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A B S T R A C T   

The liver fluke Opisthorchis felineus is a clinically important food-borne parasite of humans. Infection with 
O. felineus in mammals is associated with liver morbidities such as periductal fibrosis, bile duct neoplasia, and 
chronic inflammation. Previously we have shown that excretory-secretory products (ESP) can stimulate the 
healing of skin wounds in mice, which may be due to stimulated angiogenesis and extracellular matrix 
remodeling. However, there are no studies analyzing the angiogenic character of O. felineus, and its effects on 
angiogenesis, vascularity, and vascular endothelium. The aim of this study was to evaluate the capacity of ESP 
and extracellular vesicles (EVs) of O. felineus to stimulate angiogenesis and the formation of pseudo-capillaries in 
vitro. We also aimed at the assessment of the angiogenesis during the infection in vivo, and estimation of the 
endothelial cell type abundances from heterogeneous bulk liver transcriptome between uninfected and infected 
animals with single-cell information. The study revealed significant alterations in vascularity in the hamster liver 
and significant involvement of portal endothelial cells at the transcriptome level. We also demonstrated that the 
ESP and EVs of O. felineus have the capacity to stimulate the formation of pseudo-capillaries in vitro. Both ESP and 
EVs appeared to have similar effects on all four parameters, increasing node formation and total master segments 
length, and significantly decreasing total isolated branches length and number of isolated segments of pseudo- 
capillaries. The liver flukes manipulate the hostʼs angiogenic response, a fact that has been related to the 
pathogenesis caused by these parasites. Understanding these pathogenic mechanisms may uncover new thera-
peutic targets to relieve or prevent the most severe complications of opisthorchiasis.   

1. Introduction 

The liver fluke Opisthorchis felineus (Rivolta, 1884) is a widespread 
fish-borne trematode, one of clinically important food-borne parasites 
(FAO/WHO, 2014). Opisthorchis felineus occurs throughout eastern 
Europe and Russia and also in western Europe (Pozio et al., 2013; 
Scaramozzino et al., 2018). Infection of mammals occurs after ingestion 
of raw or undercooked freshwater cyprinid fishes infected with the 
larval stage, the metacercaria. Natural foci of opisthorchiasis are active 
and tend to expand (Pakharukova and Mordvinov, 2016, 2022). 

Adult worms parasitize the biliary tract of mammals, including 

humans, and cause damage to the hepatobiliary system, with some 
serious complications. The disease involves chronic inflammation, in-
flammatory infiltrates, egg granulomas, and periductal fibrosis within 
the portal tract of the liver (Pakharukova et al., 2019a, b). It is known 
that many helminths are characterized by the stimulation of neoangio-
genesis in the organs they parasitize, contributing to disturbances of 
vascularity and pathological changes of blood vessels, which contribute 
to the pathogenesis (Andrade et al., 2006; Hamed et al., 2006; Shirai 
et al., 2006; Dennis et al., 2011; Hasby Saad and El-Anwar, 2020). 
Investigation of the factors that can affect host angiogenesis has shown 
that proangiogenic factors can probably be contained in schistosome 
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eggs (Mbanefo et al., 2020) or secreted as excretory-secretory products 
(ESPs) or extracellular vesicles (EVs) (Kifle et al., 2020; Pérez Rodríguez 
et al., 2023). For instance, recombinant O. viverrini granulin 
(rOV-GRN-1) stimulates angiogenesis (Haugen et al., 2018). 

Numerous recent studies indicate that parasite-derived EVs play a 
variety of regulatory roles during infection. It has been shown that many 
helminth species, including O. felineus, can secrete EVs (Pakharukova 
et al., 2023). It has also been demonstrated that these EVs can be taken 
up by human cells, such as cholangiocytes (Pakharukova et al., 2023), 
human umbilical vein endothelial cells (HUVECs), or THP1 monocytes 
(Kifle et al., 2020). Preliminary data suggest that the secretory products 
of O. felineus can stimulate the healing of skin wounds in mice, and this 
effect may be due to stimulated angiogenesis and extracellular-matrix 
remodeling (Kovner et al., 2022). However, there are no studies on 
the angiogenic nature of O. felineus or its effects on angiogenesis, 
vascularity, or a vascular endothelium. 

The aim of this study was to assess the influence of O. felineus 
infection on angiogenesis in vivo and to accurately determine abundance 
levels of endothelial cell types from the heterogeneous bulk liver tran-
scriptome. In addition, we aimed to evaluate the capacity of secretory 
products and EVs of O. felineus to stimulate angiogenesis and the for-
mation of pseudo-capillaries in vitro. 

2. Materials and methods 

2.1. Sample collection and histochemistry 

Male Syrian hamsters aged 6–8 weeks were used and infected each 
orally with 50 metacercariae of O. felineus. The hamsters (12 animals) 
were housed individually and euthanized using carbon dioxide at 12 
weeks post-infection (p.i.). 

Liver samples collection and histochemistry was performed as 
described previously (Pakharukova et al., 2019b; Mordvinov et al., 
2021; Kovner et al., 2022). The resulting paraffin sections were stained 
via a standard protocol with Congo-red stain (Labiko, Saint Petersburg, 
Russia) (amyloid stains orange-red). The visualization of 
staining-positive blood vessels was carried out under an AxioImager A1 
microscope (Zeiss, Jena, Germany) equipped with an AxioCam MRc 
camera (Zeiss). 

2.2. Cell culture and parasites 

HUVECs were isolated and cultivated as fully described previously 
(Stepanova et al., 2019). Adult parasites were recovered from the bile 
ducts of hamsters infected with 50 metacercariae of O. felineus. Adult 
parasites were washed 10 times in sterile saline. Production of EVs or 
ESP was initiated on Day 2, and parasites were maintained in RPMI 1640 
supplemented with 1% of glucose and 100 μg/ml 
penicillin-streptomycin (Sigma-Aldrich, Burlington, USA) and ampho-
tericin B. 

2.3. Isolation of exosome-like vesicles (EVs) and ESP 

ESP and EVs were isolated from the conditioned medium of 300 
adult parasites maintained for 72 h in 6-well culture plates (30–40 
parasites per well) according to a previously published protocol (Kovner 
et al., 2022; Pakharukova et al., 2023). Complete protease inhibitor 
cocktail (Abcam, Boston, USA) was added to the resuspended EVs and to 
the concentrated ESP. EVs and ESP were aliquoted and stored at − 80 ◦C. 
The protein content of the ESP and EVs was quantified by the BCA assay 
(Thermo Fisher Scientific, Waltham, USA) according to the manufac-
turer’s recommendations. The resulting EVs pellet was confirmed to 
consist of vesicles of 40–150 nm in size by transmission electron 
microscopy. 

2.4. Bioinformatics analysis 

The following gene expression datasets were used: the hamster liver 
transcriptome (intact) and the liver transcriptome of hamsters infected 
with O. felineus at 1 and 3 months p.i. (NCBI: SRX13451950- 
SRX13451961). Sequence mapping to the genome of the golden ham-
ster BCM_Maur_2.0 (2021) was performed using the STAR software 
(v.2.7.10b). Differential gene expression was analyzed by the Wald test 
(with a threshold of 0.05) from the R package DESeq2 (v.1.38.3) (Love 
et al., 2014). The probability values obtained after the analysis were 
corrected for multiple comparisons (Benjamini-Hochberg) and genes 
were defined as differentially expressed at Padj < 0.05 and a gene 
expression change > 2-fold. Weakly expressed genes were removed from 
the expression matrix (the sum of gene expression values for all libraries 
was less than 47). 

Pathway enrichment analysis was performed by means of the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) and Molecular Signatures 
Database (MsigDB: curated and hallmark gene sets) based on mouse 
genome annotation (R package msigdb (v.1.6.0)). The R package clus-
terProfiler (v.4.6.2) was used for this analysis (Yu et al., 2012; Wu et al., 
2021). 

To accurately determine cell type abundance levels from heteroge-
neous bulk expression data of the liver, we applied the R package Bis-
queRNA 1.0.5 and previously published human liver single-cell RNA 
sequencing (scRNA-seq) data (MacParland et al., 2018; Jew et al., 2020). 
A reference-based method was employed that utilizes single-cell infor-
mation to generate a signature matrix and transformation of bulk 
expression data for accurate regression-based estimates. 

2.5. Tube formation assay 

HUVECs were cultured in the DMEM/F12 medium (Merck, Darm-
stadt, Germany) supplemented with 2% of FBS (Gibco, Thermo Fisher 
Scientific, Waltham, USA), 5 ng/ml recombinant human VEGF (rhVEGF) 
(PSG010-10, Sci-store, Moscow, Russia), 5 ng/ml rhFGF2 (PSG060-10, 
Sci-store, Russia), 15 ng/ml rhIGF-1 (PSG120-10, Sci-store, Russia), 5 
ng/ml rhEGF (PSG130-10, Sci-store, Russia), 1 μg/ml hydrocortisone 
(H4001, Sigma-Aldrich, Burlington, USA), 1 mM L-glutamine (Biolot, 
Saint Petersburg, Russia), 7.5 U/ml heparin (Ozon Pharmaceuticals, 
Novosibirsk, Russia), and 50 μg/ml L-ascorbic acid (Sigma-Aldrich, 
Burlington, USA). The cells were passaged once per 3–4 days after 
70–80% confluence was reached. To dissociate the cells, a 0.1% solution 
of collagenase IV was used. 

For the tube formation assay, Matrigel (Corning, New York, USA) 
was diluted 1:1 with the medium and added into wells of a 96-well plate 
in the amount of 40 μl in accordance with the manufacturer’s recom-
mendations. After polymerization of the gel, the cells were seeded on 
Matrigel in a medium containing a reduced concentration of growth 
factors to set up a negative control with the lowest degree of formation 
of tubulo-like structures. This negative control medium was composed of 
DMEM/F12, 2% of FBS, 1.25 ng/ml rhVEGF, 1.25 ng/ml rhFGF2, 3.75 
ng/ml rhIGF-1, 1.25 ng/ml rhEGF, 0.25 μg/ml hydrocortisone, 2.5 mM 
L-glutamine, 0.17 U/ml heparin, and 12.5 μg/ml L-ascorbic acid. Bovine 
serum albumin (BSA, Sigma, USA) was added as a non-specific control at 
a concentration of 32 μg/ml. Either the ESP at a concentration of 32 μg/ 
ml or EVs at 10 μg/ml were added to the cells, and the gel plate was 
incubated at 37 ◦C and 5% CO2 for 4 h. The resultant structures were 
examined under an Axiovert 40 CFL inverted phase-contrast microscope 
(Zeiss, Germany) (at a magnification of 25× ). Quantification was car-
ried out in the ImageJ software using the Angiogenesis Analyzer package 
(Carpentier et al., 2020). 

2.6. Real-time PCR 

For the analysis of gene expression, liver tissue samples were 
collected near the center of the large lobe. Total RNA was isolated with 
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the TRIzol reagent. The quality of the RNA was evaluated on a Nanodrop 
2000 device (Thermo Fisher Scientific). cDNA was synthesized with the 
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). To 
measure the levels of mRNA expression, the following primers were 
utilized: Cd31_F (5′-AGG CAC AAG TGT CTT CCT GG-3′), Cd31_R (5′-CGT 
CTG CAG TGG GCT TAT CT-3′), Cd34_F (5′-AGG CTG GGT GAA GAC CCT 
TA-3′), and Cd34_R (5′-GTT GTC TTG CTG AAT GGC CG-3′). The levels of 
expression of the studied genes were measured relative to Gapdh 
(primers “F” 5′-GAA CAT CCC TGC ATC CAC T-3′ and “R” 5′-ATG CCT 
GCT TCA CCA CCT TCT T-3′). 

The reaction mixture included the EVA Green Master Mix (Synthol, 
Moscow, Russia). Thermocycling conditions on a CFX96 thermocycler 
(Bio-Rad, Hercules, USA) were as follows: 2 min initial denaturation at 
95 ◦C and 40 cycles of 10 s at 95 ◦C (denaturation), 10 s at 60 ◦C 
(annealing), and 10 s at 72 ◦C (elongation). Relative expression levels of 
the transcripts under study were calculated by the ΔΔCt method. 

2.7. Statistical analysis 

The R package stats (v.4.3.0) was used to assess statistical signifi-
cance. First, the data were checked for normality of distribution using 
the Shapiro-Wilk test. For normally distributed data, significance was 
evaluated by ANOVA and Tukey’s post-hoc test for multiple compari-
sons. For non-normally distributed data, the Kruskal-Wallis test and the 
pairwise Kruskal-Wallis test adjusted for Benjamini-Hochberg multiple 
comparisons test or the Wilcoxon test were used. 

3. Results 

3.1. Gene expression changes 

Analysis of differential expression in the liver during O. felineus 
infection revealed 1408 differentially expressed genes (DEGs) (779 
overexpressed and 629 downregulated genes). A search for functional 
enrichment in the set of DEGs using the MSigDB database detected the 
following terms: signaling events mediated by VEGFR1 and VEGFR2 
(Padj = 0.0048), Hallmark_Hypoxia (Padj = 0.012), Hallmark_TGF_Be-
ta_Signaling (Padj = 0.0012), and PDGFR-beta signaling (Padj =

0.000016) (Fig. 1A; Supplementary Table S1). A more detailed analysis 
of the genes of these pathways indicated that the official gene lists of 
major pathways overlapped substantially. In particular, Fig. 1A presents 
a Euler diagram of DEGs (log2 fold change > 1; Padj < 0.05) in the 
overlaps among MSigDB hallmarks. 

3.2. Abundance of endothelial cell types 

To accurately determine endothelial cell type abundance levels from 
heterogeneous bulk expression data of the liver, we applied the R 
package BisqueRNA. A marker-based method was used that utilizes 
known cell-specific marker genes to measure relative abundance levels 
across samples. Based on published scRNA-seq data from the liver 
(MacParland et al., 2018; Jew et al., 2020), three clusters of endothelial 
cells were identified. Judging by the expression of their marker genes, 
these cell clusters were designated as portal endotheliocytes, periportal 
liver sinusoidal endothelial cells (periportal LSECs), and central venous 
LSECs. The most abundant was the cluster whose cells were previously 
described as periportal LSECs (Strauss et al., 2017). They are 

Fig. 1. Identification of signaling pathways associated with the regulation of angiogenesis in the liver of hamsters infected with Opisthorchis felineus. A Euler diagram 
illustrating overlaps among the sets of genes matching the enriched MSigDB hallmarks among the DEGs (> 2-fold) in the O. felineus-infected hamsters Mesocricetus 
auratus. B Box-and-whisker plots of estimated relative cell type abundance levels (principal component 1 values) for endothelial cell markers according to the 
BisqueRNA 1.0.5 R-package and human liver scRNA-seq. Abbreviation: LSEC, liver sinusoidal endothelial cells. C Cd31 and Cd34 gene expression in liver tissue of 
uninfected and O. felineus-infected hamsters at one month p.i. as assessed by real-time PCR. 
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characterized by elevated expression of such markers as F8, Pecam1, 
Sparcl1, Tm4sf1, Clec14a, Id1, and Igfbp7. The second most abundant 
cluster of endothelial cells was a cluster whose cells are of central venous 
origin (central venous LSECs) and express Clec1b, S100a13, Stab1, 
Gng11, Clec4g, and Cldn5 as markers. The least abundant cluster was the 
one that included endothelial cells of the central veins and portal ar-
teries and veins (portal endothelial cells). The markers of these cells are 
Ramp3, Inmt, Dnase1l3, Lifr, C7, Id3, Eng, and Vwf. 

As compared to controls, a significant endothelial-cell response to 
infection was observed only for portal endothelial cells (ANOVA with 
Tukey’s correction, P = 0.004). No significant response from periportal 
LSECs and central venous LSECs was observed (Fig. 1B; Supplementary 
Table S2). 

An assay of the expression of endotheliocyte marker genes (Cd31 and 
Cd34) showed an increase in the expression of these genes one month 
post-infection, consistent with the general picture of the expression of 
angiogenesis regulation genes at the transcriptome level (Fig. 1C). 

3.3. Histochemistry 

Uninfected hamsters showed no amyloid deposition (Fig. 2A). In 
contrast, amyloid deposition was detected in arteries and veins of 
various sizes, predominantly in the area of inflammatory infiltrates of 
the portal triads and in the area of periductal fibrosis in the liver of 
Syrian hamsters after O. felineus infection (Fig. 2B). A similar pattern of 
amyloid deposition was found in the samples of patients chronically 
infected with O. felineus (Fig. 2C). 

3.4. The tube formation assay 

EVs were isolated from the worm culture supernatant using a stan-
dard protocol. The resulting pellet was confirmed to consist of vesicles of 
40–150 nm in size by electron microscopy (Fig. 3A). Elements of the 
capillary-like network formed by HUVECs were quantified by mea-
surement of the following parameters of pseudo-capillaries in vitro: total 
length of isolated branches, total master segments’ length, the number 
of isolated segments, and the number of meshes (Fig. 3B and C; 

Supplementary Tables S3 and S4). Judging by the quantification data, 
both the ESP and EVs stimulated the formation of pseudo-capillaries 
similarly, by significantly (Padj < 0.001) increasing mesh formation 
(407% and 311%, respectively) and significantly (Padj < 0.001) 
increasing total length of master segments (211% and 183%, respec-
tively). At the same time, the number of isolated segments was reduced 
by 70% (Padj = 0.0017) and 64% (Padj = 0.0017) after ESP and EVs 
treatment, respectively. A similar effect was shown on isolated branches 
length (reduced by 72% (Padj = 0.0012) and 60% (Padj = 0.0051) after 
ESP and EVs, respectively) (Fig. 3B and C). In contrast, BSA, which 
served as a non-specific control, did not significantly affect any of these 
parameters. A standard complete endothelial cell culture medium con-
taining all growth factors (Supplementary Fig. S1, Supplementary 
Table S3) was used as a positive control. 

4. Discussion 

During the development of tissue- and blood-dwelling helminths, it is 
apparent that there are direct and indirect interactions with the host’s 
vascular system that initiate proangiogenic events (Dennis et al., 2011). 
Interactions with the host’s vascular system seem to be directly related 
to processes of fibrogenesis, as confirmed previously by analyses after 
parasite infection (Hasby Saad and El-Anwar, 2020). For instance, the 
lung fluke Paragonimus kellicotti exhibits early pulmonary pathologies 
(inflammatory granulomas and fibrosis), which are accompanied by 
significant alterations of vascularity; this remodeling involves pleural 
neovascularization, tunica media hyperplasia, and hypertrophy of pul-
monary blood vessels and high vascular permeability (Weina and Burns, 
1992). Liver infection with Fasciola hepatica is characterized by a 
modification of portal and hepatic veins and hepatic arteries (Shirai 
et al., 2006). Infection of mice with Schistosoma mansoni or 
S. haematobium features inflammatory infiltrates and granulomas sur-
rounding eggs and is coordinated with earlier angiogenesis and later 
fibrogenesis (Andrade et al., 2006; Botros et al., 2008). The development 
of inflammatory infiltrates, egg granulomas, and periductal fibrosis 
within the portal tract of the liver during O. felineus infection has also 
been shown in our previous studies (Pakharukova et al., 2019a, b). 

Fig. 2. Congo Red staining of liver samples for the demonstration of amyloid material in vascular walls of uninfected hamster (A), Opisthorchis felineus-infected 
hamster at 3 months p.i. (B), and in liver tissue section of patient with chronic opisthorchiasis (C). Amyloid material is stained orange-red. Abbreviations: PF, 
periductal fibrosis; BD, bile duct; BV, blood vessel; II, inflammatory infiltrate. 
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In this study, at the transcriptome level, we found a significant 
involvement of portal endothelial cells in the infection. This type of 
blood vessel is located near portal regions of the liver next to the bile 
ducts parasitized by the liver fluke. The thickening of the walls of blood 
vessels and the staining for amyloid that we detected also characterize 
metabolic changes in the vascular endothelium in opisthorchiasis. Many 

researchers emphasize the important role of the endothelium of blood 
vessels as the first cell type to be affected by any kind of liver injury and 
to orchestrate the liver response to damage; in particular, studies have 
revealed that aberrant LSEC activation in chronic liver injury induces 
fibrosis (Lafoz et al., 2020; Gracia-Sancho et al., 2021). Portal (vascular) 
endothelial cells in the liver respond to damage by acquiring 

Fig. 3. The ESP and EVs of Opisthorchis felineus stimulate angiogenesis. A Transmission electron microscopy analysis of EVs derived from O. felineus, with an arrow 
indicating EVs. B The endothelial-cell tube formation assay. The right picture panel represents the highlighted tube-formation assay features (meshes are highlighted 
with cyan, master segments - with yellow, isolated branches - with green, isolated segments - with dark blue, junctions are shown as red dots surrounded in blue). C 
Quantification results of the tube formation assay presented as relative values to the negative control. Abbreviations: Neg, negative control; ESP, excretory-secretory 
product; EVs, extracellular vesicles. *** Padj < 0.001; ** Padj < 0.01 (as compared to the negative control, pairwise Wilcoxon test with Benjamini-Hochberg 
correction, Supplementary Table S4). 
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prothrombotic and antifibrinolytic functions and increased membrane 
permeability. These functions and properties likely lead to intravascular 
coagulation, thrombosis and inflammation, and endothelial dysfunc-
tion. Amyloid deposits cause the blood vessels to weaken, which can 
cause their rupture. Hepatic amyloid deposition and its correlation with 
S. mansoni and S. haematobium infections have been demonstrated pre-
viously (Hamed et al., 2006). In schistosomiasis, vascular distortion and 
tissue hypoxia precipitated by schistosomal fibrosis have also been 
observed (Andrade et al., 2006). 

Apparently, the pathological changes in blood vessels lead to the 
emergence of damage-associated molecular patterns (DAMPs). DAMPs 
in turn activate stellate cells (Lafoz et al., 2020; Gracia-Sancho et al., 
2021) and stimulate the production of more angiogenic factors by he-
patic satellite cells, thereby also promoting tissue hypoxia and anaerobic 
glycolysis. These phenomena enhance the production of pyruvate and 
lactic acid, which are proangiogenic factors (Andrade et al., 2006), just 
as VEGFA expression (Ferrara et al., 2003). In our set of liver DEGs, we 
observed significant enrichment with signaling pathways mediated by 
VEGFR1 and VEGFR2 and with hypoxia, in agreement with literature 
data. In addition, the formation of the extracellular matrix plays an 
important part in angiogenesis processes. In the regulation of 
extracellular-matrix deposition, several signaling cascades are involved, 
such as the platelet-derived growth factor B (PDGFB) signaling pathway, 
which participates in the maintenance of microvessels (Jain, 2003), and 
the TGFβ signaling pathway, which also promotes maturation of blood 
vessels (Jain, 2003). PDGFB and TGFβ signaling pathways also proved to 
be significantly enriched within our set of DEGs related to O. felineus 
infection. 

There are hypotheses of parasitic helminth-associated angiogenesis 
postulating that parasites can secrete proangiogenic factors (Dennis 
et al., 2011). This notion is supported by data on the upregulation of 
endothelial cell adhesion molecule (ICAM) 1, E-selectin, and vascular 
cell adhesion molecule (VCAM) 1 during Schistosoma egg attachment 
(Ritter and McKerrow, 1996). Egg-generated, schistosome egg antigen 
(interleukin-4-inducing principle) is reported to be a proangiogenic 
growth factor (El-Awady et al., 2001; Mbanefo et al., 2020). Later, it was 
shown that S. mansoni-derived EVs, i.e. exosome-like vesicles and 
microvesicles, are actively internalized by HUVECs; this phenomenon 
was accompanied by differential expression of genes regulating vascular 
endothelial contraction, coagulation, arachidonic acid metabolism, and 
immune-cell trafficking and signaling (Kifle et al., 2020). The expression 
of VEGFA, VEGFR2, and mEndoglin and the formation of 
pseudo-capillaries are significantly enhanced in human vascular endo-
thelial cells treated with a somatic antigen of Dirofilaria repens (Pérez 
Rodríguez et al., 2023). Another example of a parasitic protein that 
exhibits pro-angiogenic properties may be O. viverrini GRN-1 (Haugen 
et al., 2018), which was found in ESP and captured by host cells (Smout 
et al., 2009). In our study, we also confirmed that the ESP and EVs of 
O. felineus contain factors that directly stimulate endotheliocytes. It 
appears that in relation to liver fluke infection, several mechanisms are 
involved in the regulation of liver vascularization: a release of 
helminth-derived and/or modification of host-derived proangiogenic 
factors and an angiogenic switch of endothelial-cell activation. Identi-
fication of helminth-derived proangiogenic growth factors in the ESP 
and EVs is a subject of our next research project. 

5. Conclusions 

The liver flukes manipulate the hostʼs angiogenic response, which 
was demonstrated both in an experimental model in vivo and during the 
formation of pseudo-capillaries in vitro. The angiogenic activity of hel-
minth secretions is likely one element of the infection-induced patho-
genesis. Understanding these pathogenic mechanisms may uncover new 
therapeutic targets to alleviate or prevent the most severe complications 
of opisthorchiasis. 
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form (Protocol #2/2016 of October 27, 2016). The details are presented 
in Supplementary Text S1). For the experiments with HUVECs, the 
Ethics Committee of the Institute of Molecular Biology and Biophysics 
approved the study protocol and informed consent form (Protocol #19 
of June 28, 2023). All participants provided written informed consent. 
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