2). The five other proteins identified, actin, talin, glyceraldehyde-

3-phosphate dehydrogenase, vitronectin, and filamin, have all previously been identified in 

exosomes from various species [6,31-34]. 

 

Table 2. Proteins detected in the SNA-I pull-down experiment. 
UniProt Accession Number Identified protein Total 

spectrum 
count 

# unique 
peptides 

A2MG_BOVIN Alpha-2-macroglobulin [Bt] 65 38 
A1AT_BOVIN Alpha-1-antiproteinase [Bt] 46 18 

F1MJK3_BOVIN Uncharacterized protein LOC506828 [Bt] 13 10 
CLUS_BOVIN Clusterin [Bt] 10 9 

A0A3Q1LK49_BOVIN Inter-alpha-trypsin inhibitor heavy chain H2 [Bt] 10 9 
HBBF_BOVIN Hemoglobin fetal subunit beta [Bt] 10 8 

A0A3Q1M2B2_BOVIN Complement C3 [Bt] 7 6 
A0A3Q1LVV7_BOVIN Fibrinogen alpha chain [Bt] 6 6 

FETUA_BOVIN Alpha-2-HS-glycoprotein [Bt] 6 6 
A0A3Q1LQ21_BOVIN Inter-alpha-trypsin inhibitor heavy chain H3 [Bt] 6 6 

ACTB_BOVIN Actin, cytoplasmic 1 [Bt] 6 5 
A0A3Q1MLQ7_BOVIN Talin 1 [Bt] 6 5 
A0A3Q1LKN2_BOVIN Thyroglobulin [Bt] 6 4 
A0A140T881_BOVIN Apolipoprotein E [Bt] 3 3 

A0A3Q1LGY9_BOVIN Angiotensinogen [Bt] 3 3 
APOA1_BOVIN Apolipoprotein A-I [Bt] 3 3 
A2AP_BOVIN Alpha-2-antiplasmin [Bt] 3 3 
G3P_BOVIN Glyceraldehyde-3-phosphate dehydrogenase [Bt] 3 3 

Q3ZBS7_BOVIN Vitronectin [Bt] 2 2 
B7FAU9 Filamin, alpha [Mm] 2 2 

MS spectra were searched against the Schistosoma mansoni, Mus musculus, and Bos taurus 
Uniprot databases. Bt, Bos taurus; Mm, Mus musculus. 
 
 
3.3. Sialylated EV proteins do not elicit a humoral response in the murine host 
 

To investigate our hypothesis that EV-associated mammalian sialoglycoconjugates 

contribute to antigenic escape (e.g., antibody recognition), we assessed the antigenic profile of S. 

mansoni EV proteins by Western blot analysis (Figure 2) and compared these findings with the 

profile of sialylated proteins (Figure 1). We probed EV lysate with sera from mice vaccinated with 
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S. mansoni EVs and detected a robust response to a cluster of three proteins with MW 50–70 kDa 

(Figure 2A). We next tested if S. mansoni infection induced similar antibody responses to EV 

proteins by probing EV lysate with serum from infected animals at 2, 4, and 6 weeks post-infection 

(Figure 2C–E). Interestingly, a different profile of EV proteins was recognised by serum from 

infected animals, with the most reactive proteins ranging between 30 and 55 kDa (Figure 2C–E). 

For comparison, Schistosome soluble worm antigenic preparation (SWAP) proteins were also 

probed with serum from infected mice 6 weeks post-infection, which revealed a similar band at 30 

kDa, but otherwise displayed a different immunogenic profile (Figure 2G). To test the capacity of 

anti-EV antibodies to recognise schistosomal proteins, SWAP proteins were probed with 

immunised mouse serum (Figure 2F), generating one immunoreactive band at ~10 kDa and a 

fainter band at ~8 kDa. 

 

Figure 2. Antigenic profile of S. mansoni EV proteins. S. mansoni EVs and SWAP were prepared 
as detailed in the Methods section. The antigenicity of EV proteins was tested on EVs separated 
by SDS-PAGE and performing Western blot (WB) analysis with (A) serum from mice vaccinated 
with EVs, (B) serum from uninfected mice, or serum from infected mice collected at (C) 2 weeks, 
(D) 4 weeks, or (E) 6 weeks post-infection (P.I.). SWAP proteins were probed using serum from 
(F) vaccinated mice or (G) infected (6 weeks P.I.). 
 
 

Results shown in Figure 1B suggest that, with the exception of two bands at lower 

molecular mass (~55 and 100 kDa), the majority of sialylated EV-associated proteins migrate with 

molecular mass ≥ 150 kDa. These results greatly contrast with the antigenic profile observed at 2, 

4, and 6 weeks post infection (Figure 2A,D,E), in which the immunoreactive proteins are generally 
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no larger than 100 kDa. It thus appears that sialylated EV proteins induce limited or no antibody 

production. 

 
4. Discussion 
 

The treatment of schistosomiasis relies almost exclusively on the efficacy of a single drug, 

praziquantel, which is administered to tens of millions of people each year, raising concerns of 

drug resistance [35]. It is thus imperative to develop new treatment options for the control of 

schistosomiasis. An interesting avenue for the development of therapeutics is targeting the 

mechanisms through which parasites interact with their host. Host–parasite interactions have been 

shaped by thousands of years of co-evolution and are characterised by highly intricate molecular 

dialogues, involving the release of ESPs, such as EVs [14,36]. Helminth EVs are increasingly 

recognised as key mediators of host–parasite interactions, making them appealing targets for the 

development of new therapeutics. Thus far, helminth EV characterisation studies have mainly 

focused on the protein, miRNA, and lipid composition of different EV subsets, leaving the glycan 

content largely unexplored [6,9,14,37-39]. Surface carbohydrate moieties are likely required for EVs 

to exert their functions as they presumably are responsible for establishing contact with target cells. 

In fact, there is mounting evidence for a requirement of various glycan structures on both cell and 

EV surfaces for vesicle uptake by recipient cells [10,17-20]. We previously profiled the carbohydrate 

moieties coating the surface of adult S. mansoni EVs and reported the presence of sialic acid 

residues [16]. Orthologues of enzymes required for sialylation have not been found in the genomes 

of helminths and, for this reason, worms are generally considered unable to synthesise sialic acids 

[21,22]. Here, we investigated whether sialylated glycoconjugates were exogenous (host- or culture-

medium-derived) or endogenous to the parasite. 

Our mass spectrometry analyses revealed that the majority of EV proteins bound by the 

sialic-acid-specific lectin, SNA-I, were bovine serum proteins, suggesting that the sialylated 

components originate from the EV-depleted Fetal Bovine Serum (FBS) used for parasite culture. 

Previous reports of sialylation in various helminth glycoprotein preparations have systematically 

been attributed to contamination with host glycoconjugates [40-42]. However, it is important to 

consider that the presence of bovine sialylated serum proteins in our S. mansoni EV samples, 

despite the many washes and the density sedimentation step of our EV isolation protocol, could be 

relevant, given that in vivo, worms reside in host venules and are thus exposed to similar blood 
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proteins. In addition, previous analysis of our samples revealed high abundance of S. mansoni 

proteins and no evidence of murine or bovine miRNAs [6], suggesting minimal contamination of 

S. mansoni EVs with host or bovine EVs occurring during our EV isolation protocol, if any. A 

possible interpretation of these results is that S. mansoni EVs are coated in vivo with host 

glycoproteins, which may serve to protect EVs from removal from serum and aid in cell adhesion 

and entry to exert their functions. Our findings might thus be indicative of a novel immune evasion 

and/or immunomodulation mechanism employed by the parasite, in which schistosomes EVs are 

coated with exogenous host-sialylated molecules. Our results suggest that most sialylated EV-

associated bovine proteins do not elicit antibody production in mice under these conditions, which 

is consistent with the idea that the coating of EVs by sialoglycans could contribute to immune 

evasion by masking antigenic sites. 

Sialic acids, predominantly terminating the ends of many vertebrate glycans, play key roles 

in cell communication and cell adhesion, and are important regulators of the immune system 

[23,43]. Sialoglycans have been shown to affect immune responses in many ways. Sialic acids are 

believed to serve as self-markers, aiding in the discrimination between self and non-self in order 

to prevent autoimmune activity [23]. In addition, sialic acids have the ability to mask recognition 

sites via electrostatic repulsion and/or steric hindrance [43,44]. In that context, aberrantly high 

expression of sialoglycans is a long-recognised tumour evasion strategy and is a common 

characteristic of tumour cells, protecting malignant cells from recognition and thus removal by 

immune cells [45,46]. It was initially suggested that the thick layer of sialoglycans on the surface 

of tumour cells concealed surface antigens, preventing immune recognition. However, increasing 

evidence suggests that sialic acids exert their immunomodulatory functions via various 

mechanisms, such as interactions with sialic-acid-binding immunoglobulin (Ig)-like lectins 

(Siglecs), which are expressed on the majority of leukocytes and are characterised by an N-

terminal Ig domain that recognises sialylated glycans [47]. Siglecs also often contain at least one 

immunoreceptor tyrosine-based inhibitory motifs (ITIMs) at their C-terminus, which, once 

activated, inhibit cellular activation [48]. Hence, most sialic acid–Siglec interactions result in 

dampening of immune responses and inhibition of immune cells and are thus believed to contribute 

to the distinction between self and non-self [49]. Moreover, surface sialic acids prevent complement 

activation by recruiting and binding the complement control molecule factor H, obstructing C3b 

binding, and thus blocking activation of the alternative complement pathway [49,50]. The highly 
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negative charge resulting from hypersialylation of cell surfaces also likely affects cellular 

interactions. For example, charge repulsions are believed to hinder the formation of immunological 

synapses between tumour cells and natural killer (NK) cells, preventing NK-cell-driven 

cytotoxicity [47]. 

Importantly, many pathogens have evolved the ability to coat themselves with sialic acid, 

aiding in evasion of the host immune response and the ability to interact with and invade host cells 

[51,52]. Examples include some viruses [53], bacteria [54], pathogenic fungi [55], and protozoa [52]. 

While some microorganisms, such as fungi and some bacteria, are capable of de novo synthesis of 

sialic acid, other bacteria and protozoa have to rely on acquisition from exogenous sources [49,56]. 

Pathogens which acquire sialic acids from the environment (e.g., the host) do so via a number of 

ways. Many pathogenic bacteria, for instance, express a sialidase, which cleaves terminal sialic 

acid from host sialoglycans, or a trans-sialidase, which hydrolyse sialic acids and directs their 

transfer onto bacterial structures [54,57]. However, there are examples of sialic-acid-utilising 

bacteria lacking sialidase-encoding genes [58], which are hypothesised to be reliant on sialidase 

activity either from the host [59,60] or other sialidase-encoding bacteria from the same niche [61]. 

Trypanosomes are well-known examples of trans-sialylation, whereby the parasites acquire 

host sialyl residues using trans-sialidase enzymes, allowing them to transfer terminal sialic acids 

from host glycoconjugates onto the terminal galactose residue of their own asialoglycoconjugates 

(non-sialylated glycoconjugates). This “theft” of sialic acid is well documented in Trypanosoma 

cruzi, in which this trans-sialidase activity confers protection to the parasite, and aids adhesion to 

and invasion of host cells [52,62-65].   

Our results suggest that schistosomes might employ a similar strategy for co-opting host 

sialic acid, differing, however, by their apparent use of sialylated host serum proteins as opposed 

to carbohydrate residues alone. The underlying mechanisms remain unknown and are subjects 

deserving of further investigation. It could prove interesting to examine whether S. mansoni EVs 

interact with Siglecs, which could contribute to their internalisation as is the case for some sialic 

acid-coated viruses that utilise Siglec-1 binding on the surface of macrophages to invade host cells 

[53,66]. It will also be valuable to investigate the effects of sialic acid removal on schistosome EV 

cell entry and effector functions. 

This work provides the first indication of the use of sialic acid by parasitic helminths, 

offering critical insights into parasite biology as well as a potential new avenue for the 
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development of therapeutics. It will be important, however, to confirm that this phenomenon is 

also observed in vivo as our observations are based on in vitro culture. Further experimental 

approaches are required to understand the mechanism of sialic acid acquisition and the roles of 

this coating strategy. 
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Connecting Statement II 
 
 
 
In manuscript II, I investigated the origin of the sialylated glycoconjugates present on S. mansoni 

EVs and determined that they are in fact post-translational modifications of mammalian serum 

glycoproteins. The presence of mammalian sialoglycoproteins on S. mansoni EVs could represent 

a novel immune evasion and/or modulation mechanism employed by the parasite, whereby the 

serum glycoproteins coat EVs, shielding them from detection by the host. Consistent with this 

hypothesis, I found that most sialylated EV-associated bovine proteins do not elicit antibody 

production in a mouse vaccination model. 

 
In addition to the important questions addressed in manuscripts I and II, namely the composition 

and the origin of biosynthesis of adult S. mansoni EVs, an equally important question to address 

is the physiological role they may play in the context of infection. We sought to address this 

question in manuscript III. In addition, the broad approach used in this final manuscript allowed 

us to explore general changes caused by infection with S. mansoni, providing valuable information 

on the biology of schistosomiasis. 
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Abstract 
 
Schistosomes are of great public health significance, infecting several hundreds of millions of 

people worldwide. These parasitic trematodes rely heavily on their remarkable ability to 

manipulate host biology in order to survive and thrive within their host. Whilst the underlying 

mechanisms employed by the parasite in that regard are not well characterised, extracellular 

vesicles (EVs) secreted by the parasite are increasingly regarded as key players in these 

interactions. Schistosome EVs have been shown to be internalised by mammalian cells in vitro, 

causing changes in gene expression. The considerable potential of EVs as mediators of cell 

communication lies in their architecture and molecular makeup; the lipid bilayer protects the cargo 

from degradation, allowing delivery of a variety of parasite-derived macromolecules to potentially 

distant recipient cells where they can act in a concerted manner. The molecular cargo of S. mansoni 

EVs includes miRNAs, some of which have been detected in T helper cells isolated from Peyer’s 

patches of infected mice. It is thus tempting to speculate that parasite-derived EVs reach the 

gastrointestinal lymphoid tissues of their host, where they are internalised by immune cells and 

partake in the regulation of host gene expression via miRNA silencing of host mRNAs. Using 

RNA sequencing, we carried out a transcriptomic analysis of mouse Peyer’s patches 7 weeks post-

infection with S. mansoni and identified over 1,000 differentially expressed genes (DEGs) in 

infected vs control samples. In addition, we performed miRNA target prediction for previously 

identified S. mansoni EV-associated miRNAs via a computational approach, yielding over 5,000 

potential murine mRNA targets which we then matched to DEGs. This study provides valuable 

insight into the biology of schistosomiasis and highlights the challenges associated with 

computational predictions of miRNA-mRNA interactions in vivo. 
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1. Introduction 
 

Schistosomes are parasitic platyhelminths in the genus Schistosoma that cause the chronic 

disease schistosomiasis, resulting in significant morbidity and mortality, and affecting hundreds 

of millions of people worldwide. Infection occurs when cercariae, infective larval stages released 

from infected vector freshwater snails, penetrate a mammalian host’s skin, morph into 

schistosomulae and make their way into the host’s circulatory system. Maturing parasites then 

migrate to the venous plexus of the urinary bladder (S. haematobium) or the hepatic portal system 

and mesenteries (S. mansoni, S. japonicum), where pairs of female and male worms release 

hundreds of eggs daily [1]. Whilst many eggs make their way out of the body and into the 

environment through urine or faeces, many are trapped in surrounding tissues. The eggs are highly 

immunogenic, leading to the formation of granulomas, and causing tissue fibrosis and organ 

damage. If left untreated, adult schistosomes can survive up to several decades in human hosts.  

No vaccines are available for schistosomiasis and treatment relies heavily on the efficacy 

of a single drug, praziquantel, raising concerns of drug resistance. New treatment and prevention 

methods are thus crucial for the control of the disease. However, it is not without challenges, as 

the parasite’s ability to modulate and evade the host immune response greatly complicates 

elimination efforts. This tour de force is achieved, at least in part, by the release of 

excretory/secretory products (ESPs), such as extracellular vesicles (EVs).  

EVs comprise all secreted membrane-bound vesicles, of which microvesicles (also known 

as ectosomes; formed by outward budding of the plasma membrane) and exosomes (formed within 

multivesicular bodies) are the most studied. We and others have studied the composition of S. 

mansoni-derived EVs, and have reported in them a variety of macromolecules, including proteins 

[2,3], microRNAs (miRNAs) [3,4], and glycans [4,5]. MiRNAs are a class of small non-coding 

RNAs, approximately 22 nt in length, which act as regulators of gene expression. Specifically, 

miRNAs are involved in post-transcriptional gene silencing by binding target messenger RNA 

(mRNA) by complementary base-pairing and subsequently inducing mRNA degradation. Recent 

studies indicate that parasite-derived miRNAs can regulate gene expression in mammalian cells, 

suggesting that parasites employ miRNA secretion to shape the host into an environment 

favourable for their own development. Encapsulation of miRNAs into EVs could confer protection 

to their fragile cargo and allow for its long-distance delivery to specific target cells in the host. We 

have previously detected schistosomal miRNAs in infected host plasma [2] and Meningher et al. 
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(2019) reported the presence of the schistosomal miRNAs Bantam and miR-10 in gastrointestinal 

lymphoid tissue (Peyer’s patches and mesenteric lymph nodes) of S. mansoni-infected mice [6]. 

The question of whether parasite-derived miRNAs actively regulate host gene expression in vivo 

remains unresolved. 

A better understanding of the parasite’s survival strategies and molecular interactions with 

its host will provide valuable insights to support the development of novel control strategies. 

Here, based on our previous characterisation of the miRNAome of adult S. mansoni EVs 

[2], we performed target searches of parasite-derived miRNAs against mouse mRNAs and 

pathways analysis on the predicted targets. In addition, we carried out a transcriptomic analysis of 

Peyer’s patches, investigating transcriptional changes resulting from infection with this parasite, 

using an in vivo model and compared our results with the miRNA target predictions. 

 
 
2. Materials and methods 
 
2.1 Experimental design 
 

Naïve mice were infected experimentally with S. mansoni. Their Peyer’s patches were 

harvested 7 weeks post-infection (P.I.), and their transcriptomes sequenced and compared to 

Peyer’s patches from age-matched uninfected control mice. Based on a previous study reporting 

the presence of S. mansoni miRNA in Peyer’s patches [6], we sought to investigate whether some 

of the differential expression of genes in this tissue could be attributed to transcription regulation 

by parasite miRNAs. To do so, we ran target prediction analyses on previously identified miRNAs 

associated with adult S. mansoni EVs and compared the predictions with the results of our 

transcriptomic analysis. 

 

2.2 miRNA target prediction 

Previously identified miRNA sequences from adult S. mansoni EVs [2] were retrieved and 

miRNA IDs were obtained from miRBase (Release 22.1) [7]. The 29 most abundant identified 

parasite miRNAs were included in miRNA target prediction analyses. 
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miRNA target prediction to mouse 3’ UTRs and their orthologs was performed using the 

TargetScan software package v. 7 (http://www.targetscan.org), implemented as a standalone 

workflow under iPortal [8] and openBIS [9], using default parameters [10] as previously described 

[11]. All predicted genes with a weighted context ++ score ≤ −1.8 and targeted at least twice were 

used in further analyses, a more stringent threshold adapted from described protocols [11,12]. Kyoto 

Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed using 

ExpressAnalyst (https://www.expressanalyst.ca) [13] and results were plotted using the 

visualization packages ggplot2 and UpSetR in R. KEGG pathways with enrichment FDRs < 0.05 

were considered to be significantly enriched. FDR was calculated based on nominal P-value from 

the hypergeometric test. 

2.3 Experimental infection 

Our study comprised two experimental groups, 6 non-infected and 6 mice infected with S. 

mansoni 7 weeks P.I.; Peyer’s patches were assayed for each experimental group. 

Biomphalaria glabrata snails infected with S. mansoni Puerto Rican strain PR1 were 

maintained at the Institute of Parasitology of McGill University. 40-day-old female CD1 mice 

were infected via tail exposure to approximately 150 cercariae and housed in the animal facility at 

the Small Animal Research Unit of McGill University as per McGill University Animal Care 

Committee Permit # 2019-8138. Seven weeks P.I., mice were euthanized by CO2 asphyxiation 

followed by cervical dislocation and adult S. mansoni worms flushed by cardiac perfusion and 

counted. Peyer’s patches were harvested from each mouse and immediately placed in TRIzol™ 

(ThermoFisher Scientific 15596026, Burlington, ON, Canada). Control age-matched female CD1 

mice were mock perfused prior to tissue harvesting. Tissue samples were stored at – 80°C until 

processed. 

2.4 RNA isolation, cDNA library preparation and transcriptome sequencing 

Tissue samples were thawed on ice and homogenized using a PowerGen 125 homogenizer 

(Fisher Scientific FS-PG125) equipped with Omni International PowerGen Omni Tip™ Plastic 

Homogenizing Probes (Fischer Scientific 15-340-146). Total RNA from all tissue samples was 

isolated using the phenol/chloroform extraction protocol provided by the TRIzol reagent 
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manufacturer. Total RNA (six samples/experimental group) was sent to the Génome Québec 

Innovation Centre, Canada for cDNA library preparation and subsequent sequencing in the 

Illumina NovaSeq 6000 sequencing system using S4 PE100. 

2.5 Counting reads and analysis of differential gene expression 

Sequence quality was checked with FASTQC (version 0.11.3) and adapter specific 

sequences were removed with Trim Galore (version 0.6.5) 

(https://www.bioinformatics.babraham.ac.uk/projects/). The genome sequence and gene 

annotation information of Mus musculus (Mus_musculus.GRCm39.104) were obtained from 

ENSEMBL (https://www.ensembl.org/). Reads were aligned to the M. musculus genome with 

HISAT2 (version 2.1.0) [14] and sorted alignment files were generated by SAMtools (version 1.7) 

[15]  Raw read counts were obtained using HTSeq (version 0.9.1) [16] where the intersection-strict 

mode was applied.  

The raw read counts were uploaded to ExpressAnalyst (https://www.expressanalyst.ca), a 

web-based tool for comprehensive gene expression profiling, for downstream analysis [13]. Low 

variance (15%) and low abundance counts (<4) were filtered, and the data was normalized by 

Trimmed Mean of M-values. Sample distribution was demonstrated by principal component 

analysis. The edgeR method [17] was used  to identify differentially expressed genes between the 

infected and non-infected groups (adjusted P value <0.05 and log2 fold change >1). Further 

analyses including Volcano plot and gene enrichment were performed using the same tool.  

3. Results 

3.1 Predicted targets in murine host genome 

miRNAs previously found in adult S. mansoni-derived EVs [2] were used to predict targets 

in the host genome. A total of 5,434 M. musculus genes were predicted to be targeted by S. mansoni 

EV-associated miRNAs (Table S1) and were used for downstream Gene ontology and KEGG 

enrichment analyses using ExpressAnalyst [13], which revealed many (>80) significantly 

overrepresented pathways (FDR < 0.05). Notable overlap was observed between these KEGG 

terms and those obtained by Duguet et al. from miRNA target predictions on seven different 
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helminth-host associations (Ascaris suum/Sus scrofa, Haemonchus contortus/Ovis aries, Trichuris 

muris/M. musculus, Heligmosomoides polygyrus/M. musculus, Caenorhabditis elegans/M. 

musculus, C. elegans/S. scrofa, C. elegans/O. aries) (Fig 1) [11]. Twenty-five terms were shared 

by all eight associations, including signaling pathways regulating pluripotency of stem cells, T cell 

receptor signaling pathway, focal adhesion, and MAPK, Wnt, mTOR, Ras, Rap1, FoxO, and ErbB 

signaling pathways. The full list is available in Table S2. In addition, the PI3K-Akt signaling 

pathway, T helper (Th) 1 and Th2 cell differentiation and Th17 cell differentiation, and GnRH 

signaling pathway were all predicted to be targeted in the mouse by S. mansoni miRNAs (Fig 2). 

Other overrepresented pathways include signaling pathways regulating pluripotency of stem cells, 

tight junction, adherens junction, focal adhesion and inflammatory mediator regulation of TRP 

channels. The comprehensive list of overrepresented pathways predicted to be targeted by S. 

mansoni miRNAs and their statistical significance is available in Table S3.  

Figure 1: Predicted host biological pathways targeted by helminth miRNAs across helminth-host 
associations. This plot was generated with all significantly overrepresented pathways (adj. p < 
0.05) across 8 helminth-host associations. The intersection size represents the number of unique 
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KEGG terms shared between the different association datasets; connected dots illustrate the 
distribution of predicted terms across datasets. 

 

 
Figure 2. miRNA target predictions KEGG analysis. Selection of significantly enriched host 
pathways. N. of Genes = number of predicted genes.  Gene ratio is the percentage of total predicted 
genes in the given KEGG term. Enrichment false discovery rate (FDR) is calculated based on 
nominal P-value from the hypergeometric test. 

 

3.2 Experimental infection and transcriptomic changes  

 

Six infected mice and 6 age-matched control mice were euthanized at 7 weeks P.I. Between 

30 and 64 worms were recovered from infected mice, with a mean of 47 (SD = 12.5) (Fig 3A). 

RNAseq analysis of each sample provided around 45 million reads, and approximately 95% of 

these reads were mapped to the mouse genome. Principal component analysis (PCA) showed a 

marked distinction between infected and control animals (Fig 3B). The three mice with the highest 

worm burden also displayed the highest level of separation, though more replicates would be 
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required to confirm this correlation. Analyses revealed a total of 1,361 differentially expressed 

genes (DEGs), with 915 upregulated genes and 446 genes displaying downregulated expression 

compared to control mice; log fold-change (LogFC) values ranged from -4.98 for cytochrome 

P450, family 2, subfamily f, polypeptide 2 gene (Cyp2f2) to 10.67 for chitinase-like 3 gene (chil3). 

Of the 446 downregulated genes, 119 were predicted miRNA targets, whilst 193 of the 915 

upregulated transcripts were predicted to interact with parasite miRNAs. LogFC values were 

plotted against their adjusted P values (adjP) and represented in a volcano plot (Fig. 3C). The 

comprehensive list of all DEGs and their statistical significance is available in Table S4.  

 

 

Figure 3: Differential Expression analysis of Peyer’s patches from mice infected with S. 
mansoni 7 weeks P.I. vs. non-infected control mice. (A) Number of adult worm pairs recovered 
post-euthanasia at 7 weeks P.I.. (B) Principal Component Analysis (PCA). Principal components 
were calculated and the first two ranked by ratio of explained variance are shown (PC1 and 
PC2).  (C) Volcano plot showing differential gene expression where log2 fold change in gene 
expression is plotted on the X-axis and −log10 adjusted P value is plotted on the Y-axis. 
Significantly downregulated genes are represented in blue (adjP < 0.05 and log2 fold change > -
1.5), and significantly upregulated genes are represented in red (adjP < 0.05 and log2 fold 
change > 1.5). 
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3.3 Gene ontology (GO) and KEGG pathway analysis 

Interrogation of the KEGG and GO databases with significant DEGs used the Express 

Analyst tools and revealed several overrepresented terms. Figure 4 shows networks of significantly 

enriched KEGG terms of DEGs processed by overrepresentation analysis (ORA). Many of these 

terms are associated with metabolism and the immune system. Top significantly overrepresented 

molecular functions, biological process, and cellular component terms (GO; AdjP < 0.5) are 

represented in Figures 5A, 5B, and 5C, respectively. Full lists are available in Table S5. 

Figure 4: KEGG enrichment network of significantly differentially expressed genes. Significantly 
differentially expressed genes were subjected to overrepresentation analysis (ORA). The nodes are 
coloured according to p-value.  
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 Figure 5. Gene ontology (GO) analysis of differentially expressed genes in Peyer’s patches of S. 
mansoni-infected mice. Density ridgeline plot of fold-change distribution of enriched pathways. 
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The top overrepresented (A) molecular function, (B) biological process, and (C) cellular 
components GO terms identified are shown. 

 

4. Discussion 

The continuing high prevalence of schistosomiasis underscores the current challenges in 

parasite control and infection prevention and calls for new control approaches. An improved 

understanding of the disease and the molecular interactions between the host and the parasite that 

enable infection will provide new opportunities for the development of such innovations. This 

study delves into the role of S. mansoni EV-associated miRNAs in the regulation of host gene 

expression in vivo and investigates transcriptomic changes occurring within gastrointestinal lymph 

nodes of infected mice, providing a wealth of data and valuable information on immunological 

and other physiological changes occurring in response to infection. 

There is accumulating evidence of host modulation by parasitic helminth miRNAs [18-23]. 

Our target predictions for the 29 most abundant adult EV-associated miRNAs yielded potential 

interactions with 5,434 M. musculus transcripts, the large number of predicted targets attributable 

in part to the pleiotropic properties of miRNAs. KEGG pathway analysis revealed over 80 

overrepresented pathways, most of which were common to one or more of the seven helminth-

host associations explored by Duguet et al. (2020)[11], with 25 pathways being shared by all eight 

associations. These include several immune-relevant pathways, many of which, as pointed out by 

Duguet et al. (2020), relate to various facets of T cell development, activation, and differentiation. 

Pathways such as T cell receptor signaling, Th1 and Th2 cell differentiation, and Th17 cell 

differentiation, but also PI3K-Akt signaling (key to T cell development) [24] and MAPK, which is 

central in the regulation of T-cell activation and differentiation [25], were prominent. Likewise, the 

Ras signaling pathway is crucial for T cell development, differentiation, and proliferation [26]. 

These predictions are interesting as Th cells internalise S. mansoni EVs in vitro [6].  

Meningher et al. (2019) reported the presence of Sma-miR-10 and Sma-miR-Bantam in Th 

cells isolated from Peyer’s patches of infected mice, suggesting the possibility of miRNA-

mediated regulation of host gene expression in those cells by the parasite. Therefore, in the present 
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study, we investigated transcriptional changes in Peyer’s patches associated with infection with 

mature egg-laying schistosomes.  

Our analysis revealed 1,361 DEGs, of which 915 were upregulated and 446 downregulated. 

Schistosomes are well known for their remarkable ability to modulate the host immune response, 

shaping it into an environment favourable for the establishment of a chronic infection, and 

contributing to their considerable longevity in the human host. Early infection, starting with 

cercarial penetration, is characterised by a dominant Th1 response, which steers towards a Th2 

response at the onset of egg production (~ 5 weeks P.I. in mice), peaking at ~ 8 weeks P.I. and 

steadily declining to give rise to a regulatory phenotype (Treg) [27-30]. A Th17-type immune 

response has also been reported to participate in the response to schistosomes and appears to be a 

driver of severe pathology in both humans and in the mouse infection model [31,32].  

In this study, samples were collected during the dominant Th2 phase (7 weeks P.I.), which 

was reflected in our results. Transcripts for various Th2-associated cytokines, including IL-4, 5, 

13 and 25 (IL-17E) were upregulated in infected mice. We found chitinase-like 3 (chil3, which 

encodes Ym1 in mice) to be the most upregulated transcript in infected mice, with a Log2(FC) of 

>10. This finding is consistent with previous reports of increased expression of chitinase 3-like 

protein (YKL-40 in humans) in patients infected with S. haematobium  [33] and S. japonicum, with 

serum levels correlating with the stage of hepatic fibrosis in S. japonicum [34]. Ym1 is secreted by 

Th2-activated antigen-presenting cells (APCs), mainly alternatively activated macrophages 

(AAMs, also known as M2), and neutrophils [35-38].  The Th2 response is characterised by AAMs, 

which result from activation with Th2 cytokines and display a highly characteristic expression 

profile; Chil3 is one of the most highly expressed genes in AAMs in mice. Other markers of AAMs 

include resistin-like alpha (Retnla; also RELMa or FIZZ1) and arginase 1 (Arg1), both of which 

also had increased expression with Log2(FC) = 8.10 and 5.10, respectively. Independently of 

infection, RELMa, Arg1, and Ym1 are also associated with tissue injury as they play crucial roles 

in tissue repair and remodeling and fibrosis [36,39]. This is consistent with tissue injury caused by 

eggs trapped in host tissue, or as they migrate through the Peyer’s patches lymphoid tissues to 

reach the gut lumen [40].  In addition, transcript levels for chitinase-like 4 (chil4; encodes Ym2), 

resistin-like gamma (RELMg or Retnlg), resistin-like beta (RELMb or Retnlb) and intelectin 1 

(itln1) were also upregulated in infected mice. These molecules, expressed by intestinal epithelial 
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cells and induced by Th2 cytokines, [36] further reflect the establishment of a polarised type 2 

immune environment. Expression of Ym1 and 2, RELMa, Arg1, RELMg, and Itln1 is regulated 

by Th2 cytokines and high levels of these proteins are characteristic of many helminth infections 

[35,36,41]. Ym1 and Ym2 are highly homologous (~95%) secreted chitinase-like proteins (CLPs) 

and their secretion by AAMs and endothelial cells is strongly induced by Th2 stimuli. Though 

enzymatically inactive, CLPs bind chitin and are believed to regulate several aspects of helminth 

infection [35,42], allergy [43], wound healing [44,45], and cancer [46]. Originally described as an 

eosinophil chemokine, the chemotactic properties of Ym1 are debated and the extent of its function 

remains unclear [36,37,43,47,48]. Besides chitin, CLPs bind other sugars [37]. In addition, several 

other binding partners have been identified for Ym1 and 2, such as 12/15-lipoxygenase (12/15-

LOX; encoded by LOX15) [49], and Interleukin-13 receptor subunit alpha-2 (IL-13Rα2) [50], both 

of which were upregulated in infected mice. 12/15-LOX is in the lipoxygenase family and is 

involved in the metabolism of fatty acids by catalysing the oxidation of polyunsaturated fatty acids 

into hydroperoxides, generating bioactive metabolites. Important roles in oxidative and 

inflammatory responses have been described for 12/15-LOX, which has a variety of substrates, 

including arachidonic acid (AA), linoleic acid (LA), and alpha-linoleic acid (ALA) [51]. AA, LA, 

and ALA metabolism were all overrepresented pathways in our KEGG analysis of DEGs. Studying 

these interactions could help unveil the role of CLPs in helminth infections. 

Likewise, many metabolic pathways were altered in infected mice. This might be 

attributable in some degree to the entrapment of eggs in host tissues such as liver and intestine, 

and the subsequent inflammatory granulomatous reaction directed against the eggs, which results 

in significant tissue injury. Consequently, the host may suffer reductions in fitness and metabolic 

alterations [52], which may, at least partly, explain the metabolic changes we observed in Peyer’s 

patches. Many genes associated with retinol metabolism were also downregulated, which is 

consistent with previous reports of vitamin A deficiency in patients infected with S. mansoni [53-

55]. 

In particular, many DEGs were associated with AA metabolism. We note the upregulation 

of transcripts of enzymes in the phospholipase A2 (PLA2) family. AA is normally found as part 

of the plasma membrane. Following stimuli such as inflammatory reactions, PLA2 enzymes 

catalyse the hydrolysis of membrane glycerophospholipids, releasing AA, which is then converted 
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into bioactive metabolites promoting inflammatory cascades via the action of various downstream 

enzymes [56]. Amongst important pathways for AA metabolism are the lipoxygenase (LOX) and 

the cytochrome P450 (CYP450) pathways. Several transcripts of enzymes belonging to the LOX 

pathway, which is responsible for the conversion of AA into leukotrienes and lipoxins, were 

upregulated in infected mice. These are likely part of the host response to infection. Leukotrienes 

play crucial roles in innate and adaptive immune responses and can enhance the schistosome 

killing abilities of neutrophils and eosinophils in a complement-dependent manner, and lipoxins 

have anti-inflammatory properties and play roles in the transition from the M1 to the M2 phenotype 

[57,58]. On the other hand, we observed the downregulation of many transcripts from the CYP450 

pathway, which is involved in the metabolism of AA into hydroxyeicosatetraenoic acids and 

epoxyeicosatrienoic acids. 

 An interesting possibility is that some of the observed metabolic changes are due to the 

immune status of the host. Different immune phenotypes are characterised by different metabolic 

profiles. For instance, fast-acting pro-inflammatory classically activated macrophages (CAMs) are 

reliant on glycolysis, whereas long-lived AAMs favour fatty acid oxidation and oxidative glucose 

metabolism [59]. These effects, however, are not limited to immune cells and impact metabolism 

systemically. Studies have highlighted this causality in obesity-associated inflammation and 

insulin-resistance and type 2 diabetes [59-61]. Alternatively, type 2 cytokines are associated with 

insulin sensitivity and can induce important systemic metabolic alterations [39,59]. Similarly, 

helminth infections are often accompanied by metabolic alterations and, although some of these 

changes are immunologically driven, some may be better explained by tissue injury, nutritional 

deficiency, or other factors such as changes in the gut microbiota [39,62,63].  

Consistent with previous reports of mastocytosis, several mast cell (MC) markers were 

highly upregulated in infected mice. Helminth infections are typically characterised by an increase 

in MC populations [64]. Specifically, intestinal schistosomiasis is associated with prolonged 

recruitment of MCs in the hepatic and intestinal regions [65]. MCs are believed to contribute to the 

anti-parasitic response by degranulation, whereby Th2 cytokines induce B-cell secretion of 

helminth-specific IgE antibodies which bind to the FcεRI receptor on the surface of MCs. Parasite 

antigens then bind IgE antibodies, cross-linking Fc receptors and causing the release of MC 

granule proteases, cytokines, and growth factors which participate in the modulation and 
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polarization of the innate and adaptive immune response [64-66]. Though MCs have been linked to 

parasite clearance in some helminth infections, particularly intestinal nematodes [67], MC 

accumulation in schistosomiasis has been reported to correlate with susceptibility to infection, but 

their role remains unclear [66,68-70]. 

Interestingly, many genes associated with taste transduction and signaling were 

differentially expressed. Several studies have reported the expression of taste signaling elements 

in cells from nongustatory tissues [71-74]. Nongustatory cells expressing G protein-coupled taste 

receptors and/or their downstream signaling elements have been termed solitary chemosensory 

cells (SCCs) and have been found in the airway, urethra, trachea, and gingival epithelium [72,74-

76]. Taste signaling molecules are also expressed in intestinal tuft cells and some populations of 

immune cells [71,77-83]. It is likely that some intestinal epithelial cells, including tuft cells, were 

collected along with lymphatic tissue during the tissue harvest procedure. Tuft cells play important 

roles in the establishment of type 2 immunity [84] and have been implicated in the immune response 

to parasite infection, from detection of parasitic worms to the initiation of a type 2 response 

[77,78,85]. Tuft cells act as sentinels of gastrointestinal nematode infection; detection of parasites 

leads to their production of IL-25, which induces proliferation of tissue-resident group 2 innate 

lymphoid cells (ILC2s; important producers of type 2 cytokines) and cytokine production [78,85]. 

Thus, tuft cell activation of ILC2s is a key driver of Th2 cell polarisation and worm expulsion in 

the context of gastrointestinal helminth infection [78,85]. The role of tuft cells during intestinal 

schistosomiasis is unknown, but it would be worthwhile to study their interaction with schistosome 

eggs, as it is possible that they contribute to egg excretion. 

Of the 446 downregulated transcripts, 119 (~27%) were predicted targets of S. mansoni 

EV-associated miRNAs. Conversely, 193 of the 915 upregulated transcripts (21%) were predicted 

to be targeted by these miRNAs. If, instead, we perform the analysis following previously 

described target prediction threshold (weighted context ++ score ≤ −1.0) [11], 236 of the 

downregulated genes (53%) and 398 of the upregulated genes (44%) are identified as predicted 

miRNA targets. This illustrates the difficulty of accurately generating miRNA target predictions 

based on algorithms which yield many false positives and false negatives due to inherent biases in 

nucleotide composition, length, and conservation in the 3’ UTR of genes [86]. Computational target 

predictions thus require experimental validation. Many unknowns limit the reliability of 
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predictions, as we strive to understand mechanisms for cargo selection and packaging of miRNAs 

into EVs, and the conditions required for their integration into a functional pathway once inside 

the target cell [86]. Predicting miRNA-mRNA interactions is thus challenging, especially in an in 

vivo setting, where additional factors influence these interactions, such as proximity to recipient 

cells, EV clearance rate, and interaction specificity between the various host cells targeted by EV 

subpopulations (i.e., different EV subpopulations may interact with different target cells).  

Our study represents a snapshot in time of intestinal immune tissue at 7-weeks P.I. with the 

mesenteric helminth parasite S. mansoni and provides valuable information to further our 

understanding of the disease. Priorities for future research include analysis of transcriptomic 

changes in other tissues of relevance for schistosome-host interactions and analysis of these 

changes over time as the immune response to the parasite develops and matures. 
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Supplementary material 
 
Table S1. miRNA target predictions (additional file). 
 
Table S2. Predicted host biological KEGG pathways targeted by helminth miRNAs across 
helminth-host associations. 

Term Sma_
Mmu 

Asu_
Ssc 

Hco_
Oar 

Hpo_
Mmu 

Tmu_
Mmu 

Cel_
Mmu 

Cel_
Oar 

Cel_
Ssc 

Pathways in cancer x x x x x x x x 
Axon guidance x x x x x x x x 
MAPK signaling pathway x x x x x x x x 
Calcium signaling pathway x x x x x x x x 
Proteoglycans in cancer x x x x x x x x 
Signaling pathways regulating 
pluripotency of stem cells x x x x x x x x 

Ras signaling pathway x x x x x x x x 
Wnt signaling pathway x x x x x x x x 
MTOR signaling pathway x x x x x x x x 
Hippo signaling pathway x x x x x x x x 
Rap1 signaling pathway x x x x x x x x 
Insulin signaling pathway x x x x x x x x 
FoxO signaling pathway x x x x x x x x 
Focal adhesion x x x x x x x x 
Autophagy x x x x x x x x 
Adrenergic signaling in 
cardiomyocytes x x x x x x x x 

ErbB signaling pathway x x x x x x x x 
Thyroid hormone signaling 
pathway x x x x x x x x 

T cell receptor signaling pathway x x x x x x x x 
Chronic myeloid leukemia x x x x x x x x 
Gastric cancer  x x x x x x x 
Cushing syndrome  x x x x x x x 
Melanogenesis  x x x x x x x 
Breast cancer x x x x x x x x 
Hepatocellular carcinoma  x x x x x x x 
Prostate cancer x x x x x x x x 
Pancreatic cancer x x x x x x x x 
Glioma x x x x x x x x 
Choline metabolism in cancer x x x x x x x x 
Neurotrophin signaling pathway x x x x  x x x 
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Sphingolipid signaling pathway x  x x x x x x 
Regulation of actin cytoskeleton x  x x x x x x 
AMPK signaling pathway x x x x x  x x 
CAMP signaling pathway x x x x x  x x 
GnRH signaling pathway x    x x x  

Adherens junction x x x x x  x x 
Melanoma x x x  x x x x 
Colorectal cancer x x x  x x x x 
Cholinergic synapse  x x  x  x x 
Phosphatidylinositol signaling 
system x   x x x x x 

Insulin resistance x x x  x  x x 
Glutamatergic synapse x x x x   x x 
Phospholipase D signaling 
pathway x   x x x x x 

Prolactin signaling pathway x x x  x  x x 
Tight junction x x x x   x x 
Longevity regulating pathway x x x  x  x x 
PI3K-Akt signaling pathway x x x    x x 
GABAergic synapse x x x    x x 
Long-term potentiation x x x    x  

Non-small cell lung cancer x  x  x  x x 
Small cell lung cancer x x   x  x x 
Glycosaminoglycan biosynthesis x   x x  x x 
Regulation of lipolysis in 
adipocytes x x x    x x 

Endocytosis x     x x x 
Dopaminergic synapse x x x    x  

Morphine addiction x x x    x  

Inositol phosphate metabolism x   x   x x 
Notch signaling pathway  x  x   x  

Th1 and Th2 cell differentiation x   x   x  

Th17 cell differentiation x x      x 
Peroxisome x   x x    

Retrograde endocannabinoid 
signaling 

  x    x  

Aldosterone-regulated sodium 
reabsorption x      x x 

P53 signaling pathway x x      x 
Serotonergic synapse x       x 
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RIG-I-like receptor signaling 
pathway x x       

Metabolic pathways         

MicroRNAs in cancer         

EGFR tyrosine kinase inhibitor 
resistance x        

Inflammatory mediator regulation 
of TRP channels x        

Endocrine resistance x        

Nicotine addiction x        

Bile secretion         

Hepatitis B x x x    x x 
Toxoplasmosis x x  x  x x x 
Chagas disease x x x  x x x x 
Basal cell carcinoma x   x x x x x 
Human papillomavirus infection   x  x x x  

Hepatitis C   x      

Endocrine and other factor-
regulated calcium reabsorption 

      x  

Measles x        

Pentose and glucuronate 
interconversions x        

Porphyrin and chlorophyll 
metabolism x        

Human cytomegalovirus infection         

Ascorbate and aldarate 
metabolism x        

Oxytocin signaling pathway  x x x x x x x 
Parathyroid hormone synthesis, 
secretion and action 

 x x x x x x x 

AGE-RAGE signaling pathway in 
diabetic complications 

 x x x   x x 

Arrhythmogenic right ventricular 
cardiomyopathy 

 x   x x x x 

Dilated cardiomyopathy  x   x x x x 
Endometrial cancer x  x  x x x x 
CGMP-PKG signaling pathway  x x    x x 
Ubiquitin mediated proteolysis    x x  x x 
Relaxin signaling pathway  x x    x x 
Long-term depression  x   x  x x 
Renin secretion  x x    x  

Cell cycle    x x  x x 
Insulin secretion  x x    x x 
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Renal cell carcinoma   x  x  x x 
C-type lectin receptor signaling 
pathway 

   x  x x  

Platelet activation   x    x x 
Protein processing in endoplasmic 
reticulum 

  x x    x 

Apelin signaling pathway   x    x x 
Hypertrophic cardiomyopathy     x x  x 
ECM-receptor interaction     x  x x 
TNF signaling pathway     x   x 
Oocyte meiosis   x    x  

TGF-beta signaling pathway    x x    

HIF-1 signaling pathway   x    x  

B cell receptor signaling pathway   x    x  

Gap junction       x x 
Circadian entrainment   x    x  

Central carbon metabolism in 
cancer 

  x    x  

Fluid shear stress and 
atherosclerosis 

  x    x  

Inflammatory bowel disease       x x 
Gastric acid secretion       x x 
Fc epsilon RI signaling pathway   x    x  

SNARE interactions in vesicular 
transport 

   x    x 

Estrogen signaling pathway   x    x  

Type II diabetes mellitus   x    x  

Cellular senescence       x  

Mitophagy    x     

Chemokine signaling pathway      x   

Progesterone-mediated oocyte 
maturation 

  x      

Aldosterone synthesis and 
secretion 

      x  

Hedgehog signaling pathway       x  

Fc gamma R-mediated 
phagocytosis 

      x  

Glyoxylate and dicarboxylate 
metabolism 

   x     

MRNA surveillance pathway       x  

JAK-STAT signaling pathway   x      

Amphetamine addiction       x  

Mucin type O-glycan biosynthesis  x       
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Table S3. Overrepresented pathways predicted to be targeted by S. mansoni miRNAs (additional 
file). 
 
Table S4. List of DEGs in Peyer's patches (additional file). 
 
Table S5. GO and KEGG pathway analysis of DEGs (additional file). 
  

Transcriptional misregulation in 
cancer x x x    x x 

Salivary secretion  x     x x 
Leukocyte transendothelial 
migration 

 x     x  

Acute myeloid leukemia       x  

Bacterial invasion of epithelial 
cells 

  x x x x x  

Thyroid cancer   x    x  

Circadian rhythm   x x  x x  

One carbon pool by folate    x     

Synaptic vesicle cycle     x  x  

Steroid biosynthesis     x    

Pertussis      x   

Proximal tubule bicarbonate 
reclamation 

      x  

Pancreatic secretion       x  

Thyroid hormone synthesis       x  

Carbohydrate digestion and 
absorption 

      x  

Ferroptosis       x  

Amyotrophic lateral sclerosis x      x  
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Chapter VI. General Discussion and conclusion 
 
 

Schistosomiasis is a debilitating parasitic disease caused by infection with platyhelminths 

of the genus Schistosoma. Based on estimates from 2017, schistosomes are responsible for over 

140 million human infections and over 1,000 YLDs worldwide [1]. Schistosome infections lead to 

chronic morbidities which are associated with chronic inflammation, anemia, nutritional 

deficiencies, impaired child growth and development, and cause severe pathologies of the liver 

and bladder [2,3]. Schistosomiasis is a disease of poverty, affecting mainly rural communities, 

particularly in Sub-Saharan Africa, where most of the cases are detected [4]. No vaccine is available 

against schistosomiasis and chemotherapy relies almost exclusively on the efficacy of a single 

drug, PZQ. Growing concerns about pockets of sub-optimal drug efficacy and the prospect of 

resistance emphasises the urgent need for the development of novel therapies [5-9]. A better 

understanding of the molecular dialogue employed by the parasites to manipulate the host could 

lead to the identification of therapeutic targets for the control of schistosomiasis. In this regard, 

the secretome of the parasite is of particular interest, as ESPs are instrumental for host-parasite 

interactions and represent promising targets for diagnostic and vaccine antigen discovery. In 

particular, helminth EVs have been receiving increasing attention for their potential as host 

modulators. EVs contain a variety of macromolecules and thus can affect recipient cells via various 

mechanisms, such as by initiating intracellular signalling cascades through ligand-receptor 

interactions by direct contact between an EV and a cell, by direct fusion with the plasma membrane 

of a target cell, releasing their cargo into the cytoplasm, or by endocytosis. The functions of EVs 

are highly dependent on their molecular composition, and a better characterisation of S. mansoni 

EV content will help decipher their biological roles. The cargo of schistosome EVs has been 

partially characterised in different life stages [10-14], revealing an enrichment of putative effectors 

such as proteins and microRNAs (miRNAs). There is growing appreciation for the importance of 

EV surface carbohydrates, as evidence suggests they are key to cellular interaction and uptake. A 

better portrait of EV surface glycans could thus help unveil mechanisms by which host recipient 

cells interact with and take up schistosome EVs [15-19]. Despite these findings, very little is known 

about helminth EV glycomics, let alone schistosome EVs.  
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Using lectin microarrays (manuscript I), we observed that several lectins with varying 

binding specificities displayed affinity for EVs secreted by adult S. mansoni in culture, indicating 

the presence of a variety of glycan motifs. Unexpectedly, SNA-I, a lectin which binds terminal 

sialic acid, was amongst the lectins with the highest measured binding intensity, suggesting the 

presence of glycoconjugates with terminal sialic acid on the surface of adult S. mansoni EVs. This 

finding was unexpected, given the current dogma that helminths are unable to synthesis sialic acid, 

due to the apparent lack of orthologues of enzymes required for its synthesis in helminth genomes 

[20,21]. We thus conducted additional tests to confirm its presence, combining the use of a broad-

spectrum neuraminidase with lectin binding and detection of free sialic acid. Treatment of EVs 

with neuraminidase consistently abolished SNA-I binding and lead to detectable levels of free 

sialic acid in the sample supernatant.  

 

We then sought to determine whether sialic acid found in our EV samples was 

endogenously or exogenously sourced (host or EV-depleted FBS; manuscript II). Sialylated 

molecules were extracted via lectin pulldown and analysed by mass spectrometry, identifying them 

as bovine serum proteins. The presence of bovine serum sialoglycoproteins despite the depletion 

of EVs from FBS prior to its use and the density-based EV isolation protocol used could mean that 

host serum glycoproteins are in fact associated with S. mansoni EVs. This finding is potentially 

highly significant, given the numerous roles in cell adhesion and immune regulation which have 

been described for sialic acid [22,23], and that in vivo, adult worms inhabit host venules and are 

thus bathed in host blood proteins. Notably, sialic acids can mask antigenic sites, prevent 

complement activation, and are believed to serve as self-markers, aiding in the discrimination 

between self and non-self in order to prevent autoimmune activity [22,24,25]. We hypothesise that 

adult S. mansoni EVs are coated with host glycoproteins which may shield them, preventing their 

removal, and aid in their internalisation by recipient cells. To investigate our hypothesis that host 

sialoglycoproteins contribute to antigen masking, we compared the antigenic profiles of S. 

mansoni EV proteins and that of EV-associated sialylated proteins and, under our experimental 

conditions, it appears that sialylated bovine serum proteins induce limited or no antibody 

production. These results are consistent with roles in immune evasion and might represent a novel 

mechanism by which schistosomes evade and/or modulate their host’s immune response. Several 
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infectious agents, ranging from viruses to protozoa, utilise sialic acid to coat themselves, aiding in 

evasion of the host immune response and the ability to interact with and invade host cells [26,27]. 

Some are capable of de novo synthesis, while others rely on exogenous sources, e.g., their host 

[24,28]. Trypanosoma cruzi is a well-documented example of trans-sialylation, whereby trans-

sialidase enzymes encoded by the parasite allow the cleavage and transfer of host terminal sialic 

acids onto their own glycoconjugates, shielding the parasite from immune recognition and 

contributing to  adhesion to and invasion of host cells [27,29-32]. Although it will be important to 

validate these findings with additional experimental approaches, our work provides the first 

indication of the use of sialic acid by parasitic helminths, and describes new ways by which 

pathogens might utilise sialic acid as part of their infection strategy. This represents yet another 

example of exploitation of host molecules by parasites and offers critical insights into parasite 

biology as well as a potential new avenue for the development of therapeutics. 	 

Despite multiple reports of EV secretion in schistosomes, their mechanism of biogenesis 

and origin(s) of secretion have yet to be determined. A better understanding of how EVs are 

released will help identifying ways to disrupt their secretion, which will likely impede the 

parasite’s ability to modulate the host and thus establish successful infections. To investigate the 

route(s) of EV secretion in adult S. mansoni, we selected three lectins with high binding affinity 

for our EVs (SNA-I, DSA, and RCA-I) and carried out whole worm lectin histochemistry 

(manuscript I). These lectins localised primarily in sub-tegumental cell bodies, as confirmed by 

FISH-lectin co-labelling. In addition, DSA also accumulated in the gut and RCA-I localised in 

esophageal glands and the excretory tubules and excretory pore. Together, these observations 

suggest that the tegument as well as the digestive and protonephridial systems may participate in 

the release of EVs. These results are consistent with previous reports implicating gastrodermal 

epithelial cells and the tegument in the release of EVs by the related trematode F. hepatica [15,33]. 

Although more work is needed to reach more specific conclusions, our findings provide new 

insights regarding vesicle-based secretion in schistosomes.  

Another major component of EVs are miRNAs, which are positioned as key effectors of 

EV function given their ability to regulate gene expression. Through complementary base-pairing, 

EV-associated miRNAs can interact with specific mRNA transcripts in the recipient cell, reducing 

mRNA stability and leading to downregulation of protein expression. We have previously 
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identified a number of miRNAs as part of the cargo of S. mansoni EVs (manuscript IV) [12]. 

Using computational miRNA target prediction tools, we sought to identify mouse mRNAs which 

could be targeted by the most abundant adult S. mansoni EV-associated miRNAs (manuscript 

III). This search yielded many potential targets and KEGG analysis returned several 

overrepresented pathways, many of which were common to other helminth-host associations [34]. 

Meningher et al reported the presence of schistosome miRNAs in Th cells isolated from gut-

associated lymph nodes (Peyer’s patches and mesenteric lymph nodes) of infected mice. The same 

group also observed downregulation of specific transcript levels in Th cells following incubation 

with live S. mansoni worms using a trans-well system in vitro [35]. However, the question of 

whether parasite-derived miRNAs actively regulate host gene expression in vivo remains 

unresolved. To address this question, we sequenced the transcriptome of Peyer’s Patches harvested 

from mice 7 weeks post-infection with S. mansoni and identified over 1,300 DEGs with 915 

upregulated and 446 downregulated transcripts. Of the downregulated genes, 119 were predicted 

targets of S. mansoni miRNAs, compared to 193 for the 915 upregulated transcripts. It is important 

to consider that the EV population is likely heterogeneous, not only in size and cargo, as previously 

suggested [36], but also in destination and functions. Therefore, it is possible that not all of the 

miRNAs used in our target prediction analysis reach the intestinal lymphoid tissue or do so in too 

low of a concentration to result in significant changes in gene expression. Computational target 

predictions also bring challenges, as the multiple prediction algorithms available rely on distinct 

analytical methods and often offer varying results. Furthermore, the lack of real consensus on value 

thresholds can greatly impact predictions as we have seen when utilising previously reported 

thresholds [34,37], which led to 10,376 predicted targets vs 5,434 under our conditions. Accurately 

predicting miRNA-mRNA interactions is thus challenging, especially in an in vivo setting, where 

additional factors influence these interactions (e.g., EV clearance rate, proximity to recipient cells, 

etc.). Nevertheless, it is plausible that the differential expression of some of the DEGs are the result 

of S. mansoni miRNA silencing. Whilst downregulation of predicted targets does not prove in vivo 

interactions, it does provide a set of hypotheses for future testing, and experimental verification of 

these molecular interactions could provide new insights into host-parasite interactions. 

Importantly, our transcriptomic data allow us to glance into the biology of S. mansoni infection, 

which will be useful to guide future research.  
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The results detailed herein provide novel and important insights into the biology of S. 

mansoni and its host modulation strategies, specifically related to vesicle-based secretion by adult 

worms. We provided new information about the biochemistry of adult schistosome EVs, identified 

a previously undescribed potential immune evasion mechanism, explored the source of EV release, 

and delved into the gene regulating functions of EVs in the context of infection. These findings 

offer critical bases for future research on host-schistosome interaction and the mechanisms 

employed by the parasite to evade and modulate the host. Therefore, the knowledge acquired 

throughout this thesis may lead to new avenues for the development of new therapeutics.  

 
Many questions remain: Are EVs coated with serum sialoglycoproteins passively or as an 

active and specific process? At which point do host glycoconjugates become associated with 

parasite EVs? In the trematodes S. mansoni and Fasciola hepatica, evidence points to the 

tegument, digestive and excretory systems as sources of EVs [33,38-40]. Thus, one possibility is 

that host sialoglycoconjugates are digested by the worms and incorporated into EVs before their 

release into host blood. However, lectin histochemistry of whole adult worms with SNA-I, a lectin 

which recognises structures with α2-6-linked terminal SA, strongly labelled sub-tegumental cell 

bodies of the parasite [38], suggesting uptake of SA into those cells. Consequently, it is plausible 

that schistosomes might acquire serum glycoproteins via the tegument. The schistosome tegument 

is the primary interface between the parasite and host blood and plays a crucial role in the uptake 

of nutrients from the surrounding environment [41]. Indeed, the tegument contributes to 

schistosome feeding by mediating the uptake of nutrients such as glucose [42,43], amino acids [44-

46], and other metabolites via several tegumental transport systems [41]. Though these molecules 

are significantly smaller than glycoproteins, their import through the tegument is indicative of the 

absorptive nature of the schistosome surface. However, the underlying mechanisms remain 

elusive. Could schistosomes have receptors on sub-tegumental cell surfaces that recognize sialic 

acid as a signal for endocytosis? Do EVs emanate from sub-tegumental cells? Future research 

should aim to address these outstanding questions and investigate the involvement of SA in cellular 

interaction and EV uptake. Additionally, future work should prioritise the validation of miRNA 

targets and the analysis of transcriptomic changes in other tissues of relevance for schistosome-

host interactions and analysis of these changes over time as the immune response to the parasite 

develops and matures. 



 140 

References 
 
1. James, S.L.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-

Allah, F.; Abdela, J.; Abdelalim, A. Global, regional, and national incidence, prevalence, 
and years lived with disability for 354 diseases and injuries for 195 countries and territories, 
1990–2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet 
2018, 392, 1789-1858. 

2. Gryseels, B.; Polman, K.; Clerinx, J.; Kestens, L. Human schistosomiasis. Lancet 2006, 368, 
1106-1118. 

3. Colley, D.G.; Bustinduy, A.L.; Secor, W.E.; King, C.H. Human schistosomiasis. Lancet 2014, 
383, 2253-2264, doi:10.1016/S0140-6736(13)61949-2. 

4. King, C.H.; Dickman, K.; Tisch, D.J. Reassessment of the cost of chronic helmintic infection: a 
meta-analysis of disability-related outcomes in endemic schistosomiasis. Lancet 2005, 365, 
1561-1569. 

5. Ismail, M.; Metwally, A.; Farghaly, A.; Bruce, J.; Tao, L.-F.; Bennett, J.L. Characterization of 
isolates of Schistosoma mansoni from Egyptian villagers that tolerate high doses of 
praziquantel. The American Journal of Tropical Medicine and Hygiene 1996, 55, 214-218. 

6. Gryseels, B.; Mbaye, A.; De Vlas, S.; Stelma, F.; Guisse, F.; Van Lieshout, L.; Faye, D.; Diop, 
M.; Ly, A.; Tchuem‐Tchuenté, L. Are poor responses to praziquantel for the treatment of 
Schistosoma mansoni infections in Senegal due to resistance? An overview of the evidence. 
Tropical Medicine & International Health 2001, 6, 864-873. 

7. Botros, S.; Sayed, H.; Amer, N.; El-Ghannam, M.; Bennett, J.L.; Day, T.A. Current status of 
sensitivity to praziquantel in a focus of potential drug resistance in Egypt. International 
Journal for Parasitology 2005, 35, 787-791. 

8. Melman, S.D.; Steinauer, M.L.; Cunningham, C.; Kubatko, L.S.; Mwangi, I.N.; Wynn, N.B.; 
Mutuku, M.W.; Karanja, D.M.; Colley, D.G.; Black, C.L. Reduced susceptibility to 
praziquantel among naturally occurring Kenyan isolates of Schistosoma mansoni. PLoS 
Neglected Tropical Diseases 2009, 3, e504. 

9. Doenhoff, M.; Hagan, P.; Cioli, D.; Southgate, V.; Pica-Mattoccia, L.; Botros, S.; Coles, G.; 
Tchuenté, L.T.; Mbaye, A.; Engels, D. Praziquantel: its use in control of schistosomiasis in 
sub-Saharan Africa and current research needs. Parasitology 2009, 136, 1825-1835. 

10. Zhu, L.; Liu, J.; Dao, J.; Lu, K.; Li, H.; Gu, H.; Liu, J.; Feng, X.; Cheng, G. Molecular 
characterization of S. japonicum exosome-like vesicles reveals their regulatory roles in 
parasite-host interactions. Scientific Reports 2016, 6, 1-14, doi:10.1038/srep25885. 

11. Nowacki, F.C.; Swain, M.T.; Klychnikov, O.I.; Niazi, U.; Ivens, A.; Quintana, J.F.; 
Hensbergen, P.J.; Hokke, C.H.; Buck, A.H.; Hoffmann, K.F. Protein and small non-coding 
RNA-enriched extracellular vesicles are released by the pathogenic blood fluke 
Schistosoma mansoni. Journal of Extracellular Vesicles 2015, 4, 28665, 
doi:10.3402/jev.v4.28665. 

12. Samoil, V.; Dagenais, M.; Ganapathy, V.; Aldridge, J.; Glebov, A.; Jardim, A.; Ribeiro, P. 
Vesicle-based secretion in schistosomes: analysis of protein and microRNA (miRNA) 
content of exosome-like vesicles derived from Schistosoma mansoni. Scientific Reports 
2018, 8, 1-16, doi:10.1038/s41598-018-21587-4. 

13. Sotillo, J.; Pearson, M.; Potriquet, J.; Becker, L.; Pickering, D.; Mulvenna, J.; Loukas, A. 
Extracellular vesicles secreted by Schistosoma mansoni contain protein vaccine candidates. 
International Journal for Parasitology 2016, 46, 1-5, doi:10.1016/j.ijpara.2015.09.002. 



 141 

14. Du, P.; Giri, B.R.; Liu, J.; Xia, T.; Grevelding, C.G.; Cheng, G. Proteomic and deep sequencing 
analysis of extracellular vesicles isolated from adult male and female Schistosoma 
japonicum. PLoS Neglected Tropical Diseases 2020, 14, e0008618, 
doi:10.1371/journal.pntd.0008618. 

15. de la Torre-Escudero, E.; Gerlach, J.Q.; Bennett, A.P.; Cwiklinski, K.; Jewhurst, H.L.; Huson, 
K.M.; Joshi, L.; Kilcoyne, M.; O’Neill, S.; Dalton, J.P.; et al. Surface molecules of 
extracellular vesicles secreted by the helminth pathogen Fasciola hepatica direct their 
internalisation by host cells. PLoS Neglected Tropical Diseases 2019, 13, e0007087, 
doi:10.1371/journal.pntd.0007087. 

16. Williams, C.; Pazos, R.; Royo, F.; González, E.; Roura-Ferrer, M.; Martinez, A.; Gamiz, J.; 
Reichardt, N.-C.; Falcón-Pérez, J.M. Assessing the role of surface glycans of extracellular 
vesicles on cellular uptake. Scientific Reports 2019, 9, 1-14, doi:10.1038/s41598-019-
48499-1. 

17. Williams, C.; Royo, F.; Aizpurua-Olaizola, O.; Pazos, R.; Boons, G.-J.; Reichardt, N.-C.; 
Falcon-Perez, J.M. Glycosylation of extracellular vesicles: current knowledge, tools and 
clinical perspectives. Journal of Extracellular Vesicles 2018, 7, 1442985, 
doi:10.1080/20013078.2018.1442985. 

18. Shimoda, A.; Tahara, Y.; Sawada, S.-i.; Sasaki, Y.; Akiyoshi, K. Glycan profiling analysis 
using evanescent-field fluorescence-assisted lectin array: Importance of sugar recognition 
for cellular uptake of exosomes from mesenchymal stem cells. Biochemical and 
Biophysical Research Communications 2017, 491, 701-707, 
doi:10.1016/j.bbrc.2017.07.126. 

19. Kuipers, M.E.; Nolte-‘t Hoen, E.N.; van der Ham, A.J.; Ozir-Fazalalikhan, A.; Nguyen, D.L.; 
de Korne, C.M.; Koning, R.I.; Tomes, J.J.; Hoffmann, K.F.; Smits, H.H.; et al. DC-SIGN 
mediated internalisation of glycosylated extracellular vesicles from Schistosoma mansoni 
increases activation of monocyte-derived dendritic cells. Journal of Extracellular Vesicles 
2020, 9, 1753420, doi:10.1080/20013078.2020.1753420. 

20. Hokke, C.H.; van Diepen, A. Helminth glycomics–glycan repertoires and host-parasite 
interactions. Molecular and Biochemical Parasitology 2017, 215, 47-57, 
doi:10.1016/j.molbiopara.2016.12.001. 

21. McVeigh, P.; Cwiklinski, K.; Garcia-Campos, A.; Mulcahy, G.; O’Neill, S.M.; Maule, A.G.; 
Dalton, J.P. In silico analyses of protein glycosylating genes in the helminth Fasciola 
hepatica (liver fluke) predict protein-linked glycan simplicity and reveal temporally-
dynamic expression profiles. Scientific Reports 2018, 8, 1-15, doi:10.1038/s41598-018-
29673-3. 

22. Schauer, R.; Kamerling, J.P. Exploration of the sialic acid world. Advances in Carbohydrate 
Chemistry and Biochemistry 2018, 75, 1-213, doi:10.1016/bs.accb.2018.09.001. 

23. Schauer, R. Sialic acids and their role as biological masks. Trends in Biochemical Sciences 
1985, 10, 357-360, doi:10.1016/0968-0004(85)90112-4. 

24. Varki, A.; Gagneux, P. Multifarious roles of sialic acids in immunity. Annals of the New York 
Academy of Sciences 2012, 1253, 16, doi:10.1111/j.1749-6632.2012.06517.x. 

25. Meri, S.; Pangburn, M.K. Discrimination between activators and nonactivators of the 
alternative pathway of complement: regulation via a sialic acid/polyanion binding site on 
factor H. Proceedings of the National Academy of Sciences 1990, 87, 3982-3986, 
doi:10.1073/pnas.87.10.3982. 



 142 

26. Severi, E.; Hood, D.W.; Thomas, G.H. Sialic acid utilization by bacterial pathogens. 
Microbiology 2007, 153, 2817-2822, doi:10.1099/mic.0.2007/009480-0. 

27. Schauer, R.; Kamerling, J.P. The chemistry and biology of trypanosomal trans‐sialidases: 
virulence factors in Chagas disease and sleeping sickness. ChemBioChem 2011, 12, 2246-
2264, doi:10.1002/cbic.201100421. 

28. Eneva, R.; Engibarov, S.; Abrashev, R.; Krumova, E.; Angelova, M. Sialic acids, 
sialoconjugates and enzymes of their metabolism in fungi. Biotechnology & 
Biotechnological Equipment 2021, 35, 364-375, doi:10.1080/13102818.2021.1879678. 

29. Giorgi, M.E.; de Lederkremer, R.M. Trans-sialidase and mucins of Trypanosoma cruzi: an 
important interplay for the parasite. Carbohydrate Research 2011, 346, 1389-1393, 
doi:10.1016/j.carres.2011.04.006. 

30. Dias, W.B.; Fajardo, F.D.; Graça‐Souza, A.V.; Freire‐de‐Lima, L.; Vieira, F.; Girard, M.F.; 
Bouteille, B.; Previato, J.O.; Mendonça‐Previato, L.; Todeschini, A.R. Endothelial cell 
signalling induced by trans‐sialidase from Trypanosoma cruzi. Cellular Microbiology 2008, 
10, 88-99, doi:10.1111/j.1462-5822.2007.01017.x. 

31. Magdesian, M.H.; Tonelli, R.R.; Fessel, M.R.; Silveira, M.S.; Schumacher, R.I.; Linden, R.; 
Colli, W.; Alves, M.J.M. A conserved domain of the gp85/trans-sialidase family activates 
host cell extracellular signal-regulated kinase and facilitates Trypanosoma cruzi infection. 
Experimental Cell Research 2007, 313, 210-218, doi:10.1016/j.yexcr.2006.10.008. 

32. Rubin‐de‐Celis, S.S.; Uemura, H.; Yoshida, N.; Schenkman, S. Expression of trypomastigote 
trans‐sialidase in metacyclic forms of Trypanosoma cruzi increases parasite escape from its 
parasitophorous vacuole. Cellular Microbiology 2006, 8, 1888-1898, doi:10.1111/j.1462-
5822.2006.00755.x. 

33. Bennett, A.P.; de la Torre-Escudero, E.; Dermott, S.S.; Threadgold, L.T.; Hanna, R.E.; 
Robinson, M.W. Fasciola hepatica gastrodermal cells selectively release extracellular 
vesicles via a novel atypical secretory mechanism. International Journal of Molecular 
Sciences 2022, 23, 5525. 

34. Duguet, T.B.; Soichot, J.; Kuzyakiv, R.; Malmström, L.; Tritten, L. Extracellular vesicle-
contained microRNA of C. elegans as a tool to decipher the molecular basis of nematode 
parasitism. Frontiers in Cellular and Infection Microbiology 2020, 10, 217, 
doi:10.3389/fcimb.2020.00217. 

35. Meningher, T.; Barsheshet, Y.; Ofir‐Birin, Y.; Gold, D.; Brant, B.; Dekel, E.; Sidi, Y.; 
Schwartz, E.; Regev‐Rudzki, N.; Avni, O. Schistosomal extracellular vesicle‐enclosed 
miRNAs modulate host T helper cell differentiation. EMBO Reports 2020, 21, e47882, 
doi:doi.org/10.15252/embr.201947882. 

36. Kifle, D.W.; Pearson, M.S.; Becker, L.; Pickering, D.; Loukas, A.; Sotillo, J. Proteomic analysis 
of two populations of Schistosoma mansoni-derived extracellular vesicles: 15k pellet and 
120k pellet vesicles. Molecular and Biochemical Parasitology 2020, 236, 111264, 
doi:10.1016/j.molbiopara.2020.111264. 

37. Benna, C.; Rajendran, S.; Rastrelli, M.; Mocellin, S. miRNA deregulation targets specific 
pathways in leiomyosarcoma development: an in silico analysis. Journal of Translational 
Medicine 2019, 17, 1-8, doi:10.1186/s12967-019-1907-2. 

38. Dagenais, M.; Gerlach, J.Q.; Collins III, J.J.; Atkinson, L.E.; Mousley, A.; Geary, T.G.; Long, 
T. Analysis of Schistosoma mansoni extracellular vesicles surface glycans reveals potential 
immune evasion mechanism and new insights on their origins of biogenesis. Pathogens 
2021, 10, 1401, doi:10.3390/pathogens10111401. 



 143 

39. Bennett, A.P.; de la Torre-Escudero, E.; Oliver, N.A.; Huson, K.M.; Robinson, M.W. The 
cellular and molecular origins of extracellular vesicles released by the helminth pathogen, 
Fasciola hepatica. International Journal for Parasitology 2020, 50, 671-683. 

40. de la Torre-Escudero, E.; Bennett, A.P.; Clarke, A.; Brennan, G.P.; Robinson, M.W. 
Extracellular vesicle biogenesis in helminths: more than one route to the surface? Trends in 
Parasitology 2016, 32, 921-929. 

41. Skelly, P.J.; Da'dara, A.A.; Li, X.-H.; Castro-Borges, W.; Wilson, R.A. Schistosome feeding 
and regurgitation. PLoS Pathogens 2014, 10, e1004246. 

42. Fripp, P. The sites of (1-14C) glucose assimilation in Schistosoma haematobium. Comparative 
Biochemistry and Physiology 1967, 23, 893-898. 

43. Skelly, P.; Tielens, A.; Shoemaker, C. Glucose transport and metabolism in mammalian-stage 
schistosomes. Parasitology Today 1998, 14, 402-406. 

44. Asch, H.L.; Read, C.P. Transtegumental absorption of amino acids by male Schistosoma 
mansoni. The Journal of Parasitology 1975, 61, 378-379. 

45. Asch, H.L.; Read, C.P. Membrane transport in Schistosoma mansoni: transport of amino acids 
by adult males. Experimental Parasitology 1975, 38, 123-135. 

46. Chappell, L. Methionine uptake by larval and adult Schistosoma mansoni. International 
Journal for Parasitology 1974, 4, 361-369. 

 
 
 
 
 
 



 144 

Master Reference List 
 
 
Abe, T.; Nawa, Y. Worm expulsion and mucosal mast cell response induced by repetitive IL-3 

administration in Strongyloides ratti-infected nude mice. Immunology 1988, 63, 181. 
Adachi, K.; Davis, M.M. T-cell receptor ligation induces distinct signaling pathways in naive vs. 

antigen-experienced T cells. Proceedings of the National Academy of Sciences 2011, 108, 
1549-1554, doi:10.1073/pnas.1017340108. 

Agarwal, V.; Bell, G.W.; Nam, J.-W.; Bartel, D.P. Predicting effective microRNA target sites in 
mammalian mRNAs. eLife 2015, 4, e05005, doi:10.7554/eLife.05005. 

Allen, J.E.; Sutherland, T.E.; Rückerl, D. IL-17 and neutrophils: unexpected players in the type 2 
immune response. Current Opinion in Immunology 2015, 34, 99-106, 
doi:10.1016/j.coi.2015.03.001. 

Alviano, C.S.; Travassos, L.R.; Schauer, R. Sialic acids in fungi. Glycoconjugate Journal 1999, 
16, 545-554, doi:10.1023/A:1007078106280. 

Ancarola, M.E.; Marcilla, A.; Herz, M.; Macchiaroli, N.; Pérez, M.; Asurmendi, S.; Brehm, K.; 
Poncini, C.; Rosenzvit, M.; Cucher, M. Cestode parasites release extracellular vesicles with 
microRNAs and immunodiagnostic protein cargo. International Journal for Parasitology 
2017, 47, 675-686. 

Anders, S.; Pyl, P.T.; Huber, W. HTSeq—a Python framework to work with high-throughput 
sequencing data. Bioinformatics 2015, 31, 166-169, doi:10.1093/bioinformatics/btu638. 

Andreu, Z.; Yáñez-Mó, M. Tetraspanins in extracellular vesicle formation and function. Frontiers 
in Immunology 2014, 5, 442. 

Anel, A.; Gallego-Lleyda, A.; de Miguel, D.; Naval, J.; Martínez-Lostao, L. Role of exosomes in 
the regulation of T-cell mediated immune responses and in autoimmune disease. Cells 2019, 
8, 154. 

Apweiler, R.; Hermjakob, H.; Sharon, N. On the frequency of protein glycosylation, as deduced 
from analysis of the SWISS-PROT database. Biochimica et Biophysica Acta (BBA)-General 
Subjects 1999, 1473, 4-8. 

Arango Duque, G.; Descoteaux, A. Macrophage cytokines: involvement in immunity and 
infectious diseases. Frontiers in Immunology 2014, 5, 491. 

Arya, S.B.; Chen, S.; Jordan-Javed, F.; Parent, C.A. Ceramide-rich microdomains facilitate nuclear 
envelope budding for non-conventional exosome formation. Nature Cell Biology 2022, 1-
10. 

Asch, H.L.; Read, C.P. Membrane transport in Schistosoma mansoni: transport of amino acids by 
adult males. Experimental Parasitology 1975, 38, 123-135. 

Asch, H.L.; Read, C.P. Transtegumental absorption of amino acids by male Schistosoma mansoni. 
The Journal of Parasitology 1975, 61, 378-379. 

Atkin-Smith, G.K.; Miles, M.A.; Tixeira, R.; Lay, F.T.; Duan, M.; Hawkins, C.J.; Phan, T.K.; 
Paone, S.; Mathivanan, S.; Hulett, M.D. Plexin B2 is a regulator of monocyte apoptotic cell 
disassembly. Cell Reports 2019, 29, 1821-1831. e1823. 

Atri, C.; Guerfali, F.Z.; Laouini, D. Role of human macrophage polarization in inflammation during 
infectious diseases. International Journal of Molecular Sciences 2018, 19, 1801. 

Barman, B.; Sung, B.H.; Krystofiak, E.; Ping, J.; Ramirez, M.; Millis, B.; Allen, R.; Prasad, N.; 
Chetyrkin, S.; Calcutt, M.W. VAP-A and its binding partner CERT drive biogenesis of 



 145 

RNA-containing extracellular vesicles at ER membrane contact sites. Developmental Cell 
2022, 57, 974-994. e978. 

Bartel, D.P. MicroRNAs: target recognition and regulatory functions. Cell 2009, 136, 215-233. 
Barteneva, N.S.; Maltsev, N.; Vorobjev, I.A. Microvesicles and intercellular communication in the 

context of parasitism. Frontiers in Cellular and Infection Microbiology 2013, 3, 49. 
Batagov, A.O.; Kurochkin, I.V. Exosomes secreted by human cells transport largely mRNA 

fragments that are enriched in the 3′-untranslated regions. Biology Direct 2013, 8, 1-8. 
Batista, B.S.; Eng, W.S.; Pilobello, K.T.; Hendricks-Muñoz, K.D.; Mahal, L.K. Identification of a 

conserved glycan signature for microvesicles. Journal of Proteome Research 2011, 10, 
4624-4633. 

Bauch, A.; Adamczyk, I.; Buczek, P.; Elmer, F.-J.; Enimanev, K.; Glyzewski, P.; Kohler, M.; 
Pylak, T.; Quandt, A.; Ramakrishnan, C. openBIS: a flexible framework for managing and 
analyzing complex data in biology research. BMC Bioinformatics 2011, 12, 1-19, 
doi:10.1186/1471-2105-12-468. 

Benna, C.; Rajendran, S.; Rastrelli, M.; Mocellin, S. miRNA deregulation targets specific pathways 
in leiomyosarcoma development: an in silico analysis. Journal of Translational Medicine 
2019, 17, 1-8, doi:10.1186/s12967-019-1907-2. 

Bennett, A.P.; de la Torre-Escudero, E.; Dermott, S.S.; Threadgold, L.T.; Hanna, R.E.; Robinson, 
M.W. Fasciola hepatica gastrodermal cells selectively release extracellular vesicles via a 
novel atypical secretory mechanism. International Journal of Molecular Sciences 2022, 23, 
5525. 

Bennett, A.P.; de la Torre-Escudero, E.; Oliver, N.A.; Huson, K.M.; Robinson, M.W. The cellular 
and molecular origins of extracellular vesicles released by the helminth pathogen, Fasciola 
hepatica. International Journal for Parasitology 2020, 50, 671-683. 

Bennett, A.P.; de la Torre-Escudero, E.; Robinson, M.W. Helminth genome analysis reveals 
conservation of extracellular vesicle biogenesis pathways but divergence of RNA loading 
machinery between phyla. International Journal for Parasitology 2020, 50, 655-661. 

Beyer, C.; Pisetsky, D.S. The role of microparticles in the pathogenesis of rheumatic diseases. 
Nature Reviews Rheumatology 2010, 6, 21-29. 

Bhatnagar, S.; Shinagawa, K.; Castellino, F.J.; Schorey, J.S. Exosomes released from macrophages 
infected with intracellular pathogens stimulate a proinflammatory response in vitro and in 
vivo. Blood, The Journal of the American Society of Hematology 2007, 110, 3234-3244. 

Bobrie, A.; Colombo, M.; Raposo, G.; Théry, C. Exosome secretion: molecular mechanisms and 
roles in immune responses. Traffic 2011, 12, 1659-1668. 

Bobrie, A.; Théry, C. Exosomes and communication between tumours and the immune system: are 
all exosomes equal? Biochemical Society Transactions 2013, 41, 263-267. 

Botros, S.; Sayed, H.; Amer, N.; El-Ghannam, M.; Bennett, J.L.; Day, T.A. Current status of 
sensitivity to praziquantel in a focus of potential drug resistance in Egypt. International 
Journal for Parasitology 2005, 35, 787-791. 

Bottieau, E.; Clerinx, J.; De Vega, M.R.; Van den Enden, E.; Colebunders, R.; Van Esbroeck, M.; 
Vervoort, T.; Van Gompel, A.; Van den Ende, J. Imported Katayama fever: clinical and 
biological features at presentation and during treatment. Journal of Infection 2006, 52, 339-
345. 

Bouchet, V.; Hood, D.W.; Li, J.; Brisson, J.-R.; Randle, G.A.; Martin, A.; Li, Z.; Goldstein, R.; 
Schweda, E.K.; Pelton, S.I. Host-derived sialic acid is incorporated into Haemophilus 
influenzae lipopolysaccharide and is a major virulence factor in experimental otitis media. 



 146 

Proceedings of the National Academy of Sciences 2003, 100, 8898-8903, 
doi:10.1073/pnas.1432026100. 

Britton, C.; Winter, A.D.; Gillan, V.; Devaney, E. microRNAs of parasitic helminths - 
Identification, characterization and potential as drug targets. International Journal for 
Parasitology: Drugs and Drug Resistance 2014, 4, 85-94, 
doi:10.1016/j.ijpddr.2014.03.001. 

Broughton, J.P.; Lovci, M.T.; Huang, J.L.; Yeo, G.W.; Pasquinelli, A.E. Pairing beyond the seed 
supports microRNA targeting specificity. Molecular Cell 2016, 64, 320-333. 

Buck, A.H.; Coakley, G.; Simbari, F.; McSorley, H.J.; Quintana, J.F.; Le Bihan, T.; Kumar, S.; 
Abreu-Goodger, C.; Lear, M.; Harcus, Y.; et al. Exosomes secreted by nematode parasites 
transfer small RNAs to mammalian cells and modulate innate immunity. Nature 
Communications 2014, 5, 1-12, doi:10.1038/ncomms6488. 

Buck, A.H.; Coakley, G.; Simbari, F.; McSorley, H.J.; Quintana, J.F.; Le Bihan, T.; Kumar, S.; 
Abreu-Goodger, C.; Lear, M.; Harcus, Y.; et al. Exosomes secreted by nematode parasites 
transfer small RNAs to mammalian cells and modulate innate immunity. Nature 
Communications 2014, 5. 

Büll, C.; den Brok, M.H.; Adema, G.J. Sweet escape: sialic acids in tumor immune evasion. 
Biochimica et Biophysica Acta (BBA)-Reviews on Cancer 2014, 1846, 238-246, 
doi:10.1016/j.bbcan.2014.07.005. 

Burnet, F.M. A modification of Jerne's theory of antibody production using the concept of clonal 
selection. Australian Journal of Science 1957, 20, 67-69. 

Buschow, S.I.; Van Balkom, B.W.; Aalberts, M.; Heck, A.J.; Wauben, M.; Stoorvogel, W. MHC 
class II‐associated proteins in B‐cell exosomes and potential functional implications for 
exosome biogenesis. Immunology and Cell Biology 2010, 88, 851-856, 
doi:10.1038/icb.2010.64. 

Buzas, E.L. The roles of extracellular vesicles in the immune system. Nature Reviews Immunology 
2022, doi:10.1038/s41577-022-00763-8. 

Caby, M.-P.; Lankar, D.; Vincendeau-Scherrer, C.; Raposo, G.; Bonnerot, C. Exosomal-like 
vesicles are present in human blood plasma. International Immunology 2005, 17, 879-887. 

Cai, Y.; Kumar, R.K.; Zhou, J.; Foster, P.S.; Webb, D.C. Ym1/2 promotes Th2 cytokine expression 
by inhibiting 12/15 (S)-lipoxygenase: identification of a novel pathway for regulating 
allergic inflammation. The Journal of Immunology 2009, 182, 5393-5399, 
doi:10.4049/jimmunol.0803874. 

Calvert, L.; Atkinson, H.; Berry, L.; Chan, A. Age-dependent variation in glycosylation features of 
alpha-2-macroglobulin. Cell Biochemistry and Biophysics 2019, 77, 335-342, 
doi:10.1007/s12013-019-00883-4. 

Campos, F.M.; Franklin, B.S.; Teixeira-Carvalho, A.; de Paula, S.C.; Fontes, C.J.; Brito, C.F.; 
Carvalho, L.H. Augmented plasma microparticles during acute Plasmodium vivax 
infection. Malaria journal 2010, 9, 1-8. 

Cao, M.; Ning, J.; Hernandez-Lara, C.I.; Belzile, O.; Wang, Q.; Dutcher, S.K.; Liu, Y.; Snell, W.J. 
Uni-directional ciliary membrane protein trafficking by a cytoplasmic retrograde IFT motor 
and ciliary ectosome shedding. eLife 2015, 4, e05242. 

Carabin, H.; Marshall, C.M.; Joseph, L.; Riley, S.; Olveda, R.; McGarvey, S.T. Estimating the 
intensity of infection with Schistosoma japonicum in villagers of Leyte, Philippines. Part I: 
A Bayesian cumulative logit model. The Schistosomiasis Transmission & Ecology Project 
(STEP). The American Journal of Tropical Medicine and Hygiene 2005, 72, 745-753. 



 147 

Carson, J.; Gobert, G. Modulation of the Host Immune Response by Schistosome Egg-Secreted 
Proteins Is a Critical Avenue of Host–Parasite Communication.   . Pathogens 2021, 10, 863. 

Carson, J.P.; Robinson, M.W.; Hsieh, M.H.; Cody, J.; Le, L.; You, H.; McManus, D.P.; Gobert, 
G.N. A comparative proteomics analysis of the egg secretions of three major schistosome 
species. Molecular and Biochemical Parasitology 2020, 240, 111322. 

Casacuberta, M.; Kinunghi, S.; Vennervald, B.J.; Olsen, A. Evaluation and optimization of the 
Circulating Cathodic Antigen (POC-CCA) cassette test for detecting Schistosoma mansoni 
infection by using image analysis in school children in Mwanza Region, Tanzania. Parasite 
Epidemiology and Control 2016, 1, 105-115. 

Cass, C.L.; Johnson, J.R.; Califf, L.L.; Xu, T.; Hernandez, H.J.; Stadecker, M.J.; Yates III, J.R.; 
Williams, D.L. Proteomic analysis of Schistosoma mansoni egg secretions. Molecular and 
Biochemical Parasitology 2007, 155, 84-93. 

CDC. Schistosomiasis. Available online: 
https://www.cdc.gov/parasites/schistosomiasis/biology.html (accessed on July 22). 

Chabasse, D.; Bertrand, G.; Leroux, J.; Gauthey, N.; Hocquet, P. Developmental bilharziasis 
caused by Schistosoma mansoni discovered 37 years after infestation. Bulletin de la Societe 
de pathologie Exotique et de ses Filiales 1985, 78, 643-647. 

Chaiyadet, S.; Sotillo, J.; Krueajampa, W.; Thongsen, S.; Brindley, P.J.; Sripa, B.; Loukas, A.; 
Laha, T. Vaccination of hamsters with Opisthorchis viverrini extracellular vesicles and 
vesicle-derived recombinant tetraspanins induces antibodies that block vesicle uptake by 
cholangiocytes and reduce parasite burden after challenge infection. PLoS Neglected 
Tropical Diseases 2019, 13, e0007450. 

Chang, N.-C.A.; Hung, S.-I.; Hwa, K.-Y.; Kato, I.; Chen, J.-E.; Liu, C.-H.; Chang, A.C. A 
macrophage protein, Ym1, transiently expressed during inflammation is a novel 
mammalian lectin. Journal of Biological Chemistry 2001, 276, 17497-17506, 
doi:10.1074/jbc.M010417200. 

Chappell, L. Methionine uptake by larval and adult Schistosoma mansoni. International Journal 
for Parasitology 1974, 4, 361-369. 

Chappert, P.; Schwartz, R.H. Induction of T cell anergy: integration of environmental cues and 
infectious tolerance. Current Opinion in Immunology 2010, 22, 552-559. 

Chaput, N.; Théry, C. Exosomes: immune properties and potential clinical implementations. 
Seminars in Immunopathology 2011, 33, 419-440, doi:https://doi.org/10.1007/s00281-010-
0233-9. 

Cheever, A.W.; Hoffmann, K.F.; Wynn, T.A. Immunopathology of schistosomiasis mansoni in 
mice and men. Immunology Today 2000, 21, 465-466. 

Chehayeb, J.F.; Robertson, A.P.; Martin, R.J.; Geary, T.G. Proteomic analysis of adult Ascaris 
suum fluid compartments and secretory products. PLoS Neglected Tropical Diseases 2014, 
8, e2939. 

Chen, C.H.; Zhang, X.Q.; Lo, C.W.; Liu, P.F.; Liu, Y.T.; Gallo, R.L.; Hsieh, M.F.; Schooley, R.T.; 
Huang, C.M. The essentiality of α‐2‐macroglobulin in human salivary innate immunity 
against new H1N1 swine origin influenza A virus. Proteomics 2010, 10, 2396-2401, 
doi:10.1002/pmic.200900775. 

Chen, T.S.; Lai, R.C.; Lee, M.M.; Choo, A.B.H.; Lee, C.N.; Lim, S.K. Mesenchymal stem cell 
secretes microparticles enriched in pre-microRNAs. Nucleic Acids Research 2010, 38, 215-
224. 



 148 

Cheng, G.; Luo, R.; Hu, C.; Cao, J.; Jin, Y. Deep sequencing-based identification of pathogen-
specific microRNAs in the plasma of rabbits infected with Schistosoma japonicum. 
Parasitology 2013, 140, 1751-1761. 

Chimponda, T.N.; Mduluza, T. Inflammation during Schistosoma haematobium infection and anti‐
allergy in pre‐school‐aged children living in a rural endemic area in Zimbabwe. Tropical 
Medicine & International Health 2020, 25, 618-623, doi:10.1111/tmi.13376. 

Cioli, D.; Pica-Mattoccia, L.; Basso, A.; Guidi, A. Schistosomiasis control: praziquantel forever? 
Molecular and Biochemical Parasitology 2014, 195, 23-29. 

Classen, A.; Lloberas, J.; Celada, A. Macrophage activation: classical vs. alternative. In 
Macrophages and Dendritic Cells; Springer: 2009; pp. 29-43. 

Claycomb, J.; Abreu-Goodger, C.; Buck, A.H. RNA-mediated communication between helminths 
and their hosts: the missing links. RNA Biology 2017, 14, 436-441, 
doi:10.1080/15476286.2016.1274852. 

Clegg, J.A.; Smithers, S.R. The effects of immune rhesus monkey serum on schistosomula of 
Schistosoma mansoni during cultivation in vitro. International Journal for Parasitology 
1972, 2, 79-98, doi:10.1016/0020-7519(72)90036-7. 

Coakley, G.; Buck, A.H.; Maizels, R.M. Host parasite communications—messages from helminths 
for the immune system: parasite communication and cell-cell interactions. Molecular and 
Biochemical Parasitology 2016, 208, 33-40. 

Coakley, G.; Harris, N.L. Interactions between macrophages and helminths. Parasite Immunology 
2020, 42, e12717. 

Coakley, G.; Maizels, R.M.; Buck, A.H. Exosomes and other extracellular vesicles: the new 
communicators in parasite infections. Trends in Parasitology 2015, 31, 477-489. 

Coakley, G.; McCaskill, J.L.; Borger, J.G.; Simbari, F.; Robertson, E.; Millar, M.; Harcus, Y.; 
McSorley, H.J.; Maizels, R.M.; Buck, A.H. Extracellular vesicles from a helminth parasite 
suppress macrophage activation and constitute an effective vaccine for protective immunity. 
Cell Reports 2017, 19, 1545-1557, doi:10.1016/j.celrep.2017.05.001. 

Coakley, G.; Wright, M.D.; Borger, J.G. Schistosoma mansoni-derived lipids in extracellular 
vesicles: potential agonists for eosinophillic tissue repair. Frontiers in Immunology 2019, 
10, 1010. 

Cocucci, E.; Racchetti, G.; Meldolesi, J. Shedding microvesicles: artefacts no more. Trends in Cell 
Biology 2009, 19, 43-51. 

Coddeville, B.; Stratil, A.; Wieruszeski, J.M.; Strecker, G.; Montreuil, J.; Spik, G. Primary 
structure of horse serotransferrin glycans: Demonstration that heterogeneity is related to the 
number of glycans and to the presence of N‐acetylneuraminic acid and N‐acetyl‐4‐O‐
acetylneuraminic acid. European Journal of Biochemistry 1989, 186, 583-590, 
doi:10.1111/j.1432-1033.1989.tb15248.x. 

Colley, D.; Secor, W. Immunology of human schistosomiasis. Parasite Immunology 2014, 36, 347-
357. 

Colley, D.G.; Bustinduy, A.L.; Secor, W.E.; King, C.H. Human schistosomiasis. Lancet 2014, 383, 
2253-2264, doi:10.1016/S0140-6736(13)61949-2. 

Collins III, J.J.; King, R.S.; Cogswell, A.; Williams, D.L.; Newmark, P.A. An atlas for Schistosoma 
mansoni organs and life-cycle stages using cell type-specific markers and confocal 
microscopy. PLoS Neglected Tropical Diseases 2011, 5, e1009. 

Collins III, J.J.; Wang, B.; Lambrus, B.G.; Tharp, M.E.; Iyer, H.; Newmark, P.A. Adult somatic 
stem cells in the human parasite Schistosoma mansoni. Nature 2013, 494, 476-479. 



 149 

Collins, J.N.; Collins III, J.J. Tissue degeneration following loss of Schistosoma mansoni cbp1 is 
associated with increased stem cell proliferation and parasite death in vivo. PLoS Pathogens 
2016, 12, e1005963. 

Colombo, M.; Moita, C.; Van Niel, G.; Kowal, J.; Vigneron, J.; Benaroch, P.; Manel, N.; Moita, 
L.F.; Théry, C.; Raposo, G. Analysis of ESCRT functions in exosome biogenesis, 
composition and secretion highlights the heterogeneity of extracellular vesicles. Journal of 
Cell Science 2013, 126, 5553-5565. 

Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of 
exosomes and other extracellular vesicles. Annual Review of Cell and Developmental 
Biology 2014, 30, 255-289. 

Combes, V.; Coltel, N.; Alibert, M.; van Eck, M.; Raymond, C.; Juhan-Vague, I.; Grau, G.E.; 
Chimini, G. ABCA1 gene deletion protects against cerebral malaria: potential pathogenic 
role of microparticles in neuropathology. The American Journal of Pathology 2005, 166, 
295-302. 

Combes, V.; Taylor, T.E.; Juhan-Vague, I.; Mège, J.-L.; Mwenechanya, J.; Tembo, M.; Grau, G.E.; 
Molyneux, M.E. Circulating endothelial microparticles in malawian children with severe 
falciparum malaria complicated with coma. Jama 2004, 291, 2542-2544. 

Conesa, A.; Götz, S.; García-Gómez, J.M.; Terol, J.; Talón, M.; Robles, M. Blast2GO: a universal 
tool for annotation, visualization and analysis in functional genomics research. 
Bioinformatics 2005, 21, 3674-3676. 

Corfield, T. Bacterial sialidases—roles in pathogenicity and nutrition. Glycobiology 1992, 2, 509-
521, doi:10.1093/glycob/2.6.509. 

Corripio-Miyar, Y.; Hayward, A.; Lemon, H.; Sweeny, A.R.; Bal, X.; Kenyon, F.; Pilkington, J.G.; 
Pemberton, J.M.; Nussey, D.H.; McNeilly, T.N. Functionally distinct T-helper cell 
phenotypes predict resistance to different types of parasites in a wild mammal. Scientific 
Reports 2022, 12, 1-12. 

Cortes‐Selva, D.; Fairfax, K. Schistosome and intestinal helminth modulation of macrophage 
immunometabolism. Immunology 2021, 162, 123-134. 

Couper, K.N.; Barnes, T.; Hafalla, J.C.; Combes, V.; Ryffel, B.; Secher, T.; Grau, G.E.; Riley, 
E.M.; De Souza, J.B. Parasite-derived plasma microparticles contribute significantly to 
malaria infection-induced inflammation through potent macrophage stimulation. PLoS 
Pathogens 2010, 6, e1000744. 

Crellen, T.; Walker, M.; Lamberton, P.H.; Kabatereine, N.B.; Tukahebwa, E.M.; Cotton, J.A.; 
Webster, J.P. Reduced efficacy of praziquantel against Schistosoma mansoni is associated 
with multiple rounds of mass drug administration. Clinical Infectious Diseases 2016, 63, 
1151-1159. 

Crocker, P.R.; Paulson, J.C.; Varki, A. Siglecs and their roles in the immune system. Nature 
Reviews Immunology 2007, 7, 255-266, doi:10.1038/nri2056. 

Cummings, R.D.; Pierce, J.M. The challenge and promise of glycomics. Chemistry & Biology 
2014, 21, 1-15. 

Cunha, G.; Silva, V.; Bessa, K.; Bitencourt, M.; Macêdo, U.; Freire-Neto, F.; Martins, R.; Assis, 
C.; Lemos, T.; Almeida, M. Levels of oxidative stress markers: correlation with hepatic 
function and worm burden patients with schistosomiasis. Acta Parasitologica 2012, 57, 
160-166, doi:10.2478/s11686-012-0026-5. 



 150 

Curwen, R.S.; Ashton, P.D.; Johnston, D.A.; Wilson, R.A. The Schistosoma mansoni soluble 
proteome: a comparison across four life-cycle stages. Molecular and Biochemical 
Parasitology 2004, 138, 57-66. 

Cwiklinski, K.; de la Torre-Escudero, E.; Trelis, M.; Bernal, D.; Dufresne, P.; Brennan, G.; O'Neill, 
S.; Tort, J.; Paterson, S.; Marcilla, A.; et al. The extracellular vesicles of the helminth 
pathogen, Fasciola hepatica: biogenesis pathways and cargo molecules involved in parasite 
pathogenesis. Molecular & Cellular Proteomics 2015, 14, 3258-3273. 

D'acquisto, F.; Perretti, M.; Flower, R.J. Annexin‐A1: a pivotal regulator of the innate and adaptive 
immune systems. British Journal of Pharmacology 2008, 155, 152-169. 

Da'dara, A.A.; Bhardwaj, R.; Ali, Y.B.; Skelly, P.J. Schistosome tegumental ecto-apyrase 
(SmATPDase1) degrades exogenous pro-inflammatory and pro-thrombotic nucleotides. 
PeerJ 2014, 2, e316, doi:10.7717/peerj.316. 

Dagenais, M.; Gerlach, J.Q.; Collins III, J.J.; Atkinson, L.E.; Mousley, A.; Geary, T.G.; Long, T. 
Analysis of Schistosoma mansoni extracellular vesicles surface glycans reveals potential 
immune evasion mechanism and new insights on their origins of biogenesis. Pathogens 
2021, 10, 1401, doi:10.3390/pathogens10111401. 

Das, U.N. Arachidonic acid and other unsaturated fatty acids and some of their metabolites function 
as endogenous antimicrobial molecules: A review. Journal of Advanced Research 2018, 11, 
57-66, doi:10.1016/j.jare.2018.01.001. 

Davies, S.J.; Grogan, J.L.; Blank, R.B.; Lim, K.; Locksley, R.M.; McKerrow, J.H. Modulation of 
blood fluke development in the liver by hepatic CD4+ lymphocytes. Science 2001, 294, 
1358-1361. 

De Jonge, F.; Van Nassauw, L.; Van Meir, F.; Miller, H.R.; Van Marck, E.; Timmermans, J.P. 
Temporal distribution of distinct mast cell phenotypes during intestinal schistosomiasis in 
mice. Parasite Immunology 2002, 24, 225-231, doi:10.1046/j.1365-3024.2002.00457.x. 

de la Torre-Escudero, E.; Bennett, A.P.; Clarke, A.; Brennan, G.P.; Robinson, M.W. Extracellular 
vesicle biogenesis in helminths: more than one route to the surface? Trends in Parasitology 
2016, 32, 921-929. 

de la Torre-Escudero, E.; Gerlach, J.Q.; Bennett, A.P.; Cwiklinski, K.; Jewhurst, H.L.; Huson, 
K.M.; Joshi, L.; Kilcoyne, M.; O’Neill, S.; Dalton, J.P.; et al. Surface molecules of 
extracellular vesicles secreted by the helminth pathogen Fasciola hepatica direct their 
internalisation by host cells. PLoS Neglected Tropical Diseases 2019, 13, e0007087, 
doi:10.1371/journal.pntd.0007087. 

de Oliveira Fraga, L.A.; Torrero, M.N.; Tocheva, A.S.; Mitre, E.; Davies, S.J. Induction of type 2 
responses by schistosome worms during prepatent infection. The Journal of Infectious 
Diseases 2010, 201, 464-472. 

de Souza Gomes, M.; Muniyappa, M.K.; Carvalho, S.G.; Guerra-Sá, R.; Spillane, C. Genome-wide 
identification of novel microRNAs and their target genes in the human parasite Schistosoma 
mansoni. Genomics 2011, 98, 96-111. 

Deckmann, K.; Filipski, K.; Krasteva-Christ, G.; Fronius, M.; Althaus, M.; Rafiq, A.; Papadakis, 
T.; Renno, L.; Jurastow, I.; Wessels, L. Bitter triggers acetylcholine release from polymodal 
urethral chemosensory cells and bladder reflexes. Proceedings of the National Academy of 
Sciences 2014, 111, 8287-8292, doi:10.1073/pnas.1402436111. 

Demarta‐Gatsi, C.; Rivkin, A.; Di Bartolo, V.; Peronet, R.; Ding, S.; Commere, P.H.; Guillonneau, 
F.; Bellalou, J.; Brûlé, S.; Abou Karam, P. Histamine releasing factor and elongation factor 



 151 

1 alpha secreted via malaria parasites extracellular vesicles promote immune evasion by 
inhibiting specific T cell responses. Cellular Microbiology 2019, 21, e13021. 

Di Vizio, D.; Morello, M.; Dudley, A.C.; Schow, P.W.; Adam, R.M.; Morley, S.; Mulholland, D.; 
Rotinen, M.; Hager, M.H.; Insabato, L. Large oncosomes in human prostate cancer tissues 
and in the circulation of mice with metastatic disease. The American journal of pathology 
2012, 181, 1573-1584. 

Dias, W.B.; Fajardo, F.D.; Graça‐Souza, A.V.; Freire‐de‐Lima, L.; Vieira, F.; Girard, M.F.; 
Bouteille, B.; Previato, J.O.; Mendonça‐Previato, L.; Todeschini, A.R. Endothelial cell 
signalling induced by trans‐sialidase from Trypanosoma cruzi. Cellular Microbiology 2008, 
10, 88-99, doi:10.1111/j.1462-5822.2007.01017.x. 

Dillies, M.-A.; Rau, A.; Aubert, J.; Hennequet-Antier, C.; Jeanmougin, M.; Servant, N.; Keime, 
C.; Marot, G.; Castel, D.; Estelle, J. A comprehensive evaluation of normalization methods 
for Illumina high-throughput RNA sequencing data analysis. Briefings in Bioinformatics 
2013, 14, 671-683. 

Doenhoff, M. The immune-dependence of chemotherapy in experimental schistosomiasis. 
Memórias do Instituto Oswaldo Cruz 1989, 84, 31-37. 

Doenhoff, M.; Hagan, P.; Cioli, D.; Southgate, V.; Pica-Mattoccia, L.; Botros, S.; Coles, G.; 
Tchuenté, L.T.; Mbaye, A.; Engels, D. Praziquantel: its use in control of schistosomiasis in 
sub-Saharan Africa and current research needs. Parasitology 2009, 136, 1825-1835. 

Dragovic, R.A.; Gardiner, C.; Brooks, A.S.; Tannetta, D.S.; Ferguson, D.J.; Hole, P.; Carr, B.; 
Redman, C.W.; Harris, A.L.; Dobson, P.J. Sizing and phenotyping of cellular vesicles using 
Nanoparticle Tracking Analysis. Nanomedicine: Nanotechnology, Biology and Medicine 
2011, 7, 780-788. 

Drurey, C.; Maizels, R.M. Helminth extracellular vesicles: Interactions with the host immune 
system. Molecular Immunology 2021, 137, 124-133, doi:10.1016/j.molimm.2021.06.017. 

Du, P.; Giri, B.R.; Liu, J.; Xia, T.; Grevelding, C.G.; Cheng, G. Proteomic and deep sequencing 
analysis of extracellular vesicles isolated from adult male and female Schistosoma 
japonicum. PLoS Neglected Tropical Diseases 2020, 14, e0008618, 
doi:10.1371/journal.pntd.0008618. 

Duguet, T.B.; Soichot, J.; Kuzyakiv, R.; Malmström, L.; Tritten, L. Extracellular vesicle-contained 
microRNA of C. elegans as a tool to decipher the molecular basis of nematode parasitism. 
Frontiers in Cellular and Infection Microbiology 2020, 10, 217, 
doi:10.3389/fcimb.2020.00217. 

Duluc, D.; Delneste, Y.; Tan, F.; Moles, M.-P.; Grimaud, L.; Lenoir, J.; Preisser, L.; Anegon, I.; 
Catala, L.; Ifrah, N. Tumor-associated leukemia inhibitory factor and IL-6 skew monocyte 
differentiation into tumor-associated macrophage-like cells. Blood, The Journal of the 
American Society of Hematology 2007, 110, 4319-4330. 

Eichenberger, R.M.; Ryan, S.; Jones, L.; Buitrago, G.; Polster, R.; Montes de Oca, M.; Zuvelek, J.; 
Giacomin, P.R.; Dent, L.A.; Engwerda, C.R. Hookworm secreted extracellular vesicles 
interact with host cells and prevent inducible colitis in mice. Frontiers in Immunology 2018, 
9, 850, doi:10.3389/fimmu.2018.00850. 

Eichenberger, R.M.; Talukder, M.H.; Field, M.A.; Wangchuk, P.; Giacomin, P.; Loukas, A.; 
Sotillo, J. Characterization of Trichuris muris secreted proteins and extracellular vesicles 
provides new insights into host–parasite communication. Journal of Extracellular Vesicles 
2018, 7, 1428004. 



 152 

Eming, S.A.; Werner, S.; Bugnon, P.; Wickenhauser, C.; Siewe, L.; Utermöhlen, O.; Davidson, 
J.M.; Krieg, T.; Roers, A. Accelerated wound closure in mice deficient for interleukin-10. 
The American Journal of Pathology 2007, 170, 188-202, doi:10.2353/ajpath.2007.060370. 

Eneva, R.; Engibarov, S.; Abrashev, R.; Krumova, E.; Angelova, M. Sialic acids, sialoconjugates 
and enzymes of their metabolism in fungi. Biotechnology & Biotechnological Equipment 
2021, 35, 364-375, doi:10.1080/13102818.2021.1879678. 

Faghiri, Z.; Skelly, P.J. The role of tegumental aquaporin from the human parasitic worm, 
Schistosoma mansoni, in osmoregulation and drug uptake. The FASEB Journal 2009, 23, 
2780-2789. 

Fajtová, P.; Štefanić, S.; Hradilek, M.; Dvořák, J.; Vondrášek, J.; Jílková, A.; Ulrychová, L.; 
McKerrow, J.H.; Caffrey, C.R.; Mareš, M.; et al. Prolyl oligopeptidase from the blood fluke 
Schistosoma mansoni: From Functional analysis to anti-schistosomal inhibitors. PLOS 
Neglected Tropical Diseases 2015, 9, e0003827, doi:10.1371/journal.pntd.0003827. 

Falcone, F.H.; Zang, X.; MacDonald, A.S.; Maizels, R.M.; Allen, J.E. A Brugia malayi homolog 
of macrophage migration inhibitory factor reveals an important link between macrophages 
and eosinophil recruitment during nematode infection. The Journal of Immunology 2001, 
167, 5348-5354, doi:10.4049/jimmunol.167.9.5348. 

Fallon, P.G.; Doenhoff, M.J. Drug-resistant schistosomiasis: resistance to praziquantel and 
oxamniquine induced in Schistosoma mansoni in mice is drug specific. The American 
Journal of Tropical Medicine and Hygiene 1994, 51, 83-88. 

Fallon, P.G.; Doenhoff, M.J. Active immunization of mice with Schistosoma mansoni worm 
membrane antigens enhances efficacy of praziquantel. Parasite Immunology 1995, 17, 261-
268. 

Fernández‐Messina, L.; Gutiérrez‐Vázquez, C.; Rivas‐García, E.; Sánchez‐Madrid, F.; de la 
Fuente, H. Immunomodulatory role of microRNAs transferred by extracellular vesicles. 
Biology of the Cell 2015, 107, 61-77. 

Ferragine, C.E.; Walls, C.D.; Davies, S.J. Modulation of innate antigen-presenting cell function by 
pre-patent schistosome infection. PLoS Neglected Tropical Diseases 2013, 7, e2136. 

Figuera, L.; Acosta, H.; Gómez-Arreaza, A.; Dávila-Vera, D.; Balza-Quintero, A.; Quiñones, W.; 
Mendoza-Briceño, R.V.; Concepción, J.L.; Avilán, L. Plasminogen binding proteins in 
secreted membrane vesicles of Leishmania mexicana. Molecular and Biochemical 
Parasitology 2013, 187, 14-20, doi:10.1016/j.molbiopara.2012.11.002. 

Finger, T.E.; Böttger, B.; Hansen, A.; Anderson, K.T.; Alimohammadi, H.; Silver, W.L. Solitary 
chemoreceptor cells in the nasal cavity serve as sentinels of respiration. Proceedings of the 
National Academy of Sciences 2003, 100, 8981-8986, doi:10.1073/pnas.1531172100. 

Fitzgerald, W.; Freeman, M.L.; Lederman, M.M.; Vasilieva, E.; Romero, R.; Margolis, L. A system 
of cytokines encapsulated in extracellular vesicles. Scientific Reports 2018, 8, 1-11. 

Freeman, A.K.; Morrison, D.K. 14-3-3 Proteins: diverse functions in cell proliferation and cancer 
progression. In Proceedings of the Seminars in Cell & Developmental Biology, 2011; pp. 
681-687. 

Friis, H.; Mwaniki, D.; Omondi, B.; Muniu, E.; Magnussen, P.; Geissler, W.; Thiong’o, F.; 
Michaelsen, K.F. Serum retinol concentrations and Schistosoma mansoni, intestinal 
helminths, and malarial parasitemia: a cross-sectional study in Kenyan preschool and 
primary school children. The American Journal of Clinical Nutrition 1997, 66, 665-671, 
doi:10.1093/ajcn/66.3.665. 



 153 

Friis, H.; Ndhlovu, P.; Kaondera, K.; Sandström, B.; Michaelsen, K.; Vennervald, B.; Christensen, 
N. Serum concentration of micronutrients in relation to schistosomiasis and indicators of 
infection: a cross-sectional study among rural Zimbabwean schoolchildren. European 
Journal of Clinical Nutrition 1996, 50, 386-391. 

Fripp, P. The sites of (1-14C) glucose assimilation in Schistosoma haematobium. Comparative 
Biochemistry and Physiology 1967, 23, 893-898. 

Fromm, B.; Ovchinnikov, V.; Høye, E.; Bernal, D.; Hackenberg, M.; Marcilla, A. On the presence 
and immunoregulatory functions of extracellular micro RNA s in the trematode Fasciola 
hepatica. Parasite Immunology 2017, 39, e12399, doi:10.1111/pim.12399. 

Gallagher, I.; Nair, M.G.; Zang, X.; Brombacher, F.; Mohrs, M.; Allison, J.P.; Allen, J.E. 
Alternative activation is an innate response to injury that requires CD4+ T cells to be 
sustained during chronic infection. The Journal of Immunology 2007, 179, 3926-3936, 
doi:10.4049/jimmunol.179.6.3926. 

Ganley-Leal, L.M.; Mwinzi, P.; Cetre-Sossah, C.B.; Andove, J.; Hightower, A.W.; Karanja, D.; 
Colley, D.G.; Secor, W.E. Higher percentages of circulating mast cell precursors correlate 
with susceptibility to reinfection with Schistosoma mansoni. American Journal of Tropical 
Medicine and Hygiene 2006, 75, 1053-1057, doi:10.4269/ajtmh.2006.75.1053. 

Garcia-Martin, R.; Wang, G.; Brandão, B.B.; Zanotto, T.M.; Shah, S.; Kumar Patel, S.; Schilling, 
B.; Kahn, C.R. MicroRNA sequence codes for small extracellular vesicle release and 
cellular retention. Nature 2022, 601, 446-451. 

Garcia-Silva, M.R.; Cura das Neves, R.F.; Cabrera-Cabrera, F.; Sanguinetti, J.; Medeiros, L.C.; 
Robello, C.; Naya, H.; Fernandez-Calero, T.; Souto-Padron, T.; de Souza, W. Extracellular 
vesicles shed by Trypanosoma cruzi are linked to small RNA pathways, life cycle 
regulation, and susceptibility to infection of mammalian cells. Parasitology Research 2014, 
113, 285-304. 

Geiger, A.; Hirtz, C.; Bécue, T.; Bellard, E.; Centeno, D.; Gargani, D.; Rossignol, M.; Cuny, G.; 
Peltier, J.-B. Exocytosis and protein secretion in Trypanosoma. BMC Microbiology 2010, 
10, 1-17. 

Gensel, J.C.; Zhang, B. Macrophage activation and its role in repair and pathology after spinal cord 
injury. Brain Research 2015, 1619, 1-11. 

Gerbe, F.; Sidot, E.; Smyth, D.J.; Ohmoto, M.; Matsumoto, I.; Dardalhon, V.; Cesses, P.; Garnier, 
L.; Pouzolles, M.; Brulin, B. Intestinal epithelial tuft cells initiate type 2 mucosal immunity 
to helminth parasites. Nature 2016, 529, 226-230, doi:10.1038/nature16527. 

Gerlach, J.Q.; Kilcoyne, M.; Joshi, L. Microarray evaluation of the effects of lectin and 
glycoprotein orientation and data filtering on glycoform discrimination. Analytical Methods 
2014, 6, 440-449. 

Gerlach, J.Q.; Krüger, A.; Gallogly, S.; Hanley, S.A.; Hogan, M.C.; Ward, C.J.; Joshi, L.; Griffin, 
M.D. Surface glycosylation profiles of urine extracellular vesicles. PloS One 2013, 8, 
e74801. 

Gerlach, J.Q.; Maguire, C.M.; Krüger, A.; Joshi, L.; Prina-Mello, A.; Griffin, M.D. Urinary 
nanovesicles captured by lectins or antibodies demonstrate variations in size and surface 
glycosylation profile. Nanomedicine 2017, 12, 1217-1229. 

Ghazarian, H.; Idoni, B.; Oppenheimer, S.B. A glycobiology review: carbohydrates, lectins and 
implications in cancer therapeutics. Acta Histochemica 2011, 113, 236-247. 



 154 

Giorgi, M.E.; de Lederkremer, R.M. Trans-sialidase and mucins of Trypanosoma cruzi: an 
important interplay for the parasite. Carbohydrate Research 2011, 346, 1389-1393, 
doi:10.1016/j.carres.2011.04.006. 

Gómez-Arreaza, A.; Acosta, H.; Quiñones, W.; Concepción, J.L.; Michels, P.A.; Avilán, L. 
Extracellular functions of glycolytic enzymes of parasites: unpredicted use of ancient 
proteins. Molecular and Biochemical Parasitology 2014, 193, 75-81, 
doi:10.1016/j.molbiopara.2014.02.005. 

Gonçalves, M.F.; Umezawa, E.S.; Katzin, A.M.; de Souza, W.; Alves, M.J.M.; Zingales, B.; Colli, 
W. Trypanosoma cruzi: shedding of surface antigens as membrane vesicles. Experimental 
Parasitology 1991, 72, 43-53. 

González-Amaro, R.; Sanchez-Madrid, F. Cell adhesion molecules: selectins and integrins. Critical 
Reviews in Immunology 1999, 19. 

Grogan, J.L.; Kremsner, P.G.; Deelder, A.M.; Yazdanbakhsh, M. Antigen-specific proliferation 
and interferon-γ and interleukin-5 production are down-regulated during Schistosoma 
haematobium infection. The Journal of Infectious Diseases 1998, 177, 1433-1437. 

Gryseels, B.; Mbaye, A.; De Vlas, S.; Stelma, F.; Guisse, F.; Van Lieshout, L.; Faye, D.; Diop, M.; 
Ly, A.; Tchuem‐Tchuenté, L. Are poor responses to praziquantel for the treatment of 
Schistosoma mansoni infections in Senegal due to resistance? An overview of the evidence. 
Tropical Medicine & International Health 2001, 6, 864-873. 

Gryseels, B.; Polman, K.; Clerinx, J.; Kestens, L. Human schistosomiasis. Lancet 2006, 368, 1106-
1118. 

Gu, H.Y.; Marks, N.D.; Winter, A.D.; Weir, W.; Tzelos, T.; McNeilly, T.N.; Britton, C.; Devaney, 
E. Conservation of a microRNA cluster in parasitic nematodes and profiling of miRNAs in 
excretory-secretory products and microvesicles of Haemonchus contortus. PLoS Neglected 
Tropical Diseases 2017, 11, e0006056. 

Guescini, M.; Genedani, S.; Stocchi, V.; Agnati, L.F. Astrocytes and Glioblastoma cells release 
exosomes carrying mtDNA. Journal of Neural Transmission 2010, 117, 1-4, 
doi:10.1007/s00702-009-0288-8. 

Guescini, M.; Guidolin, D.; Vallorani, L.; Casadei, L.; Gioacchini, A.M.; Tibollo, P.; Battistelli, 
M.; Falcieri, E.; Battistin, L.; Agnati, L. C2C12 myoblasts release micro-vesicles containing 
mtDNA and proteins involved in signal transduction. Experimental Cell Research 2010, 
316, 1977-1984. 

Guo, A.; Wang, L.; Meng, X.; Zhang, S.; Sheng, Z.; Luo, X.; Huang, W.; Wang, S.; Cai, X. 
Extracellular vesicles from Fasciola gigantica induce cellular response to stress of host 
cells. Experimental Parasitology 2021, 231, 108173. 

Haas, W.; Diekhoff, D.; Koch, K.; Schmalfuss, G.; Loy, C. Schistosoma mansoni cercariae: 
stimulation of acetabular gland secretion is adapted to the chemical composition of 
mammalian skin. Journal of Parasitology 1997, 1079-1085. 

Haas, W.; Schmitt, R. Characterization of chemical stimuli for the penetration of Schistosoma 
mansoni cercariae. Zeitschrift für Parasitenkunde 1982, 66, 293-307. 

Halton, D.W. Nutritional adaptations to parasitism within the platyhelminthes. International 
Journal for Parasitology 1997, 27, 693-704. 

Hannum, C.H.; Wilcox, C.J.; Arend, W.P.; Joslin, F.G.; Dripps, D.J.; Heimdal, P.L.; Armes, L.G.; 
Sommer, A.; Eisenberg, S.P.; Thompson, R.C. Interleukin-1 receptor antagonist activity of 
a human interleukin-1 inhibitor. Nature 1990, 343, 336-340. 



 155 

Hansen, E.P.; Fromm, B.; Andersen, S.D.; Marcilla, A.; Andersen, K.L.; Borup, A.; Williams, 
A.R.; Jex, A.R.; Gasser, R.B.; Young, N.D. Exploration of extracellular vesicles from 
Ascaris suum provides evidence of parasite–host cross talk. Journal of Extracellular 
Vesicles 2019, 8, 1578116. 

Harbord, M.; Novelli, M.; Canas, B.; Power, D.; Davis, C.; Godovac-Zimmermann, J.; Roes, J.r.; 
Segal, A.W. Ym1 is a neutrophil granule protein that crystallizes in p47phox-deficient mice. 
Journal of Biological Chemistry 2002, 277, 5468-5475, doi:10.1074/jbc.M110635200. 

Harischandra, H.; Yuan, W.; Loghry, H.J.; Zamanian, M.; Kimber, M.J. Profiling extracellular 
vesicle release by the filarial nematode Brugia malayi reveals sex-specific differences in 
cargo and a sensitivity to ivermectin. PLoS Neglected Tropical Diseases 2018, 12, 
e0006438. 

Harris, A.R.; Russell, R.J.; Charters, A.D. A review of schistosomiasis in immigrants in Western 
Australia, demonstrating the unusual longevity of Schistosoma mansoni. Transactions of 
the Royal Society of Tropical Medicine and Hygiene 1984, 78, 385-388, doi:10.1016/0035-
9203(84)90129-9. 

Hassani, K.; Olivier, M. Immunomodulatory impact of leishmania-induced macrophage exosomes: 
a comparative proteomic and functional analysis. PLoS Neglected Tropical Diseases 2013, 
7, e2185, doi:10.1371/journal.pntd.0002185. 

Häuselmann, I.; Borsig, L. Altered tumor-cell glycosylation promotes metastasis. Frontiers in 
Oncology 2014, 4, 28, doi:10.3389/fonc.2014.00028. 

He, C.H.; Lee, C.G.; Cruz, C.S.D.; Lee, C.-M.; Zhou, Y.; Ahangari, F.; Ma, B.; Herzog, E.L.; 
Rosenberg, S.A.; Li, Y. Chitinase 3-like 1 regulates cellular and tissue responses via IL-13 
receptor α2. Cell Reports 2013, 4, 830-841, doi:10.1016/j.celrep.2013.07.032. 

Higginbotham, J.N.; Beckler, M.D.; Gephart, J.D.; Franklin, J.L.; Bogatcheva, G.; Kremers, G.-J.; 
Piston, D.W.; Ayers, Gregory D.; McConnell, Russell E.; Tyska, Matthew J.; et al. 
Amphiregulin exosomes increase cancer cell invasion. Current Biology 2011, 21, 779-786, 
doi:10.1016/j.cub.2011.03.043. 

Hoffmann, K.F.; Cheever, A.W.; Wynn, T.A. IL-10 and the dangers of immune polarization: 
excessive type 1 and type 2 cytokine responses induce distinct forms of lethal 
immunopathology in murine schistosomiasis. The Journal of Immunology 2000, 164, 6406-
6416, doi:10.4049/jimmunol.164.12.6406. 

Hokke, C.H.; van Diepen, A. Helminth glycomics–glycan repertoires and host-parasite 
interactions. Molecular and Biochemical Parasitology 2017, 215, 47-57, 
doi:10.1016/j.molbiopara.2016.12.001. 

Holmgren, L.; Szeles, A.; Rajnavölgyi, E.; Folkman, J.; Klein, G.; Ernberg, I.; Falk, K.I. Horizontal 
transfer of DNA by the uptake of apoptotic bodies. Blood, The Journal of the American 
Society of Hematology 1999, 93, 3956-3963. 

Horn, M.; Fajtová, P.; Rojo Arreola, L.; Ulrychová, L.; Bartošová-Sojková, P.; Franta, Z.; Protasio, 
A.V.; Opavský, D.; Vondrášek, J.; McKerrow, J.H.; et al. Trypsin- and Chymotrypsin-like 
serine proteases in schistosoma mansoni-- 'the undiscovered country'. PLOS Neglected 
Tropical Diseases 2014, 8, e2766, doi:10.1371/journal.pntd.0002766. 

Howitt, M.R.; Lavoie, S.; Michaud, M.; Blum, A.M.; Tran, S.V.; Weinstock, J.V.; Gallini, C.A.; 
Redding, K.; Margolskee, R.F.; Osborne, L.C. Tuft cells, taste-chemosensory cells, 
orchestrate parasite type 2 immunity in the gut. Science 2016, 351, 1329-1333, 
doi:10.1126/science.aaf1648. 



 156 

Hoy, A.M.; Lundie, R.J.; Ivens, A.; Quintana, J.F.; Nausch, N.; Forster, T.; Jones, F.; Kabatereine, 
N.B.; Dunne, D.W.; Mutapi, F. Parasite-derived microRNAs in host serum as novel 
biomarkers of helminth infection. PLoS Neglected Tropical Diseases 2014, 8, e2701. 

Hu, G.; Drescher, K.M.; Chen, X. Exosomal miRNAs: biological properties and therapeutic 
potential. Frontiers in Genetics 2012, 3, 56. 

Huyse, T.; Webster, B.L.; Geldof, S.; Stothard, J.R.; Diaw, O.T.; Polman, K.; Rollinson, D. 
Bidirectional introgressive hybridization between a cattle and human schistosome species. 
PLoS Pathogens 2009, 5, e1000571, doi:10.1371/journal.ppat.1000571. 

Ismail, M.; Metwally, A.; Farghaly, A.; Bruce, J.; Tao, L.-F.; Bennett, J.L. Characterization of 
isolates of Schistosoma mansoni from Egyptian villagers that tolerate high doses of 
praziquantel. The American Journal of Tropical Medicine and Hygiene 1996, 55, 214-218. 

Jadli, A.S.; Ballasy, N.; Edalat, P.; Patel, V.B. Inside (sight) of tiny communicator: exosome 
biogenesis, secretion, and uptake. Molecular and Cellular Biochemistry 2020, 467, 77-94. 

James, S.L.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-
Allah, F.; Abdela, J.; Abdelalim, A. Global, regional, and national incidence, prevalence, 
and years lived with disability for 354 diseases and injuries for 195 countries and territories, 
1990–2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet 
2018, 392, 1789-1858. 

Janeway, C.A. Approaching the asymptote? Evolution and revolution in immunology. In 
Proceedings of the Cold Spring Harbor symposia on quantitative biology, 1989; pp. 1-13. 

Janeway, C.A.; Medzhitov, R. Innate immune recognition. Annual Review of Immunology 2002, 
20, 197-216. 

Jefferies, J.R.; Campbell, A.M.; Rossum, A.J.v.; Barrett, J.; Brophy, P.M. Proteomic analysis of 
Fasciola hepatica excretory‐secretory products. PROTEOMICS: International Edition 
2001, 1, 1128-1132. 

Jenkins, S.J.; Mountford, A.P. Dendritic cells activated with products released by schistosome 
larvae drive Th2-type immune responses, which can be inhibited by manipulation of CD40 
costimulation. Infection and Immunity 2005, 73, 395-402. 

Jeppesen, D.K.; Fenix, A.M.; Franklin, J.L.; Higginbotham, J.N.; Zhang, Q.; Zimmerman, L.J.; 
Liebler, D.C.; Ping, J.; Liu, Q.; Evans, R. Reassessment of exosome composition. Cell 
2019, 177, 428-445. e418. 

Jeppesen, D.K.; Nawrocki, A.; Jensen, S.G.; Thorsen, K.; Whitehead, B.; Howard, K.A.; Dyrskjøt, 
L.; Ørntoft, T.F.; Larsen, M.R.; Ostenfeld, M.S. Quantitative proteomics of fractionated 
membrane and lumen exosome proteins from isogenic metastatic and nonmetastatic bladder 
cancer cells reveal differential expression of EMT factors. Proteomics 2014, 14, 699-712. 

Juntilla, M.M.; Koretzky, G.A. Critical roles of the PI3K/Akt signaling pathway in T cell 
development. Immunology Letters 2008, 116, 104-110, doi:10.1016/j.imlet.2007.12.008. 

Kaczmarek, E.; Koziak, K.; Sévigny, J.; Siegel, J.B.; Anrather, J.; Beaudoin, A.R.; Bach, F.H.; 
Robson, S.C. Identification and characterization of CD39/vascular ATP 
diphosphohydrolase. Journal of Biological Chemistry 1996, 271, 33116-33122. 

Kalra, H.; Simpson, R.J.; Ji, H.; Aikawa, E.; Altevogt, P.; Askenase, P.; Bond, V.C.; Borràs, F.E.; 
Breakefield, X.; Budnik, V. Vesiclepedia: a compendium for extracellular vesicles with 
continuous community annotation. PLoS Biology 2012, 10, e1001450. 

Kamei, N.; Tobe, K.; Suzuki, R.; Ohsugi, M.; Watanabe, T.; Kubota, N.; Ohtsuka-Kowatari, N.; 
Kumagai, K.; Sakamoto, K.; Kobayashi, M. Overexpression of monocyte chemoattractant 



 157 

protein-1 in adipose tissues causes macrophage recruitment and insulin resistance. Journal 
of Biological Chemistry 2006, 281, 26602-26614, doi:10.1074/jbc.M601284200. 

Karanja, D.; Colley, D.G.; Nahlen, B.L.; Ouma, J.H.; Secor, W.E. Studies on schistosomiasis in 
western Kenya: I. Evidence for immune-facilitated excretion of schistosome eggs from 
patients with Schistosoma mansoni and human immunodeficiency virus coinfections. The 
American Journal of Tropical Medicine and Hygiene 1997, 56, 515-521. 

Kawai, T.; Akira, S. Toll-like receptors and their crosstalk with other innate receptors in infection 
and immunity. Immunity 2011, 34, 637-650. 

Keating, J.H.; Wilson, R.A.; Skelly, P.J. No overt cellular inflammation around intravascular 
schistosomes in vivo. Journal of Parasitology 2006, 92, 1365-1369. 

Keller, S.; Sanderson, M.P.; Stoeck, A.; Altevogt, P. Exosomes: from biogenesis and secretion to 
biological function. Immunology Letters 2006, 107, 102-108. 

Kerviel, A.; Zhang, M.; Altan-Bonnet, N. A new infectious unit: extracellular vesicles carrying 
virus populations. Annual Review of Cell and Developmental Biology 2021, 37, 171-197. 

Khoo, K.-H.; Nieto, A.; Morris, H.R.; Dell, A. Structural characterization of the N-glycans from 
Echinococcus granulosus hydatid cyst membrane and protoscoleces. Molecular and 
Biochemical Parasitology 1997, 86, 237-248, doi:10.1016/S0166-6851(97)00036-4Get. 

Kifle, D.W.; Chaiyadet, S.; Waardenberg, A.J.; Wise, I.; Cooper, M.; Becker, L.; Doolan, D.L.; 
Laha, T.; Sotillo, J.; Pearson, M.S. Uptake of Schistosoma mansoni extracellular vesicles 
by human endothelial and monocytic cell lines and impact on vascular endothelial cell gene 
expression. International Journal for Parasitology 2020, 50, 685-696. 

Kifle, D.W.; Pearson, M.S.; Becker, L.; Pickering, D.; Loukas, A.; Sotillo, J. Proteomic analysis of 
two populations of Schistosoma mansoni-derived extracellular vesicles: 15k pellet and 120k 
pellet vesicles. Molecular and Biochemical Parasitology 2020, 236, 111264, 
doi:10.1016/j.molbiopara.2020.111264. 

Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: a fast spliced aligner with low memory 
requirements. Nature Methods 2015, 12, 357-360, doi:10.1038/nmeth.3317. 

Kim, H.-R.; Mun, Y.; Lee, K.-S.; Park, Y.-J.; Park, J.-S.; Park, J.-H.; Jeon, B.-N.; Kim, C.-H.; Jun, 
Y.; Hyun, Y.-M. T cell microvilli constitute immunological synaptosomes that carry 
messages to antigen-presenting cells. Nature Communications 2018, 9, 1-19. 

Kincaid-Smith, J.; Rey, O.; Toulza, E.; Berry, A.; Boissier, J. Emerging schistosomiasis in Europe: 
A need to quantify the risks. Trends in Parasitology 2017, 33, doi:10.1016/j.pt.2017.04.009. 

King, C.H.; Dangerfield-Cha, M. The unacknowledged impact of chronic schistosomiasis. Chronic 
Illness 2008, 4, 65-79. 

King, C.H.; Dickman, K.; Tisch, D.J. Reassessment of the cost of chronic helmintic infection: a 
meta-analysis of disability-related outcomes in endemic schistosomiasis. Lancet 2005, 365, 
1561-1569. 

King, C.L.; Medhat, A.; Malhotra, I.; Nafeh, M.; Helmy, A.; Khaudary, J.; Ibrahim, S.; El-
Sherbiny, M.; Zaky, S.; Stupi, R.J. Cytokine control of parasite-specific anergy in human 
urinary schistosomiasis. IL-10 modulates lymphocyte reactivity. The Journal of 
Immunology 1996, 156, 4715-4721. 

Kitai, Y.; Kawasaki, T.; Sueyoshi, T.; Kobiyama, K.; Ishii, K.J.; Zou, J.; Akira, S.; Matsuda, T.; 
Kawai, T. DNA-containing exosomes derived from cancer cells treated with topotecan 
activate a STING-dependent pathway and reinforce antitumor immunity. The Journal of 
Immunology 2017, 198, 1649-1659. 



 158 

Knudsen, G.M.; Medzihradszky, K.F.; Lim, K.-C.; Hansell, E.; McKerrow, J.H. Proteomic analysis 
of Schistosoma mansoni cercarial secretions. Molecular & Cellular Proteomics 2005, 4, 
1862-1875. 

Kokaliaris, C.; Garba, A.; Matuska, M.; Bronzan, R.N.; Colley, D.G.; Dorkenoo, A.M.; Ekpo, U.F.; 
Fleming, F.M.; French, M.D.; Kabore, A. Effect of preventive chemotherapy with 
praziquantel on schistosomiasis among school-aged children in sub-Saharan Africa: a 
spatiotemporal modelling study. Lancet Infectious Diseases 2022, 22, 136-149. 

Kolarich, D.; Weber, A.; Turecek, P.L.; Schwarz, H.P.; Altmann, F. Comprehensive glyco‐
proteomic analysis of human α1‐antitrypsin and its charge isoforms. Proteomics 2006, 6, 
3369-3380, doi:10.1002/pmic.200500751. 

Kopitz, J. Lipid glycosylation: a primer for histochemists and cell biologists. Histochemistry and 
Cell Biology 2017, 147, 175-198. 

Kornilov, R.; Puhka, M.; Mannerström, B.; Hiidenmaa, H.; Peltoniemi, H.; Siljander, P.; Seppänen-
Kaijansinkko, R.; Kaur, S. Efficient ultrafiltration-based protocol to deplete extracellular 
vesicles from fetal bovine serum. Journal of Extracellular Vesicles 2018, 7, 1422674, 
doi:10.1080/20013078.2017.1422674. 

Koski, K.G.; Scott, M.E. Gastrointestinal nematodes, nutrition and immunity: breaking the 
negative spiral. Annual Review of Nutrition 2001, 21, 297, 
doi:10.1146/annurev.nutr.21.1.297. 

Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. miRBase: from microRNA sequences to 
function. Nucleic Acids Research 2019, 47, D155-D162, doi:10.1093/nar/gky1141. 

Kragh-Hansen, U.; Donaldson, D.; Jensen, P.H. The glycan structure of albumin Redhill, a 
glycosylated variant of human serum albumin. Biochimica et Biophysica Acta (BBA)-
Protein Structure and Molecular Enzymology 2001, 1550, 20-26, doi:10.1016/S0167-
4838(01)00264-3. 

Kramer, M.F. Stem-loop RT-qPCR for miRNAs. Current Protocols in Molecular Biology 2011, 
Chapter 15, Unit 15.10, doi:10.1002/0471142727.mb1510s95. 

Krasteva, G.; Canning, B.J.; Hartmann, P.; Veres, T.Z.; Papadakis, T.; Mühlfeld, C.; Schliecker, 
K.; Tallini, Y.N.; Braun, A.; Hackstein, H. Cholinergic chemosensory cells in the trachea 
regulate breathing. Proceedings of the National Academy of Sciences 2011, 108, 9478-9483, 
doi:10.1073/pnas.1019418108. 

Krishnamoorthy, L.; Bess, J.W.; Preston, A.B.; Nagashima, K.; Mahal, L.K. HIV-1 and 
microvesicles from T cells share a common glycome, arguing for a common origin. Nature 
Chemical Biology 2009, 5, 244-250. 

Kuchay, S.M.; Chishti, A.H. Calpain-mediated regulation of platelet signaling pathways. Current 
Opinion in Hematology 2007, 14, 249-254, doi:10.1097/MOH.0b013e3280ef68f8. 

Kuipers, M.E.; Nolte-‘t Hoen, E.N.; van der Ham, A.J.; Ozir-Fazalalikhan, A.; Nguyen, D.L.; de 
Korne, C.M.; Koning, R.I.; Tomes, J.J.; Hoffmann, K.F.; Smits, H.H.; et al. DC-SIGN 
mediated internalisation of glycosylated extracellular vesicles from Schistosoma mansoni 
increases activation of monocyte-derived dendritic cells. Journal of Extracellular Vesicles 
2020, 9, 1753420, doi:10.1080/20013078.2020.1753420. 

Kunszt, P.; Blum, L.; Hullár, B.; Schmid, E.; Srebniak, A.; Wolski, W.; Rinn, B.; Elmer, F.J.; 
Ramakrishnan, C.; Quandt, A. iPortal: the swiss grid proteomics portal: Requirements and 
new features based on experience and usability considerations. Concurrency and 
Computation: Practice and Experience 2015, 27, 433-445, doi:10.1002/cpe.3294. 



 159 

Kyu, H.H.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-
Allah, F.; Abdela, J.; Abdelalim, A. Global, regional, and national disability-adjusted life-
years (DALYs) for 359 diseases and injuries and healthy life expectancy (HALE) for 195 
countries and territories, 1990–2017: a systematic analysis for the Global Burden of Disease 
Study 2017. Lancet 2018, 392, 1859-1922. 

Kzhyshkowska, J.; Yin, S.; Liu, T.; Riabov, V.; Mitrofanova, I. Role of chitinase-like proteins in 
cancer. Biological Chemistry 2016, 397, 231-247, doi:10.1515/hsz-2015-0269. 

Laemmli, U. SDS-page Laemmli method. Nature 1970, 227, 680-685. 
Lamb, E.W.; Crow, E.T.; Lim, K.; Lewis, F.A.; Davies, S.J. Conservation of CD4+ T cell-

dependent developmental mechanisms in the blood fluke pathogens of humans. 
International Journal for Parasitology 2007, 37, 405-415. 

Lamb, E.W.; Walls, C.D.; Pesce, J.T.; Riner, D.K.; Maynard, S.K.; Crow, E.T.; Wynn, T.A.; 
Schaefer, B.C.; Davies, S.J. Blood fluke exploitation of non-cognate CD4+ T cell help to 
facilitate parasite development. PLoS Pathogens 2010, 6, e1000892. 

Lapinski, P.E.; King, P.D. Regulation of Ras signal transduction during T cell development and 
activation. American Journal of Clinical and Experimental Immunology 2012, 1, 147. 

Lässer, C.; Eldh, M.; Lötvall, J. Isolation and characterization of RNA-containing exosomes. 
Journal of Visualized Experiments 2012, e3037. 

Le Clec’h, W.; Chevalier, F.D.; Mattos, A.C.A.; Strickland, A.; Diaz, R.; Mcdew-White, M.; Rohr, 
C.M.; Kinung’hi, S.; Allan, F.; Webster, B.L. Genetic analysis of praziquantel response in 
schistosome parasites implicates a Transient Receptor Potential channel. Science 
Translational Medicine 2021, 13, eabj9114. 

Lechner, A.; Bohnacker, S.; Esser-von Bieren, J. Macrophage regulation & function in helminth 
infection. In Proceedings of the Seminars in Immunology, 2021; p. 101526. 

Lee, J.J.; Dissanayake, S.; Panico, M.; Morris, H.R.; Dell, A.; Haslam, S.M. Mass spectrometric 
characterisation of Taenia crassiceps metacestode N-glycans. Molecular and Biochemical 
Parasitology 2005, 143, 245-249, doi:10.1016/j.molbiopara.2005.06.002  

Lee, N.; Jung, Y.S.; Lee, H.Y.; Kang, N.; Park, Y.J.; Hwang, J.S.; Bahk, Y.Y.; Koo, J.; Bae, Y.-S. 
Mouse neutrophils express functional umami taste receptor T1R1/T1R3. BMB Reports 
2014, 47, 649, doi:10.5483/BMBRep.2014.47.11.185. 

Lee, T.H.; Chennakrishnaiah, S.; Audemard, E.; Montermini, L.; Meehan, B.; Rak, J. Oncogenic 
ras-driven cancer cell vesiculation leads to emission of double-stranded DNA capable of 
interacting with target cells. Biochemical and Biophysical Research Communications 2014, 
451, 295-301. 

Léger, E.; Garba, A.; Hamidou, A.A.; Webster, B.L.; Pennance, T.; Rollinson, D.; Webster, J.P. 
Introgressed animal schistosomes Schistosoma curassoni and S. bovis naturally infecting 
humans. Emerging Infectious Diseases 2016, 22, 2212. 

Lennon, N.J.; Kho, A.; Bacskai, B.J.; Perlmutter, S.L.; Hyman, B.T.; Brown, R.H., Jr. Dysferlin 
interacts with annexins A1 and A2 and mediates sarcolemmal wound-healing. Journal of 
Biological Chemistry 2003, 278, 50466-50473, doi:10.1074/jbc.M307247200. 

Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; 
Durbin, R. The sequence alignment/map format and SAMtools. Bioinformatics 2009, 25, 
2078-2079, doi:10.1093/bioinformatics/btp352. 

Li, L.; Zhu, D.; Huang, L.; Zhang, J.; Bian, Z.; Chen, X.; Liu, Y.; Zhang, C.-Y.; Zen, K. Argonaute 
2 complexes selectively protect the circulating microRNAs in cell-secreted microvesicles. 
PLoS One 2012. 



 160 

Liang, P.; Mao, L.; Zhang, S.; Guo, X.; Liu, G.; Wang, L.; Hou, J.; Zheng, Y.; Luo, X. Identification 
and molecular characterization of exosome-like vesicles derived from the Taenia asiatica 
adult worm. Acta Tropica 2019, 198, 105036. 

Lightowlers, M.; Rickard, M. Excretory–secretory products of helminth parasites: effects on host 
immune responses. Parasitology 1988, 96, S123-S166. 

Lima, L.G.; Ham, S.; Shin, H.; Chai, E.P.; Lek, E.S.; Lobb, R.J.; Müller, A.F.; Mathivanan, S.; 
Yeo, B.; Choi, Y. Tumor microenvironmental cytokines bound to cancer exosomes 
determine uptake by cytokine receptor-expressing cells and biodistribution. Nature 
Communications 2021, 12, 1-12. 

Lin, Y.-L.; He, S. Sm22. 6 antigen is an inhibitor to human thrombin. Molecular and biochemical 
parasitology 2006, 147, 95-100. 

Liu, F.; Cui, S.-J.; Hu, W.; Feng, Z.; Wang, Z.-Q.; Han, Z.-G. Excretory/secretory proteome of the 
adult developmental stage of human blood fluke, Schistosoma japonicum. Molecular & 
Cellular Proteomics 2009, 8, 1236-1251. 

Liu, J.; Zhu, L.; Wang, J.; Qiu, L.; Chen, Y.; Davis, R.E.; Cheng, G. Schistosoma japonicum 
extracellular vesicle miRNA cargo regulates host macrophage functions facilitating 
parasitism. PLoS Pathogens 2019, 15, e1007817. 

Liu, S.; Cai, P.; Piao, X.; Hou, N.; Zhou, X.; Wu, C.; Wang, H.; Chen, Q. Expression profile of the 
Schistosoma japonicum degradome reveals differential protease expression patterns and 
potential anti-schistosomal intervention targets. PLOS Computational Biology 2014, 10, 
e1003856, doi:10.1371/journal.pcbi.1003856. 

Ma, L.; Li, Y.; Peng, J.; Wu, D.; Zhao, X.; Cui, Y.; Chen, L.; Yan, X.; Du, Y.; Yu, L. Discovery 
of the migrasome, an organelle mediating release of cytoplasmic contents during cell 
migration. Cell Research 2015, 25, 24-38. 

Madureira, P.A.; Surette, A.P.; Phipps, K.D.; Taboski, M.A.; Miller, V.A.; Waisman, D.M. The 
role of the annexin A2 heterotetramer in vascular fibrinolysis. Blood, The Journal of the 
American Society of Hematology 2011, 118, 4789-4797. 

Magdesian, M.H.; Tonelli, R.R.; Fessel, M.R.; Silveira, M.S.; Schumacher, R.I.; Linden, R.; Colli, 
W.; Alves, M.J.M. A conserved domain of the gp85/trans-sialidase family activates host 
cell extracellular signal-regulated kinase and facilitates Trypanosoma cruzi infection. 
Experimental Cell Research 2007, 313, 210-218, doi:10.1016/j.yexcr.2006.10.008. 

Maizels, R.M.; Yazdanbakhsh, M. Immune regulation by helminth parasites: cellular and 
molecular mechanisms. Nature Reviews Immunology 2003, 3, 733-744. 

Malki, A.; Fiedler, J.; Fricke, K.; Ballweg, I.; Pfaffl, M.W.; Krautwurst, D. Class I odorant 
receptors, TAS1R and TAS2R taste receptors, are markers for subpopulations of circulating 
leukocytes. Journal of Leukocyte Biology 2015, 97, 533-545, doi:10.1189/jlb.2A0714-
331RR. 

Mantel, P.-Y.; Hoang, A.N.; Goldowitz, I.; Potashnikova, D.; Hamza, B.; Vorobjev, I.; Ghiran, I.; 
Toner, M.; Irimia, D.; Ivanov, A.R. Malaria-infected erythrocyte-derived microvesicles 
mediate cellular communication within the parasite population and with the host immune 
system. Cell Host & Microbe 2013, 13, 521-534. 

Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The chemokine system 
in diverse forms of macrophage activation and polarization. Trends in Immunology 2004, 
25, 677-686. 

Manzano-Román, R.; Siles-Lucas, M. MicroRNAs in parasitic diseases: potential for diagnosis and 
targeting. Molecular and Biochemical Parasitology 2012, 186, 81-86. 



 161 

Marcilla, A.; Martin-Jaular, L.; Trelis, M.; de Menezes-Neto, A.; Osuna, A.; Bernal, D.; Fernandez-
Becerra, C.; Almeida, I.C.; Del Portillo, H.A. Extracellular vesicles in parasitic diseases. 
Journal of Extracellular Vesicles 2014, 3, 25040. 

Marcilla, A.; Trelis, M.; Cortés, A.; Sotillo, J.; Cantalapiedra, F.; Minguez, M.T.; Valero, M.L.; 
Del Pino, M.M.S.; Muñoz-Antoli, C.; Toledo, R.; et al. Extracellular vesicles from parasitic 
helminths contain specific excretory/secretory proteins and are internalized in intestinal 
host cells. PloS One 2012, 7, e45974. 

Marco, A.; Kozomara, A.; Hui, J.H.; Emery, A.M.; Rollinson, D.; Griffiths-Jones, S.; Ronshaugen, 
M. Sex-biased expression of microRNAs in Schistosoma mansoni. PLoS Neglected 
Tropical Diseases 2013, 7, e2402. 

Marki, A.; Buscher, K.; Lorenzini, C.; Meyer, M.; Saigusa, R.; Fan, Z.; Yeh, Y.-T.; Hartmann, N.; 
Dan, J.M.; Kiosses, W.B. Elongated neutrophil-derived structures are blood-borne 
microparticles formed by rolling neutrophils during sepsis. Journal of Experimental 
Medicine 2021, 218. 

Marsman, G.; Zeerleder, S.; Luken, B.M. Extracellular histones, cell-free DNA, or nucleosomes: 
differences in immunostimulation. Cell Death & Disease 2016, 7, e2518-e2518. 

Martinez, F.O.; Sica, A.; Mantovani, A.; Locati, M. Macrophage activation and polarization. 
Frontiers in Bioscience-Landmark 2008, 13, 453-461. 

Mastroberardino, L.; Spindler, B.; Pfeiffer, R.; Skelly, P.J.; Loffing, J.; Shoemaker, C.B.; Verrey, 
F. Amino-acid transport by heterodimers of 4F2hc/CD98 and members of a permease 
family. Nature 1998, 395, 288-291. 

Mathieson, W.; Wilson, R.A. A comparative proteomic study of the undeveloped and developed 
Schistosoma mansoni egg and its contents: the miracidium, hatch fluid and secretions. 
International Journal for Parasitology 2010, 40, 617-628. 

Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Théry, C. Specificities of secretion and uptake of 
exosomes and other extracellular vesicles for cell-to-cell communication. Nature Cell 
Biology 2019, 21, 9-17. 

Mathieu, M.; Névo, N.; Jouve, M.; Valenzuela, J.I.; Maurin, M.; Verweij, F.J.; Palmulli, R.; 
Lankar, D.; Dingli, F.; Loew, D. Specificities of exosome versus small ectosome secretion 
revealed by live intracellular tracking of CD63 and CD9. Nature Communications 2021, 
12, 1-18. 

Mathivanan, S.; Ji, H.; Simpson, R.J. Exosomes: extracellular organelles important in intercellular 
communication. Journal of Proteomics 2010, 73, 1907-1920. 

Maurer, S.; Wabnitz, G.H.; Kahle, N.A.; Stegmaier, S.; Prior, B.; Giese, T.; Gaida, M.M.; Samstag, 
Y.; Hänsch, G.M. Tasting Pseudomonas aeruginosa biofilms: human neutrophils express 
the bitter receptor T2R38 as sensor for the quorum sensing molecule N-(3-oxododecanoyl)-
l-homoserine lactone. Frontiers in Immunology 2015, 6, 369, 
doi:10.3389/fimmu.2015.00369. 

Mbow, M.; Larkin, B.M.; Meurs, L.; Wammes, L.J.; De Jong, S.E.; Labuda, L.A.; Camara, M.; 
Smits, H.H.; Polman, K.; Dieye, T.N. T-helper 17 cells are associated with pathology in 
human schistosomiasis. The Journal of Infectious Diseases 2013, 207, 186-195, 
doi:10.1093/infdis/jis654. 

McCarthy, E.; Stack, C.; Donnelly, S.M.; Doyle, S.; Mann, V.H.; Brindley, P.J.; Stewart, M.; Day, 
T.A.; Maule, A.G.; Dalton, J.P. Leucine aminopeptidase of the human blood flukes, 
Schistosoma mansoni and Schistosoma japonicum. International Journal for Parasitology 
2004, 34, 703-714, doi:10.1016/j.ijpara.2004.01.008. 



 162 

McFarland, H.I.; Nahill, S.R.; Maciaszek, J.W.; Welsh, R.M. CD11b (Mac-1): a marker for CD8+ 
cytotoxic T cell activation and memory in virus infection. The Journal of Immunology 1992, 
149, 1326-1333. 

McKerrow, J.H.; Caffrey, C.; Kelly, B.; Loke, P.; Sajid, M. Proteases in parasitic diseases. Annual 
Review of Pathology: Mechanisms of Disease 2006, 1, 497-536, 
doi:10.1146/annurev.pathol.1.110304.100151. 

McVeigh, P.; Cwiklinski, K.; Garcia-Campos, A.; Mulcahy, G.; O’Neill, S.M.; Maule, A.G.; 
Dalton, J.P. In silico analyses of protein glycosylating genes in the helminth Fasciola 
hepatica (liver fluke) predict protein-linked glycan simplicity and reveal temporally-
dynamic expression profiles. Scientific Reports 2018, 8, 1-15, doi:10.1038/s41598-018-
29673-3. 

Mebius, M.M.; van Genderen, P.J.; Urbanus, R.T.; Tielens, A.G.; de Groot, P.G.; van Hellemond, 
J.J. Interference with the host haemostatic system by schistosomes. PLoS Pathogens 2013, 
9, e1003781, doi:10.1371/journal.ppat.1003781. 

Medzhitov, R. Recognition of microorganisms and activation of the immune response. Nature 
2007, 449, 819-826. 

Mehr, K.; Withers, S.G. Mechanisms of the sialidase and trans-sialidase activities of bacterial 
sialyltransferases from glycosyltransferase family 80. Glycobiology 2016, 26, 353-359, 
doi:10.1093/glycob/cwv105. 

Mekonnen, G.G.; Tedla, B.A.; Pickering, D.; Becker, L.; Wang, L.; Zhan, B.; Bottazzi, M.E.; 
Loukas, A.; Sotillo, J.; Pearson, M.S. Schistosoma haematobium extracellular vesicle 
proteins confer protection in a heterologous model of schistosomiasis. Vaccines 2020, 8, 
416. 

Melentijevic, I.; Toth, M.L.; Arnold, M.L.; Guasp, R.J.; Harinath, G.; Nguyen, K.C.; Taub, D.; 
Parker, J.A.; Neri, C.; Gabel, C.V. C. elegans neurons jettison protein aggregates and 
mitochondria under neurotoxic stress. Nature 2017, 542, 367-371. 

Melman, S.D.; Steinauer, M.L.; Cunningham, C.; Kubatko, L.S.; Mwangi, I.N.; Wynn, N.B.; 
Mutuku, M.W.; Karanja, D.M.; Colley, D.G.; Black, C.L. Reduced susceptibility to 
praziquantel among naturally occurring Kenyan isolates of Schistosoma mansoni. PLoS 
Neglected Tropical Diseases 2009, 3, e504. 

Meningher, T.; Barsheshet, Y.; Ofir‐Birin, Y.; Gold, D.; Brant, B.; Dekel, E.; Sidi, Y.; Schwartz, 
E.; Regev‐Rudzki, N.; Avni, O. Schistosomal extracellular vesicle‐enclosed miRNAs 
modulate host T helper cell differentiation. EMBO Reports 2020, 21, e47882, 
doi:doi.org/10.15252/embr.201947882. 

Meri, S.; Pangburn, M.K. Discrimination between activators and nonactivators of the alternative 
pathway of complement: regulation via a sialic acid/polyanion binding site on factor H. 
Proceedings of the National Academy of Sciences 1990, 87, 3982-3986, 
doi:10.1073/pnas.87.10.3982. 

Meyer, F.; Meyer, H.; Bueding, E. Lipid metabolism in the parasitic and free-living flatworms, 
Schistosoma mansoni and Dugesia dorotocephala. Biochimica et Biophysica Acta (BBA)-
Lipids and Lipid Metabolism 1970, 210, 257-266. 

Miller, I.V.; Grunewald, T.G. Tumour‐derived exosomes: Tiny envelopes for big stories. Biology 
of the Cell 2015, 107, 287-305. 

Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; 
Peterson, A.; Noteboom, J.; O'Briant, K.C.; Allen, A. Circulating microRNAs as stable 



 163 

blood-based markers for cancer detection. Proceedings of the National Academy of Sciences 
2008, 105, 10513-10518. 

Mittelbrunn, M.; Gutiérrez-Vázquez, C.; Villarroya-Beltri, C.; González, S.; Sánchez-Cabo, F.; 
González, M.Á.; Bernad, A.; Sánchez-Madrid, F. Unidirectional transfer of microRNA-
loaded exosomes from T cells to antigen-presenting cells. Nature Communications 2011, 2, 
1-10, doi:10.1038/ncomms1285. 

Mittra, I.; Khare, N.K.; Raghuram, G.V.; Chaubal, R.; Khambatti, F.; Gupta, D.; Gaikwad, A.; 
Prasannan, P.; Singh, A.; Iyer, A. Circulating nucleic acids damage DNA of healthy cells 
by integrating into their genomes. Journal of Biosciences 2015, 40, 91-111. 

Molehin, A.J. Current Understanding of Immunity Against Schistosomiasis: Impact on Vaccine 
and Drug Development. Research and Reports in Tropical Medicine 2020, 11, 119-128, 
doi:10.2147/RRTM.S274518. 

Moné, H.; Holtfreter, M.C.; Allienne, J.-F.; Mintsa-Nguéma, R.; Ibikounlé, M.; Boissier, J.; Berry, 
A.; Mitta, G.; Richter, J.; Mouahid, G. Introgressive hybridizations of Schistosoma 
haematobium by Schistosoma bovis at the origin of the first case report of schistosomiasis 
in Corsica (France, Europe). Parasitology Research 2015, 114, 4127-4133, 
doi:10.1007/s00436-015-4643-4. 

Moqbel, R.; Sass-Kuhn, S.P.; Goetzl, E.; Kay, A. Enhancement of neutrophil-and eosinophil-
mediated complement-dependent killing of schistosomula of Schistosoma mansoni in vitro 
by leukotriene B4. Clinical and Experimental Immunology 1983, 52, 519. 

Moreno, Y.; Gros, P.-P.; Tam, M.; Segura, M.; Valanparambil, R.; Geary, T.G.; Stevenson, M.M. 
Proteomic analysis of excretory-secretory products of Heligmosomoides polygyrus assessed 
with next-generation sequencing transcriptomic information. PLoS Neglected Tropical 
Diseases 2011, 5, e1370. 

Mosmann, T.; Coffman, R. TH1 and TH2 cells: different patterns of lymphokine secretion lead to 
different functional properties. Annual Review of Immunology 1989, 7, 145-173. 

Mosser, D.M.; Edwards, J.P. Exploring the full spectrum of macrophage activation. Nature 
Reviews Immunology 2008, 8, 958-969. 

Murphy, A.; Cwiklinski, K.; Lalor, R.; O’Connell, B.; Robinson, M.W.; Gerlach, J.; Joshi, L.; 
Kilcoyne, M.; Dalton, J.P.; O’Neill, S.M. Fasciola hepatica Extracellular Vesicles isolated 
from excretory-secretory products using a gravity flow method modulate dendritic cell 
phenotype and activity. PLoS Neglected Tropical Diseases 2020, 14, e0008626. 

Murray, P.J.; Wynn, T.A. Obstacles and opportunities for understanding macrophage polarization. 
Journal of Leukocyte Biology 2011, 89, 557-563. 

Mutapi, F.; Maizels, R.; Fenwick, A.; Woolhouse, M. Human schistosomiasis in the post mass drug 
administration era. The Lancet Infectious Diseases 2017, 17, e42-e48, doi:10.1016/S1473-
3099(16)30475-3. 

Myhre, S.; Tveit, H.; Mollestad, T.; Lægreid, A. Additional gene ontology structure for improved 
biological reasoning. Bioinformatics 2006, 22, 2020-2027. 

Nadjsombati, M.S.; McGinty, J.W.; Lyons-Cohen, M.R.; Jaffe, J.B.; DiPeso, L.; Schneider, C.; 
Miller, C.N.; Pollack, J.L.; Gowda, G.N.; Fontana, M.F. Detection of succinate by intestinal 
tuft cells triggers a type 2 innate immune circuit. Immunity 2018, 49, 33-41. e37, 
doi:10.1016/j.immuni.2018.06.016. 

Nair, M.G.; Gallagher, I.J.; Taylor, M.D.; Loke, P.n.; Coulson, P.S.; Wilson, R.; Maizels, R.M.; 
Allen, J.E. Chitinase and Fizz family members are a generalized feature of nematode 



 164 

infection with selective upregulation of Ym1 and Fizz1 by antigen-presenting cells. 
Infection and Immunity 2005, 73, 385-394, doi:10.1128/IAI.73.1.385-394.2005. 

Nair, M.G.; Guild, K.J.; Artis, D. Novel effector molecules in type 2 inflammation: lessons drawn 
from helminth infection and allergy. The Journal of Immunology 2006, 177, 1393-1399, 
doi:10.4049/jimmunol.177.3.1393. 

Nantakomol, D.; Dondorp, A.M.; Krudsood, S.; Udomsangpetch, R.; Pattanapanyasat, K.; Combes, 
V.; Grau, G.E.; White, N.J.; Viriyavejakul, P.; Day, N.P. Circulating red cell–derived 
microparticles in human malaria. Journal of Infectious Diseases 2011, 203, 700-706. 

Nelwan, M.L. Schistosomiasis: life cycle, diagnosis, and control. Current Therapeutic Research 
2019, 91, 5-9, doi:10.1016/j.curtheres.2019.06.001. 

Nicolao, M.C.; Rodriguez Rodrigues, C.; Cumino, A.C. Extracellular vesicles from Echinococcus 
granulosus larval stage: Isolation, characterization and uptake by dendritic cells. PLoS 
Neglected Tropical Diseases 2019, 13, e0007032. 

Nishida-Aoki, N.; Tominaga, N.; Kosaka, N.; Ochiya, T. Altered biodistribution of deglycosylated 
extracellular vesicles through enhanced cellular uptake. Journal of Extracellular Vesicles 
2020, 9, 1713527. 

Nolte-’t Hoen, E.N.; Buermans, H.P.; Waasdorp, M.; Stoorvogel, W.; Wauben, M.H.; ’t Hoen, P.A. 
Deep sequencing of RNA from immune cell-derived vesicles uncovers the selective 
incorporation of small non-coding RNA biotypes with potential regulatory functions. 
Nucleic Acids Research 2012, 40, 9272-9285. 

Nowacki, F.C.; Swain, M.T.; Klychnikov, O.I.; Niazi, U.; Ivens, A.; Quintana, J.F.; Hensbergen, 
P.J.; Hokke, C.H.; Buck, A.H.; Hoffmann, K.F. Protein and small non-coding RNA-
enriched extracellular vesicles are released by the pathogenic blood fluke Schistosoma 
mansoni. Journal of Extracellular Vesicles 2015, 4, 28665, doi:10.3402/jev.v4.28665. 

O'Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of microRNA biogenesis, mechanisms of 
actions, and circulation. Frontiers in Endocrinology 2018, 9, 402. 

O’Leary, C.E.; Schneider, C.; Locksley, R.M. Tuft cells–systemically dispersed sensory epithelia 
integrating immune and neural circuitry. Annual Review of Immunology 2019, 37, 47, 
doi:10.1146/annurev-immunol-042718-041505. 

Odegaard, J.I.; Chawla, A. Alternative Macrophage Activation and Metabolism. Annual Review of 
Pathology: Mechanisms of Disease 2012, doi:10.1146/annurev-pathol-011110-130138. 

Ohmoto, M.; Matsumoto, I.; Yasuoka, A.; Yoshihara, Y.; Abe, K. Genetic tracing of the gustatory 
and trigeminal neural pathways originating from T1R3-expressing taste receptor cells and 
solitary chemoreceptor cells. Molecular and Cellular Neuroscience 2008, 38, 505-517, 
doi:10.1016/j.mcn.2008.04.011. 

Ohtsubo, K.; Marth, J.D. Glycosylation in cellular mechanisms of health and disease. Cell 2006, 
126, 855-867. 

Osteikoetxea, X.; Balogh, A.; Szabó-Taylor, K.; Németh, A.; Szabó, T.G.; Pálóczi, K.; Sódar, B.; 
Kittel, Á.; György, B.; Pállinger, É. Improved characterization of EV preparations based on 
protein to lipid ratio and lipid properties. PlOS One 2015, 10, e0121184. 

Osteikoetxea, X.; Sódar, B.; Németh, A.; Szabó-Taylor, K.; Pálóczi, K.; Vukman, K.V.; Tamási, 
V.; Balogh, A.; Kittel, Á.; Pállinger, É. Differential detergent sensitivity of extracellular 
vesicle subpopulations. Organic & Biomolecular Chemistry 2015, 13, 9775-9782. 

Ottesen, E.; Hiatt, R.; Cheever, A.; Sotomayor, Z.; Neva, F. The acquisition and loss of antigen-
specific cellular immune responsiveness in acute and chronic schistosomiasis in man. 
Clinical and Experimental Immunology 1978, 33, 38. 



 165 

Owhashi, M.; Arita, H.; Hayai, N. Identification of a novel eosinophil chemotactic cytokine (ECF-
L) as a chitinase family protein. Journal of Biological Chemistry 2000, 275, 1279-1286, 
doi:10.1074/jbc.275.2.1279. 

Pace, F.; Carvalho, B.M.; Zanotto, T.M.; Santos, A.; Guadagnini, D.; Silva, K.L.; Mendes, M.C.S.; 
Rocha, G.Z.; Alegretti, S.M.; Santos, G.A. Helminth infection in mice improves insulin 
sensitivity via modulation of gut microbiota and fatty acid metabolism. Pharmacological 
Research 2018, 132, 33-46, doi:10.1016/j.phrs.2018.04.008. 

Pankoui Mfonkeu, J.B.; Gouado, I.; Fotso Kuaté, H.; Zambou, O.; Amvam Zollo, P.H.; Grau, 
G.E.R.; Combes, V. Elevated cell-specific microparticles are a biological marker for 
cerebral dysfunctions in human severe malaria. PloS One 2010, 5, e13415. 

Park, J.E.; Tan, H.S.; Datta, A.; Lai, R.C.; Zhang, H.; Meng, W.; Lim, S.K.; Sze, S.K. Hypoxic 
tumor cell modulates its microenvironment to enhance angiogenic and metastatic potential 
by secretion of proteins and exosomes. Molecular & Cellular Proteomics 2010, 9, 1085-
1099, doi:10.1074/mcp.M900381-MCP200. 

Park, S.-K.; Marchant, J.S. The journey to discovering a flatworm target of praziquantel: a long 
TRP. Trends in Parasitology 2020, 36, 182-194. 

Pearce, E.; Sher, A. Mechanisms of immune evasion in schistosomiasis. Contributions to 
Microbiology and Immunology 1987, 8, 219-232. 

Pearce, E.J.; Caspar, P.; Grzych, J.-M.; Lewis, F.A.; Sher, A. Downregulation of Th1 cytokine 
production accompanies induction of Th2 responses by a parasitic helminth, Schistosoma 
mansoni. The Journal of Experimental Medicine 1991, 173, 159-166, 
doi:10.1084/jem.173.1.159. 

Pearce, E.J.; M Kane, C.; Sun, J.; J Taylor, J.; McKee, A.S.; Cervi, L. Th2 response polarization 
during infection with the helminth parasite Schistosoma mansoni. Immunological Reviews 
2004, 201, 117-126. 

Pearce, E.J.; MacDonald, A.S. The immunobiology of schistosomiasis. Nature Reviews 
Immunology 2002, 2, 499-511. 

Pérez‐Sánchez, R.; Ramajo‐Hernández, A.; Ramajo‐Martín, V.; Oleaga, A. Proteomic analysis of 
the tegument and excretory‐secretory products of adult Schistosoma bovis worms. 
Proteomics 2006, 6, S226-S236. 

Pesce, J.T.; Ramalingam, T.R.; Mentink-Kane, M.M.; Wilson, M.S.; El Kasmi, K.C.; Smith, A.M.; 
Thompson, R.W.; Cheever, A.W.; Murray, P.J.; Wynn, T.A. Arginase-1–expressing 
macrophages suppress Th2 cytokine–driven inflammation and fibrosis. PLoS Pathogens 
2009, 5, e1000371, doi:10.1371/journal.ppat.1000371. 

Pica-Mattoccia, L.; Cioli, D. Sex-and stage-related sensitivity of Schistosoma mansoni to in vivo 
and in vitro praziquantel treatment. International Journal for Parasitology 2004, 34, 527-
533. 

Pilatte, Y.; Bignon, J.; Lambre, C.R. Sialic acids as important molecules in the regulation of the 
immune system: pathophysiological implications of sialidases in immunity. Glycobiology 
1993, 3, 201-218. 

Pinheiro, R.O.; Pinto, E.F.; Benedito, A.B.; Lopes, U.G.; Rossi-Bergmann, B. The T-cell anergy 
induced by Leishmania amazonensis antigens is related with defective antigen presentation 
and apoptosis. Anais da Academia Brasileira de Ciências 2004, 76, 519-527. 

Pisitkun, T.; Shen, R.-F.; Knepper, M.A. Identification and proteomic profiling of exosomes in 
human urine. Proceedings of the National Academy of Sciences 2004, 101, 13368-13373. 



 166 

Prendergast, C.; Sanin, D.; Mountford, A. CD4 T‐cell hyporesponsiveness induced by schistosome 
larvae is not dependent upon eosinophils but may involve connective tissue mast cells. 
Parasite Immunology 2016, 38, 81-92, doi:10.1111/pim.12300. 

Qazi, K.R.; Gehrmann, U.; Domange Jordö, E.; Karlsson, M.C.; Gabrielsson, S. Antigen-loaded 
exosomes alone induce Th1-type memory through a B cell–dependent mechanism. Blood, 
The Journal of the American Society of Hematology 2009, 113, 2673-2683. 

Rai, A.; Greening, D.W.; Xu, R.; Chen, M.; Suwakulsiri, W.; Simpson, R.J. Secreted midbody 
remnants are a class of extracellular vesicles molecularly distinct from exosomes and 
microparticles. Communications Biology 2021, 4, 1-12. 

Ramaswamy, K.; He, Y.-X.; Salafsky, B. ICAM-1 and iNOS expression increased in the skin of 
mice after vaccination with γ-irradiated cercariae of Schistosoma mansoni. Experimental 
Parasitology 1997, 86, 118-132. 

Ramaswamy, K.; Kumar, P.; He, Y.-X. A role for parasite-induced PGE2 in IL-10-mediated host 
immunoregulation by skin stage schistosomula of Schistosoma mansoni. The Journal of 
Immunology 2000, 165, 4567-4574. 

Ramaswamy, K.; Salafsky, B.; Potluri, S.; He, Y.-X.; Li, J.-W.; Shibuya, T. Secretion of an anti-
inflammatory, immunomodulatory factor by Schistosomulae of Schistosoma mansoni. 
Journal of Inflammation 1995, 46, 13-22. 

Raposo, G.; Nijman, H.W.; Stoorvogel, W.; Liejendekker, R.; Harding, C.V.; Melief, C.; Geuze, 
H.J. B lymphocytes secrete antigen-presenting vesicles. The Journal of Experimental 
Medicine 1996, 183, 1161-1172. 

Raposo, G.; Stahl, P.D. Extracellular vesicles: a new communication paradigm? Nature Reviews 
Molecular Cell Biology 2019, 20, 509-510. 

Ratajczak, J.; Miekus, K.; Kucia, M.; Zhang, J.; Reca, R.; Dvorak, P.; Ratajczak, M. Embryonic 
stem cell-derived microvesicles reprogram hematopoietic progenitors: evidence for 
horizontal transfer of mRNA and protein delivery. Leukemia 2006, 20, 847-856. 

Ravidà, A.; Aldridge, A.M.; Driessen, N.N.; Heus, F.A.; Hokke, C.H.; O’Neill, S.M. Fasciola 
hepatica surface coat glycoproteins contain mannosylated and phosphorylated N-glycans 
and exhibit immune modulatory properties independent of the mannose receptor. PLoS 
Neglected Tropical Diseases 2016, 10, e0004601, doi:10.1371/journal.pntd.0004601. 

Reamtong, O.; Simanon, N.; Thiangtrongjit, T.; Limpanont, Y.; Chusongsang, P.; Chusongsang, 
Y.; Anuntakarun, S.; Payungporn, S.; Phuphisut, O.; Adisakwattana, P. Proteomic analysis 
of adult Schistosoma mekongi somatic and excretory-secretory proteins. Acta Tropica 2020, 
202, 105247, doi:10.1016/j.actatropica.2019.105247. 

Record, M.; Carayon, K.; Poirot, M.; Silvente-Poirot, S. Exosomes as new vesicular lipid 
transporters involved in cell–cell communication and various pathophysiologies. 
Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids 2014, 1841, 
108-120. 

Record, M.; Subra, C.; Silvente-Poirot, S.; Poirot, M. Exosomes as intercellular signalosomes and 
pharmacological effectors. Biochemical Pharmacology 2011, 81, 1171-1182. 

Regev-Rudzki, N.; Wilson, D.W.; Carvalho, T.G.; Sisquella, X.; Coleman, B.M.; Rug, M.; Bursac, 
D.; Angrisano, F.; Gee, M.; Hill, A.F.; et al. Cell-cell communication between malaria-
infected red blood cells via exosome-like vesicles. Cell 2013, 153, 1120-1133. 

Reily, C.; Stewart, T.J.; Renfrow, M.B.; Novak, J. Glycosylation in health and disease. Nature 
Reviews Nephrology 2019, 15, 346-366. 



 167 

Remoortere, A.v.; H. Hokke, C.; Dam, G.J.v.; Die, I.v.; M. Deelder, A.; Eijnden, D.H.v.d. Various 
stages of Schistosoma express Lewisx, LacdiNAc, GalNAcβ1–4 (Fucα1–3) GlcNAc and 
GalNAcβ1–4 (Fucα1–2Fucα1–3) GlcNAc carbohydrate epitopes: detection with 
monoclonal antibodies that are characterized by enzymatically synthesized 
neoglycoproteins. Glycobiology 2000, 10, 601-609. 

Rempel, H.; Calosing, C.; Sun, B.; Pulliam, L. Sialoadhesin expressed on IFN-induced monocytes 
binds HIV-1 and enhances infectivity. PLOS ONE 2008, 3, e1967, 
doi:10.1371/journal.pone.0001967. 

Reyes, J.; Terrazas, L. The divergent roles of alternatively activated macrophages in helminthic 
infections. Parasite Immunology 2007, 29, 609-619, doi:10.1111/j.1365-
3024.2007.00973.x. 

Rinaldi, G.; Morales, M.E.; Alrefaei, Y.N.; Cancela, M.; Castillo, E.; Dalton, J.P.; Tort, J.F.; 
Brindley, P.J. RNA interference targeting leucine aminopeptidase blocks hatching of 
Schistosoma mansoni eggs. Molecular and Biochemical Parasitology 2009, 167, 118-126, 
doi:10.1016/j.molbiopara.2009.05.002. 

Riner, D.K.; Ferragine, C.E.; Maynard, S.K.; Davies, S.J. Regulation of innate responses during 
pre-patent schistosome infection provides an immune environment permissive for parasite 
development. PLoS Pathogens 2013, 9, e1003708. 

Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: a Bioconductor package for differential 
expression analysis of digital gene expression data. Bioinformatics 2010, 26, 139-140, 
doi:10.1093/bioinformatics/btp616. 

Robinson, M.W.; Menon, R.; Donnelly, S.M.; Dalton, J.P.; Ranganathan, S. An integrated 
transcriptomics and proteomics analysis of the secretome of the helminth pathogen Fasciola 
hepatica: proteins associated with invasion and infection of the mammalian host. Molecular 
& Cellular Proteomics 2009, 8, 1891-1907. 

Rocha, M.; Pedroso, E.; Lambertucci, J.; Greco, D.; Rocha, R.; Rezende, D.; Neves, J. Gastro-
intestinal manifestations of the initial phase of schistosomiasis mansoni. Annals of Tropical 
Medicine & Parasitology 1995, 89, 271-278. 

Ross, A.G.; Bartley, A.C.; Sleigh, G.R.; Olds, G.R.; Li, Y.; Williams, G.M.; McManus, D.P. 
Schistosomiasis. New England Journal of Medicine 2002, 346, 1212-1220. 

Rothe, C.; Zimmer, T.; Schunk, M.; Wallrauch, C.; Helfrich, K.; Gültekin, F.; Bretzel, G.; Allienne, 
J.-F.; Boissier, J. Developing endemicity of schistosomiasis, Corsica, France. Emerging 
Infectious Diseases 2021, 27, 319. 

Royo, F.; Cossío, U.; de Angulo, A.R.; Llop, J.; Falcon-Perez, J.M. Modification of the 
glycosylation of extracellular vesicles alters their biodistribution in mice. Nanoscale 2019, 
11, 1531-1537. 

Rubin‐de‐Celis, S.S.; Uemura, H.; Yoshida, N.; Schenkman, S. Expression of trypomastigote trans‐
sialidase in metacyclic forms of Trypanosoma cruzi increases parasite escape from its 
parasitophorous vacuole. Cellular Microbiology 2006, 8, 1888-1898, doi:10.1111/j.1462-
5822.2006.00755.x. 

Rutitzky, L.I.; Stadecker, M.J. CD4 T cells producing pro-inflammatory interleukin-17 mediate 
high pathology in schistosomiasis. Memorias do Instituto Oswaldo Cruz 2006, 101, 327-
330, doi:10.1590/S0074-02762006000900052. 

Ryan, N.M.; Oghumu, S. Role of mast cells in the generation of a T-helper type 2 dominated anti-
helminthic immune response. Bioscience Reports 2019, 39, doi:10.1042/BSR20181771. 



 168 

Samoil, V.; Dagenais, M.; Ganapathy, V.; Aldridge, J.; Glebov, A.; Jardim, A.; Ribeiro, P. Vesicle-
based secretion in schistosomes: analysis of protein and microRNA (miRNA) content of 
exosome-like vesicles derived from Schistosoma mansoni. Scientific Reports 2018, 8, 1-16, 
doi:10.1038/s41598-018-21587-4. 

Sánchez-López, C.M.; Trelis, M.; Bernal, D.; Marcilla, A. Overview of the interaction of helminth 
extracellular vesicles with the host and their potential functions and biological applications. 
Molecular Immunology 2021, 134, 228-235. 

Sandler, N.G.; Mentink-Kane, M.M.; Cheever, A.W.; Wynn, T.A. Global gene expression profiles 
during acute pathogen-induced pulmonary inflammation reveal divergent roles for Th1 and 
Th2 responses in tissue repair. The Journal of Immunology 2003, 171, 3655-3667, 
doi:10.4049/jimmunol.171.7.3655. 

Sato, H.; Kusel, J.; Thornhill, J. Functional visualization of the excretory system of adult 
Schistosoma mansoni by the fluorescent marker resorufin. Parasitology 2002, 125, 527-
535. 

Saunderson, S.C.; Dunn, A.C.; Crocker, P.R.; McLellan, A.D. CD169 mediates the capture of 
exosomes in spleen and lymph node. Blood, The Journal of the American Society of 
Hematology 2014, 123, 208-216. 

Savioli, L.; Hatz, C.; Dixon, H.; Kisumku, U.M.; Mott, K.E. Control of morbidity due to 
Schistosoma haematobium on Pemba Island: egg excretion and hematuria as indicators of 
infection. The American Journal of Tropical Medicine and Hygiene 1990, 43, 289-295. 

Schauer, R. Sialic acids and their role as biological masks. Trends in Biochemical Sciences 1985, 
10, 357-360, doi:10.1016/0968-0004(85)90112-4. 

Schauer, R.; Kamerling, J.P. The chemistry and biology of trypanosomal trans‐sialidases: virulence 
factors in Chagas disease and sleeping sickness. ChemBioChem 2011, 12, 2246-2264, 
doi:10.1002/cbic.201100421. 

Schauer, R.; Kamerling, J.P. Exploration of the sialic acid world. Advances in Carbohydrate 
Chemistry and Biochemistry 2018, 75, 1-213, doi:10.1016/bs.accb.2018.09.001. 

Schauer, R.; Shukla, A.K.; Schroder, C.; Müller, E. The anti-recognition function of sialic acids: 
studies with erythrocytes and macrophages. Pure and Applied Chemistry 1984, 56, 907-
921. 

Schorey, J.S.; Bhatnagar, S. Exosome function: from tumor immunology to pathogen biology. 
Traffic 2008, 9, 871-881. 

Schwartz, C.; Fallon, P.G. Schistosoma “eggs-iting” the host: granuloma formation and egg 
excretion. Frontiers in Immunology 2018, 9, 2492. 

Schwartz, R.H. T cell anergy. Annual Review of Immunology 2003, 21, 305. 
Severi, E.; Hood, D.W.; Thomas, G.H. Sialic acid utilization by bacterial pathogens. Microbiology 

2007, 153, 2817-2822, doi:10.1099/mic.0.2007/009480-0. 
Shakhnovich, E.A.; King, S.J.; Weiser, J.N. Neuraminidase expressed by Streptococcus 

pneumoniae desialylates the lipopolysaccharide of Neisseria meningitidis and Haemophilus 
influenzae: a paradigm for interbacterial competition among pathogens of the human 
respiratory tract. Infection and Immunity 2002, 70, 7161-7164, 
doi:10.1128/IAI.70.12.7161-7164.2002. 

Shane, H.L.; Verani, J.R.; Abudho, B.; Montgomery, S.P.; Blackstock, A.J.; Mwinzi, P.N.; Butler, 
S.E.; Karanja, D.M.; Secor, W.E. Evaluation of urine CCA assays for detection of 
Schistosoma mansoni infection in Western Kenya. PLoS Neglected Tropical Diseases 2011, 
5, e951. 



 169 

Shapouri‐Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.A.; Mardani, 
F.; Seifi, B.; Mohammadi, A.; Afshari, J.T.; Sahebkar, A. Macrophage plasticity, 
polarization, and function in health and disease. Journal of Cellular Physiology 2018, 233, 
6425-6440. 

Sher, A.; Correa-Oliveira, R.; Hieny, S.; Hussain, R. Mechanisms of protective immunity against 
Schistosoma mansoni infection in mice vaccinated with irradiated cercariae. IV. Analysis 
of the role of IgE antibodies and mast cells. The Journal of Immunology 1983, 131, 1460-
1465. 

Shi, R.; Sun, Y.-H.; Zhang, X.-H.; Chiang, V.L. Poly(T) Adaptor RT-PCR. In Next-Generation 
MicroRNA Expression Profiling Technology: Methods and Protocols, Fan, J.-B., Ed.; 
Humana Press: Totowa, NJ, 2012; pp. 53-66. 

Shimoda, A.; Tahara, Y.; Sawada, S.-i.; Sasaki, Y.; Akiyoshi, K. Glycan profiling analysis using 
evanescent-field fluorescence-assisted lectin array: Importance of sugar recognition for 
cellular uptake of exosomes from mesenchymal stem cells. Biochemical and Biophysical 
Research Communications 2017, 491, 701-707, doi:10.1016/j.bbrc.2017.07.126. 

Shimoda, M.; Khokha, R. Proteolytic factors in exosomes. Proteomics 2013, 13, 1624-1636, 
doi:10.1002/pmic.201200458. 

Sieweke, M.H.; Allen, J.E. Beyond stem cells: self-renewal of differentiated macrophages. Science 
2013, 342, 1242974. 

Siles-Lucas, M.; Sánchez-Ovejero, C.; González-Sánchez, M.; González, E.; Falcón-Pérez, J.M.; 
Boufana, B.; Fratini, F.; Casulli, A.; Manzano-Román, R. Isolation and characterization of 
exosomes derived from fertile sheep hydatid cysts. Veterinary Parasitology 2017, 236, 22-
33. 

Silverman, J.M.; Clos, J.; Horakova, E.; Wang, A.Y.; Wiesgigl, M.; Kelly, I.; Lynn, M.A.; 
McMaster, W.R.; Foster, L.J.; Levings, M.K. Leishmania exosomes modulate innate and 
adaptive immune responses through effects on monocytes and dendritic cells. The Journal 
of Immunology 2010, 185, 5011-5022. 

Silverman, J.M.; Reiner, N.E. Exosomes and other microvesicles in infection biology: organelles 
with unanticipated phenotypes. Cellular Microbiology 2011, 13, 1-9. 

Silverman, J.M.; Reiner, N.E. Leishmania exosomes deliver preemptive strikes to create an 
environment permissive for early infection. Frontiers in Cellular and Infection 
Microbiology 2012, 1, 26. 

Simbari, F.; McCaskill, J.; Coakley, G.; Millar, M.; Maizels, R.M.; Fabriás, G.; Casas, J.; Buck, 
A.H. Plasmalogen enrichment in exosomes secreted by a nematode parasite versus those 
derived from its mouse host: implications for exosome stability and biology. Journal of 
Extracellular Vesicles 2016, 5, 30741, doi:10.3402/jev.v5.30741. 

Simões, M.C.; Lee, J.; Djikeng, A.; Cerqueira, G.C.; Zerlotini, A.; da Silva-Pereira, R.A.; Dalby, 
A.R.; LoVerde, P.; El-Sayed, N.M.; Oliveira, G. Identification of Schistosoma mansoni 
microRNAs. BMC Genomics 2011, 12, 1-17. 

Simons, M.; Raposo, G. Exosomes–vesicular carriers for intercellular communication. Current 
Opinion in Cell Biology 2009, 21, 575-581. 

Simpson, R.J.; Kalra, H.; Mathivanan, S. ExoCarta as a resource for exosomal research. Journal of 
Extracellular Vesicles 2012, 1, 18374. 

Singh, N.K.; Rao, G.N. Emerging role of 12/15-Lipoxygenase (ALOX15) in human pathologies. 
Progress in Lipid Research 2019, 73, 28-45, doi:10.1016/j.plipres.2018.11.001. 



 170 

Skelly, P.; Pfeiffer, R.; Verrey, F.; Shoemaker, C. SPRM1lc, a heterodimeric amino acid permease 
light chain of the human parasitic platyhelminth, Schistosoma mansoni. Parasitology 1999, 
119, 569-576. 

Skelly, P.; Tielens, A.; Shoemaker, C. Glucose transport and metabolism in mammalian-stage 
schistosomes. Parasitology Today 1998, 14, 402-406. 

Skelly, P.J.; Da'dara, A.A.; Li, X.-H.; Castro-Borges, W.; Wilson, R.A. Schistosome feeding and 
regurgitation. PLoS Pathogens 2014, 10, e1004246. 

Skelly, P.J.; Kim, J.W.; Cunningham, J.; Shoemaker, C.B. Cloning, characterization, and 
functional expression of cDNAs encoding glucose transporter proteins from the human 
parasite Schistosoma mansoni. Journal of Biological Chemistry 1994, 269, 4247-4253. 

Skotland, T.; Sagini, K.; Sandvig, K.; Llorente, A. An emerging focus on lipids in extracellular 
vesicles. Advanced Drug Delivery Reviews 2020, 159, 308-321. 

Soblik, H.; Younis, A.E.; Mitreva, M.; Renard, B.Y.; Kirchner, M.; Geisinger, F.; Steen, H.; 
Brattig, N.W. Life cycle stage-resolved proteomic analysis of the excretome/secretome 
from Strongyloides ratti—identification of stage-specific proteases. Molecular & Cellular 
Proteomics 2011, 10. 

Sohanpal, B.K.; El-Labany, S.; Lahooti, M.; Plumbridge, J.A.; Blomfield, I.C. Integrated 
regulatory responses of fimB to N-acetylneuraminic (sialic) acid and GlcNAc in 
Escherichia coli K-12. Proceedings of the National Academy of Sciences 2004, 101, 16322-
16327, doi:doi.org/10.1073/pnas.0405821101. 

Sohanpal, B.K.; Friar, S.; Roobol, J.; Plumbridge, J.A.; Blomfield, I.C. Multiple co‐regulatory 
elements and IHF are necessary for the control of fimB expression in response to sialic acid 
and N‐acetylglucosamine in Escherichia coli K‐12. Molecular Microbiology 2007, 63, 
1223-1236, doi:10.1111/j.1365-2958.2006.05583.x. 

Sotillo, J.; Pearson, M.; Potriquet, J.; Becker, L.; Pickering, D.; Mulvenna, J.; Loukas, A. 
Extracellular vesicles secreted by Schistosoma mansoni contain protein vaccine candidates. 
International Journal for Parasitology 2016, 46, 1-5, doi:10.1016/j.ijpara.2015.09.002. 

Sotillo, J.; Robinson, M.W.; Kimber, M.J.; Cucher, M.; Ancarola, M.E.; Nejsum, P.; Marcilla, A.; 
Eichenberger, R.M.; Tritten, L. The protein and microRNA cargo of extracellular vesicles 
from parasitic helminths-current status and research priorities. International Journal for 
Parasitology 2020, doi:10.1016/j.ijpara.2020.04.010. 

Steenbeek, S.C.; Pham, T.V.; de Ligt, J.; Zomer, A.; Knol, J.C.; Piersma, S.R.; Schelfhorst, T.; 
Huisjes, R.; Schiffelers, R.M.; Cuppen, E. Cancer cells copy migratory behavior and 
exchange signaling networks via extracellular vesicles. EMBO Journal 2018, 37, e98357, 
doi:10.15252/embj.201798357. 

Stoiber, D.; Kovarik, P.; Cohney, S.; Johnston, J.A.; Steinlein, P.; Decker, T. Lipopolysaccharide 
induces in macrophages the synthesis of the suppressor of cytokine signaling 3 and 
suppresses signal transduction in response to the activating factor IFN-γ. The Journal of 
Immunology 1999, 163, 2640-2647. 

Stürchler, D.; Holzer, B.; Hanck, A.; Degremont, A. The influence of schistosomiasis on the serum 
concentrations of retinol and retinol binding protein of a rural population in Liberia. Acta 
Tropica 1983, 40, 261-269. 

Subra, C.; Laulagnier, K.; Perret, B.; Record, M. Exosome lipidomics unravels lipid sorting at the 
level of multivesicular bodies. Biochimie 2007, 89, 205-212. 



 171 

Takahashi, A.; Okada, R.; Nagao, K.; Kawamata, Y.; Hanyu, A.; Yoshimoto, S.; Takasugi, M.; 
Watanabe, S.; Kanemaki, M.T.; Obuse, C. Exosomes maintain cellular homeostasis by 
excreting harmful DNA from cells. Nature Communications 2017, 8, 1-16. 

Takeuchi, O.; Akira, S. Pattern recognition receptors and inflammation. Cell 2010, 140, 805-820. 
Taylor, D.D.; Akyol, S.; Gercel-Taylor, C. Pregnancy-associated exosomes and their modulation 

of T cell signaling. The Journal of Immunology 2006, 176, 1534-1542. 
Taylor, J.J.; Krawczyk, C.M.; Mohrs, M.; Pearce, E.J. Th2 cell hyporesponsiveness during chronic 

murine schistosomiasis is cell intrinsic and linked to GRAIL expression. The Journal of 
Clinical Investigation 2009, 119, 1019-1028. 

Taylor, M.D.; Harris, A.; Nair, M.G.; Maizels, R.M.; Allen, J.E. F4/80+ alternatively activated 
macrophages control CD4+ T cell hyporesponsiveness at sites peripheral to filarial 
infection. The journal of Immunology 2006, 176, 6918-6927. 

Taylor, P.R.; Martinez-Pomares, L.; Stacey, M.; Lin, H.-H.; Brown, G.D.; Gordon, S. Macrophage 
receptors and immune recognition. Annual Review of Immunology 2005, 23, 901-944. 

Tchuenté, L.-A.T. Control of schistosomiasis and soil-transmitted helminthiasis in sub-Saharan 
Africa: challenges and prospects. Current Topics in Tropical Medicine 2012, 16, 359-376. 

Thakur, B.K.; Zhang, H.; Becker, A.; Matei, I.; Huang, Y.; Costa-Silva, B.; Zheng, Y.; Hoshino, 
A.; Brazier, H.; Xiang, J. Double-stranded DNA in exosomes: a novel biomarker in cancer 
detection. Cell Research 2014, 24, 766-769. 

Théry, C. Exosomes: secreted vesicles and intercellular communications. F1000 Biology Reports 
2011, 3. 

Théry, C.; Amigorena, S.; Raposo, G.; Clayton, A. Isolation and characterization of exosomes from 
cell culture supernatants and biological fluids. Current Protocols in Cell Biology 2006, 30, 
3.22. 21-23.22. 29. 

Théry, C.; Ostrowski, M.; Segura, E. Membrane vesicles as conveyors of immune responses. 
Nature Reviews Immunology 2009, 9, 581–593. 

Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; 
Antoniou, A.; Arab, T.; Archer, F.; Atkin‐Smith, G.K. Minimal information for studies of 
extracellular vesicles 2018 (MISEV2018): a position statement of the International Society 
for Extracellular Vesicles and update of the MISEV2014 guidelines. Journal of 
Extracellular Vesicles 2018, 7, 1535750. 

Toledo, R.; Bernal, M.D.; Marcilla, A. Proteomics of foodborne trematodes. Journal of Proteomics 
2011, 74, 1485-1503. 

Torralba, D.; Baixauli, F.; Villarroya-Beltri, C.; Fernández-Delgado, I.; Latorre-Pellicer, A.; Acín-
Pérez, R.; Martín-Cófreces, N.B.; Jaso-Tamame, Á.L.; Iborra, S.; Jorge, I. Priming of 
dendritic cells by DNA-containing extracellular vesicles from activated T cells through 
antigen-driven contacts. Nature Communications 2018, 9, 1-17. 

Toyofuku, M.; Nomura, N.; Eberl, L. Types and origins of bacterial membrane vesicles. Nature 
Reviews Microbiology 2019, 17, 13-24, doi:10.1038/s41579-018-0112-2. 

Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.; Wieland, F.; Schwille, P.; Brügger, 
B.; Simons, M. Ceramide triggers budding of exosome vesicles into multivesicular 
endosomes. Science 2008, 319, 1244-1247, doi:10.1126/science.1153124. 

Tran, H.T.; Herz, C.; Ruf, P.; Stetter, R.; Lamy, E. Human T2R38 bitter taste receptor expression 
in resting and activated lymphocytes. Frontiers in Immunology 2018, 9, 2949, 
doi:10.3389/fimmu.2018.02949. 



 172 

Tritten, L.; Burkman, E.; Moorhead, A.; Satti, M.; Geary, J.; Mackenzie, C.; Geary, T. Detection 
of circulating parasite-derived microRNAs in filarial infections. PLoS Neglected Tropical 
Diseases 2014, 8, e2971. 

Tritten, L.; Clarke, D.; Timmins, S.; McTier, T.; Geary, T.G. Dirofilaria immitis exhibits sex-and 
stage-specific differences in excretory/secretory miRNA and protein profiles. Veterinary 
Parasitology 2016, 232, 1-7. 

Tritten, L.; Geary, T.G. MicroRNAs of filarial nematodes: a new frontier in host-pathogen 
interactions. In Non-coding RNAs and Inter-kingdom Communication; Springer: 2016; pp. 
207-223. 

Tritten, L.; Geary, T.G. Helminth extracellular vesicles in host–parasite interactions. Current 
Opinion in Microbiology 2018, 46, 73-79. 

Tritten, L.; O’Neill, M.; Nutting, C.; Wanji, S.; Njouendoui, A.; Fombad, F.; Kengne-Ouaffo, J.; 
Mackenzie, C.; Geary, T. Loa loa and Onchocerca ochengi miRNAs detected in host 
circulation. Molecular and Biochemical Parasitology 2014, 198, 14-17. 

Tritten, L.; Tam, M.; Vargas, M.; Jardim, A.; Stevenson, M.M.; Keiser, J.; Geary, T.G. 
Excretory/secretory products from the gastrointestinal nematode Trichuris muris. 
Experimental Parasitology 2017, 178, 30-36. 

Trocoli Torrecilhas, A.C.; Tonelli, R.R.; Pavanelli, W.R.; da Silva, J.S.; Schumacher, R.I.; de 
Souza, W.; NC, E.S.; de Almeida Abrahamsohn, I.; Colli, W.; Manso Alves, M.J. 
Trypanosoma cruzi: parasite shed vesicles increase heart parasitism and generate an intense 
inflammatory response. Microbes and Infection 2009, 11, 29-39, 
doi:10.1016/j.micinf.2008.10.003. 

Tucker, M.S.; Karunaratne, L.B.; Lewis, F.A.; Freitas, T.C.; Liang, Y.S. Schistosomiasis. Current 
Protocols in Immunology 2013, 103, 19.11.11-19.11.58, 
doi:10.1002/0471142735.im1901s103. 

Turchinovich, A.; Samatov, T.R.; Tonevitsky, A.G.; Burwinkel, B. Circulating miRNAs: cell–cell 
communication function? Frontiers in Genetics 2013, 4, 119. 

Turner, J.D.; Narang, P.; Coles, M.C.; Mountford, A.P. Blood flukes exploit Peyer's patch 
lymphoid tissue to facilitate transmission from the mammalian host. PLoS Pathogens 2012, 
8, e1003063, doi:10.1371/journal.ppat.1003063. 

Twu, O.; Johnson, P.J. Parasite extracellular vesicles: mediators of intercellular communication. 
PLoS Pathogens 2014, 10, e1004289. 

Tzelos, T.; Matthews, J.B.; Buck, A.H.; Simbari, F.; Frew, D.; Inglis, N.F.; McLean, K.; Nisbet, 
A.J.; Whitelaw, C.B.A.; Knox, D.P. A preliminary proteomic characterisation of 
extracellular vesicles released by the ovine parasitic nematode, Teladorsagia circumcincta. 
Veterinary Parasitology 2016, 221, 84-92. 

Urbanelli, L.; Magini, A.; Buratta, S.; Brozzi, A.; Sagini, K.; Polchi, A.; Tancini, B.; Emiliani, C. 
Signaling pathways in exosomes biogenesis, secretion and fate. Genes 2013, 4, 152-170, 
doi:doi.org/10.3390/genes4020152. 

Utsugi-Kobukai, S.; Fujimaki, H.; Hotta, C.; Nakazawa, M.; Minami, M. MHC class I-mediated 
exogenous antigen presentation by exosomes secreted from immature and mature bone 
marrow derived dendritic cells. Immunology Letters 2003, 89, 125-131. 

Vagner, T.; Spinelli, C.; Minciacchi, V.R.; Balaj, L.; Zandian, M.; Conley, A.; Zijlstra, A.; 
Freeman, M.R.; Demichelis, F.; De, S. Large extracellular vesicles carry most of the tumour 
DNA circulating in prostate cancer patient plasma. Journal of Extracellular Vesicles 2018, 
7, 1505403. 



 173 

Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome-mediated 
transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between 
cells. Nature Cell Biology 2007, 9, 654-659, doi:10.1038/ncb1596. 

Valcz, G.; Buzás, E.I.; Kittel, Á.; Krenács, T.; Visnovitz, T.; Spisák, S.; Török, G.; Homolya, L.; 
Zsigrai, S.; Kiszler, G. En bloc release of MVB-like small extracellular vesicle clusters by 
colorectal carcinoma cells. Journal of Extracellular Vesicles 2019, 8, 1596668. 

Vallejo, M.C.; Nakayasu, E.S.; Longo, L.V.; Ganiko, L.; Lopes, F.G.; Matsuo, A.L.; Almeida, I.C.; 
Puccia, R. Lipidomic analysis of extracellular vesicles from the pathogenic phase of 
Paracoccidioides brasiliensis. PloS One 2012, 7, e39463. 

Van der Pol, E.; Böing, A.N.; Harrison, P.; Sturk, A.; Nieuwland, R. Classification, functions, and 
clinical relevance of extracellular vesicles. Pharmacological Reviews 2012, 64, 676-705. 

van Die, I.; van Vliet, S.J.; Nyame, A.K.; Cummings, R.D.; Bank, C.M.; Appelmelk, B.; 
Geijtenbeek, T.B.; van Kooyk, Y. The dendritic cell–specific C-type lectin DC-SIGN is a 
receptor for Schistosoma mansoni egg antigens and recognizes the glycan antigen Lewis x. 
Glycobiology 2003, 13, 471-478. 

van Niel, G.; Carter, D.R.; Clayton, A.; Lambert, D.W.; Raposo, G.; Vader, P. Challenges and 
directions in studying cell–cell communication by extracellular vesicles. Nature Reviews 
Molecular Cell Biology 2022, 23, 369-382. 

Van Niel, G.; d'Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. 
Nature Reviews Molecular Cell Biology 2018, 19, 213. 

Vanderheijden, N.; Delputte, P.L.; Favoreel, H.W.; Vandekerckhove, J.; Van Damme, J.; van 
Woensel, P.A.; Nauwynck, H.J. Involvement of sialoadhesin in entry of porcine 
reproductive and respiratory syndrome virus into porcine alveolar macrophages. Journal of 
Virology 2003, 77, 8207-8215, doi:10.1128/JVI.77.15.8207-8215.2003. 

Varki, A.; Gagneux, P. Multifarious roles of sialic acids in immunity. Annals of the New York 
Academy of Sciences 2012, 1253, 16, doi:10.1111/j.1749-6632.2012.06517.x. 

Varki, A.; Kannagi, R.; Toole, B.P. Glycosylation changes in cancer. Essentials of Glycobiology. 
2nd edition 2009. 

Vasconcelos, E.G.; Ferreira, S.T.; Carvalho, T.M.; Souza, W.; Kettlun, A.M.; Mancilla, M.; 
Valenzuela, M.A.; Verjovski-Almeida, S. Partial purification and immunohistochemical 
localization of ATP diphosphohydrolase from Schistosoma mansoni. Immunological cross-
reactivities with potato apyrase and Toxoplasma gondii nucleoside triphosphate hydrolase. 
Journal of Biological Chemistry 1996, 271, 22139-22145, doi:10.1074/jbc.271.36.22139. 

Vella, L.J.; Greenwood, D.L.; Cappai, R.; Scheerlinck, J.-P.Y.; Hill, A.F. Enrichment of prion 
protein in exosomes derived from ovine cerebral spinal fluid. Veterinary Immunology and 
Immunopathology 2008, 124, 385-393. 

Verweij, F.J.; Balaj, L.; Boulanger, C.M.; Carter, D.R.; Compeer, E.B.; D’angelo, G.; El 
Andaloussi, S.; Goetz, J.G.; Gross, J.C.; Hyenne, V. The power of imaging to understand 
extracellular vesicle biology in vivo. Nature Methods 2021, 18, 1013-1026. 

Vimr, E.; Lichtensteiger, C. To sialylate, or not to sialylate: that is the question. Trends in 
Microbiology 2002, 10, 254-257. 

Von Moltke, J.; Ji, M.; Liang, H.-E.; Locksley, R.M. Tuft-cell-derived IL-25 regulates an intestinal 
ILC2–epithelial response circuit. Nature 2016, 529, 221-225, doi:10.1038/nature16161. 

Vukman, K.; Lalor, R.; Aldridge, A.; O'Neill, S. Mast cells: new therapeutic target in helminth 
immune modulation. Parasite Immunology 2016, 38, 45-52, doi:10.1111/pim.12295. 



 174 

Waldenström, A.; Gennebäck, N.; Hellman, U.; Ronquist, G. Cardiomyocyte microvesicles contain 
DNA/RNA and convey biological messages to target cells. PloS One 2012, 7, e34653. 

Wang, D.; Gill, P.S.; Chabrashvili, T.; Onozato, M.L.; Raggio, J.; Mendonca, M.; Dennehy, K.; Li, 
M.; Modlinger, P.; Leiper, J. Isoform-specific regulation by NG, N G-dimethylarginine 
dimethylaminohydrolase of rat serum asymmetric dimethylarginine and vascular 
endothelium-derived relaxing factor/NO. Circulation Research 2007, 101, 627-635. 

Wang, H.; Matsumoto, I.; Jiang, P. Immune regulatory roles of cells expressing taste signaling 
elements in nongustatory tissues. Springer: 2021. 

Wang, J.; Silva, M.; Haas, L.A.; Morsci, N.S.; Nguyen, K.C.; Hall, D.H.; Barr, M.M. C. elegans 
ciliated sensory neurons release extracellular vesicles that function in animal 
communication. Current Biology 2014, 24, 519-525. 

Wang, L.; Li, Z.; Shen, J.; Liu, Z.; Liang, J.; Wu, X.; Sun, X.; Wu, Z. Exosome-like vesicles derived 
by Schistosoma japonicum adult worms mediates M1 type immune-activity of macrophage. 
Parasitology Research 2015, 114, 1865-1873, doi: 10.1007/s00436-015-4373-7. 

Wang, L.; Liao, Y.; Yang, R.; Yu, Z.; Zhang, L.; Zhu, Z.; Wu, X.; Shen, J.; Liu, J.; Xu, L. Sja-
miR-71a in Schistosome egg-derived extracellular vesicles suppresses liver fibrosis caused 
by schistosomiasis via targeting semaphorin 4D. Journal of Extracellular Vesicles 2020, 9, 
1785738. 

Wang, L.x.; Zhang, S.x.; Wu, H.j.; Rong, X.l.; Guo, J. M2b macrophage polarization and its roles 
in diseases. Journal of Leukocyte Biology 2019, 106, 345-358. 

Wang, Q.; Lu, Q. Plasma membrane-derived extracellular microvesicles mediate non-canonical 
intercellular NOTCH signaling. Nature Communications 2017, 8, 1-9. 

Wang, Q.; Ni, H.; Lan, L.; Wei, X.; Xiang, R.; Wang, Y. Fra-1 protooncogene regulates IL-6 
expression in macrophages and promotes the generation of M2d macrophages. Cell 
Research 2010, 20, 701-712. 

Wang, T.; Fu, X.; Chen, Q.; Patra, J.K.; Wang, D.; Wang, Z.; Gai, Z. Arachidonic acid metabolism 
and kidney inflammation. International Journal of Molecular Sciences 2019, 20, 3683, 
doi:10.3390/ijms20153683. 

Wang, W.; Kong, P.; Ma, G.; Li, L.; Zhu, J.; Xia, T.; Xie, H.; Zhou, W.; Wang, S. Characterization 
of the release and biological significance of cell-free DNA from breast cancer cell lines. 
Oncotarget 2017, 8, 43180. 

Wang, W.; Wang, L.; Liang, Y.-S. Susceptibility or resistance of praziquantel in human 
schistosomiasis: a review. Parasitology Research 2012, 111, 1871-1877. 

Wang, Y.; Liu, H.; McKenzie, G.; Witting, P.K.; Stasch, J.-P.; Hahn, M.; Jackman, K.A.; 
Changsirivathanathamrong, D.; Wu, B.J.; Ball, H.J. Kynurenine is a novel endothelium-
derived vascular relaxing factor produced during inflammation. BMC Pharmacology 2009, 
9, 1-1. 

Wang, Y.; Zhao, M.; Liu, S.; Guo, J.; Lu, Y.; Cheng, J.; Liu, J. Macrophage-derived extracellular 
vesicles: Diverse mediators of pathology and therapeutics in multiple diseases. Cell Death 
& Disease 2020, 11, 1-18. 

Warren, K.S.; Mahmoud, A.; Cummings, P.; Murphy, D.J.; Houser, H.B. Schistosomiasis mansoni 
in Yemeni in California: duration of infection, presence of disease, therapeutic 
management. The American Journal of Tropical Medicine and Hygiene 1974, 23, 902-909. 

Watanabe, K.; Mwinzi, P.N.; Black, C.L.; Muok, E.M.; Karanja, D.M.; Secor, W.E.; Colley, D.G. 
T regulatory cell levels decrease in people infected with Schistosoma mansoni on effective 



 175 

treatment. The American Journal of Tropical Medicine and Hygiene 2007, 77, 676, 
doi:10.4269/ajtmh.2007.77.676. 

Weaver, A.M.; Patton, J.G. Argonautes in extracellular vesicles: artifact or selected cargo? Cancer 
Research 2020, 80, 379-381. 

Webb, D.C.; McKenzie, A.N.; Foster, P.S. Expression of the Ym2 lectin-binding protein is 
dependent on interleukin (IL)-4 and IL-13 signal transduction: identification of a novel 
allergy-associated protein. Journal of Biological Chemistry 2001, 276, 41969-41976, 
doi:10.1074/jbc.M106223200. 

Weisberg, S.P.; Hunter, D.; Huber, R.; Lemieux, J.; Slaymaker, S.; Vaddi, K.; Charo, I.; Leibel, 
R.L.; Ferrante Jr, A.W. CCR2 modulates inflammatory and metabolic effects of high-fat 
feeding. The Journal of Clinical Investigation 2006, 116, 115-124, doi:10.1172/JCI24335. 

Wendt, G.R.; Collins, J.N.; Pei, J.; Pearson, M.S.; Bennett, H.M.; Loukas, A.; Berriman, M.; 
Grishin, N.V.; Collins III, J.J. Flatworm-specific transcriptional regulators promote the 
specification of tegumental progenitors in Schistosoma mansoni. eLife 2018, 7, e33221. 

Whitehead, B.; Boysen, A.T.; Mardahl, M.; Nejsum, P. Unique glycan and lipid composition of 
helminth-derived extracellular vesicles may reveal novel roles in host-parasite interactions. 
International Journal for Parasitology 2020, 50, 647-654, 
doi:10.1016/j.ijpara.2020.03.012. 

WHO. Schistosomiasis. Available online: https://www.who.int/news-room/fact-
sheets/detail/schistosomiasis (accessed on 22 July). 

WHO. WHO guideline on control and elimination of human schistosomiasis. 2022. 
Williams, C.; Pazos, R.; Royo, F.; González, E.; Roura-Ferrer, M.; Martinez, A.; Gamiz, J.; 

Reichardt, N.-C.; Falcón-Pérez, J.M. Assessing the role of surface glycans of extracellular 
vesicles on cellular uptake. Scientific Reports 2019, 9, 1-14, doi:10.1038/s41598-019-
48499-1. 

Williams, C.; Royo, F.; Aizpurua-Olaizola, O.; Pazos, R.; Boons, G.-J.; Reichardt, N.-C.; Falcon-
Perez, J.M. Glycosylation of extracellular vesicles: current knowledge, tools and clinical 
perspectives. Journal of Extracellular Vesicles 2018, 7, 1442985, 
doi:10.1080/20013078.2018.1442985. 

Wilson, R.A. Proteomics at the schistosome-mammalian host interface: any prospects for 
diagnostics or vaccines? Parasitology 2012, 139, 1178-1194. 

Wilson, R.A.; Jones, M.K. Fifty years of the schistosome tegument: discoveries, controversies, and 
outstanding questions. International Journal for Parasitology 2021, 51, 1213-1232. 

Witwer, K.W.; Buzás, E.I.; Bemis, L.T.; Bora, A.; Lässer, C.; Lötvall, J.; Nolte-‘t Hoen, E.N.; 
Piper, M.G.; Sivaraman, S.; Skog, J. Standardization of sample collection, isolation and 
analysis methods in extracellular vesicle research. Journal of Extracellular Vesicles 2013, 
2, 20360. 

Wu, H.; Xu, J.B.; He, Y.L.; Peng, J.J.; Zhang, X.H.; CHEN, C.Q.; Li, W.; Cai, S.R. Tumor‐
associated macrophages promote angiogenesis and lymphangiogenesis of gastric cancer. 
Journal of Surgical Oncology 2012, 106, 462-468. 

Wubbolts, R.; Leckie, R.S.; Veenhuizen, P.T.; Schwarzmann, G.; Mobius, W.; Hoernschemeyer, 
J.; Slot, J.-W.; Geuze, H.J.; Stoorvogel, W. Proteomic and biochemical analyses of human 
B cell-derived exosomes: potential implications for their function and multivesicular body 
formation. Journal of Biological Chemistry 2003, 278, 10963-10972, 
doi:10.1074/jbc.M207550200. 



 176 

Wynn, T.A.; Chawla, A.; Pollard, J.W. Macrophage biology in development, homeostasis and 
disease. Nature 2013, 496, 445-455. 

Xu, H.; Freitas, M.A. MassMatrix: a database search program for rapid characterization of proteins 
and peptides from tandem mass spectrometry data. Proteomics 2009, 9, 1548-1555. 

Xu, H.; Yang, L.; Freitas, M.A. A robust linear regression based algorithm for automated 
evaluation of peptide identifications from shotgun proteomics by use of reversed-phase 
liquid chromatography retention time. BMC Bioinformatics 2008, 9, 1-15. 

Yáñez-Mó, M.; Siljander, P.R.-M.; Andreu, Z.; Bedina Zavec, A.; Borràs, F.E.; Buzas, E.I.; Buzas, 
K.; Casal, E.; Cappello, F.; Carvalho, J. Biological properties of extracellular vesicles and 
their physiological functions. Journal of Extracellular Vesicles 2015, 4, 27066. 

Yang, Y.; Liu, L.; Liu, X.; Zhang, Y.; Shi, H.; Jia, W.; Zhu, H.; Jia, H.; Liu, M.; Bai, X. 
Extracellular vesicles derived from Trichinella spiralis muscle larvae ameliorate TNBS-
induced colitis in mice. Frontiers in Immunology 2020, 11, 1174. 

Yin, X.; N’Goran, E.K.; Ouattara, M.; Aka, N.; Diakité, N.R.; Bassa, F.K.; Kourany-Lefoll, E.; 
Tappert, A.; Yalkinoglu, Ö.; Huber, E. Comparison of POC-CCA with Kato-Katz in 
diagnosing Schistosoma mansoni infection in a pediatric L-praziquantel clinical trial. 
Frontiers in Tropical Diseases 2021, 5. 

Yipp, B.G.; Petri, B.; Salina, D.; Jenne, C.N.; Scott, B.N.; Zbytnuik, L.D.; Pittman, K.; 
Asaduzzaman, M.; Wu, K.; Meijndert, H.C. Infection-induced NETosis is a dynamic 
process involving neutrophil multitasking in vivo. Nature Medicine 2012, 18, 1386-1393. 

Yuana, Y.; Oosterkamp, T.H.; Bahatyrova, S.; Ashcroft, B.; Garcia Rodriguez, P.; Bertina, R.M.; 
Osanto, S. Atomic force microscopy: a novel approach to the detection of nanosized blood 
microparticles. Journal of Thrombosis and Haemostasis 2010, 8, 315-323. 

Zaccone, P.; Burton, O.T.; Gibbs, S.; Miller, N.; Jones, F.M.; Dunne, D.W.; Cooke, A. Immune 
modulation by Schistosoma mansoni antigens in NOD mice: effects on both innate and 
adaptive immune systems. Journal of Biomedicine and Biotechnology 2010, 2010, 
doi:10.1155/2010/795210. 

Zamanian, M.; Fraser, L.M.; Agbedanu, P.N.; Harischandra, H.; Moorhead, A.R.; Day, T.A.; 
Bartholomay, L.C.; Kimber, M.J. Release of small RNA-containing exosome-like vesicles 
from the human filarial parasite Brugia malayi. PLoS Neglected Tropical Diseases 2015, 9, 
e0004069, doi:10.1371/journal.pntd.0004069. 

Zheng, M.; Wei-Min, C.; Jun-Kang, Z.; Shao-Ming, Z.; Rong-Hua, L. Determination of serum 
levels of YKL-40 and hyaluronic acid in patients with hepatic fibrosis due to 
schistosomiasis japonica and appraisal of their clinical value. Acta Tropica 2005, 96, 148-
152, doi:10.1016/j.actatropica.2005.07.009. 

Zheng, X.; Tizzano, M.; Redding, K.; He, J.; Peng, X.; Jiang, P.; Xu, X.; Zhou, X.; Margolskee, 
R.F. Gingival solitary chemosensory cells are immune sentinels for periodontitis. Nature 
Communications 2019, 10, 1-11, doi:10.1038/s41467-019-12505-x. 

Zheng, Y.; Guo, X.; Su, M.; Guo, A.; Ding, J.; Yang, J.; Xiang, H.; Cao, X.; Zhang, S.; Ayaz, M. 
Regulatory effects of Echinococcus multilocularis extracellular vesicles on RAW264. 7 
macrophages. Veterinary Parasitology 2017, 235, 29-36, 
doi:10.1016/j.vetpar.2017.01.012. 

Zhou, G.; Soufan, O.; Ewald, J.; Hancock, R.E.; Basu, N.; Xia, J. NetworkAnalyst 3.0: a visual 
analytics platform for comprehensive gene expression profiling and meta-analysis. Nucleic 
Acids Research 2019, 47, W234-W241, doi:10.1093/nar/gkz240. 



 177 

Zhu, L.; Liu, J.; Dao, J.; Lu, K.; Li, H.; Gu, H.; Liu, J.; Feng, X.; Cheng, G. Molecular 
characterization of S. japonicum exosome-like vesicles reveals their regulatory roles in 
parasite-host interactions. Scientific Reports 2016, 6, 1-14, doi:10.1038/srep25885. 

Zhu, S.; Wang, S.; Lin, Y.; Jiang, P.; Cui, X.; Wang, X.; Zhang, Y.; Pan, W. Release of extracellular 
vesicles containing small RNAs from the eggs of Schistosoma japonicum. Parasites & 
Vectors 2016, 9, 1-9. 

 



 178 

 
 
 

Appendix. Manuscript IV. 
 
 
 
 
 
 
Vesicle-based secretion in schistosomes: Analysis of protein and 

microRNA (miRNA) content of exosome-like vesicles derived 
from Schistosoma mansoni 

 
 
 
 

Vitalie Samoil1,2, Maude Dagenais1,2, Vinupriya Ganapathy1,2, Jerry Aldridge1,2, Anastasia 
Glebov1,2, Armando Jardim1,2 & Paula Ribeiro1,2 

 

 

 

1Institute of Parasitology, Macdonald Campus of McGill University, Ste-Anne-de-Bellevue, QC, 
Canada 

2Centre for Host-Parasite Interactions, Macdonald Campus of McGill University, Ste-Anne-de-
Bellevue, QC, Canada 

 
 
 
 
 
 
 
 
 

Published in: Scientific Reports (2018) 8:3286, DOI:10.1038/s41598-018-21587-4 
 



 179 

Abstract 
 
Exosomes are small vesicles of endocytic origin, which are released into the extracellular 

environment and mediate a variety of physiological and pathological conditions. Here we show 

that Schistosoma mansoni releases exosome-like vesicles in vitro. Vesicles were purified from 

culture medium by sucrose gradient fractionation and fractions containing vesicles verified by 

western blot analyses and electron microscopy. Proteomic analyses of exosomal contents unveiled 

130 schistosome proteins. Among these proteins are common exosomal markers such as heat 

shock proteins, energy-generating enzymes, cytoskeletal proteins, and others. In addition, the 

schistosome extracellular vesicles contain proteins of potential importance for host-parasite 

interaction, notably peptidases, signaling proteins, cell adhesion proteins (e.g., integrins) and 

previously described vaccine candidates, including glutathione- S-transferase (GST), tetraspanin 

(TSP-2) and calpain. S. mansoni exosomes also contain 143 microRNAs (miRNA), of which 25 

are present at high levels, including miRNAs detected in sera of infected hosts. Quantitative PCR 

analysis confirmed the presence of schistosome-derived miRNAs in exosomes purified from 

infected mouse sera. The results provide evidence of vesicle-mediated secretion in these parasites 

and suggest that schistosome-derived exosomes could play important roles in host-parasite 

interactions and could be a useful tool in the development of vaccines and therapeutics.  
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1. Introduction 
 

Schistosomiasis is a major parasitic disease, affecting >200 million people in 74 countries, 

the majority in sub-Saharan Africa [1]. The disease is caused by blood-dwelling flukes of the genus 

Schistosoma, primarily S. mansoni, S. haematobium and S. japonicum. Schistosomes have a 

complex life cycle that requires a snail as an intermediate host. The infective stage of the parasite 

is a small, short-lived larva (cercaria), which is released by infected snails into fresh water and 

rapidly invades a human host by penetration through the skin. Shortly after penetration, the 

cercaria transforms into an immature parasitic larva (schistosomulum), which enters the circulation 

and migrates towards the hepatic portal system and mesenteries (S. mansoni, S. japonicum) or the 

venous plexus of the urinary bladder (S. haematobium). Larvae grow during migration, eventually 

maturing into adult male and female worms, which become tightly coupled and produce large 

numbers of eggs. The pathology associated with chronic schistosomiasis is due to the eggs. Many 

eggs leave the body in feces or urine, but some are trapped in tissues and induce a granulomatous 

immune response, leading to progressive tissue fibrosis and organ damage. Deaths due to 

schistosomiasis have been estimated at >200,000 per annum in Africa alone. There is no vaccine 

for schistosomiasis and chemotherapy relies heavily on a single drug (praziquantel), raising 

concerns about drug resistance [2] which highlights the need for more research into new vaccine 

and drug targets.  

In this regard, the secretome is of particular interest. Molecules secreted by parasites play 

major roles in shaping host interactions and are promising targets for vaccine or chemotherapeutic 

intervention. Most studies of helminth excretory/secretory products (ESP) have focused on 

proteins. ESP proteome analyses have been reported for a variety of nematode species [3-5] as well 

as flatworms, including the liver fluke Fasciola hepatica [6,7] and several life stages of S. mansoni, 

S. japonicum and S. bovis [8-14]. Parasitic worms also secrete microRNAs (miRNA) [15-19], which 

could play important roles in modulating host immune responses. Secreted miRNAs are 

increasingly recognised as mediators of cell communication [20,21] and their regulatory roles in the 

immune system are well established [22].  

Despite these advances, and the considerable efforts made to identify schistosome ESPs, 

very little is known about the mechanisms by which these molecules are released. Many proteins 

secreted by helminths are unlikely to be released through the classical secretory pathway, for 

example metabolic enzymes that lack a signal peptide, cytoskeletal proteins, heat shock proteins, 
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and membrane proteins. An alternative export mechanism for these proteins is through membrane-

bound vesicles [23,24]. Extracellular secretory vesicles can be formed by outward bud- ding of the 

plasma membrane or formed intracellularly and subsequently released to the outside. The best 

characterised of these vesicles are exosomes, which are small (60–150 nm), typically cup-shaped 

when observed by transmission electron microscopy (TEM) and are produced from multivesicular 

intermediates of the endocytic pathway [24]. There is growing evidence that many proteins secreted 

by parasites are enclosed within exosome-like vesicles (ELVs) [19,25,26]. Recent studies of S. 

japonicum [27] and S. mansoni [28,29] suggest that schistosomes may use extracellular vesicles as 

a mechanism of secretion, but the molecular content of these vesicles has only partly been 

characterised.  

Exosomes have attracted considerable interest because of their roles as mediators of 

intercellular communication, particularly within the immune system and in disease states such as 

cancer [24,30]. Exosomes are powerful agents of cell communication because of the many ways 

they can interact with target cells; they can bind to cell surface receptors, indirectly changing cell 

behavior, they can fuse with the target cell membrane, releasing their contents into the cytosol, 

and/or they may be taken up and internalised into phagosomes [31]. Exosomes also provide an 

effective mechanism for delivery of parasite molecules to a host cell, either to modulate the 

immune response or some other host activity that is beneficial to the parasite. Studies primarily in 

Leishmania [25,32,33] and H. polygyrus [19] have shown that parasite-derived extracellular vesicles 

(EVs) can be taken up by host (mammalian) cells in culture; they induce changes in gene 

expression in host cells and have strong immunomodulatory properties, both in vitro and in 

infected animals. Leishmania exosomes may be the principal mechanism by which the parasite 

delivers virulence factors to the host cell [25]. These studies clearly implicate EVs as important 

mediators of the host-parasite interaction and underscore the need for further research into their 

mode of action.  

Here we show that S. mansoni release ELVs and describe the proteins and miRNAs 

contained within these vesicles. The results help to elucidate the mechanism by which proteins and 

miRNAs are secreted and provide new insight into the role of secreted products in schistosome 

infections.  
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2. Methods  
2.1. Parasites  
 

Schistosoma mansoni adults were obtained from CD1 mice after a six week experimental 

infection by perfusion [34]. Mice were maintained in the animal facility at the Small Animal 

Research Unit (SARU) on the Macdonald Campus of McGill University (Montreal, Canada) 

according to the McGill University Animal Care Committee (Permit # 2001–3346). Briefly, mice 

were euthanised by CO2 asphyxiation and cervical dislocation and Schistosoma mansoni adults 

harvested from mesenteric venules and thoroughly washed with Phosphate-Buffered Saline (PBS), 

and maintained in RPMI-1640 medium supplemented with 100 U penicillin, 100 mg/mL 

streptomycin, and 10% exosome-depleted Fetal Bovine Serum. Exosome-depletion was performed 

in advance by ultracentrifugation of FBS under sterile and apyrogenic conditions for 18 h at 

120,000 × g and 4 °C as described [35]. FBS was of the highest grade and lowest endotoxin level 

(Life Technologies; Ref: 16000). Adult male and female worm pairs were maintained in 6-well 

plates for 72 h at a density of 20 worms (10 males and 10 females)/well in 10 ml culture medium 

at 37 °C. Conditioned medium was collected after 48 and 72 h. Worms remained active during this 

period of incubation, with no apparent change in morphology or movement. All experiments and 

protocols were approved by the McGill University Animal Care Committee according to the high 

standards established by the Canadian Council on Animal Care.  

 

2.2. Extracellular vesicle isolation.  
 

ELVs were purified by differential centrifugation followed by membrane filtration and 

sucrose density ultracentrifugation as described [35,36]. Briefly, after 48 and 72 h in culture, the 

parasite conditioned culture medium was collected and centrifuged first at low speed (300 × g/ 20 

min), then at 3,000 × g (20 min) to remove larger debris, and the supernatant was centrifuged at 

12,000 × g for 45 min. Supernatants were filter-sterilised using a 0.22 μm hydrophilic PVDF 

Durapore membrane (EMD Millipore; SVGV01015) and centrifuged at 100,000 × g for 2 h using 

a SW-41 rotor on a Beckman-Coulter ultracentrifuge. The pellet was re-suspended in sterile cell 

culture grade PBS (Life Technologies) and fractionated on a discontinuous 10–50% sucrose 

gradient (1.03–1.23 g/cm3), using a SW-28 rotor at 120,000 × g for 18 h. Alternatively, exosomes 

were purified by loading the re-suspended pellet onto a sucrose step gradient (25%, 30% and 35%) 
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[36], then centrifuged at 120,000 × g for 18 h as above. Following centrifugation, the 30% sucrose 

fraction was collected, diluted 4-5 fold with sterile PBS and vesicles were repelleted by 

centrifugation in an SW-28 rotor at 100,000 × g for 2 h. The pellets were washed once by re-

suspension in PBS and centrifugation repeated at 100,000 × g. For the last spin, the pellets were 

re-suspended in 1.0 ml PBS, transferred to 1.5 ml Beckman-Coulter ultracentrifuge tube and 

centrifuged in an Optima TL100 tabletop ultracentrifuge (Beckman-Coulter) for 1.5 h at 100,000 

× g using a TLA-100.3 rotor. Exosomes were quantified based on protein concentration using a 

Pierce BCA Protein Assay Kit (ThermoFischer Scientific). The pelleted material was snap-frozen 

and stored at −80 °C.  

 

2.3. Western blot assays  
 

Purified ELVs (30 μg total protein) were treated with lysis buffer (Invitrogen) 

supplemented with 50 mM Tris (2-carboxyethyl)phosphine (TCEP) and a cocktail of protease 

inhibitors (Sigma-Aldrich) for 15 min at room temperature, followed by heating for 15 min at 65 

°C. Proteins were resolved on a 4–20% Tris–glycine gel (Novex, San Diego, CA) and transferred 

to a nitrocellulose membrane according to standard protocols. Proteins were detected using goat 

anti-rabbit enolase antibodies (Santa Cruz Biotechnology; sc-7455). Secondary antibodies were a 

goat anti-rabbit IgG HRP-conjugate from Millipore (EMD Millipore).  

 

2.4. Electron microscopy (EM) 
 
  EM analyses of S. mansoni ELVs were performed at the Facility for Electron Microscopy 

Research of McGill University using standard protocols34. Briefly, exosomes were fixed in 2% 

paraformaldehyde in PBS for 4 h, deposited on Formvar-carbon coated EM grids, washed in PBS, 

treated with 1% glutaraldehyde and then washed with water. Samples were stained with a solution 

of 4% uranyl oxalate, pH 7, then contrasted and embedded in a mixture of 2% methyl cellulose/4% 

uranyl acetate, pH 4 (9:1 v/v, methyl cellulose-UA) and finally placed in methyl cellulose-UA for 

10 min on ice to increase the contrast. Grids were observed in a FEI Tecnai 12 transmission 

electron microscope operated at 80 kV. Images were acquired with a digital AMT XR80C CCD 

Camera System.  
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2.5. Proteomics analysis 
 

For protein identification purified ELVs (200 μg total protein) were dissolved in a MS-

compatible protein solubilizer (Invitrosol LC/MS Protein Solubilizer, Invitrogen) according to the 

manufacturer’s protocol and diluted with 5 volumes 50 mM ammonium bicarbonate, pH 8.5. 

Samples were heated to 60 °C for 30 min and sequentially reduced with 5 mM DTT (60 °C/30 

min), alkylated with 5 mM iodoacetamide (20 °C in the dark/30 min) and finally treated with a 

small amount of DTT (10 μl 10 mM DTT) at 20 °C for 30 min to neutralise iodoacetamide. Proteins 

were quantified with a Pierce BCA Protein Assay Kit and samples were treated with Promega 

Gold Mass Spectrometry Grade Trypsin (1:50 enzyme:substrate ratio) and incubated for 14–16 h 

at 37 °C with shaking. Digestions were stopped with 1% trifluoroacetic acid (TFA) (Sigma-

Aldrich) and peptides were purified with a C18 Zip-Tip (Millipore) and the peptide eluate was 

dried under vacuum. Peptides were reconstituted in 10 μl 0.1% formic acid before analysing by 

LC-MS/MS. For analysis, peptides were fractionated on a 360 μm ID x 4 mm C18 trap column 

prior to separation on a 150 μm ID x 10 cm nano-LC column (Jupiter C18, 3 μm, 300 Å, 

Phenomex) and sequenced using an ESI-LC-MS/MS system, LTQ-Orbitrap Elite hybrid mass 

spectrometer with a nanoelectrospray ion source (ThermoFisher, San Jose, CA) coupled with an 

Eksigent nano-LC 2D pump (Dublin, CA). Peptides were separated using a linear gradient of 5–

40% acetonitrile (0.2% for- mic acid) for 53 min and a flow rate of 600 nl/min. MS survey scans 

were acquired in profile mode at a resolution of 60,000 at m/z 400. MS/MS spectra were acquired 

in the ion trap using collision-induced dissociation (CID) for multiply charged ions exceeding a 

threshold of 10,000 counts. Three independent LC-MS/MS experiments were performed.  

 

2.6. Protein data analyses 
 

  MS data were acquired using Xcalibur (v. 2.0 SR1). Peak lists were then generated with 

Mascot distiller (v. 2.1.1, Matrix Science) and MS processing was achieved using the 

LCQ_plus_zoom script. Database searches were performed against the S. mansoni proteome 

dataset available at the National Center for Biotechnology Information (NCBI) and the mouse 

proteome (Mus musculus) to test for the presence of host proteins, using MassMatrix (v. 2.4.2). 

The following search parameters were consistently applied: trypsin digestion with two missed 

cleavages allowed, cysteine carbamidomethylation as a fixed modification, methionine oxidation 
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as variable modification, 0.8 Da tolerance for fragment ion masses, 10 parts per million mass 

tolerance for precursor ion masses and a minimum peptide length of 6 amino acids. A decoy 

reversed sequence database was included in every search. Peptide matches were considered 

significant if they exceeded the threshold statistical scores defined by MassMatrix [37,38] and the 

false discovery rate was <5% (p < 0.05), as determined by decoy database searching. Functional 

annotation of protein sequences was done with Blast2GO software [39] against the entire non-

redundant NCBI nr database using default parameters. Annotation was augmented with 

Annotation Expander (ANNEX) [40] and InterPro database scans were performed within Blast2Go 

to retrieve additional GO terms associated with functional domains.  

 

2.7. Illumina RNA sequencing 
 

S. mansoni-derived exosomes were purified from worm-conditioned culture media as 

described above and the RNA contained within the vesicles was isolated using a Norgen Total 

RNA extraction kit (Thorold, Canada), according to the manufacturer’s protocol. Total RNA was 

extracted from adult male and female pairs using the same kit. All subsequent steps were 

performed at LC Sciences, LLC (Houston, Texas, USA) using their standard protocols. Briefly, S. 

mansoni ELV (1000 worm pairs – 20 ng of miRNA) and whole worm (400 worm pairs – 100 ng 

of miRNA) small RNA libraries were generated, reverse-transcribed (RT) and the resulting cDNA 

constructs were purified using an Illumina TruseqTM Small RNA Preparation kit. ELV and whole 

worm cDNA libraries were used for cluster generation on a Cluster Station fluidics device and 

then sequenced on an Illumina GAIIx instrument, according to vendor’s instructions. Raw 

sequencing reads (40 nt) were obtained using Illumina’s Sequencing Control Studio software 

version 2.8 (SCS v2.8), following real-time sequencing image analysis and base-calling by 

Illumina’s Real-Time Analysis version 1.8.70 (RTA v1.8.70). A proprietary pipeline script, 

ACGT101-miR v4.2 (LC Sciences), was used to analyse the data. Starting with raw sequencing 

reads, a series of digital filters (LC Sciences) were employed to remove reads <15 nt and 

unmappable sequences (low quality reads, adaptors and other “impurities” due to sample 

preparation and sequencing chemistry). The remaining sequences with lengths between 15 and 32 

nt were mapped to S. mansoni and related Platyhelminth (flatworm) miRNAs available in the latest 

release of miRBase (v.20) (http://mirbase.org) (Accessed September 18, 2015). Mapping was also 

performed against other small RNAs in the RFam database (http://rfam. janelia.org), against 
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repetitive sequences in RepBase (http://www.girinst.org/repbase) and the latest assemblies of the 

S. mansoni genome and transcriptome available at the S. mansoni GeneDB78,79 (Accessed 

September 28, 2015). For comparisons between ELV and whole worm samples, the number of 

read counts from each sample was tracked during mapping and normalised to account for 

differences in library size. Normalisation was achieved by dividing the counts by a scaling factor 

that reflected the size of each library. Scaling factors were calculated according to a median count 

method80 as outlined by LC Sciences.  

 

2.8. Isolation of ELV RNA from mouse serum 
 

Serum was collected from individual S. mansoni-infected mice 6–7 weeks post-infection 

and from age-matched uninfected controls. Exosomes were isolated with an ExoQuick Exosome 

Precipitation kit (SBI System Biosciences), starting with 500 μl serum per purification according 

to the recommendations of the manufacturer. The resulting exosomal pellets were resuspended in 

sterile lysis buffer and the RNA contained within the vesicles was isolated by column purification 

as specified in the kit protocol. A constant amount (1011 copies) of a spike-in synthetic RNA 

oligonucleotide (5′- CGUAUCGAGUGAUGUCACGUA- 3′) was added at the time of exosomal 

lysis, prior to RNA purification, and then carried through all additional steps. The spike-in RNA 

does not match any known miRNA in miRBase and was used for normalisation of qRT-PCR data 

as described [17].  

 

Taqman qRT-PCR. Five highly abundant schistosome-derived miRNA sequences (Sma-

Bantam, Sma-miR-71a, Sma-miR-36-3p, Sma-miR-125a and Sma-miR-125b) were selected for 

PCR amplification. At least 4 mismatches distinguished these miRNAs from the closest vertebrate 

miRNA homologue identified in miRBase, as deter- mined by BLASTn alignments. A stem-loop 

method of miRNA amplification was used throughout the study. Target-specific stem-loop RT 

primers were synthesised and re-folded as described [41]. RT was performed according to standard 

protocols in a 20 μl reaction containing 0.5 mM dNTPs, 200 units MMLV reverse transcriptase 

(Life technologies) (or no enzyme in the -RT control tubes), 1 × First strand RT buffer, 10 mM 

DTT, 20 units RNase out inhibitor, 5 nM RT stem-loop primer and either synthetic miRNA or 

serum-derived exosomal RNA as the template. qPCR amplifications were performed in a total 

volume of 20 μl containing Luminaris Probe qPCR colorless master mix (Thermo Scientific), 2 μl 
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fresh RT product, 1.5 μM sequence-specific forward primer, 0.7 μM universal reverse primer and 

0.8 μM hydrolysis TaqMan probe. Primer and probe concentrations are considered optimal for 

stem-loop qRT-PCR of miRNAs [41]. Reactions were performed in replicates of 2–4 in an Applied 

Biosystems 7500 Fast thermocycler (Life Technologies) according to the following cycling 

protocol: 2 min at 50 °C, 10 min at 95 °C, followed by 60 cycles of denaturation at 95 °C/15 s, 

annealing at 58 °C/45 s and extension at 70 °C/30 s. Quantitative qRT-PCR was first performed 

with synthetic miRNAs to optimise reaction conditions. Amplification efficiencies were calculated 

from the slopes of serial dilution curves (where Efficiency (E)=10 (−1/slope)) and were determined 

to be approximately 90–100% for all five targets and the spike-in control. For qRT-PCR of serum-

derived exosomal samples, we used a fixed volume (5 μl) of RNA corresponding to approximately 

100 μl serum and RT was performed with two different stem-loop primers added simultaneously 

and at the same concentration (5 nM), one targeting the specific miRNA of interest and the other 

targeting the spike-in RNA used for data normalisation. RT reactions were split in half and used 

for parallel qPCR amplification of the target miRNA and spike-in control, using appropriate 

primers. A complete list of all the primers and TaqMan probes used in these experiments are 

described in Table S1. Synthetic miRNA sequences and oligonucleotides (stem-loop RT primers, 

forward primers, universal reverse primer) and hydrolysis TaqMan probes were purchased from 

Life Technologies (Foster City, USA).  

 

qPCR data analysis. A relative ∆Ct method was used to compare qPCR data from 

schistosome-infected mice and uninfected controls. The method was adapted for the analysis of 

circulating miRNAs from serum and other biological fluids, where conventional data 

normalisation based on a housekeeping gene is not feasible. Ct values were first “median 

normalised” to the spike-in oligo as described [17,42] to correct for sample-to-sample variation and 

differences in RT efficiency. The normalised Ct (Ctn) values were then used to calculate the ∆Ctn 

for each sample. This was done by subtracting a median Ctn of all the uninfected control samples 

(background amplification) from the Ctn of the test (infected) sample. Fold-change relative to the 

uninfected control was calculated from the formula 2−∆Ctn. The median Ctn values for the 

uninfected controls varied between 53 and 60 for the four miRNA targets. Samples where there 

was no detectable amplification of the target miRNA were arbitrarily assigned a maximum Ct 

value of 60 for data calculations.  
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3. Results 
 
3.1. Purification of ELVs 
 

ELVs were initially purified from culture medium by differential centrifugation, followed 

by filtration and sucrose density ultracentrifugation (Fig. 1) to establish the sucrose concentration 

required for the sedimentation and enrichment of the S. mansoni ELVs. Purification was monitored 

by Western blot analysis using an anti-human enolase antibody, a common exosomal marker, 

which is highly conserved with S. mansoni enolase (75% sequence identity). Fractions exhibited 

distinct protein profiles, with the 20, 25, 35 and 40% sucrose fractions containing diverse proteins, 

possibly corresponding to protein aggregates, smaller vesicles or plasma membrane-derived 

vesicles (Fig. 2A). A predominant anti-enolase reactive band was recovered from the 25%, 30% 

and 35% sucrose fractions (Fig. 2B), consistent with the presence of exosomes [36]. Vesicles 

recovered from the 30% sucrose fraction were tested with antibodies against exosomal markers 

that are highly conserved in S. mansoni (anti-HSP70, anti-tubulin, anti-elongation factor 1; 

sequence identities 38–98% compared to mouse homologues) and all showed immunoreactive 

bands of the expected size (not shown). Subsequent purifications were done by overlaying the 0.2 

μm-filtered 100,000 × g pellet directly onto a 30% sucrose cushion followed by ultracentrifugation 

[36]. EM analysis showed that the purified cup-shaped vesicles were ~100 nm in diameter (Fig. 

2C), consistent with exosomes. Our experimental analysis cannot rule out the possibility that other 

types of secretory vesicles of similar shape and density may be present.  

 

3.2. Proteomics studies  
 

LC-MS/MS analysis was repeated on three separate preparations of purified vesicles and 

candidate proteins identified by searching against the S. mansoni NCBI genome database. These 

analyses identified 130 S. mansoni proteins, including 125 known proteins and 5 annotated as 

hypothetical (Table 1). Matching peptides are shown in Table S2. The detected proteins include 

many homologues of common exosomal markers [43] (Table 1). We note, in particular, energy-

generating enzymes often associated with exosomes (e.g., enolase, pyruvate kinase, GAPDH, 

phosphoglycerate kinase 1), heat shock proteins (HSP70), cytoskeletal proteins (actin, tubulin, 

fimbrin), 14-3-3 proteins, tetraspanin, histones, vesicular traffic proteins (e.g., Rab proteins, 

dynein) and translational elongation factor eEF1. Their presence in the schistosome vesicles gives 
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further confidence that these are exosomes. Importantly, proteomics data confirmed the presence 

of enolase.  

The proteins in Table 1 were compared to previously reported schistosome ES proteins. S. 

mansoni secretome studies have been done mainly on larval stages or eggs [8,11,12,14] but a 

comprehensive dataset is available for adult S. japonicum [9], which was used for this comparative 

analysis. The S. japonicum secretome lists approximately 100 proteins, of which about half are 

“atypical” (or non-secretory) proteins that lack a signal peptide [9]. We found ~50% of these 

atypical secretory proteins (Table 1), in particular heat shock proteins, enolase, GAPDH, GST, 14-

3-3 proteins and a fatty acid binding protein. These are all present in the purified vesicles and were 

previously described as some of the most abundant secreted proteins in S. japonicum and S. 

mansoni larvae. These results suggest that a significant proportion of protein secretion in 

schistosomes occurs through vesicles.  

 

 

Figure 1. Overview of the procedure used for isolation and characterisation of secreted exosome-
like vesicles from Schistosoma mansoni. (A) Adult male and female worms were cultured 48-72 
h in media containing exosome-depleted serum. Vesicles were purified from the culture media by 
differential centrifugation, followed by filtration through a 0.2 μm membrane and 
ultracentrifugation on a discontinuous 25, 30, 35% sucrose gradient, as described [34]. The 
purification was monitored by western blot (WB) analysis, using antibodies against known 
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exosomal markers (e.g. enolase) and electron microscopy (EM), prior to analyses of protein and 
miRNA content. (B) Schematic of the two major types of secretory extracellular vesicles. 
Membrane particles (or ectovesicles) are formed by outward budding of the plasma membrane. 
Exosomes are derived from the endocytic pathway via the formation of large multivesicular body 
(MVB) intermediates, which fuse with the plasma membrane releasing the vesicular cargo, 
exosomes, as well as other contents into an extracellular environment. Alternatively, the MVBs 
can be directed to lysosomes and degraded.  

Exosomal proteins were classified by GO annotation according to molecular function, 

biological process and predicted cellular compartment (Fig. 3). The results show a high prevalence 

of proteins with catalytic and/ or binding activity (“molecular function”) and proteins involved in 

metabolic and cellular processes (“biological process”). Enzymes are the most common type, 

representing nearly half of the proteins. The majority of these enzymes are involved in glucose 

metabolism. Enzymes from other pathways, for example taurine metabolism (taurocyamine 

kinase), amino acid metabolism (ornithine-oxo-acid transaminase), purine metabolism 

(hypoxanthine-guanine phosphoribosyltransferase, HGRPT) and detoxification (redox) 

metabolism (e.g. glutathione-S-transferase (GST), glyoxalase) were detected. The schistosome 

vesicles are rich in proteases, including metallopeptidases, cysteine peptidase and serine 

peptidases. The most abundant of these enzymes, based on the number of spectral matches, are 

thimet oligopeptidase, leucine aminopeptidase (LAP), calpain, hemoglobinase and cathepsin B.  

Many proteins were assigned to GO biological processes terms that relate to signal 

transduction (“signalling”, “response to stimulus”, “immune processes”) and biological regulation 

(Table 1). Some of these proteins are common exosomal markers that have broad spectrum 

signaling activities, for example 14-3-3 proteins [44]. We also identified proteins associated with 

calcium-dependent signaling (e.g., calponin), GTP-mediated signaling (rpgr interacting protein 1), 

a serine/threonine protein kinase, phosphatase-associated proteins, a grb2-like protein normally 

involved in receptor tyrosine kinase signaling, and two putative potassium channels, one of which 

is activated by cAMP. A few proteins listed in this category have activities in immune processes 

and blood coagulation pathways, which could be important for the host-parasite interaction. One 

example is annexin, a calcium-dependent phospholipid-binding protein implicated in a wide range 

of cellular processes. Some types of annexins have powerful anti-inflammatory activity [45]; others 

function as plasminogen receptors and stimulate fibrinolysis, thus reducing the formation of blood 

clots [46]. Also noteworthy are schistosome homologues of ATP-diphosphohydrolase 1, N.N-
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dimethylarginine dimethylaminohydrolase (DDAH), kynurenine aminotransferase and integrins. 

In mammals, these proteins have important immune and/or anti-clotting effects. ATP-

diphosphohydrolase 1 suppresses inflammation, inhibits platelet aggregation and prevents blood 

clots by breaking down extracellular pro-inflammatory and prothrombotic ATP and ADP [47]. 

DDAH and kynurenine aminotransferase control the levels of important regulators of immune 

function by indirectly controlling nitric oxide production [48] and the levels of kynurenine, a 

tryptophan metabolite that regulates vasodilation and immune responses [49]. Finally, integrins 

mediate cell adhesion and are implicated in a wide range of signaling mechanisms associated with 

immunity [50]. We found alpha and beta integrin subunits, as well as talin, which anchors integrins 

to the cytoskeleton and mediates subsequent signaling, in schistosome exosomes.  

Figure 2. Purification of exosome-like vesicles from S. mansoni. Vesicles were collected from 
worm culture media and partially purified through differential centrifugation as shown in Fig. 1. 
The resulting crude vesicular pellet was resuspended in PBS, filter sterilised (0.2 μm filter) and 
subsequently fractionated on a discontinuous 10–50% sucrose gradient. Gradient fractions were 
tested for total protein content by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (A) and 
then western blotting (WB) with an antibody against enolase, a common exosomal marker (B). 
The results show enolase immunoreactivity between the 25% and 35% sucrose fractions. All 
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subsequent purifications were performed by applying the filter-sterilised, crude vesicular pellets 
directly onto a discontinuous 25, 30, 35% sucrose gradient followed by ultracentrifugation, as 
described [34] (C) Transmission electron microscopy analysis of purified exosome-like vesicles 
from S. mansoni. The scale bar indicates 100 nm.  

“Cellular compartment” analysis shows a high proportion of proteins associated with 

membrane-bound compartments (vesicles, organelles) as well as the plasma membrane. 

Membrane proteins constitute roughly 30% of identified proteins (Fig. 3). Some of the most 

abundant proteins in the dataset are membrane proteins, notably fer-1, a homologue of vertebrate 

dysferlin, which has been implicated in membrane structure, fusion, and repair associated with 

wound healing [51]. Other membrane proteins include transport proteins (e.g., aquaporin, glucose 

transporter), structural proteins (e.g., prominin), signaling proteins (e.g., tetraspanin, integrins, ion 

channels), membrane-associated enzymes (e.g., calpain) and a variety of schistosome tegumental 

antigens (e.g., 200 kDa GPI-anchored glycoprotein) (Table 1).  

MS spectra were also searched against the Mus musculus database to test if the schistosome 

vesicles contained host proteins, which are known to be present in parasite-derived exosomes 

[19,26]. Only 7 mouse proteins were reliably identified (Table 1), of which 4 were keratins, a 

common contaminant in proteomics studies. Three additional mouse proteins (enolase, actin and 

plasma membrane calcium ATPase) were disregarded because the peptides matched the 

schistosome homologues with higher scores. Aside from keratins, the most significant hit was an 

isoform of importin, a protein typically involved in nuclear transport.  

3.3. Analysis of miRNA content 

The majority of miRNA reads mapped to non-miRNA sequences (mRNAs, other 

noncoding RNAs), repetitive sequences, or identified as “no hits” (Table S3). These sequences 

were removed from the datasets and not analysed further. Of the remaining reads, we focused on 

those that aligned to S. mansoni or Platyhelminth (flatworm) miRNAs in miRbase. Reads that did 

not match known miRNAs were considered only if they mapped to the genome of S. mansoni and 

the extended sequences at the mapped genome positions were predicted to form hairpins.  
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Table 1. Protein content of S. mansoni exosome-like vesicles. 
Accession# Annotationa peptidesb ES proteinc 

references 
Metabolic Enzymes 

CCD82906.1 Glycogen phosphorylase [Sm] 50 [8] 
P16641.3 Taurocyamine kinase [Sm] 30 [8,13] 
ABU49845.1 Creatine kinase [Sm] 28 [9] 
Q27877.1 Enolase [Sm]d 25 [8-13] 
CCD76480.1 Pyruvate kinase [Sm] 22 [8,9] 
CCD81281.1 Glucose-6-phosphate isomerase [Sm] 22 [9] 
CCD82636.1 Lactate dehydrogenase [Sm] 18 [8,9,11] 
CCD75004.1 Malate dehydrogenase [Sm] 17 [8,9,11,12] 
CCD75874.1 Phosphoenolpyruvate carboxykinase [Sm] 17 [8,9,11,12] 
XP_002571535.1 Ornithine-oxo-acid transaminase [Sm] 9 [9] 
P41759.1 Phosphoglycerate kinase [Sm] 8 [8,9,11-13] 
CCD76263.1 Transketolase [Sm] 8 [9,12] 
XP_002581246.1 Phosphoglucomutase [Sm] 7 [8,9] 
CCD79691.1 Fructose 1,6-bisphosphate aldolase [Sm] 7 [8,9,11-13] 
CCD59265.1 Aldehyde dehydrogenase, putative [Sm] 4 [9,11] 
CCD59437.1 Adenosylhomocysteinase, putative [Sm] 4  
CCD75628.1 Glyceraldehyde-3-phosphate 

dehydrogenase [Sm] 
3 [8,9,11-13] 

P09383.1 Hypoxanthine-guanine 
phosphoribosyltransferase [Sm] 

3  

AFH56663.1 Methylthioadenosine phosphorylase [Sm] 3 [9] 
XP_002577577.1 Aconitate hydratase [Sm] 3 [11] 
Q27778.1 6-phosphofructokinase [Sm] 3 [8,9] 
CCD81640.1 Long-chain-fatty-acid-CoA ligase [Sm] 2  
CCD75611.1 Glycogenin-related [Sm] 2  
CCD58348.1 6-phosphogluconate 

dehydrogenase,putative [Sm] 
2  

Xenobiotic / Redox Metabolism 
P09792.1 Glutathione S-transferase 28 kDa isozyme 

[Sm] 
14 [8,9,11-13] 

XP_002582203.1 Glutathione S-transferase 26 kDa [Sm] 10 [9,11-13] 
CCD59704.1 Aldo-keto reductase, putative [Sm] 6 [11] 
AAA29889.1 Glutathione S-transferase, partial [Sm] 5 [9,11] 
CCD77979.1 Glyoxalase I [Sm] 3  

Proteases 
CCD59179.1 Thimet oligopeptidase (M03 family) [Sm] 19  
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CCD78710.1 Leucine aminopeptidase (M17 family) 
[Sm] 

14 [8,9] 

CCD76462.1 Calpain (C02 family) [Sm] 11 [9] 
P09841.3 Hemoglobinase (Antigen SM32) [Sm] 7  
CCD74613.1 Cathepsin B-like peptidase (C01 family) 

[Sm] 
6 [9,10] 

XP_002572619.1 Prolyl oligopeptidase (S09 family) [Sm] 5  
CCD77256.1 SpAN g.p. (M12 family) [Sm] 5  
AHB79081.1 Serine protease 2 precursor [Sm] 3 [10] 
XP_002578277.1 Subfamily M12B unassigned peptidase 

(M12 family)[Sm] 
3  

CCD80658.1 Family S9 non-peptidase homologue (S09 
family) [Sm] 

3  

CCD79473.1 Xaa-Pro dipeptidase (M24 family) [Sm] 2  
Fatty acid binding 

1VYG Fatty Acid Binding Protein [Sm] 3 [8-11,13] 

Transporters / Channels 
CCD60986.1 Plasma membrane calcium-transporting 

atpase  [Sm] 
14  

CCD78964.1 Sodium potassium transport ATPase alpha 
subunit [Sm] 

8  

CCD77470.1 Glucose transport protein [Sm] 7  
CCD80392.1 Cation-transporting ATPase [Sm] 5  
XP_002578298 Choline transporter-like protein 2 (Ctl2) 

[Sm] 
4  

CCD75891.1 Aquaporin-3 [Sm] 3  
XP_002578385.1 Chloride channel protein [Sm] 3  
CCD77770.1 Anion exchange protein [Sm] 2  

Signal Transduction and Biological Regulation 
Q26540.1 14-3-3 protein homolog 1 [Sm] 10 [8,9,12,13] 
CCD75054.1 14-3-3 epsilon [Sm] 9 [9,12,13] 
XP_002578585.1 Annexin [Sm] 8 [9,10] 
CCD74824.1 sh3 domain grb2-like protein B1 

(endophilin B1) [Sm] 
6  

CCD74840.1 Kynurenine aminotransferase [Sm] 6  
CCD77507.1 Talin [Sm] 6  
XP_002577660.1 Integrin alpha-ps [Sm] 6  
CCD74661.1 Integrin beta subunit [Sm] 6  
CCD79674.1 Atp-diphosphohydrolase 1 [Sm] 5 [8] 
XP_002578604.1 rpgr-interacting protein 1 related [Sm] 4  
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CCD58613.1 Hyperpolarization activated cyclic 
nucleotide-gated potassium channel, 
putative [Sm] 

4  

XP_002576557.1 N, N-dimethylarginine 
dimethylaminohydrolase [Sm] 

3  

XP_002569666.1 ral guanine nucleotide dissociation 
stimulator ralgds[Sm] 

3  

CCD75701.1 Proline-serine-threonine phosphatase 
interact protein [Sm] 

3  

CCD78505.1 Lip-related protein (liprin) alpha [Sm] 3  
XP_002581393.1 Tetraspanin [Sm] 3  
XP_002580804.1 Serine/threonine protein kinase [Sm] 3  
CCD78813.1 rap1 [Sm] 2  
CCD58662.1 Calponin homolog, putative [Sm] 2 [8,13] 
CCD78057.1 Voltage-gated potassium channel [Sm] 2  
CCD80562.1 Syntenin [Sm] 2  

Cytoskeletal /Structural 
CCD58796.1 Fer-1-related [Sm] 40  
P53471.1 Actin-2  [Sm] 19 [9,12] 
CCD79944.1 Alpha tubulin [Sm] 13 [9,12] 
CCD79871.1 Tubulin beta chain [Sm] 12 [8,9] 
XP_002574516.1 Tubulin subunit beta [Sm] 12 [8,9,12] 
CCD76120.1 Collagen alpha-1(V) chain [Sm] 11  
CCD60034.1 Prominin (prom) protein, putative [Sm] 10  
CCD77450.1 Rab GDP-dissociation inhibitor [Sm] 7  
CCD82967.1 Actin [Sm] 6 [8,9,12,13] 
CCD60380.1 Synaptotagmin, putative [Sm] 6  
AAA29882.1 Fimbrin [Sm] 5 [8,9] 
CCD82452.1 Signal recognition particle 68 kD protein 

[Sm] 
5  

XP_002572341.1 Gelsolin [Sm] 4  
CCD77020.1 Intermediate filament proteins [Sm] 4  
CCD76586.1 Cytoplasmic dynein light chain [Sm] 3 [8,13] 
XP_002572850.1 Collagen alpha chain type IV [Sm] 2  
CCD79854.1 Microtubule-associated protein 9 [Sm] 2  
CCD82782.1 Rab-2,4,14 [Sm] 2  
CCD60258.1 Rab11, putative [Sm] 2  
CCD74879.1 Ran [Sm] 2  

Tegumental antigens 
CCD81232.1 200-kDa GPI-anchored surface 

glycoprotein [Sm] 
24  
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CCD76403.1 Tegumental protein Sm 20.8 [Sm] 9 [8,13] 
P14202.1 Tegument antigen SmA 22.6 [Sm] 7 [10] 
CCE94318.1 Tegumental antigen [Sm] 3  
CCD59158.1 Sm23, putative [Sm] 2  
CCD76286.1 Sm29 [Sm] 2  

Histones 
CCD77737.1 Histone H3 [Sm] 4 [8] 
AAG25601.1 Histone H4 [Sm] 4 [8,12] 
CCD75757.1 Histone H2B [Sm] 3 [8,12] 
    

Chaperones 
CAZ34365.1 Heat shock protein 70 (hsp70)-4, putative 

[Sm] 
7 [8,9,12,13] 

Q26565.1 Peptidyl-prolyl cis-trans isomerase [Sm] 5 [8,11] 
CCD76203.1 Heat shock protein-HSP20/alpha crystallin 

family [Sm] 
5  

XP_002577613.1 Chaperonin containing t-complex protein 
1 epsilon subunit tcpe [Sm] 

3  

Translation 
CCD76432.1 Elongation factor 1-alpha (ef-1-alpha) 

[Sm] 
7 [8,9,12,13] 

CCD79146.1 Eukaryotic translation elongation factor 
[Sm] 

5 [9,12] 

Others 
XP_002576729.1 SPRY domain containing protein [Sm] 10  
CCD60716.1 Cell division control protein 48 aaa family 

protein (transitional Endoplasmic 
reticulum atpase), putative [Sm] 

7  

CCD82557.1 Band 4.1-like protein [Sm] 6  
CCD58670.1 Centrosomal protein of 135 kDa (Cep135 

protein) [Sm] 
6  

CCD82376.1 Excision repair helicase ercc-6-related 
[Sm] 

5  

XP_002575991.1 Ubiquitin (ribosomal protein L40) [Sm] 4 [8,9,11,13] 
CCD76953.1 Ubiquitin-protein ligase BRE1 [Sm] 4  
XP_002578337.1 Mixed-lineage leukemia 5 mll5 [Sm] 4  
CCD58616.1 Basic helix-loop-helix transcription factor, 

putative [Sm] 
3  

CCD77867.1 Late embryogenesis abundant protein 
[Sm] 

3  

CCD80225.1 Zinc finger protein [Sm] 2  
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Hypothetical / unnamed 
CCD75352.1 hypothetical protein Smp_140590 [Sm] 

(similar to Galectin family)  
9  

XP_002570696.1 hypothetical protein [Sm] (enolase, 
fragment) 

7  

CCD81381.1 hypothetical protein Smp_007640 [Sm] 
(1,6-glucosidase) 

7  

CCD80386.1 unnamed protein product [Sm] (actin-like 
protein) 

6  

CCD78834.1 hypothetical protein Smp_134750 [Sm] 5  
CCD82007.1 hypothetical protein Smp_080920.3 [Sm] 3  
CCD77946.1 hypothetical protein Smp_133590 [Sm] 

membrane, Ca binding vesicle fusion, 
neurotransmitter exocytosis 

3  

CCD82509.1 hypothetical protein Smp_024220 [Sm] 2  
CCD58986.1 hypothetical protein Smp_155620 [Sm] 2  
CCD79363.1 hypothetical protein Smp_145450 [Sm] 2  
XP_002575612.1 hypothetical protein [Sm] 2  
CCD75804.1 hypothetical protein Smp_159020 [Sm] 2  
CCD76102.1 hypothetical protein Smp_006830.1 [Sm] 2  

Host proteins (Mus musculus) 
XP_006536151 importin-8 isoform X3 [Mm] 4  
XP_006521203.1 keratin, type II cytoskeletal 1b isoform X1 

[Mm] 
3  

XP_006520948.1 keratin, type II cytoskeletal 79 isoform X1 
[Mm] 

3  

XP_006521177.1 keratin Kb40 isoform X2 [Mm] 2  
XP_006520575.1 keratin, type I cytoskeletal 18 isoform X1 

[Mm] 
2  

XP_006523578.1 axin-1 isoform X1 [Mm] 2  
XP_006531840.1 39S ribosomal protein L21 [Mm] 2  

aMS data were used to search the S. mansoni and mouse (Mus musculus) genome datasets available 
at NCBI; Sm, S. mansoni protein; Mm, mouse protein. bNumber of unique (non-overlapping) 
peptides matching the designated protein across three independent experiments. cProteins 
previously identified in proteomics analyses of schistosome excretory/secretory (ES) products. 
Relevant references are provided (refer to reference list for full citations). dProteins in boldface 
print are featured in ExoCarta’s “top 25” list of the most common exosomal markers from all 
different species and tissues.	 
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The analysis identified 158 known and predicted miRNAs in whole worm extracts, 143 

were also detected in exosomes but their relative abundances differed. This includes only 

sequences represented by >10 in one of the samples; miRNAs present at <10 reads in both samples 

were omitted from the analysis. The most abundant exosomal miRNAs (>100 reads) are described 

in Table 2 and a complete list is provided in Table S4. Among the top hits, roughly 70% are 

available in miRBase, including known S. mansoni (sma) sequences and conserved homologues 

from S. japonicum (sja) and the planarian Schmidtea mediterranea (sme). The remaining are novel, 

putative miRNAs that mapped to the S. mansoni genome within predicted hairpins. Most miRNAs 

are underrepresented in vesicles, in some instances by more than 100-fold (Fig. 4). Some, however, 

are present at the same or even higher levels; two of the more abundant miRNAs, sma-miR-71a 

and sma-miR-125b, were both present at about the same level in the two samples, and other 

miRNAs, such as sma-bantam and sma-miR-36-3P, were moderately enriched in vesicles. Bantam 

is an invertebrate-specific miRNA previously detected in serum of helminth-infected hosts and 

was reported to be secreted by the parasite [16,17,52]. Our results support these earlier studies and 

further suggest that sma-bantam is released, at least in part, in secretory vesicles.  
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Figure 3. Gene Ontology (GO) analysis of proteins recovered from S. mansoni exosome-like 
vesicles. The identified proteins analysed with Blast2GO [39] and were classified according to 
Biological Process (A), Cellular Component (B) and Molecular Function (D), as defined by the 
GO consortium.  
 
 
3.4. Detection of exosomal miRNAs in infected mice 

To test if S. mansoni releases exosome-like vesicles in vivo, we purified exosomes from 

serum of infected mice and screened for schistosome-derived miRNAs by qRT-PCR. The average 

worm burden was 30–40 worm pairs per mouse. As controls, we used uninfected mice maintained 

for the same length of time. Although most vesicles isolated using ExoQuick kit are likely of host 

origin, we hypothesised that even a small proportion of parasite-derived exosomes would be 

sufficient to detect specific Schistosoma miRNAs by qPCR. To facilitate detection, we focused on 

the abundant S. mansoni exosomal miRNAs from the RNA seq analysis and used a stem-loop RT 

method [41] combined with TaqMan probe-based qPCR to improve specificity. Attempts to 

amplify miRNA using a polyA tailing RT method [53] and SYBR green for qPCR produced non-

specific results (not shown). In contrast, the stem-loop TaqMan probe method was able to 
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specifically detect sma-miR-125a, sma-miR-125b, sma-bantam, sma- miR-71a (Fig. 5). The 

uninfected sample provides a measure of background amplification, presumably due to non-

specific amplification of homologous sequences present in mouse-derived exosomes. The four 

miRNAs tested showed significant (p < 0.05) amplification compared to background levels and 

their median signal-to-noise ratios ranged from ~300- to 12,000-fold (Fig. 5). It was surprising 

that ELVs isolated from infected mice showed notable difference in the various miRNA level. This 

was particularly notable for sma-miRNA-125b (Fig. 5).  

4. Discussion  

Exosomes are important agents of intercellular communication in mammals, invertebrates 

and even prokaryotes [23,24]. For pathogens, exosomes constitute a powerful mechanism by which 

virulence factors and other bioactive molecules can be delivered to a host cell to promote infection. 

This has been well documented for microbial pathogens, in particular fungi, Leishmania and T. 

cruzi [25,54]. Evidence for exosome-mediated secretion in helminth infections is more limited 

[19,26,27] and little is known about their functional roles. We further show that S. mansoni releases 

ELVs and characterise adult schistosome exosomal proteins and miRNAs.  

Table 2. List of most abundant miRNAs in purified S. mansoni exosomes. 
miR namea miR sequence Norm readsb 

exosome 
Norm reads whole 

worm 
sma-miR-125b_R-1c� TCCCTGAGACTGATAATTGCT 43,394 49,431 
sma-bantamd  TGAGATCGCGATTAAAGCTGGT 13,148 7,495 
sma-miR-71a_R+1  TGAAAGACGATGGTAGTGAGAT 12,322 12,408 
sma-miR-125a  TCCCTGAGACCCTTTGATTGCC 12,075 33,572 
sma-miR-36-3p  CCACCGGGTAGACATTCATTCGC 8,977 4,146 
sma-miR-10-5p AACCCTGTAGACCCGAGTTTGG 3,281 19,497 
sma-miR-61_R+1 TGACTAGAAAGTGCACTCACTTC 3,145 7,471 
sma-miR-2a-3p_R-1 TCACAGCCAGTATTGATGAAC 2,198 6,603 
sme-lin-4-5p_ TCCCTGAGACCTTAGAGTTGT 1,893 5,902 
sja-miR-2162-3p TATTATGCAACGTTTCACTCT 1,794 3,246 
sja-miR-277_R+2 TAAATGCATTTTCTGGCCCGTT 653 1,354 
PC-5p-12974_124e GAGAGATTAAGACTGAACGCC 580 298 
sja-miR-277_R+1 TAAATGCATTTTCTGGCCCGT 532 1,717 
PC-3p-8606_176 ACGGGCTTGGCAGAATTAGCGGGG 304 167 
PC-5p-1634_720 TCCCTGAGACCTTAGAGTTGTCT 275 595 
sme-mir-749-p5 GTCCGGGGTGCAGGCTTC 275 188 
sma-let-7 GGAGGTAGTTCGTTGTGTGGT 254 3,535 
sma-miR-71b-5p TGAAAGACTTGAGTAGTGAGACT 243 254 
PC-5p-15294_107 ACACTGCGAGGCATTGAAT 207 563 
PC-3p-8590_176 GAGATGGATAGTGGCTAGCATTT 190 39 
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PC-5p-10382_150 CCTCCGGAATCCCATAGTACT 160 156 
sma-miR-3479-3p TATTGCACTAACCTTCGCCTTG 140 1,545 
PC-5p-14055_115 TGGCGCTTAGTAGAATGTCACCG 121 200 
PC-5p-1776_672 TGATGGATGTAGTATAGG 117 436 
sja-miR-3492 ATCCGTGCTGAGATTTCGTCT 111 42 

aOnly the most abundant exosomal miRNAs (>100 reads) are shown. A complete list of all the 
miRNAs that were detected is provided in Table S2. bNormalised (“norm”) reads were calculated 
after adjustment for the size of the library, as described in the Methods; cThe suffix R followed by 
a negative number indicates that the read sequence is shorter than the annotated miRNA in 
miRbase by one (R-1) or two nucleotides (R-2) at the 3′ end. Conversely, R + 1, R + 2 show that 
the read sequence is longer than the annotate miRNA by one or two nucleotides; dmiRNAs 
indicated by bold-face printare present at the same or higher levels in exosomes compared to whole 
worms. eThe prefix PC (potential candidate) is used to describe novel miRNA sequences.  
 

Figure 4. Comparative analysis of S. mansoni microRNAs (miRNA) obtained from whole worms 
and purified exosome-like vesicles. The data are shown as the Log2 ratio of normalised reads in 
the exosomal sample relative to the whole worm sample. Only the most abundant miRNAs are 
shown. Those miRNAs that are present at about the same level in the two samples, or are enriched 
in exosomes (Log2 ≥ 0) are marked.  
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Purified S. mansoni-secreted exosomes and biophysical characterisation demonstrated that 

these vesicles were bona fide exosomes rather than crude vesicular pellets or large protein 

aggregates. Our approach selects for exosomes based on their distinctive size and floatation 

properties on a sucrose gradient [36]. Previous studies have shown that exosomes sediment at 

density corresponding to ~30% sucrose [36], a finding confirmed here. This protocol minimises 

contamination by larger membrane vesicles that typically have higher densities [36]. EM analysis 

confirmed that the ELVs used in the proteomic studies were ~60–150 nm in diameter and 

contained most of the “signature” (top 25) exosomal markers described in ExoCarta [43]. We 

recognise there may be other secretory vesicles (e.g., plasma membrane-derived ectovesicles) that 

have similar size and density. Thus, we refer to the material under study as exosome-like vesicles 

(ELVs). 

 
Figure 5. Quantitative qRT-PCR analysis of S. mansoni exosomal miRNAs in sera of infected 
mice. Circulating exosomes were purified from sera of S. mansoni –infected mice at 6–7 weeks 
post-infection or uninfected controls of the same age, using ExoQuick. RNA was extracted from 
the purified exosomes and then used for amplification of four S. mansoni miRNAs (Sma-mir-125a, 
Sma-mir-125b, Sma-mir-71a, Sma-bantam) by qRT- PCR. Data were median normalised relative 
to a “spike-in” synthetic miRNA [17,55]  and are shown as the fold- change relative to the 
uninfected control sample (background).  

 

A large proportion of the proteins recovered from S. mansoni ELVs are metabolic enzymes, 

particularly enzymes associated with glycolysis. The prevalence of glycolytic enzymes in 
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exosomes has been reported in other organisms; many of the signature exosomal proteins in 

ExoCarta are glycolytic enzymes, such as enolase, aldolase, GAPDH, etc. For schistosomes, the 

discovery of these enzymes in vesicles helps to explain how they are secreted by the parasite, 

despite lacking classical secretion signal sequences. Why exosomes contain so many glycolytic 

enzymes is unclear. It is possible that exosomes increase glycolytic activity in a target cell after 

docking and fusion. Schistosome ELVs contain abundant glycogen phosphorylase and a glucose 

transporter, which would make more glucose available for metabolism, either through 

glycogenolysis or increased transport from the outside. Alternatively, these enzymes could have 

other activities. It is well known that glycolytic enzymes have “moonlighting” functions unrelated 

to glycolysis. For example, extracellular forms of enolase, aldolase and GAPDH bind to 

mammalian plasminogen [56]. If any of these enzymes is present on the surface of the schistosome 

vesicles, as was recently shown for Leishmania-derived exosomes [57], it is tempting to speculate 

that the plasminogen binding activity could help prevent blood clots and facilitate parasite 

migration, an important activity for the blood-dwelling schistosome. Other “moonlighting” 

activities of extracellular glycolytic enzymes include adherence to the extracellular matrix, 

angiogenesis and the modulation of immune function [56], all of which could be important for 

schistosomes. 

Possible roles of exosomes in modulation of clotting pathways deserve consideration. Like 

other blood parasites, schistosomes must prevent blood clotting and remove clots once formed. 

This is of particular importance to S. mansoni because of the large size of the worm pair relative 

to the narrow mesenteric veins in which they reside. The presence of worms is likely to disrupt 

blood flow and stress the vessel wall, conditions that stimulate coagulation. Schistosomes employ 

a variety of mechanisms to prevent platelet aggregation and disrupt formation of clots [58]. 

Interestingly, some of the proteins found in the S. mansoni exosomes have anti-clotting activities, 

including ATP-diphosphohydrolase 1 (ATPDase-1), a membrane-associated protein that 

hydrolyses extracellular prothrombotic ATP and ADP, inhibiting platelet aggregation and 

activation [47]. Previous studies of the schistosome homologue of ATPDase-1 revealed that the 

enzyme is present on the tegument [59] and has ATP and ADP hydrolysing activity [60]. Our results 

show that this enzyme is also secreted in vesicles. Secretion of ATPDase-1 was not reported in 

vitro [60], but the methods employed may not have detected vesicle-associated enzyme. Exosomal 
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ATPDase-1 may represent an important mechanism of haemostatic control. Other exosomal 

proteins with potential anti-clotting effects include the glycolytic enzymes listed above (enolase, 

GAPDH, aldolase) due to their plasminogen binding activity [56], the schistosomal antigen 

Sm22.6, which inhibits thrombin [61], annexin [46] and the calcium-dependent protease calpain. In 

the host, calpain has a variety of functions, one of which is the regulation of platelet aggregation 

[62]. Vesicles carrying parasite calpain could alter normal calpain activity in the host and perhaps 

disrupt endogenous control of platelet activation. Likewise, if parasite proteins such as integrins 

and talin function in the same way as the mammalian homologues, vesicle-mediated delivery of 

these proteins to host cells could help the parasite to modulate the immune response and, 

importantly, control the formation of blood clots.  

S. mansoni exosomes carry a variety of other proteases, including metalloproteases, 

cysteine and serine pro- teases that are believed to play important roles in exosome-mediated 

signaling [63], contribute to invasion, migration, nutrient acquisition, immunomodulation and, 

haemostatic control [64]. Research on schistosome proteases has focused on secreted enzymes 

(e.g., cathepsin B) and cercarial elastases that contribute to skin penetration by infective larvae. 

There is a rich diversity of other proteases in schistosomes, most of which have only recently been 

identified [65] and their functions are poorly understood. Our results show that some of these 

enzymes are secreted in vesicles and therefore could have important roles in the host-parasite 

interaction. Examples include a novel type 2 serine protease (SmSP2) [66], a prolyl-oligopeptidase 

of the S9 serine protease family (SmPOP), recently shown to target bradykinin and angiotensin I 

[67] and a homologue of leucine aminopeptidase (LAP). LAP is of considerable interest in flukes 

due to its involvement in the immune response to schistosome eggs and egg hatching [68]. LAP is 

present in the adult worm gut, where it contributes to digestion of blood proteins, in the parasite 

tegument [69], and is secreted [8,9], though it lacks a signal peptide. LAP secretion by F. hepatica 

is vesicle-mediated [26] and our results suggest a similar mechanism for S. mansoni.  

A proteomic analysis of ELVs derived from adult S. mansoni has been recently reported 

[28]. Although we identified some common proteins, notable discrepancies are evident (Table S5). 

Proteins found in both studies include enolase, GAPDH, glutathione-S-transferase, calpain, LAP, 

Sm20.8 and Sm22.6. Notable differences include glycogen phosphorylase, taurocyamine kinase 
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and cathepsin B, high abundance proteins detected in this study that were also found in schistosome 

ESP [8-10,13]. Differences could be due to variations in protocols.  

Proteomic analysis of schistosomulae-derived EVs revealed shared proteins between 

schistosomulae- and adult worm-derived EVs (e.g., taurocyamine kinase, enolase, glutathione S-

transferase, calpain, 14-3-3 epsilon and Sm20.8; Table S5), but also differences. For example, 

schistosomulae EVs did not contain glycogen phosphorylase or glucose transporters [29]. LAP, the 

enzyme responsible for the final stage in catabolism of host hemoglobin [69] was also absent from 

schistosomulae-derived EVs [29], probably because the gut is not functional early in 

schistosomulum development [70]. Such variations in ESPs between different parasite life stages 

have previously been reported in helminths [71,72] and could be used as specific life-stage markers 

in diagnosis.  

Exosomes carry different types of RNA molecules, including miRNAs [21]. miRNAs are 

small molecules of ~23 nucleotides that regulate post-transcriptional silencing of genes. They bind 

to complementary sequences, typically in the 3′ untranslated region (3′-UTR) of a target transcript, 

resulting either in translational repression or sequence-specific RNA degradation [73]. miRNAs 

can be secreted and much of that secretion is vesicle (exosome)-mediated. Exosomal miRNAs are 

more stable than extravesicular forms and can be delivered to a target cell when exosomes fuse 

with the cell membrane [21]. Helminth parasites have a rich diversity of miRNAs [52,73-76], some 

of which are secreted [15-17,19,77], and helminth-secreted miRNAs modulate expression of specific 

host genes [19], suggesting an important role in the host-parasite interaction. Here we provide 

evidence of vesicle-mediated miRNA secretion in adult schistosomes. Over 140 miRNAs were 

identified in purified vesicles, some at very high levels, including miRNAs found in sera of 

schistosome-infected animals [16,17]. We confirmed the presence of schistosome miRNAs in 

circulating exosomes from infected mice by qRT-PCR, indicating that exosomal miRNA secretion 

occurs in the infected host.  

The biological relevance of schistosome exosomal miRNA secretion is unknown. 

Preliminary searches for potential human targets using computational tools (TargetScan Custom 

(5.2)) detected conserved seed regions in many of the schistosome miRNAs described here, 

suggesting these could, in principle, recognise human transcripts. For example, sma-miR125b, an 
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abundant miRNAs in schistosome vesicles, has >600 potential human targets based on a conserved 

8-mer seed region of the mature miRNA. Similar analysis of Sma-bantam, an invertebrate-specific 

miRNA, identified 39 potential human targets (not shown). These bioinformatics analyses must 

be refined and combined with gene expression studies in the context of different host cell 

environments to elucidate miRNA function. As previously observed in D. immitis [72], it is likely 

that ELVs secreted by male and female schistosomes vary in content. It was also noted that the 

level of some miRNAs, in particular sma-miR125b, showed a broad variation in the level of 

miRNA found in the ELVs isolated from the serum of individual mice. These differences could be 

due to; i) genetic difference in the murine host since CD1 are outbreed mice which may have 

different responses to S. mansoni infections, ii) difference in worm burdens, or iii) possible 

differences in the stability of the miRNA transcript. It is also possible that some of the vesicular 

traffic is directed towards other schistosomes as a mechanism of animal-to-animal communication, 

as suggested recently for C. elegans [78]. Future studies will need to consider potential miRNA 

targets in the parasite as well as the host. miRNAs found in schistosomulae EVs [29] were not 

among the 25 most abundant miRNAs in adult ELVs (Table 2), suggesting that the presence of 

these miRNA in schistosome ELVs may be stage-specific.  

It is easy to envision that vesicles secreted within the confines of the mesenteric veins could 

directly target the endothelial lining of the blood vessels, platelets or cells of the immune system. 

Most research on parasite-derived vesicles has focused on the immune response. Protozoal 

pathogen exosomes have either pro- or anti-inflammatory effects, depending on the parasite and 

type of vesicle [25], and modulate expression of a variety of host genes associated with immunity 

[79]. Whether these effects extend to schistosomes is unclear. A recent study of S. japonicum 

reported that treatment of macrophage RAW264.7 cells with parasite-derived vesicles promoted 

M1-type polarisation and increased production of pro-inflammatory cytokines such as TNF-α and 

IL-12 [27]. We tested S. mansoni exosomes in cultures of bone marrow-derived mouse (C57/BL6) 

macrophages and detected no change in TNF-α or IL12 production at concentrations of up to 50 

μg exosomal protein/ml (data not shown). This discrepancy could be a function of the different 

target cells (RAW264.7 versus bone-marrow derived primary cells), different purity of vesicle 

preparations or different species of schistosome.  
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We have characterised miRNAs present in adult S. mansoni ELVs, which constitute the 

first report of exosomal miRNA secretion from adult schistosomes. We also provide a molecular 

profiling of exosomal protein content, offering contrast to a previous report [28] (Table S5), which 

is possibly due to differences between our protocols. Both proteomic and miRNA analysis of 

schistosomulae-derived EVs [29] revealed variations between schistosomulae- and adult worm-

derived EVs (Table S5), which could serve as specific life-stage markers in diagnosis. However, 

further investigation will be required to exploit their potential in the development of vaccines, 

therapeutics and diagnostic methods.  
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Supplementary Material 
 
Table S1: List of primers, TaqMan probes and synthetic RNAs used in this study 
Stemloop Primers for Reverse Transcription 
sma-miR- Bantam  GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG 

GAT ACG ACA CCA GC 
sma-miR- 71a  GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG 

GAT ACG ACT CTC AC 
Sma-miR-125a GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG 

GAT ACG ACG GCA AT 
Sma-miR-125a GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG 

GAT ACG ACA GCA AT 
Spike-in control GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG 

GAT ACG ACT ACG TG 
Universal Stemloop Reverse Primer for qPCR 
Universal reverse primer CCA GTG CAG GGT CCG AGG TA 
Stemloop Forward Primers for qPCR  
sma-miR- Bantam  CAG GCG TGA GAT CGC GAT TA 
sma-miR-71a  CAG GCG TGA AAG ACG ATG G 
Sma-miR-125a  CAT GCA TCC CTG AGA CCC T 
sma-miR-125b CAC GCA TCC CTG AGA CTG A 
Spike-in control CAC GCA CGT ATC GAG TGA TG 
TaqMan Probes for qPCRa 

sma-miR- Bantam  6FAM-TGG ATA CGA CAC CAG CTT-MGBNFQ 
sma-miR-71a  6FAM- CTG GAT ACG ACT CTC ACT A-MGBNFQ 
Sma-miR-125a 6FAM-GAT ACG ACG GCA ATC AA -MGBNFQ 
sma-miR-125b 6FAM- TGG ATA CGA CAG CAA TTA-MGBNFQ 
Spike-in control 6FAM-CAC TGG ATA CGA CTA CGT GA -MGBNFQ 
Synthetic microRNAs 
sma-miR- Bantam  UGA GAU CGC GAU UAA AGC UGG U 
sma-miR-71a  UGA AAG ACG AUG GUA GUG AGA 
sma-miR-125a  UCC CUG AGA CCC UUU GAU UGC C 
sma-miR-125b  UCC CUG AGA CUG AUA AUU GCU 
Spike-in control CGU AUC GAG UGA UGU CAC GUA 

a TaqMan probes were purchased with a FAM (6-carboxyfluorescein) dye label on the 5’end and 
a minor groove binder (MGB) and non-fluorescent quencher (NFQ) on the 3’ end.  
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Table S2: Mass spectrometry data: Protein and peptide list 

Protein 
Score 

Decoy% # of 
Peptides 
Identified 

# of 
Spectral 
Matches 

Unique 
peptide 

GI (genInfo 
identifier) 

Accession  
number 

 

       Metabolic Enzymes 

1476 0,00% 50 116 50 360045358 CCD82906.1 Glycogen phosphorylase [Sm] 
816 0,00% 30 51 30 391358187 P16641.3 Taurocyamine kinase [Sm] 
744 0,00% 29 48 28 156118911 ABU49845.1 Creatine kinase [Sm] 

723 0,00% 31 77 25 3023710 Q27877.1 Enolase [Sm] 
661 0,00% 25 61 22 353230309 CCD76480.1 Pyruvate kinase [Sm] 

442 0,00% 22 28 22 360043735 CCD81281.1 Glucose-6-phosphate 
isomerase [Sm] 

499 0,00% 22 45 18 360045088 CCD82636.1 Lactate dehydrogenase [Sm] 

430 0,00% 17 33 17 353228833 CCD75004.1 Malate dehydrogenase [Sm] 
326 0,00% 17 21 17 353229703 CCD75874.1 Phosphoenolpyruvate 

carboxykinase [Sm] 
215 0,00% 9 11 9 256070409 XP_002571535.

1 
Ornithine-oxo-acid 
transaminase [Sm] 

172 0,00% 8 9 8 1172460 P41759.1 Phosphoglycerate kinase [Sm] 

111 0,00% 8 10 8 353230092 CCD76263.1 Transketolase [Sm] 
138 0,00% 7 10 7 256090542 XP_002581246.

1 
Phosphoglucomutase [Sm] 

78 0,00% 9 10 7 353232336 CCD79691.1 Fructose 1,6-bisphosphate 
aldolase [Sm] 

147 0,00% 9 9 4 350645988 CCD59265.1 Aldehyde dehydrogenase, 
putative [Sm] 

66 0,00% 4 4 4 350645892 CCD59437.1 Adenosylhomocysteinase, 
putative [Sm] 

726 0,00% 23 53 3 353229457 CCD75628.1 Glyceraldehyde-3-phosphate 
dehydrogenase [Sm] 

80 0,00% 3 4 3 123502 P09383.1 Hypoxanthine-guanine 
phosphoribosyltransferase [Sm] 

48 0,00% 3 3 3 383930643 AFH56663.1 Methylthioadenosine 
phosphorylase [Sm] 

44 0,00% 3 4 3 256082671 XP_002577577.
1 

Aconitate hydratase [Sm] 

31 1,82% 3 3 3 3122305 Q27778.1 6-phosphofructokinase [Sm] 

46 0,00% 2 3 2 360044093 CCD81640.1 Long-chain-fatty-acid-CoA 
ligase [Sm] 

41 0,00% 2 2 2 353229440 CCD75611.1 Glycogenin-related [Sm] 

34 1,82% 2 4 2 350643977 CCD58348.1 6-phosphogluconate 
dehydrogenase,putative [Sm]         

       
Xenobiotic / Redox 
Metabolism 

577 0,00% 21 58 16 121700 P09792.1 Glutathione S-transferase 28 
kDa isozyme [Sm] 

206 0,00% 10 15 10 256093080 XP_002582203.
1 

Glutathione S-transferase 26 
kDa [Sm] 
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95 0,00% 6 6 6 350645579 CCD59704.1 Aldo-keto reductase, putative 
[Sm] 

94 0,00% 5 7 5 161007 AAA29889.1 Glutathione S-transferase, 
partial [Sm] 

32 1,82% 3 3 3 353231561 CCD77979.1 Glyoxalase I [Sm] 
        
       

Proteases 
343 0,00% 19 21 19 350646132 CCD59179.1 Thimet oligopeptidase (M03 

family) [Sm] 
223 0,00% 14 21 14 360043297 CCD78710.1 Leucine aminopeptidase (M17 

family) [Sm] 
119 0,00% 11 14 11 353230291 CCD76462.1 Calpain (C02 family) [Sm] 
182 0,00% 7 17 7 729709 P09841.3 Hemoglobinase (Antigen SM32) 

[Sm] 
221 0,00% 6 13 6 353228442 CCD74613.1 Cathepsin B-like peptidase (C01 

family) [Sm] 
65 0,00% 5 5 5 256072593 XP_002572619.

1 
Prolyl oligopeptidase (S09 
family) [Sm] 

56 0,00% 4 5 5 353230839 CCD77256.1 SpAN g.p. (M12 family) [Sm] 
48 0,00% 3 3 3 564131894 AHB79081.1 Serine protease 2 precursor 

[Sm] 
43 0,00% 2 8 3 256084114 XP_002578277.

1 
Subfamily M12B unassigned 
peptidase (M12 family) [Sm] 

43 0,00% 3 14 3 353233303 CCD80658.1 Family S9 non-peptidase 
homologue (S09 family) [Sm] 

35 1,82% 2 3 2 353232118 CCD79473.1 Xaa-Pro dipeptidase (M24 
family) [Sm]         

       
Fatty acid binding 

76 0,00% 5 7 3 55670478 1VYG Fatty Acid Binding Protein [Sm]         

       
Transporters/channels 

395 0,00% 15 38 14 350644272 CCD60986.1 Plasma membrane calcium-
transporting atpase, putative 
[Sm] 

68 0,00% 8 10 8 360043551 CCD78964.1 Sodium potassium transporting 
ATPase alpha subunit [Sm] 

166 0,00% 7 18 7 353231052 CCD77470.1 Glucose transport protein [Sm] 
62 0,00% 7 6 5 353233037 CCD80392.1 Cation-transporting ATPase 

[Sm] 
67 0,00% 4 6 4 256084157 XP_002578298 Choline transporter-like protein 

2 (Ctl2) [Sm] 
124 0,00% 3 9 3 353229720 CCD75891.1 Aquaporin-3 [Sm] 
33 1,82% 3 5 3 256084334 XP_002578385.

1 
Chloride channel protein [Sm] 

42 0,00% 2 12 2 353231352 CCD77770.1 Anion exchange protein [Sm]         

       
Signal Transduction and 

Biological Regulation 
209 0,00% 15 38 10 3023193 Q26540.1 14-3-3 protein homolog 1 [Sm] 

166 0,00% 11 14 9 353228883 CCD75054.1 14-3-3 epsilon [Sm] 
283 0,00% 11 26 8 256084742 XP_002578585.

1 
Annexin [Sm] 
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186 0,00% 9 20 6 353228653 CCD74824.1 sh3 domain grb2-like protein 
B1 (endophilin B1) [Sm] 

35 1,82% 6 6 6 353228669 CCD74840.1 Kynurenine aminotransferase 
[Sm] 

30 
 

6 12 6 353231089 CCD77507.1 Talin [Sm] 

148 0,00% 7 14 6 256082840 XP_002577660.
1 

Integrin alpha-ps [Sm] 

96 0,00% 6 9 6 353228490 CCD74661.1 Integrin beta subunit [Sm] 

34 1,82% 5 5 5 353232319 CCD79674.1 Atp-diphosphohydrolase 1 [Sm] 
55 0,00% 4 9 4 256084780 XP_002578604.

1 
rpgr-interacting protein 1 
related [Sm] 

43 0,00% 4 6 4 350646699 CCD58613.1 Hyperpolarization activated 
cyclic nucleotide-gated 
potassium channel, putative 
[Sm] 

122 0,00% 4 9 3 256080579 XP_002576557.
1 

ng, ng-dimethylarginine 
dimethylaminohydrolase [Sm] 

37 1,82% 4 6 3 256052204 XP_002569666.
1 

ral guanine nucleotide 
dissociation stimulator 
ralgds[Sm] 

36 1,82% 3 5 3 353229530 CCD75701.1 Proline-serine-threonine 
phosphatase interacting 
protein [Sm] 

33 1,82% 3 8 3 360043093 CCD78505.1 Lip-related protein (liprin) 
alpha [Sm] 

93 0,00% 3 18 3 256090851 XP_002581393.
1 

Tetraspanin [Sm] 

34 1,82% 3 4 3 256089413 XP_002580804.
1 

Serine/threonine protein 
kinase [Sm] 

61 0,00% 2 4 2 360043400 CCD78813.1 rap1 [Sm] 

37 1,82% 2 3 2 350646635 CCD58662.1 Calponin homolog, putative 
[Sm] 

33 1,82% 2 4 2 360042647 CCD78057.1 Voltage-gated potassium 
channel [Sm] 

30 3,23% 2 2 2 353233207 CCD80562.1 Syntenin [Sm] 
        
       

Cytoskeletal /Structural 
815 0,00% 40 105 40 350646584 CCD58796.1 Fer-1-related [Sm] 

586 0,00% 19 46 19 1703114 P53471.1 Actin-2  [Sm] 
233 0,00% 14 23 13 353232589 CCD79944.1 Alpha tubulin [Sm] 
313 0,00% 12 21 12 353232516 CCD79871.1 Tubulin beta chain [Sm] 

307 0,00% 12 21 12 256076432 XP_002574516.
1 

Tubulin subunit beta [Sm] 

51 0,00% 11 12 11 353229949 CCD76120.1 Collagen alpha-1(V) chain [Sm] 

320 0,00% 12 21 10 350645253 CCD60034.1 Prominin (prom) protein, 
putative [Sm] 

81 0,00% 7 9 7 353231032 CCD77450.1 Rab GDP-dissociation inhibitor 
[Sm] 

150 0,00% 10 14 6 360045419 CCD82967.1 Actin [Sm] 

169 0,00% 6 13 6 350644919 CCD60380.1 Synaptotagmin, putative [Sm] 
106 0,00% 5 7 5 495668 AAA29882.1 Fimbrin [Sm] 
39 1,82% 5 5 5 360044904 CCD82452.1 Signal recognition particle 68 

kD protein [Sm] 
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72 0,00% 4 5 4 256072032 XP_002572341.
1 

Gelsolin [Sm] 

37 1,82% 4 7 4 353230603 CCD77020.1 Intermediate filament proteins 
[Sm] 

57 0,00% 4 10 3 353230415 CCD76586.1 Cytoplasmic dynein light chain 
[Sm] 

32 1,82% 2 3 2 256073059 XP_002572850.
1 

Collagen alpha chain type IV 
[Sm] 

32 1,82% 2 2 2 353232499 CCD79854.1 Microtubule-associated protein 
9 [Sm] 

64 0,00% 2 3 2 360045234 CCD82782.1 Rab-2,4,14 [Sm] 
49 0,00% 2 3 2 350645028 CCD60258.1 Rab11, putative [Sm] 

37 1,82% 2 2 2 353228708 CCD74879.1 Ran [Sm] 
        
       

Tegumental antigen 
282 0,00% 30 42 24 360043686 CCD81232.1 200-kDa GPI-anchored surface 

glycoprotein [Sm] 
211 0,00% 13 23 9 353230232 CCD76403.1 Tegumental protein Sm 20.8 

[Sm] 
144 0,00% 7 11 7 135578 P14202.1 Tegument antigen SmA 22.6 

[Sm] 
56 0,00% 3 5 3 390124514 CCE94318.1 Tegumental antigen [Sm] 
111 0,00% 2 11 2 350646174 CCD59158.1 Sm23, putative [Sm] 

69 0,00% 2 7 2 353230115 CCD76286.1 Sm29 [Sm] 
        
       

Histones 
58 0,00% 5 6 4 353231319 CCD77737.1 histone H3 [Sm] 

55 0,00% 4 6 4 10953803 AAG25601.1 histone H4 [Sm] 
70 0,00% 5 8 3 353229586 CCD75757.1 histone H2B [Sm] 
        
       

Chaperones 
105 0,00% 8 9 7 238663484 CAZ34365.1 Heat shock protein 70 (hsp70)-

4, putative [Sm] 
100 0,00% 7 12 5 27805450 Q26565.1 Peptidyl-prolyl cis-trans 

isomerase [Sm] 
85 0,00% 5 5 5 353230032 CCD76203.1 Heat shock protein-

HSP20/alpha crystallin family 
[Sm] 

46 0,00% 3 3 3 256082744 XP_002577613.
1 

Chaperonin containing t-
complex protein 1 epsilon 
subunit tcpe [Sm]         

       
Translation 

148 0,00% 7 9 7 353230261 CCD76432.1 Elongation factor 1-alpha (ef-1-
alpha) [Sm] 

55 0,00% 5 5 5 353231791 CCD79146.1 Eukaryotic translation 
elongation factor [Sm]         

       
Others 

325 0,00% 10 25 10 256080932 XP_002576729.
1 

SPRY domain containing 
protein [Sm] 
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102 0,00% 7 8 7 350644553 CCD60716.1 Cell division control protein 48 
aaa family protein (transitional 
Endoplasmic reticulum atpase), 
putative [Sm] 

126 0,00% 6 11 6 360045009 CCD82557.1 Band 4.1-like protein [Sm] 
50 0,00% 6 6 6 350646643 CCD58670.1 Centrosomal protein of 135 

kDa (Cep135 protein) [Sm] 
48 0,00% 5 11 5 360044828 CCD82376.1 Excision repair helicase ercc-6-

related [Sm] 
105 0,00% 10 22 4 256079432 XP_002575991.

1 
Ubiquitin (ribosomal protein 
L40) [Sm] 

52 0,00% 4 4 4 353230536 CCD76953.1 Ubiquitin-protein ligase BRE1 
[Sm] 

30 3,23% 5 6 4 256084236 XP_002578337.
1 

Mixed-lineage leukemia 5 mll5 
[Sm] 

32 1,82% 3 5 3 350646702 CCD58616.1 Basic helix-loop-helix 
transcription factor, putative 
[Sm] 

31 1,82% 3 3 3 353231449 CCD77867.1 Late embryogenesis abundant 
protein [Sm] 

32 1,82% 2 4 2 353232869 CCD80225.1 Zinc finger protein [Sm] 
30 

 
1 1 1 1084298248 XP_018652220.

1 
Gata zinc finger domain-
containing protein [Sm]         

       
Hypothetical/Unnamed 

183 0,00% 9 18 9 353229181 CCD75352.1 hypothetical protein 
Smp_140590 [Sm] 

227 0,00% 7 22 7 256068121 XP_002570696.
1 

hypothetical protein [Sm] 

103 0,00% 7 7 7 360043835 CCD81381.1 hypothetical protein 
Smp_007640 [Sm] 

436 0,00% 15 32 6 353233031 CCD80386.1 unnamed protein product [Sm] 

45 0,00% 5 7 5 360043421 CCD78834.1 hypothetical protein 
Smp_134750 [Sm] 

45 0,00% 3 3 3 360044459 CCD82007.1 hypothetical protein 
Smp_080920.3 [Sm] 

37 1,82% 3 4 3 353231528 CCD77946.1 hypothetical protein 
Smp_133590 [Sm] 

61 0,00% 2 4 2 360044961 CCD82509.1 hypothetical protein 
Smp_024220 [Sm] 

52 0,00% 2 4 2 350646356 CCD58986.1 hypothetical protein 
Smp_155620 [Sm] 

37 1,82% 2 5 2 353232008 CCD79363.1 hypothetical protein 
Smp_145450 [Sm] 

35 1,82% 2 4 2 256078659 XP_002575612.
1 

hypothetical protein [Sm] 

33 1,82% 3 10 2 353229633 CCD75804.1 hypothetical protein 
Smp_159020 [Sm] 

33 1,82% 2 4 2 353229931 CCD76102.1 hypothetical protein 
Smp_006830.1 [Sm]         

       
Host proteins (Mus muscuslus) 

264 0,00% 4 11 4 569017314 XP_006536151 importin-8 isoform X3 [Mm] 

141 0,00% 6 3 3 568992803 XP_006521203.
1 

keratin, type II cytoskeletal 1b 
isoform X1 [Mm] 
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Table S3:  Summary of RNA sequencing results 
 

# Reads exosomes whole worms 

Total (“raw”) reads 10,953,926 12,462,586 
Mappable readsa 8,639,784 10,232,965 
Reads mapped to known miRNAsb 74,223 236,809 
Reads mapped to putative miRNAsc 4,418 13,186 

Reads mapped to other RNAs (mRNA, Rfam or Repbase)d 
5,450,691 7,979,750 

Unmapped reads (“no hits”) 2,824,993 1,600,243 
Otherse 285,459 402,977 

 
a Reads remaining after removal of impurities, low-quality sequences and sequences < 15 
nucleotides;  breads aligned with known S. mansoni or platyhelminth miRNAs available in 
miRBase vs. 20;  
c reads did not map to known miRNAs but aligned to the S. mansoni genome between predicted 
hairpins;  
d reads mapped to S. mansoni mRNAs, repetitive sequences in Repbase 
(http://www.girinst.org/repbase) or other (non-miRNA) small RNA species available in the Rfam 
database (http://rfam.janelia.org); 
e reads mapped to the S. mansoni genome but are not predicted to form hairpins (disregarded).   
 
 
 
 
Table S4: miRNA sequences detected in exosomes and whole worms  

miR_seq miR_name 
norm_ 
EXO_SM norm_W_SM 

TCCCTGAGACTGATAATTGCT sma-miR-125b_R-1 43,394 49,431 
TGAGATCGCGATTAAAGCTGGT sma-bantam 13,148 7,495 
TGAAAGACGATGGTAGTGAGAT sma-miR-71a_R+1 12,322 12,408 
TCCCTGAGACCCTTTGATTGCC sma-miR-125a 12,075 33,572 
CCACCGGGTAGACATTCATTCGC sma-miR-36-3p 8,977 4,146 
AACCCTGTAGACCCGAGTTTGG sma-miR-10-5p 3,281 19,497 
TGACTAGAAAGTGCACTCACTTC sma-miR-61_R+1 3,145 7,471 

115 0,00% 4 3 3 568992275 XP_006520948.
1 

keratin, type II cytoskeletal 79 
isoform X1 [Mm] 

97 0,00% 2 4 2 568992745 XP_006521177.
1 

keratin Kb40 isoform X2 [Mm] 

62 0,00% 2 3 2 568991509 XP_006520575.
1 

keratin, type I cytoskeletal 18 
isoform X1 [Mm] 

51 0,00% 2 3 2 568998710 XP_006523578.
1 

axin-1 isoform X1 [Mm] 

48 0,00% 2 2 2 569005850 XP_006531840.
1 

39S ribosomal protein L21 
[Mm] 
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TCACAGCCAGTATTGATGAAC sma-miR-2a-3p_R-1 2,198 6,603 

TCCCTGAGACCTTAGAGTTGT 
sme-lin-4-5p_ 
3ss14CA17CG19G- 1,893 5,902 

TATTATGCAACGTTTCACTCT sja-miR-2162-3p 1,794 3,246 
TAAATGCATTTTCTGGCCCGTT sja-miR-277_R+2 653 1,354 
GAGAGATTAAGACTGAACGCC PC-5p-12974_124 580 298 
TAAATGCATTTTCTGGCCCGT sja-miR-277_R+1 532 1,717 
ACGGGCTTGGCAGAATTAGCGGGG PC-3p-8606_176 304 167 
TCCCTGAGACCTTAGAGTTGTCT PC-5p-1634_720 275 595 
GTCCGGGGTGCAGGCTTC sme-mir-749-p5 275 188 
GGAGGTAGTTCGTTGTGTGGT sma-let-7 254 3,535 

TGAAAGACTTGAGTAGTGAGACT 
sma-miR-71b-5p_ 
1ss23GT 243 254 

ACACTGCGAGGCATTGAAT PC-5p-15294_107 207 563 
GAGATGGATAGTGGCTAGCATTT PC-3p-8590_176 190 39 
CCTCCGGAATCCCATAGTACT PC-5p-10382_150 160 156 
TATTGCACTAACCTTCGCCTTG sma-miR-3479-3p 140 1,545 
TGGCGCTTAGTAGAATGTCACCG PC-5p-14055_115 121 200 
TGATGGATGTAGTATAGG PC-5p-1776_672 117 436 
ATCCGTGCTGAGATTTCGTCT sja-miR-3492 111 42 
GTCCCTATCTACTATCTAGCGAAACCACAGCC PC-5p-33527_52 90 172 
TCCTGGACGCTGGCAAATGCT PC-3p-15712_105 77 147 
ATCTGTTAGTACTTTGGTCCT PC-3p-21727_78 65 26 
GAGAGATTAAGACTGAACGCCT PC-3p-19439_87 65 16 
ATGATGGATGTAGTATAGG PC-5p-5682_249 62 119 
ACCCGTACCCAATCGTCGAC PC-3p-46742_38 60 66 
TACCGCTGTCCATAACTATGT PC-3p-70423_25 57 43 
TGGCGAAGAGTTCTGATTAGT PC-3p-82189_22 54 23 
TGGAAGACTGGTGATATGTTGTT sja-miR-7-5p 50 1,093 
TGACTAGAAAGTGCACTCACTTCT sja-miR-61_R+2 50 283 
TCGACGATTGGGTACGGGTCT PC-3p-49221_36 50 23 
TGATGGATGTAGTATAGGTGGGAGCTGGGTG PC-3p-36957_48 49 186 
CAGGTCGGGCGTCTAGGCACTT PC-5p-38154_46 48 14 
CGTACTATGGGATTCCGGAGT PC-3p-55957_32 48 4 
AGGATACTGGAGCCCATGTGTTT PC-3p-36544_48 45 11 
ATATCGATGTGTATATGCTCT PC-3p-45469_39 45 12 
TTCTTAGATTGTAAGCACTCT PC-5p-58341_30 44 32 

CGTCTCAAGGGACTGTGAAACT 
sma-miR-2b-5p_ 
1ss22AT 43 38 

CTCTTAGCAGGATTGGTGTCT PC-3p-72151_25 43 6 
TATTGGCAAACAATCTGACT PC-3p-14824_110 40 54 
CATTTCAGATATACTCTGCT PC-3p-26877_64 40 25 
AACCGATGTTAGGACGTTTGT PC-3p-25083_69 39 9 
CATACAACCGACTGGCTTTCC sma-let-7-p3 38 132 
TGGACGGGGCAATATCTTAAT PC-3p-126893_14 38 19 
TTCCGATTCGGCATTTCTGATT PC-5p-61230_29 37 9 
ACTGAGACGGGTGTGGATACT PC-5p-54721_32 37 4 
AGGCCAATTGAACTACCCTTT PC-5p-37607_47 35 20 
TGAAAGACGATGGTAGTGAGATAT egr-miR-71_R+3 34 16 
TGTCCGCGGAACAGTGTACC PC-5p-54980_32 33 51 
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TTTGGTCCCCTTCAACCAGCTGT 
sme-miR-133a-3p_ 
L+1_1ss11GT 33 37 

TGATATGTATGGGTTACTTGGT sma-miR-190-5p_R-1 31 1,659 
TGAAAGACGATGGTAGTGAGATA egr-miR-71_R+2 31 64 
TCCGCGGACATACGCCGACT PC-5p-89649_20 30 21 
AGAGGTAGTGATTCAAAAAGTT sme-let-7d 30 7 
TCGAGACGGTTACTAGACACT PC-5p-109992_16 28 4 

TCCCTTGTTCGACTGTGATGTTT 
sma-miR-2c-5p_ 
R+1_1ss22GT 27 21 

GATTTGTCTGACGTTATGTGT PC-5p-66976_27 27 6 
ATAATCAGACTGAATATGTGT PC-5p-108368_16 26 26 
TTAGGATCCAAGTATAGCGTTT PC-3p-84103_21 26 10 
TCCGTGCTGAGATTTCGTCA sma-miR-3492_L-1 24 26 
TCGACAGATGTTAGTGACTGT PC-3p-73847_24 24 8 
CCGATGTTAGGACGTTTGTCT PC-3p-148935_12 23 8 
TCACAGGAATCGAAATACTCT PC-3p-124334_14 23 11 
TTTCGGCAGTTCAGTGGTACT PC-3p-68130_26 23 4 
CACTCGTCGCACTGCATGCCT PC-3p-30972_56 21 92 
GAGAAGCCTGATGGTCGGAGT PC-3p-87239_20 21 4 
TGTCATGGAGTTGCTCTCTA PC-3p-22144_77 20 168 
TCGGGCAGTACATTTCTGATT PC-5p-140928_12 20 11 
CAGAGAATTCATGCAGACTAT PC-5p-122898_14 20 5 
TCCGGGCATTGGTATAACAGT PC-3p-124567_14 20 4 
GAGGGCTAGGTCATCTGCGATT PC-5p-100544_18 20 3 
ATAAACGATTGTCTGAACATT PC-5p-83501_21 18 6 
CAGACAGAAGGTGTAGCTATT PC-5p-128535_14 18 1 
TAATACTGTTAGGTAAAGATGCC sma-miR-8-3p 17 2,404 
TGCTGCCTGATAAGAGCTGTGA egr-miR-745_1ss10GA 17 187 
TGATTGTCCATTCGCATTTCTT sja-miR-219-5p_R+1 17 161 
ACGCCGACATAAACCGTGAAT PC-3p-114367_15 17 18 
TTAACAATCTGGTAGATGTCT PC-3p-87348_20 17 17 
CAGACCGTGGACGCCAGTTCT PC-5p-93611_19 17 16 
CCAATGGTGCACATGGGCTCTT PC-5p-59222_30 17 13 
GACCCGATTGAGATACGCGCT PC-5p-108611_16 17 11 
CAACTCGGAGAGGCCAGGTTTTT PC-5p-130301_13 17 6 
CACGTGTTCCGAGTCTTCTCT PC-5p-131361_13 17 1 
AAGAAGACCCTGTTGAGCTTGACTCTAGTCCGACGTTGTG PC-3p-28386_61 17 11 
CTGTTAACCGAGGCCATCTCT PC-3p-53629_33 16 21 
TTGGATCCCCAACTTTCGACT PC-5p-151851_11 16 10 

ACCACAAGGGCTGATGAGACT 
sma-mir-3492-p3 
_1ss18AG 16 10 

TTCCGGAAGTTTTGAGTGATT PC-3p-167297_10 16 1 
TGATGGATGTAGTATAGGTGGGAGCTGGGT PC-3p-51268_35 15 86 
TGGATGCATATGGCTATGTCT PC-3p-57721_31 14 15 
AGAGATCCCGCTAGAAGCTTT PC-3p-54871_32 14 8 
AGGAAGCCCACTGTCGACATT PC-3p-101048_17 14 8 
TATACCGAGGCTTGAGATGG PC-5p-149581_12 14 6 
AATAGTCTGCATGAATTCTCT PC-5p-191011_9 14 5 
ACCCCAAGGAGTCTAGTGAATT PC-3p-165038_10 14 4 
AGATCCAGAGAACATTGAAGT PC-5p-123862_14 14 3 
CTCCGGAGATGTTTTGGGGCT PC-5p-201291_8 14 2 



 223 

AGCTCAGTGGTCTATCGGTTATT PC-5p-26623_65 14 11 
AAAAAGTCCCTGTTCGAGCT PC-3p-27975_62 13 51 
ACTTCGGCTGGTGATTTCCC PC-3p-129633_13 13 10 
TAAGGCACGCGGTGAATGTCA sma-miR-124-3p 13 260 
ACGACGTATTCCGAGGTCTCT PC-5p-47560_37 13 30 
TGAAGAATGTTGGAAAATCT PC-5p-47385_37 13 20 
CCGAGCTATCGCACTGTTGAT PC-5p-272816_6 13 13 
TGGAAGACTTGTGATTTAGTTGTT PC-5p-3990_337 11 399 
GTTTGAGTCTTGATGTG PC-3p-79807_22 11 33 
ATCGGTATTAATGTTGGTGCTT PC-3p-146279_12 11 11 
TACCGTCACTTTGGCTGTACT PC-3p-46989_38 10 22 
CAGCCAAAGTGACTCAGGTATGC sma-mir-125a-p3 10 18 

AGTGCTCTGAATGTC 
egr-mir-219-p5 
_1ss11TA 10 16 

TGAGTAGAGTGAATTATGACT PC-5p-108973_16 10 12 
ACTGGTAGGTCCTGGGTTCTTT PC-3p-47447_37 10 33 
TCCCTGAGACCCTTTGATTGT sja-miR-125a_R-1 9 23 
ACCAGGGCATGACCAGACTCT PC-5p-95204_19 9 16 

TATCACAGCCCTGCTTGGGACACT 
sma-miR-2b-3p 
_1ss24AT 7 699 

TGTGGGTCTCTTTCTTGTCCATT 
sma-mir-61-p5 
_1ss23GT 7 10 

AAAACATTGTCGATTTCTCC PC-3p-91555_19 7 10 
TATCACAGTCCAAGCTTTGGT sma-miR-2e-3p 6 159 
TGCTGCCTGATAAGAGCTGTGAT PC-3p-49410_36 6 69 
TTGCACGAATCTAACGCCTGT PC-3p-52431_34 6 12 
GAAGATTCAGACAAACAATAGC PC-3p-88291_20 6 11 
TTTTGCTGGCCTGGTATGAATT PC-3p-97828_18 6 10 

GTAGACATGTGACCT 
sme-mir-2150-p3 
_1ss5TA 4 61 

GAACCCAGTGGTCTATCGGTTAAGTGCT PC-5p-64128_28 4 18 
TTTGAGTCCCGAATCTTGCGT PC-5p-112939_16 4 17 
TTGCTGAGATCGCCTTTTTGT PC-3p-99572_18 4 11 
GATTCGGCTCAGTGGTCTATCGGTTAAGTGCT PC-5p-67365_26 4 24 
AAGTCCCTGTTCGAGCTGATT PC-3p-115660_15 4 12 
TCACAACCTACTTGATTGAGGGG sja-miR-307_R+3 3 371 
AAATTCGAGTCTATAAGGA sma-miR-10-3p_R-4 3 55 
CCAGTGACCAGACATATCCCT sma-miR-190-3p_L+1 3 44 
TTCAACCATGCCATTAGCTGT PC-5p-95371_19 3 18 
TCACAGCCAATATTGATACCC PC-3p-118142_15 1 30 
TCTCGCTTCCCCGCCTTTCCCG sma-mir-71a-p3 1 15 
TACCAACTTTGACTGAGTTATACTGCTTTTGT sma-miR-2e-5p_R+11 1 13 
TAACTCAGTGGTCTATCGGTTAAGTGCT PC-5p-86492_21 1 13 
GCTCCGGTAGCTTAGTTGGT sja-miR-3488 1 18 
GAGTTCAGTGGTCTATCGGTTAAGTGCT PC-5p-106009_17 1 10 
TAGCCGTGGAGCTGTTCATCGCATTT PC-5p-4596_298 0 31 
GATTGAGCTGTACTGCTTGGGCT PC-5p-152299_11 0 24 
TTGGTCCCTATCAACCAGCTAT sja-miR-133_1ss21GA 0 20 
CAACGTCATCCTCATAGTGATT PC-5p-82254_22 0 20 
TATCACAGCCCTGCTTGGGACACTT egr-miR-2b_R+3 0 18 
NGGAATGTGGCGAAGTATGGTC sja-miR-1_1ss1TN 0 17 
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ATAACTCAGTGGTCTATCGGTTAAGTGCT PC-5p-78919_23 0 16 
GAAGAGTGCCGACCCGGTTAGCC sma-mir-36-p5 0 16 
TTGACGTAATGATTTGAG PC-3p-110194_16 0 15 
GTCATCCTTGGATTGTGATTTT sma-mir-2d-p5 0 14 
TATCACAGTCCTGCTTAGGTGACG sma-miR-2d-3p_R+2 0 13 
GTGAGCAAAGTTTCAGGTGT egr-miR-87-3p 0 13 
TTGGTCCCTATCAACCAGCT sja-mir-133-p5 0 12 
AGGGTTATCCGTTTGCTCCGTT PC-5p-191498_9 0 11 
TGTAGGGCGGGATTGAGC PC-5p-127121_14 0 10 

              
 
 
 
 
 
Table S5: Comparison of protein content with published proteomics analysis of 
extracellular vesicles from adult and schistosomule S. mansoni. 

Metabolic Enzymes 

      Adults Somules   
GI 
(genInfo 
identifier) 

Accession 
number Name Samoil  

et al. 
Sotillo  
et al. 

Nowacki  
et al. 

ES  
protein* 

360045358 CCD82906.1 Glycogen phosphorylase [Sm] Yes No No Yes 
391358187 P16641.3 Taurocyamine kinase [Sm] Yes No Yes Yes 
156118911 ABU49845.1 Creatine kinase [Sm] Yes No Yes Yes 
3023710 Q27877.1 Enolase [Sm] Yes Yes Yes Yes 
353230309 CCD76480.1 Pyruvate kinase [Sm] Yes No No  Yes 
360043735 CCD81281.1 Glucose-6-phosphate isomerase [Sm] Yes Yes No  Yes 
360045088 CCD82636.1 Lactate dehydrogenase [Sm] Yes Yes No Yes 
353228833 CCD75004.1 Malate dehydrogenase [Sm] Yes No No Yes 
353229703 CCD75874.1 Phosphoenolpyruvate carboxykinase [Sm] Yes No No Yes 
256070409 XP_002571535.1 Ornithine-oxo-acid transaminase [Sm] Yes No No Yes 
1172460 P41759.1 Phosphoglycerate kinase [Sm] Yes No Yes Yes 
353230092 CCD76263.1 Transketolase [Sm] Yes Yes No Yes 
256090542 XP_002581246.1 Phosphoglucomutase [Sm] Yes No No Yes 
353232336 CCD79691.1 Fructose 1,6-bisphosphate aldolase [Sm] Yes Yes Yes Yes 
350645988 CCD59265.1 Aldehyde dehydrogenase, putative [Sm] Yes No No Yes 
350645892 CCD59437.1 Adenosylhomocysteinase, putative [Sm] Yes No No No 

353229457 CCD75628.1 
Glyceraldehyde-3-phosphate dehydrogenase 
[Sm] Yes Yes Yes  Yes 

123502 P09383.1 
Hypoxanthine-guanine 
phosphoribosyltransferase [Sm] Yes No No No 

383930643 AFH56663.1 Methylthioadenosine phosphorylase [Sm] Yes No No Yes 
256082671 XP_002577577.1 Aconitate hydratase [Sm] Yes No No Yes 
3122305 Q27778.1 6-phosphofructokinase [Sm] Yes No No Yes 
360044093 CCD81640.1 Long-chain-fatty-acid-CoA ligase [Sm] Yes No No No 
353229440 CCD75611.1 Glycogenin-related [Sm] Yes No Yes No 

350643977 CCD58348.1 
6-phosphogluconate dehydrogenase,putative 
[Sm] Yes No No No 

Xenobiotic / Redox Metabolism 
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121700 P09792.1 Glutathione S-transferase 28 kDa isozyme [Sm] Yes No Yes Yes 
256093080 XP_002582203.1 Glutathione S-transferase 26 kDa [Sm] Yes Yes Yes Yes 
350645579 CCD59704.1 Aldo-keto reductase, putative [Sm] Yes No No Yes 
161007 AAA29889.1 Glutathione S-transferase, partial [Sm] Yes No No Yes 
353231561 CCD77979.1 Glyoxalase I [Sm] Yes No No No 

Proteases 

350646132 CCD59179.1 Thimet oligopeptidase (M03 family) [Sm] Yes No No No 
360043297 CCD78710.1 Leucine aminopeptidase (M17 family) [Sm] Yes Yes No Yes 
353230291 CCD76462.1 Calpain (C02 family) [Sm] Yes Yes Yes Yes 
729709 P09841.3 Hemoglobinase (Antigen SM32) [Sm] Yes No No No 
353228442 CCD74613.1 Cathepsin B-like peptidase (C01 family) [Sm] Yes No No Yes 
256072593 XP_002572619.1 Prolyl oligopeptidase (S09 family) [Sm] Yes No No No 
353230839 CCD77256.1 SpAN g.p. (M12 family) [Sm] Yes No No No 
564131894 AHB79081.1 Serine protease 2 precursor [Sm] Yes Yes No Yes 

256084114 XP_002578277.1 
Subfamily M12B unassigned peptidase (M12 
family) [Sm] Yes No No No 

353233303 CCD80658.1 
Family S9 non-peptidase homologue (S09 
family) [Sm] Yes No No No 

353232118 CCD79473.1 Xaa-Pro dipeptidase (M24 family) [Sm] Yes No No No 

Fatty acid binding 

55670478 1VYG Fatty Acid Binding Protein [Sm] Yes No Yes Yes 

Transporters/channels 

350644272 CCD60986.1 
Plasma membrane calcium-transporting atpase, 
putative [Sm] Yes No No No 

360043551 CCD78964.1 
Sodium potassium transporting ATPase alpha 
subunit [Sm] Yes No No No 

353231052 CCD77470.1 Glucose transport protein [Sm] Yes No No No 
353233037 CCD80392.1 Cation-transporting ATPase [Sm] Yes No No No 
256084157 XP_002578298 Choline transporter-like protein 2 (Ctl2) [Sm] Yes No No No 
353229720 CCD75891.1 Aquaporin-3 [Sm] Yes No No No 
256084334 XP_002578385.1 Chloride channel protein [Sm] Yes No No No 
353231352 CCD77770.1 Anion exchange protein [Sm] Yes No No No 

Signal Transduction and Biological Regulation  

3023193 Q26540.1 14-3-3 protein homolog 1 [Sm] Yes Yes Yes Yes 
353228883 CCD75054.1 14-3-3 epsilon [Sm] Yes No Yes Yes 
256084742 XP_002578585.1 Annexin [Sm] Yes Yes Yes Yes 

353228653 CCD74824.1 
sh3 domain grb2-like protein B1 (endophilin B1) 
[Sm] Yes No No No 

353228669 CCD74840.1 Kynurenine aminotransferase [Sm] Yes No No No 
353231089 CCD77507.1 Talin [Sm] Yes No No No 
256082840 XP_002577660.1 Integrin alpha-ps [Sm] Yes No No No 
353228490 CCD74661.1 Integrin beta subunit [Sm] Yes No No No 
353232319 CCD79674.1 Atp-diphosphohydrolase 1 [Sm] Yes No No Yes 
256084780 XP_002578604.1 rpgr-interacting protein 1 related [Sm] Yes No No No 

350646699 CCD58613.1 
Hyperpolarization activated cyclic nucleotide-
gated potassium channel, putative [Sm] Yes No No No 

256080579 XP_002576557.1 
ng, ng-dimethylarginine dimethylaminohydrolase 
[Sm] Yes Yes No No 
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256052204 XP_002569666.1 
ral guanine nucleotide dissociation stimulator 
ralgds[Sm] Yes No No No 

353229530 CCD75701.1 
Proline-serine-threonine phosphatase interacting 
protein [Sm] Yes No No No 

360043093 CCD78505.1 Lip-related protein (liprin) alpha [Sm] Yes No No No 
256090851 XP_002581393.1 Tetraspanin [Sm] Yes No Yes No 
256089413 XP_002580804.1 Serine/threonine protein kinase [Sm] Yes No No No 
360043400 CCD78813.1 rap1 [Sm] Yes Yes Yes No 
350646635 CCD58662.1 Calponin homolog, putative [Sm] Yes No No Yes 
360042647 CCD78057.1 Voltage-gated potassium channel [Sm] Yes No No No 
353233207 CCD80562.1 Syntenin [Sm] Yes Yes No No 

Cytoskeletal /Structural 

350646584 CCD58796.1 Fer-1-related [Sm] Yes No No No 
1703114 P53471.1 Actin-2  [Sm] Yes Yes Yes Yes 
353232589 CCD79944.1 Alpha tubulin [Sm] Yes No No Yes 
353232516 CCD79871.1 Tubulin beta chain [Sm] Yes No No Yes 
256076432 XP_002574516.1 Tubulin subunit beta [Sm] Yes No No Yes 
353229949 CCD76120.1 Collagen alpha-1(V) chain [Sm] Yes No No No 
350645253 CCD60034.1 Prominin (prom) protein, putative [Sm] Yes No No No 
353231032 CCD77450.1 Rab GDP-dissociation inhibitor [Sm] Yes No Yes No 
360045419 CCD82967.1 Actin [Sm] Yes Yes Yes Yes 
350644919 CCD60380.1 Synaptotagmin, putative [Sm] Yes No No No 
495668 AAA29882.1 Fimbrin [Sm] Yes No Yes Yes 
360044904 CCD82452.1 Signal recognition particle 68 kD protein [Sm] Yes No No No 
256072032 XP_002572341.1 Gelsolin [Sm] Yes No No No 
353230603 CCD77020.1 Intermediate filament proteins [Sm] Yes No No No 
353230415 CCD76586.1 Cytoplasmic dynein light chain [Sm] Yes Yes No Yes 
256073059 XP_002572850.1 Collagen alpha chain type IV [Sm] Yes No No No 
353232499 CCD79854.1 Microtubule-associated protein 9 [Sm] Yes No No No 
360045234 CCD82782.1 Rab-2,4,14 [Sm] Yes No No No 
350645028 CCD60258.1 Rab11, putative [Sm] Yes No Yes No 
353228708 CCD74879.1 Ran [Sm] Yes No No No 

Tegumental antigen 

360043686 CCD81232.1 
200-kDa GPI-anchored surface glycoprotein 
[Sm] Yes No No No 

353230232 CCD76403.1 Tegumental protein Sm 20.8 [Sm] Yes Yes Yes Yes 
135578 P14202.1 Tegument antigen SmA 22.6 [Sm] Yes Yes No Yes 
390124514 CCE94318.1 Tegumental antigen [Sm] Yes No No No 
350646174 CCD59158.1 Sm23, putative [Sm] Yes No No No 
353230115 CCD76286.1 Sm29 [Sm] Yes Yes Yes No 

Histones 

353231319 CCD77737.1 histone H3 [Sm] Yes No No Yes 
10953803 AAG25601.1 histone H4 [Sm] Yes Yes No Yes 
353229586 CCD75757.1 histone H2B [Sm] Yes No No Yes 

Chaperones 

238663484 CAZ34365.1 Heat shock protein 70 (hsp70)-4, putative [Sm] Yes No No Yes 
27805450 Q26565.1 Peptidyl-prolyl cis-trans isomerase [Sm] Yes No No Yes 
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353230032 CCD76203.1 
Heat shock protein-HSP20/alpha crystallin 
family [Sm] Yes No No No 

256082744 XP_002577613.1 
Chaperonin containing t-complex protein 1 
epsilon subunit tcpe [Sm] Yes No No No 

Translation 

353230261 CCD76432.1 Elongation factor 1-alpha (ef-1-alpha) [Sm] Yes Yes Yes Yes 
353231791 CCD79146.1 Eukaryotic translation elongation factor [Sm] Yes No No Yes 

Others 

256080932 XP_002576729.1 SPRY domain containing protein [Sm] Yes No No No 

350644553 CCD60716.1 

Cell division control protein 48 aaa family 
protein (transitional Endoplasmic reticulum 
atpase), putative [Sm] Yes No No No 

360045009 CCD82557.1 Band 4.1-like protein [Sm] Yes No No No 

350646643 CCD58670.1 
Centrosomal protein of 135 kDa (Cep135 
protein) [Sm] Yes No No No 

360044828 CCD82376.1 Excision repair helicase ercc-6-related [Sm] Yes No No No 
256079432 XP_002575991.1 Ubiquitin (ribosomal protein L40) [Sm] Yes No Yes Yes 
353230536 CCD76953.1 Ubiquitin-protein ligase BRE1 [Sm] Yes No No No 
256084236 XP_002578337.1 Mixed-lineage leukemia 5 mll5 [Sm] Yes No No No 

350646702 CCD58616.1 
Basic helix-loop-helix transcription factor, 
putative [Sm] Yes No No No 

353231449 CCD77867.1 Late embryogenesis abundant protein [Sm] Yes No No No 
353232869 CCD80225.1 Zinc finger protein [Sm] Yes No No No 

Hypothetical/Unnamed 

353229181 CCD75352.1 hypothetical protein Smp_140590 [Sm] Yes No No No 
256068121 XP_002570696.1 hypothetical protein [Sm] Yes No No No 
360043835 CCD81381.1 hypothetical protein Smp_007640 [Sm] Yes No No No 
353233031 CCD80386.1 unnamed protein product [Sm] Yes No No No 
360043421 CCD78834.1 hypothetical protein Smp_134750 [Sm] Yes No No No 
360044459 CCD82007.1 hypothetical protein Smp_080920.3 [Sm] Yes No No No 
353231528 CCD77946.1 hypothetical protein Smp_133590 [Sm] Yes No No No 
360044961 CCD82509.1 hypothetical protein Smp_024220 [Sm] Yes No No No 
350646356 CCD58986.1 hypothetical protein Smp_155620 [Sm] Yes No No No 
353232008 CCD79363.1 hypothetical protein Smp_145450 [Sm] Yes No No No 
256078659 XP_002575612.1 hypothetical protein [Sm] Yes No No No 
353229633 CCD75804.1 hypothetical protein Smp_159020 [Sm] Yes No No No 
353229931 CCD76102.1 hypothetical protein Smp_006830.1 [Sm] Yes No No No 

       
       
       
       

 
 
 
 
 


