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Abstract 31 

Chronic infection with O. viverrini has been linked to the development of cholangiocarcinoma 32 

(CCA), which is a major public health burden in the Lower Mekong River Basin countries, 33 

including Thailand, Lao PDR, Vietnam and Cambodia. Despite its importance, the exact 34 

mechanisms by which O. viverrini promotes CCA are largely unknown. In this study, we 35 

characterized different extracellular vesicle populations released by O. viverrini (OvEVs) using 36 

proteomic and transcriptomic analyses and investigated their potential role in host-parasite 37 

interactions. While 120k OvEVs promoted cell proliferation in H69 cells at different 38 

concentrations, 15k OvEVs did not produce any effect compared to controls. The proteomic 39 

analysis of both populations showed differences in their composition that could contribute to 40 

this differential effect. Furthermore, the miRNAs present in 120k EVs were analysed and their 41 

potential interactions with human host genes was explored by computational target prediction. 42 

Different pathways involved in inflammation, immune response and apoptosis were identified 43 

as potentially targeted by the miRNAs present in this population of EVs. This is the first study 44 

showing specific roles for different EV populations in the pathogenesis of a parasitic helminth, 45 

and more importantly, an important advance towards deciphering the mechanisms used in 46 

establishment of opisthorchiasis and liver fluke infection-associated malignancy. 47 

 48 
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1. Introduction 54 

 Opisthorchiasis remains a major public health problem in East Asia and Eastern Europe. 55 

The main species affecting South East Asia, Opisthorchis viverrini, affects near 10 million 56 

people, particularly in Thailand and Laos (1). In addition to infection-associated morbidity 57 

(including cholangitis, choledocholithiasis and periductal fibrosis), liver fluke infection with 58 

O. viverrini has been strongly linked to cholangiocarcinoma (CCA), a form of bile duct cancer 59 

which has the highest global prevalence in the Northeast region of Thailand (2). Multiple 60 

factors are involved in the progression of CCA, including mechanical damage from physical 61 

attachment of the liver fluke to the biliary epithelium, chronic immunopathological processes 62 

that induce pro-inflammatory cytokines, and the release of parasite-derived excretory/secretory 63 

(ES) products (including soluble proteins and extracellular vesicles (EVs)) into the bile ducts 64 

that promote cell proliferation (3-6). 65 

These ES products constitute the main players in the crosstalk between the parasite and 66 

its host, and blocking this interaction has been shown to eliminate or impair establishment of 67 

the worms, reducing cell proliferation and the development of cholangiocarcinoma (3, 6-11). 68 

For instance, over 300 proteins have been identified in the ES products from O. viverrini (4), 69 

one of which is a granulin-like growth factor termed Ov-GRN-1, which drives proliferation of 70 

biliary epithelial cells. Ov-GRN-1-induced cell proliferation can be inhibited with antibodies 71 

raised to the recombinant protein (12), and moreover, infection of hamsters with Ov-grn-1 72 

knock-out flukes results in reduced biliary fibrosis and cholangiocarcinoma compared to 73 

hamsters infected with control flukes (8, 13). In addition, we reported that O. viverrini secretes 74 

small extracellular vesicles (EVs) of 40-100 nm in size that can be internalized by host cells 75 

(3), and that blocking internalization of these EVs using antibodies against a member of the 76 

tetraspanin protein family significantly reduced the secretion of pro-inflammatory cytokines 77 

including IL-6 (3). Furthermore, vaccination of hamsters with small EVs resulted in decreased 78 
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worm burdens and worm growth retardation as well as reduced egg secretion (9). However, the 79 

exact mechanisms by which EVs promote biliary cell proliferation and aids the establishment 80 

of Opisthorchis infection remain unknown. 81 

 EVs can be categorized into different subpopulations based on the origin and size of 82 

the vesicles, although, for most cell types and organisms studied, there are no reliable and 83 

specific markers for each population (14, 15). Small EVs (usually named exosomes) have an 84 

endocytic origin and have a size of 30-150 nm, whereas larger EVs such as microvesicles form 85 

by direct budding of the plasma membrane and typically range from 100 to 1000 nm (1 µm) 86 

(16). Whereas small vesicles have been described so far from O. viverrini, other flukes have 87 

been shown to secrete both populations of EVs, including Fasciola hepatica, and Schistosoma 88 

mansoni (17, 18), although their specific roles in parasite-host communication remain unclear. 89 

 While the proteomic content of EVs from 17 different helminth species has been well 90 

characterized, and several species- or class-specific markers have been proposed, the miRNA 91 

cargo of EVs has not been characterized for all helminths studied (reviewed in (19)). In 92 

schistosomes, parasite-specific miRNAs have been proposed as new diagnostic candidates in 93 

infected human subjects (20), and it has been hypothesized that EV miRNAs from the 94 

nematode Nippostrongylus brasiliensis have anti-inflammatory and immunomodulatory roles 95 

(21). Furthermore, Schistosoma japonicum EV miR-125b and bantam miRNAs promote 96 

macrophage proliferation and TNF- production (22), and S. mansoni miR-10 is implicated in 97 

the polarization towards a Th1 response (23) while Sja-miR-71a present in S. japonicum egg 98 

EVs can suppress liver fibrosis (24). However, no association has been found so far between 99 

O. viverrini miRNAs and malignancy. 100 

  In the present study we show, for the first time, the secretion of both types of EVs by 101 

O. viverrini and highlight several proteins that are unique for each vesicle type, and that could 102 

be used as specific markers for the isolation and characterization of these subpopulations of 103 
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EVs. Furthermore, we delve into the mechanisms used by the parasite to promote cell 104 

proliferation in cholangiocytes via small EVs but not MVs, which highlights the role of EVs 105 

in inter-phylum cross-talk and opens new avenues for the treatment of O. viverrini-induced 106 

cholangiocarcinoma. 107 

 108 

2. Materials and methods 109 

2.1 Animal ethics 110 

  Six- to eight-week-old male Syrian golden hamsters were infected with O. viverrini 111 

metacercariae and maintained in the animal house facility at the Faculty of Medicine, Khon 112 

Kaen University, Thailand for 8 weeks before being euthanized. Animal experiments were 113 

approved by the Animal Ethics Committee of Khon Kaen University (IACUC-KKU 93/2565). 114 

 115 

2.2 Isolation and purification of extracellular vesicles 116 

  Hamsters were necropsied at 8 weeks post-infection and adult worms collected, washed 117 

in PBS and cultured in RPMI 1640 containing 1% glucose, 100 units/ml Penicillin, 100 118 

units/ml Streptomycin (Life Technologies, Grand Island, NY) and 1 nM E64 (Thermo 119 

scientific, USA) at 37°C, 5% CO2 for 7 days. For the isolation and purification of O. viverrini 120 

EVs (OvEVs), a previously published method was followed (18). Briefly, O. viverrini ES 121 

products (OvES) were collected every day, centrifuged at 500 g for 10 min to remove eggs and 122 

large debris, and subsequently centrifuged at 2,000 g for 30 min, 4,000 g for 30 min and 15,000 123 

g for 45 min to remove smaller debris and MVs. MVs were washed twice with PBS, centrifuged 124 

at 12,000 g and stored at -80°C until use. Following removal of MVs, supernatant was 125 

concentrated using a 10 kDa cut-off Amicon filter (Merck Millipore, USA) and 126 

ultracentrifuged at 120,000 g for 3 hours to pellet smaller (120k) vesicles. The pellet was 127 

resuspended in 70 µl of PBS, laid on a discontinuous gradient (40%, 20%, 10%, 5%) built with 128 
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OptiPrepTM Density Gradient (Millipore Sigma, USA) as described previously (25) and 129 

centrifuged for 18 h at 4°C. EVs isolated from grapes (termed “grape Evs”) were isolated from 130 

Vitis vinifera Thompson seedless grapes as described elsewhere (21). The size and 131 

concentrations of all Evs were analysed using a qNano instrument (Izon Science, New Zealand) 132 

and protein content was determined using a BCA kit (Bio-Rad). 133 

 134 

2.3 Tunable Resistive Pulse Sensing analysis of extracellular vesicles 135 

  Tunable resistive pulse sensing (TRPS) was employed using a qNano system (Izon 136 

Science) to measure the particle concentration and size distribution of Evs. Briefly, a nanopore 137 

NP150 or NP400 (for 12k and 15k Evs, respectively) was used, and pressure and voltage values 138 

were set to optimize the signal to ensure high sensitivity. All samples were diluted (1:10 for 139 

OvEVs and 1:20 for grapesomes) before applying to the nanopore, and CP100 carboxylated 140 

polystyrene calibration particles (Izon Science) were used for calibration. Size distribution and 141 

concentration of particles were analyzed using the software provided by Izon (version 3.2). 142 

 143 

2.4 Proteomic analysis of 15k OvEVs 144 

  EV-surface exposed peptides were released by trypsin hydrolysis following the 145 

methodology described by Chaiyadet and co-workers (26). Briefly, EVs were treated with 146 

trypsin (1 µg/µl) for 15 min at 37°C to cleave surface-exposed proteins, centrifuged at 15,000 147 

g for 1 hour at 4°C, and supernatant containing the surface peptides collected. Pellet containing 148 

“shaved” EVs was resuspended in water, sonicated and released EV cargo content was 149 

recovered from the supernatant after centrifugation at 15,000 g for 1 hour at 4°C. Finally, the 150 

pellet was solubilized in 1% Triton X-100/2% sodium dodecyl sulphate (SDS) at 37°C for 15 151 

min to recover membrane-associated proteins. For the proteomic analysis, cargo and 152 
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membrane-associated proteins were electrophoresed on a 10% SDS-PAGE gel and in-gel 153 

digestion was performed as described previously with minor modifications (27).  154 

  All samples (trypsin-liberated, cargo and membrane peptides) were injected into an 155 

Eksigent nanoLC 415 system using an Eksigent Trap-column (C18-CL, 3 μm, 120 Å, 350 μm 156 

x 0.5 mm) for the pre-concentration step followed by separation in a 15 cm long Eksigent 157 

column (C18-CL particle size 3 μm, 120 Å, 75 μm ID) using a linear gradient of 3-40% solvent 158 

B (100 acetonitrile/0.1% formic acid [aq]) in solvent A (0.1% formic acid [aq]) for 45 min 159 

followed by 40-80 % solvent B in 5 min. A flow rate of 300 nl/min was used for all 160 

experiments. Eluates from the RP-HPLC column were directly introduced into the PicoView 161 

ESI ionisation source of a TripleTOF 6600 MS/MS System (AB Sciex) operated in positive 162 

ion electrospray mode. All analyses were performed using Information Dependent Acquisition. 163 

Analyst Software 1.7.1 (Applied Biosystems) was used for data analysis. Briefly, the 164 

acquisition protocol consisted of the use of an Enhanced Mass Spectrum scan with 15 sec 165 

exclusion time and 100 ppm mass tolerance. A cycle time of 1800 ms was used to acquire full 166 

scan TOF-MS data over the mass range 400–1250 m/z and product ion scans over the mass 167 

range of 100–1500 m/z for up to 30 of the most abundant ions with a relative intensity above 168 

150 and a charge state of +2 − +5. Full product ion spectra for each of the selected precursors 169 

were then used for subsequent database searches. 170 

  Peak lists obtained from MS/MS spectra were identified using X!Tandem version X! 171 

Tandem Vengeance (2015.12.15.2) (28), MS-GF+ version Release (v2018.04.09) (29) and 172 

Tide (30). The search was conducted using SearchGUI version 3.3.15 (31). Protein 173 

identification was conducted against a concatenated target/decoy version of the O. viverrini 174 

genome and the common repository of adventitious proteins (cRAP database) (10,876 (target) 175 

sequences). The decoy sequences were created by reversing the target sequences in SearchGUI. 176 

The identification settings were as follows: Trypsin (specific), with a maximum of 2 missed 177 
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cleavages, 20.0 ppm as MS1 and 0.2 Da as MS2 tolerances; fixed modifications: 178 

Carbamidomethylation of C (+57.021464 Da), variable modifications: Deamidation of N 179 

(+0.984016 Da), Deamidation of Q (+0.984016 Da), Oxidation of M (+15.994915 Da), fixed 180 

modifications during refinement procedure: Carbamidomethylation of C (+57.021464 Da), 181 

variable modifications during refinement procedure: Acetylation of protein N-term 182 

(+42.010565 Da), Pyrolidone from E (--18.010565 Da), Pyrolidone from Q (--17.026549 Da), 183 

Pyrolidone from carbamidomethylated C (--17.026549 Da).  184 

  Peptides and proteins were inferred from the spectrum identification results using 185 

PeptideShaker version 1.16.40 (32). Peptide Spectrum Matches (PSMs), peptides and proteins 186 

were validated at a 1.0% False Discovery Rate (FDR) estimated using the decoy hit 187 

distribution. The mass spectrometry data along with the identification results have been 188 

deposited in ProteomeXchange Consortium (33) via the PRIDE partner repository with the 189 

dataset identifier PXD020356 and doi:10.6019/PXD020356. During the review process, the 190 

data can be accessed with the following credentials upon login to the PRIDE website 191 

(http://www.ebi.ac.uk/pride/archive/login): Username: [reviewer03276@ebi.ac.uk], 192 

Password: [fL0hevyQ]. 193 

  Blast2GO software (34) was employed for the Gene Ontology (GO) analysis. Only 194 

children GO terms were used for subsequent analysis to avoid redundancy in GO terms. Protein 195 

family (Pfam) analysis was performed using the gathering bit score (--cut_ga) threshold using 196 

HMMER v3. 197 

 198 

2.4 mRNA and miRNA isolation  199 

  mRNA and miRNA of OvEVs were obtained from different batches of worms as 200 

described previously (21) with sequencing performed on four mRNA and two miRNA 201 
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biological replicates of the 120k EVs.  Briefly, total RNA and miRNA were extracted using 202 

the mirVanaTM miRNA Isolation Kit (ThermoFisher) and stored at −80°C until analysed. 203 

 204 

2.5 RNA sequencing and transcript annotation 205 

  The RNA quality, yield and size of total and small RNAs were analysed using capillary 206 

electrophoresis (Agilent 2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA). The 207 

TruSeq Small RNA-seq preparation kit (Illumina) was used for miRNA sequencing according 208 

to the manufacturer’s instructions. For mRNA-seq, ribosomal RNA was removed from 209 

samples, and mRNA was prepared for sequencing using an Illumina TruSeq stranded mRNA-210 

seq library preparation kit according to the manufacturer’s instructions. RNAseq was 211 

performed on a NextSeq 500 (Illumina, 75-bp PE mid-output run, approximately 30M reads 212 

per sample). Quality control, library preparation and sequencing were performed at the 213 

Ramaciotti Centre for Genomics at the University of New South Wales, Sydney.  214 

  High-throughput RNA-seq data were aligned to the O. viverrini reference genome 215 

model (WormBase WS255; http://parasite.wormbase.org; (35)) using the STAR transcriptome 216 

aligner (36). Differentially expressed genes were identified using consensusDE (37). Prior to 217 

downstream analysis, rRNA-like sequences were removed from the metatranscriptomic dataset 218 

using riboPicker-0.4.3 (http://ribopicker.sourceforge.net; (38)). BLASTn algorithm (39) was 219 

used to compare the non-redundant mRNA dataset for O. viverrini EVs to the nucleotide 220 

sequence collection (40) from NCBI (www.ncbi.nlm.nih.gov) to identify putative homologues 221 

in a range of other organisms (cutoff: <1E-03). Corresponding hits homologous to the murine 222 

host, with a transcriptional alignment coverage <95% (based on the effective transcript length 223 

divided by length of the gene), and with an expression level <10 fragments per kilobase of exon 224 

model per million mapped reads (FPKM) normalized by the length of the gene, were removed 225 
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from the list. The final list of mRNA transcripts from O. viverrini EVs was assigned to protein 226 

families (Pfam) and GO categories (Blast2GO). 227 

 228 

2.6 miRNA analysis and target prediction 229 

  The miRDeep2 package (41) was used to identify known and putative novel miRNAs 230 

present in both miRNA samples. As there are no O. viverrini miRNAs available in miRBase 231 

release 21 [36], the miRNAs from the flatworms Schmidtea mediterranea, Echinococcus 232 

granulosus and Echinococcus multilocularis, S. japonicum and S. mansoni were utilized as a 233 

training set for the algorithm. Only miRNA sequences commonly identified in all replicates 234 

were included for further analyses.  235 

  The interaction between human host genes and the identified miRNAs were 236 

bioinformatically predicted using three different software programs: MR-microT (42), mirDB 237 

(43) and miRANDA (44). miRDB and MRMicroT are web-based algorithms and default 238 

settings were used, except that only targets with scores ≥0.7 and ≥60, respectively, were 239 

selected. In the case of miRANDA, input 3ʹUTR from the Homo sapiens GRCm38.p4 assembly 240 

was retrieved from the Ensembl database release 100. The software was run with strict 5ʹ seed 241 

pairing, energy threshold of −20 kcal/mol and default settings for gap open and gap extend 242 

penalties. Interacting hits were filtered by conservative cut-off values for pairing score (>155) 243 

and matches (>80%). For a more robust target prediction, only targets commonly predicted by 244 

all three software for a single miRNA were further analysed by the Panther classification 245 

system (http://pantherdb.org/) using pathway classification (45).  246 

 247 

2.7 Mammalian cell culture 248 

The nonmalignant cholangiocyte cell line H69 is a SV40-transformed human bile duct 249 

epithelial cell line derived from human liver, kindly provided by Dr. Gregory J. Gores, Mayo 250 
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Clinic, Rochester, Minnesota. H69 cells (46) were maintained in T75 cm2 vented flasks 251 

(Corning) as monolayers as described (47) with minor modifications. Cells were maintained 252 

with regular splitting using 1x TrypLE express trypsin (Gibco) every 2–5 days in complete 253 

media (Gibco): growth factor-supplemented DMEM/F12 with high glucose media with 10% 254 

FCS, 2× antibiotic/antimycotic, 25 μg/mL adenine, 5 μg/mL insulin, 1 μg/mL epinephrine, 8.3 255 

μg/mL holo-transferrin, 0.62 μg/mL hydrocortisone, 13.6 ng/mL T3, and 10 ng/mL EGF. Low 256 

nutrient media for cell proliferation assays was 5% complete media, i.e., 0.5% FCS and 1/20 257 

of the growth factor concentrations listed above for complete media. The identity (human-258 

derived) of the cell line was confirmed with single tandem repeat (STR) analysis in January 259 

2018 (15/15 positive loci across two alleles) and mycoplasma free status was determined at the 260 

DNA Diagnostics Centre (DDC)–Medical (U.S.A.), accredited/certified by CAP, ISO/IEC 261 

17025:2005, through ACLASS. 262 

 263 

2.8 Cell Proliferation Monitoring in Real Time Using xCELLigence 264 

Cells were seeded at 3,000 cells/well in 150 μL of complete media (above) in E-plates (Agilent) 265 

and grown overnight while being monitored with an xCELLigence SP system (Agilent), which 266 

monitors cellular events in real time by measuring electrical impedance across interdigitated 267 

gold microelectrodes integrated into the base of tissue culture plates. As previously described 268 

(48), cells were washed three times with PBS prior to addition of 150 μL of low nutrient media 269 

(above) and incubated for a minimum of 6 h before further treatment. Treatments were prepared 270 

at 8.5× concentration and added to each well in 20 μL, for a final in-well 1× concentration. The 271 

xCELLigence system recorded cell indexes at intervals of 1 h for 5–6 days following treatment. 272 

Readings for the cell index were normalized prior to treatment, and cell proliferation ratios 273 

represent the relative numbers of cells to controls at each timepoint from 6 replicates. Dose 274 

response curves for each treatment at day 3 were from two  experiments.  275 
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 276 

 277 

2.8 Statistical analysis 278 

Comparisons of induction of cell proliferation in response to treatments were 279 

accomplished using Two-Way ANOVA test with Holm-Sidak multiple comparison correction, 280 

using GraphPad Prism 6.03. Data were expressed as the mean ± standard error of three 281 

independent experiments using Graphpad Prism Software Version 6.03 (www.graphpad.com).  282 

 283 

3. Results 284 

3.1 Purification of EVs 285 

  Two different populations of OvEVs were isolated and purified from the OvES 286 

products. The 15k OvEVs were isolated and purified by ultracentrifugation, while 120k OvEVs 287 

and grape EVs were further purified using Optiprep® gradient and highly pure fractions 288 

combined as described previously (21). Particle diameter and concentration was measured 289 

using a qNano instrument, protein concentration using the BCA assay and purity was obtained 290 

following Webber and Clayton approach (49). While 15k OvEVs had a mean particle diameter 291 

of 320±138 nm (mode 246 nm) and a total concentration of 1.06E+09 particles/ml, the 120k 292 

OvEVs had a mean particle diameter of 135±32.7 nm (mode 117 nm) and a total concentration 293 

of 4.27E+10 particles/ml (Figure 1). Grape EVs had a mean particle size of 143±30.4 nm and 294 

a concentration of 2.41E+10 (Figure 1). Purity of vesicles ranged from 4.61E+07 for the 15k 295 

OvEVs to 1.82E+09 for 120k OvEVs (Supplementary Table 1).  296 

 297 

 298 

 299 

 300 
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 301 

 302 

Figure 1. Size and concentration of Opisthorchis viverrini-derived 120 k and 15k 303 
extracellular vesicles (EVs). Tunable Resistive Pulse Sensing was used to analyse the 304 

diameter and concentration of 120k O. viverrini EVs as well as grape EVs (A) and 15k O. 305 

viverrini EVs. 306 

 307 

 308 

 309 

3.2 120k OvEVs but not 15k OvEVs promote cholangiocyte proliferation in vitro 310 

  To further investigate the role of the different populations of OvEVs in driving 311 

proliferation of cholangiocytes, H69 immortalised cholangiocytes were incubated with 312 

different concentrations of 120k and 15k O. viverrini EVs; grape EVs and media alone were 313 

used as controls. 120k EVs significantly promoted cell proliferation from 9.3E+07 up to 314 

7.4E+08 particles/ml (corresponding to 50 ng/ml and 400 ng/ml, respectively) in all 315 

concentrations tested (Figure 2A, P<0.0001). O. viverrini 120k EVs promoted cell proliferation 316 
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24 h after incubation with cholangiocytes at different concentrations when compared to 317 

controls (Figure 2B, P<0.05-0.0001). 318 

 319 

Figure 2. Opisthorchis viverrini 120k but not 15k extracellular vesicles (EVs) drive 320 
proliferation of human cholangiocytes. (A) O. viverrini 120k EVs (open circles) but not 15k 321 

EVs (red squares) promoted proliferation of human cholangiocytes at different concentrations 322 

when compared to media alone and to grape EVs (blue circles). (40) O. viverrini 120k EVs at 323 

3.7E+08 particles/ml (200 ng/ml) (open circles) and 7.4E+08 particles/ml (400 ng/ml) (orange 324 

diamond) promoted proliferation of human cholangiocytes significantly after 24 h of 325 

incubation.  326 

 327 

3.3 Proteomic profile of 15k EVs secreted by O. viverrini 328 

 The proteomic content of the 15k OvEVs was analysed by mass spectrometry following 329 

established methods designed to localise the proteins within the different fractions of the EVs 330 

(17, 26). A total of 718 unique proteins were identified with 2 or more unique peptides, 331 

including 334 as trypsin-liberated (or “shaved”) proteins, 352 as membrane proteins and 648 332 

as cargo proteins (Supplementary Tables 2-4). A comparison of the results obtained in this 333 

analysis was performed against the proteomic data obtained by Chaiyadet et al. (26), since both 334 

analyses were performed following the same methodology and using the same mass 335 

spectrometers. Interestingly, the cargo from the 15k and 120k OvEVs have the highest number 336 

of unique proteins (155 and 49, respectively), while 76 proteins were common to both 337 
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populations of OvEVs (Figure 2). Furthermore, 46 and 21 proteins are uniquely present in the 338 

shaved fractions analysed from the 15k and the 120k population, respectively. (Figure 3, Tables 339 

1, 2).  340 

 341 

 342 

Figure 3. Proteomic identifications of the 120k and 15k populations of O. viverrini-derived 343 
extracellular vesicles (OvEVs). UpSetR analysis visualising intersections between the 344 

proteins identified in the different compartments analysed from the 120k and 15k populations 345 

of O. viverrini-derived EVs. 346 

 347 

Table 1. Unique proteins from 120k OvEVs shaved sample.  348 

Protein name Description Pfam family/domain 

Nº 

unique 

peptides 

OON13804.1 
Cell division cycle and apoptosis regulator 

protein 1 
SAP Family 6 

OON21748.1 Transcription elongation regulator 1 FF Family / WW Domain 5 

OON22257.1 TRPM8 channel-associated factor 2 Peptidase_M60 Domain 4 

OON21215.1 Hsp90 protein HSP90 Family 4 

OON20288.1 Immunoglobulin domain protein Ig_3 Domain  3 

OON19373.1 
Oxidoreductase, 2OG-Fe(II) oxygenase 

family protein 
- 3 

OON16932.1 Putative chaperone protein DnaK HSP70 Family 3 

OON23969.1 Ribosomal protein L19e Ribosomal_L19e Family 2 

OON21776.1 Large subunit ribosomal protein L12.e Ribosomal_L11_N Domain 2 
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 349 

 350 

Table 2. Unique proteins from 15k OvEVs shaving sample.  351 

Protein 

name 
Description Pfam family/domain 

Number 

of unique 

peptides 

OON23431.1 Hypothetical protein X801_00663 ADK Domain 10 

OON13409.1 Putative glycerol kinase FGGY_N Domain 7 

OON24055.1 Fumarate hydratase class I, partial Fumerase Family 6 

OON20815.1 Acetyl-CoA C-acetyltransferase, partial Thiolase_N Domain 5 

OON19817.1 NADH dehydrogenase, G subunit 
NADH-G_4Fe-4S_3 Domain 

/ Molybdopterin Family 
5 

OON19105.1 Putative pyruvate carboxylase, partial 

HMGL-like Domain / 

HMGL-like Domain / 

Biotin_lipoyl Domain 

5 

OON19149.1 Hypothetical protein X801_04987, partial Mt_ATP-synt_B Family 4 

OON17488.1 ADP,ATP carrier protein 1 Mito_carr Family 4 

OON23432.1 Hypothetical protein X801_00664 ADK Domain 3 

OON22871.1 EF hand EF-hand_7 Domain 3 

OON16330.1 
Tubulin/FtsZ family, GTPase domain 

protein 
Tubulin Domain 3 

OON15185.1 FAD dependent oxidoreductase DAO Domain 3 

OON14585.1 3-hydroxyacyl-CoA dehydrogenase protein 3HCDH Domain 3 

OON14250.1 
Tubulin/FtsZ family, GTPase domain 

protein 
Tubulin Domain 3 

OON14231.1 
Zn-finger in ubiquitin-hydrolase and other 

protein 

UCH Family / zf-UBP 

Domain 
3 

OON14218.1 Hypothetical protein X801_09994, partial - 3 

OON13911.1 
Putative acetyl-CoA C-acyltransferase, 

partial 
Thiolase_N Domain 3 

OON13809.1 
Ubiquinol-cytochrome c reductase, iron-

sulfur subunit 

UCR_TM Family / Rieske 

Domain 
3 

OON13698.1 
Putative succinate-semialdehyde 

dehydrogenase 
Aldedh Family 3 

OON23750.1 
Glyceraldehyde-3-phosphate 

dehydrogenase, type I 
Fumerase Family 2 

OON20086.1 Hypothetical protein X801_04039, partial Vinculin Family 2 

OON19823.1 High mobility group protein DSP1 HMG_box_2 Domain 2 

OON18290.1 Elongation factor 1-beta EF-1_beta_acid Domain 2 

OON17975.1 Protein hu-li tai shao Aldolase_II Domain 2 

OON17798.1 Putative maleylacetoacetate isomerase GST_N_3 Domain 2 

OON16907.1 
Neuroblast differentiation-associated 

protein AHNAK 
- 2 

OON16165.1 Linker histone H1 and H5 family protein Linker_histone Domain 2 

OON16018.1 Histone H3 Histone Domain 2 

OON15665.1 Carbohydrate phosphorylase Phosphorylase Family 2 

OON15027.1 D-aspartate oxidase DAO Domain 2 

OON13880.1 Putative cystathionine beta-synthase PALP Family 2 

OON13684.1 Cell division protein Septin Domain 2 
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OON23460.1 Hypothetical protein X801_00629 Gp_dh_N  Domain 2 

OON23448.1 
Class II Aldolase and Adducin domain 

protein 
Aldolase_II Domain 2 

OON23332.1 Actin Actin Family 2 

OON22490.1 Peptidase M16 inactive domain protein Peptidase_M16 Family 2 

OON22407.1 

Pyridine nucleotide-disulfide 

oxidoreductase, dimerization domain 

protein 

Pyr_redox_dim Domain 2 

OON21233.1 Hypothetical protein X801_02875 - 2 

OON20884.1 Saccharopine dehydrogenase Sacchrp_dh_NADP Family 2 

OON20768.1 Hypothetical protein X801_03347 STI1 Domain 2 

OON20759.1 Hypothetical protein X801_03354 SHIPPO-rpt Repeat 2 

OON19861.1 Hypothetical protein X801_04266, partial - 2 

OON19439.1 Hypothetical protein X801_04695 - 2 

OON19131.1 3-oxoacid CoA-transferase, B subunit CoA_trans Domain 2 

OON19104.1 Hypothetical protein X801_05032, partial - 2 

OON18343.1 Enolase, TIM barrel domain protein, partial Enolase_C Domain 2 

OON17540.1 
NAD dependent epimerase/dehydratase 

family protein 
Epimerase Family 2 

OON17517.1 V-type ATPase, G subunit V-ATPase_G Family 2 

OON17270.1 Hypothetical protein X801_06891 Fer2_3 Domain 2 

OON16462.1 Hypothetical protein X801_07725, partial BAR Domain 2 

OON16247.1 Hypothetical protein X801_07941 - 2 

OON16079.1 Citrate (Si)-synthase, eukaryotic, partial Citrate_synt Domain 2 

OON15491.1 ATP synthase, subunit E vATP-synt_E Family 2 

OON15476.1 
Putative dihydrolipoyllysine-residue 

succinyltransferase 
2-oxoacid_dh Domain 2 

OON15404.1 Hypothetical protein X801_08795, partial ARPC4 Family 2 

OON15034.1 EF hand - 2 

OON14958.1 
Tau and MAP protein, tubulin-binding 

repeat protein 
Tubulin-binding Family 2 

OON14808.1 core histone H2A/H2B/H3/H4 Histone Domain 2 

 352 

3.4 Characterisation of the genomic content and in-silico target prediction of miRNAs 353 

present in 120k OvEVs 354 

  By sequencing and screening biological duplicates for mRNAs and miRNAs in the 355 

cargo of 120k OvEVs, a total of 2,478 full-length mRNA transcripts mapping to O. viverrini 356 

gene models were common to both replicates (Supplementary File 1). The identified hits were 357 

subjected to a Pfam and GO analysis. The most represented biological processes based on the 358 

nodescore provided by Blast2GO were signal transduction (GO:0007165) and transport 359 

(GO:0006810), with 195 and 227 sequences matching these processes respectively 360 
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(Supplementary Figure 1). Similarly, metal ion binding (GO:0046872) and ATP binding 361 

(GO:0005524) were the molecular functions with the highest nodescore. Interestingly, proteins 362 

encoded by these mRNAs contained at least 1,640 domains based on a Pfam analysis, with 363 

Reverse transcriptase (PF00078) and Protein kinase (PF00069) being the most represented 364 

(Supplementary Table 5). Similarly, 64 miRNAs were common to both biological replicates, 365 

26 of which have close homologues in other trematodes (Supplementary Table 6).  366 

 Potential interactions of O. viverrini 120k EV miRNAs with human host genes was explored 367 

by computational target prediction. To obtain more robust target predictions, three different 368 

target prediction software programs were used and only common targets predicted by all three 369 

software for a particular miRNA were taken into consideration for further analysis. From the 370 

total 64 miRNAs identified, 50 had targets commonly predicted by all three software 371 

(Supplementary Table 7), and, from these, 30 had targets that could be mapped to biological 372 

pathways by PantherDB. A total of 85 different pathways could be mapped by the predicted 373 

miRNA targets, with the Gonadotropin-releasing hormone receptor pathway being the pathway 374 

mapped to the greatest number of genes (22 predicted targets from 18 different miRNAs). 375 

Interestingly, genes belonging to different pathways associated with the immune system such 376 

as the Inflammation mediated by chemokine and cytokine signaling pathway (P00031), T cell 377 

activation (P00053), B cell activation (P00010), Interleukin signaling pathway (P00036) and 378 

TGF-beta signaling pathway (P00052) were targeted by O. viverrini 120k EV miRNAs (Figure 379 

4, Supplementary Table 7). Genes from different signaling pathways (i.e. Wnt signalling 380 

pathway (P00057), the Integrin signalling pathway (P00034) or the PDGF signaling pathway 381 

(P00047)) were also predicted to be targeted by O. viverrini 120k EV miRNAs. Other pathways 382 

targeted by these miRNAs were the Angiogenesis (P00005) pathway, the Apoptosis signaling 383 
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pathway (P00006) and the VEGF signaling pathway (P00056) (Figure 4, Supplementary Table 384 

7). 385 

Figure 4. Prediction of O. viverrini 120k extracellular vesicle (EV) miRNA target 386 
interactions to human host genes. Individual targeted host genes were categorized by 387 

PantherDB pathway analysis (heatmap corresponds to individual targeted genes commonly 388 

identified by three different target prediction software in the human host). Top axis shows the 389 

30 identified miRNAs in O. viverrini EVs containing at least one gene involved in a biological 390 

pathway and their abundances (Log2 average mean read counts from two biological replicates). 391 

 392 

Discussion 393 

Discrete types of EVs can be produced by most types of cells, including exosome-like EVs 394 

(30-150 nm in diameter) that derive from the endosomal pathway and are formed by inward 395 

budding of the multivesicular body membrane, or MVs, which are larger in diameter (100-396 

1,000 nm) and bud directly from the plasma membrane (50). Species of parasitic helminths 397 

have been shown to produce both types of EVs, including the human blood fluke, S. mansoni 398 

and the livestock liver fluke, Fasciola hepatica (17, 18). We now report that O. viverrini 399 
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produces at least 20 times more 120k OvEVs than 15k OvEVs. This contrasts with what was 400 

observed for S. mansoni, which produced more 15k SmEVs than 120k SmEVs (18). However, 401 

those studies were performed using only one biological replicate of EVs, and additional 402 

replicates should be analysed to confirm these data, as well as to validate it using additional 403 

parameters for normalization as recommended in the recently published guidelines for the 404 

study of extracellular vesicles from parasitic helminths (15). Our study found that 15k OvEVs 405 

are significantly larger in diameter than 120k OvEVs. 406 

Infection with O. viverrini remains a major public health concern in liver fluke endemic 407 

regions given the risk of CCA or bile duct cancer (PMID: 34504109) . Despite notable efforts 408 

to determine the molecules involved in the promotion of cell proliferation and tumorigenesis, 409 

the exact mechanisms remain only partially defined (6). For instance, single molecules such 410 

as Ov-GRN-1 have been strongly linked to cell proliferation, although, it has also recently 411 

been demonstrated that more complex structures such as EVs can also induce the release of 412 

cytokines involved in fibrosis and tumour progression (3). Indeed, blocking internalization of 413 

EVs by host target cells using specific antibodies can significantly reduce cholangiocyte 414 

proliferation and release of proinflammatory IL-6 (3). Notably, antibodies targeting the 415 

tetraspanin protein, Ov-TSP-1 (OON13593.1 in this study), which is found on the surface of 416 

both 120k and 15k OvEVs, was able to block EV uptake by host cells. Tetraspanins have 417 

been shown to be key molecules for both the release of EVs by donor cells and the 418 

internalization of EVs by target cells (51); however, despite their utility as markers to 419 

differentiate EV subpopulations in other organisms (52), we have not yet detected members 420 

of this family of proteins that are uniquely present in either population. This is likely due to 421 

the physiological nature of the trematode tegument, which is enriched in tetraspanins. 422 

Chaiyadet et al. also studied the importance of other tetraspanins in the secretion of EVs (26). 423 

Using RNAi they showed that silencing the expression of two different genes encoding 424 
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tetraspanins (Ov-TSP2 and Ov-TSP3; OON16870.1 and OON14450.1, respectively in our 425 

study), resulted in significant reductions in 120k OvEV production (26). Studies analysing the 426 

impact of RNAi on the release of 15k OvEVs should be performed in the future. 427 

Although we did not detect tetraspanins that were unique to either type of OvEV and therefore 428 

of value as specific vesicle markers, trypsinization of the EV membranes revealed 21 and 46 429 

proteins specifically present on the 120k or 15k OvEVs, respectively. Since these molecules 430 

have extra-vesicular domains and peptides that can be potentially targeted by antibodies, they 431 

could be used to discriminate between both types of EVs, even in in vivo experiments requiring 432 

labelling of native structures. Among these molecules we identified members of the heat shock 433 

protein 90 and 70 families, peptidases and immunoglobulin-like proteins in the case of 120k 434 

OvEVs, and kinases, hydratases, acetyltransferase and EF-hand domain containing proteins in 435 

the case of 15k OvEVs. Interestingly, a recent report analysing all proteins present in EVs from 436 

trematodes, nematodes and cestodes found that proteins belonging to the heat-shock protein 70 437 

and EF-hand protein families were present in EVs from all trematodes studied (19), although 438 

this report did not differ between EV types. Furthermore, this study found that proteins 439 

belonging to the Tubulin and Tubulin_C families were more represented in datasets of EVs 440 

secreted by liver flukes compared to other helminths (19). Clearly, both populations of OvEVs 441 

contain different types of proteins, which might exert diverse functions in recipient cells. 442 

Indeed, it is tempting to speculate that the different proteins present on the surface of 120k and 443 

15k OvEVs might target different populations of host cells, contributing to cell-specific effects 444 

in the host. 445 

In addition to proteins, genetic material can also be transported by EVs as a means of cell-to-446 

cell communication, modifying the translational profile of the recipient cell and exerting 447 

different functions (19, 53, 54). In helminths, the effects of miRNAs on host gene expression 448 

has primarily been investigated in relation to immune modulation and parasite survival (53, 55, 449 
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56). Despite their important roles, the miRNA content of only four trematode species has been 450 

investigated so far, including Dicrocoelium dendriticum, F. hepatica, S. mansoni and S. 451 

japonicum (57-63). miRNAs mir-71, mir-10, mir-190, let-7 and mir-2 were present in all four 452 

trematode species with relative abundance (19). In our study, miRNAs belonging to the mir-453 

71 and mir-10 families (Ov_miRNA_EV_32 and Ov_miRNA_EV_6, respectively) were 454 

among the most abundant in 120k OvEVs. mir-71 has also been shown to be abundantly 455 

expressed by Clonorchis sinensis, and has been suggested to have a role in parasite survival 456 

and metabolism inside the host (64). Furthermore, other miRNAs from the let-7 and mir-2 457 

families were also identified in this sample. Let-7 has been suggested as a potential biomarker 458 

for cestode infections (65, 66), while miR-2 has been suggested to regulate growth, 459 

development and parasite-host interaction during the migration within the definitive host (67). 460 

We used three different target prediction software programs to bioinformatically predict 461 

potential host genes that could be the target of the identified miRNAs. Furthermore, to obtain 462 

more robust target predictions, only common targets predicted by all three software for a 463 

particular miRNA were taken into consideration for further analysis. We also grouped the 464 

identified targets into the pathways in which they participate to obtain a broader picture of the 465 

effects of miRNAs in the host. Of note, the Gonadotropin-releasing hormone receptor pathway 466 

was the pathway to which the greatest number of genes mapped (22 predicted targets from 18 467 

different miRNAs). Interestingly, this pathway has been strongly linked to CCA and other 468 

cancers such as pancreatic cancer (68, 69). Although the knockdown of Gonadotropin-releasing 469 

hormone decreased cholangiocyte proliferation and fibrosis, this hormone has also been shown 470 

to inhibit cell proliferation in other carcinomas including breast, pancreas and liver (70). 471 

Furthermore, genes involved in other pathways such as the Angiogenesis (P00005) pathway, 472 

the Apoptosis signaling pathway (P00006) and the VEGF signaling pathway (P00056), all 473 

implicated in the development of CCA, can also be targeted by miRNAs present in the 120k 474 
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OvEVs (71, 72). Interestingly, other pathways involved in immunomodulation can also be 475 

targeted by miRNAs present in the 120k OvEVs, which might contribute to the formation of 476 

an inflammatory microenvironment that favours the development of fibrosis and CCA. Ideally, 477 

the roles of the miRNAs involved in the different pathways found in this study should be 478 

individually validated in future studies. 479 

In this work we have delved deeper into the responses induced by different populations of fluke 480 

EVs in human cholangiocytes with a particular focus on cell proliferation. Furthermore, we 481 

have performed a proteomic comparative analysis and the first miRNA analysis of 120k OvEVs 482 

to obtain a more accurate picture of the mechanisms used by O. viverrini in host-parasite 483 

interactions. Finally, the proteomic and miRNA transcriptomic analyses performed will also 484 

allow us to identify specific proteins that could be used to discriminate both types of vesicles 485 

as well as potential miRNAs implicated in pathogenesis. 486 
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Supplementary Figures 699 

Figure S1. Gene ontology (GO) analysis of molecular function terms associated to 700 

proteins present in adult O. viverrini-derived 15k (A) and 120k vesicles (40). Similarity-701 

based scatterplots showing the most abundantly represented GO terms ranked by nodescore 702 

(Blast2GO). Increasing heatmap score signifies increasing nodescore from Blast2GO, while 703 

circle size denotes the frequency of the GO term from the underlying database. 704 

 705 

Figure S2. Gene ontology (GO) analysis of biological process terms associated with 706 

proteins present in adult O. viverrini-derived 15k (A) and 120k vesicles (40). Similarity-707 

based scatterplots showing the most abundantly represented GO terms ranked by nodescore 708 

(Blast2GO). Increasing heatmap score signifies increasing nodescore from Blast2GO, while 709 

circle size denotes the frequency of the GO term from the underlying database. 710 

 711 
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