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Fasciolosis is a globally widespread trematodiasis with a major economic and veterinary impact. Therefore, this
disease is responsible for millions of dollars in losses to the livestock industry, and also constitutes an emerging
human health problem in endemic areas. The ubiquitous nature of Fasciola hepatica, the main causative agent, is
one of the key factors for the success of fasciolosis. Accordingly, this parasite is able to subsist in a wide variety of
ecosystems and hosts, thanks to the development of a plethora of strategies for adaption and immune evasion.
Fasciolosis comprises a growing concern due to its high prevalence rates, together with the emergence of strains
of the parasite resistant to the treatment of choice (triclabendazole). These facts highlight the importance of
developing novel control measures which allow for an effective protection against the disease before F. hepatica
settles in a niche inaccessible to the immune system. However, knowledge about the initial phases of the
infection, including the migration mechanisms of the parasite and the early innate host response, is still scarce.
Recently, our group developed an in vitro host-parasite interaction model that allowed the early events to be
unveiled after the first contact between the both actors. This occurs shortly upon ingestion of F. hepatica met-
acercariae and the emergence of the newly excysted juveniles (FhNEJ) in the host duodenum. Here, we present a
transcriptomic analysis of such model using an approach based on RNA sequencing (RNA-Seq), which reveals
changes in gene expression related to proteolysis and uptake of metabolites in FANNEJ. Additionally, contact with
the parasite triggered changes in host intestinal cells related to pseudogenes expression and host defence
mechanisms, including immune response, among others. In sum, these results provide a better understanding of
the early stages of fasciolosis at molecular level, and a pool of targets that could be used in future therapeutic
strategies against the disease.

antigenic repertoire that involves several host organs before settling into
a definitive niche. This strategy confers these parasites with evolu-

1. Introduction

Foodborne trematodiasis comprise a heterogeneous group of dis-
eases caused by helminth parasites delivered to their definitive host
through contaminated food or water. These are responsible for high
morbidity in both humans and animals and constitute an emerging
health issue, especially in low-income countries (Robinson and Sotillo,
2022). Despite their importance, which includes ca. 56 million people
affected and substantial economic losses to livestock worldwide, these
diseases remain poorly documented (Fiirst et al. 2012). Generally,
foodborne trematodes undergo a migratory cycle while renewing their

tionary advantages in terms of ability to avoid immune destruction by
the vertebrate host (Ryan et al., 2020). Migration route of the fluke
Fasciola hepatica begins with the ingestion of metacercariae. These
excyst in the duodenum releasing the newly excysted juveniles (FhNEJ)
that are able to cross the gut wall within 2-3 h after infection. Then,
immature parasites crawl up the peritoneum towards the liver, where
the migratory process continue until they find their definitive location,
the biliary ducts, where F. hepatica reaches maturity (Siles-Lucas et al.
2021). The passage of the FANEJ through the intestine is regarded as the
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‘point of no return’ in fasciolosis, as the success of this process appears to
be the major determinant for the overall outcome of the infection
(Gonzalez-Miguel et al. 2021). Therefore, a thorough understanding of
the events governing early host-parasite contact is of paramount
importance for the effective treatment of the disease.

Over the last decades, different experimental models have been
proposed aiming to reproduce in the laboratory the early stages of the
contact between FhNEJ and their definitive host, using ex vivo (Van
Milligen et al., 1998; Becerro-Recio et al. 2022a) or in vitro (Garcia--
Campos et al., 2016; Gonzalez-Miguel et al. 2020; Becerro-Recio et al.
2022b) approaches. Such models provide direct evidence of the passage
of FhNEJ through the intestinal wall. Either alone or in combination
with these models, -omic technologies have revealed themselves as a
valuable tool for the study of F. hepatica (Cwiklinski et al. 2018) and
other foodborne trematodes (Pakharukova et al. 2022). Thereby, these
methodologies facilitate the molecular dissection of the host-parasite
interface by examining the behaviour of hundreds or even thousands
of biological features (e.g, genes, proteins, metabolites) in a single
experiment. This allows to identify key mechanisms for parasite
migration and survival and to determine changes in their expression
along time or in response to certain stimuli. Additionally, host responses
can be similarly characterised in order to determine the processes trig-
gered by the first contact with the parasite, as well as the incipient
defensive mechanisms that occur early in the course of infection.

Recently, our group developed an in vitro proteomic approach on a
co-culture consisting on mouse primary small intestinal epithelial cells
(MPSIEC) together with FhNEJ. In this way, we performed analyses by
sequential window acquisition of all theoretical mass spectra (SWATH-
MS) to identify changes in protein expression as a consequence of
parasite contact with the intestinal lumen (Becerro-Recio et al. 2022b).
After stimulation, parasite and host cells showed a clear deviation to-
wards down-regulation, with a total of 210 and 133 differentially
expressed proteins in F. hepatica and mouse cells, respectively. These
were involved in processes such as proteolysis and its regulation, anti-
oxidant response or metabolic adaptation in FhNEJ, or ribosomal
function, cytoskeletal regulation and cell adhesion processes in MPSIEC,
among others. The present study shows a complementary approach at
the transcriptomic level, aiming to identify changes in mRNA
expression.

2. Materials and methods
2.1. MPSIEC cell culture

MPSIEC obtained from C57BL/6 mice (Cell Biologics) (ref.
C57-6051) consisting on mouse primary small intestinal epithelial cells,
were cultured in 60 mm diameter Petri dishes previously coated with
0.2% porcine gelatine, and incubated in epithelial cell medium (Inno-
prot) supplemented with 2% fetal bovine serum (FBS), 1% penicillin/
streptomycin and 1% epithelial cell growth factor. Cells were cultured at
37 °C in a humidified atmosphere containing 5% CO», and culture me-
dium was replaced every 24-48 h. Whenever cells reached confluence,
they were split in a 1:3 ratio. All the described experiments were per-
formed using passage 1-5 cultures (Becerro-Recio et al. 2022b).

2.2. F. hepatica metacercariae in vitro excystment

F. hepatica Italian strain metacercariae, acquired from Ridgeway
Research LTD (UK), were excysted in vitro using a methodology previ-
ously described in the literature (Hernandez-Gonzalez et al. 2010).
Briefly, a sterile tube containing 10 ml of distilled water was supple-
mented with gaseous CO; and sodium dithionite (Sigma-Aldrich) to a
final concentration of 0.02 M, whereupon the tube was incubated at 37
°C for 5 min. At this point, the metacercariae were added to the mixture
and incubated at 37 °C for 1 h. After this, the metacercariae were washed
thrice with distilled water and resuspended in an excystment medium
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containing Hank’s balanced salt solution (Sigma-Aldrich), 0.03 M
HEPES (Sigma-Aldrich) and 10% lamb bile (obtained from a local
abattoir). Metacercariae were disposed into a 6-well plate and incubated
at 37 °C for 3-5 h, and during this time the excystment process was
monitored under the microscope, collecting the FhNEJ with a micropi-
pette as they were released from the metacercariae. Finally, the FhNEJ
were washed twice with sterile PBS and immediately put into contact
with the MPSIEC.

2.3. Co-culture model

The methodology used to replicate the host-parasite interaction was
previously developed by our group (Gonzalez-Miguel et al., 2020;
Becerro-Recio et al. 2022b). In brief, passage 5 MPSIEC were cultured in
60 mm gelatin-coated plates (n = 3) and grown in epithelial cell growth
medium (Innoprot) until cell confluence was reached. Then, freshly
excysted FhNEJ were placed on MPSIEC culture plates at a rate of 500
parasites per plate. The co-culture was incubated for 3 h at 37 °C in a 5%
CO9 atmosphere, after which MPSIEC and FhNEJ were separated by
successive washes with sterile PBS. Negative non-stimulated controls
consisted of 3 batches of 500 FhNEJ and 3 confluent plates of passage 5
MPSIEC separately incubated under the same conditions (growth me-
dium and incubation time, temperature and atmosphere) than the
co-culture. All cultures were performed in triplicate (n = 3). Number of
intestinal epithelial cells per plate and number of FhNEJ for in vitro
stimulation experiments were settled to maximize the chances to have
the majority of cells in contact with the FhNEJ and thus properly stim-
ulated and to obtain enough stimulated host and parasite material for
downstream analyses, although this specific host cells/parasite ratio
could not reflect the in vivo situation.

2.4. Total RNA extraction and high-throughput RNA-Seq

Total RNA extraction from MPSIEC was performed using the RNeasy
Mini kit (Qiagen), whereas for FhNEJ the miRNeasy Mini kit (Qiagen)
was used together with the QIAshredder (Qiagen) cell homogenizer
columns. In both cases, extraction was performed according to manu-
facturer’s instructions including a DNasel treatment step, and total RNA
was stored at — 80 °C until use. Quality of every RNA sample was
assessed via the Thermo Scientific NanoDrop ND-1000 spectrophotom-
eter so as to determine its concentration along with the A260/A280 and
A260/A230 ratios, and further via the Agilent 2100 Bioanalyzer system
in order to determine the RNA Integrity Number (RIN) of each sample.
Only samples with a RIN > 7 were subjected to Illumina TruSeq RNA
library preparation. Due to the particular nature of F. hepatica ribosomal
RNA (Hacariz and Sayers, 2013), it was not possible to determine such
parameter in some cases, where samples were sequenced without
quality check.

RNA-Seq library preparation and sequencing were performed by
Macrogen, Inc. (South Korea) facilities. MPSIEC samples were treated
with the TruSeq Stranded mRNA kit (Illumina), while FhNEJ samples
were processed with the TruSeq Stranded Total RNA with Ribo-Zero kit
(Illumina). The purified RNA was then randomly fragmented, and the
fragmented RNA was retrotranscribed and adaptor ligated at both ends.
Finally, the fragments were spread in an appropriate flow cell, amplified
by PCR and sequenced from both ends (paired-end sequencing). All
samples were sequenced on an Illumina NovaSeq 6000 equipment. In
MPSIEC, 2 x 150 bp reads; 30 M reads/sample were acquired, while in
FhNEJ 2 x 150 bp reads; 40 M reads/sample were acquired. In the
generation of fastq files with the resulting reads, the quality values of
each nucleotide were expressed on the Phred+ 33 scale. The raw RNA-
Seq read data were deposited and can be found in the European
Nucleotide Archive (ENA) repository, through the accession number
PRJEB57383.
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2.5. Processing of RNA-Seq data

An overview of the computational analysis workflow is available at
Supplementary Figure 1. A preliminary quality control of the sequencing
process was performed on all samples using the FastQC v0.11.9 software
(Wingett and Andrews, 2018), a quality control tool for high throughput
sequence data which allowed to determine multiple general parameters
from the reads so as to guide further analysis. I[llumina sequencing
adapters were then removed with the Trimmomatic v0.39 tool (Bolger
et al. 2014), that was also used to trim the first 10 nucleotides of each
read as they showed higher sequencing instability. Additionally, rRNA
of F. hepatica samples was removed using SortMeRNA 4.3.2 (Kopylova
et al. 2012), filtering against the consensus 18 S and 28 S rRNA se-
quences provided by the software. A summary of the quality control
process was performed with the MultiQC v1.13 software (Ewels et al.
2016).

Once the processing of the reads was completed, these were mapped
over the Mus musculus (GRCm39; https://www.ensembl.org/Mus_mus-
culus/Info/Index) and Fasciola hepatica (PRJEB25283; https://parasite.
wormbase.org/Fasciola_hepatica_prjeb25283/Info/Index) reference ge-
nomes (genome data), providing the corresponding GTF annotation files
to enhance the performance of the process. The mapping was conducted
using STAR 2.7.9a (Dobin et al. 2013), and the read count for each gene
was computed with the HTSeq-Count software embedded into STAR.

2.6. Differential gene expression analysis and biological annotation

An Exploratory Data Analysis (EDA) was then performed by Sparse
Partial Least Squares Discriminant Analysis (sPLS-DA) using the MixO-
mics package from the Bioconductor suite (Rohart et al. 2017) to
determine the overall degree of similarity among samples prior to a
more specific analysis. Differential expression analysis was performed
with the Bioconductor package DESeq2 (Love et al. 2014), that
normalized and transformed the read counts, as well as determining the
up- and down-regulated genes after interaction between MPSIEC and
FhNEJ. Only genes with p-value < 0.05 and present in at least one
replicate for each experimental condition were considered as differen-
tially expressed and were further analysed in subsequent steps. The
statistical requirement was considered to be sufficiently robust, and
therefore no minimum fold change threshold was considered. Graphical
representation of this analysis was performed with R software, using the
ggplot2 package.

Once the list of differentially expressed genes (DEGs) in both MPSIEC
and FhNEJ was obtained, the amino acid sequences encoded by the
FhNEJ DEGs were obtained using the BioMart tool from WormBase
ParaSite and annotated using Blast2GO 6.0 (Conesa et al. 2005) with the
blastp algorithm against the NCBI protein database restricted to the
Platyhelminthes phylum. In MPSIEC, the Bioconductor package BiomaRt
was used to obtain the gene descriptions and associated Gene Ontology
(GO) terms of all DEGs, and the corresponding sequences were trans-
lated and annotated using Blast2GO against a database containing the
mouse proteome available at Uniprot (https://www.uniprot.org/pro-
teomes/UP000000589). Graphical overview of the annotation results
was performed using the ReViGO tool (Supek et al. 2011) for the GO
categories Biological Process (BP) and Molecular Function (MF), using
the Nodescore provided by Blast2GO as quantitative criteria.

3. Results
3.1. Quantitative analysis

An RNA-Seq strategy was used to determine the expression changes
triggered by the host-parasite interaction between F. hepatica juveniles
and intestinal epithelial cells in co-culture. The performance of the
mapping process was similar in both FhNEJ and MPSIEC samples, with
around 45% of the total reads mapping to a single locus. As for the read
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quality control, the Phred logarithmic scale gave values of 35-36 after
trimming, even in the last positions, indicating that the sequencing
quality is optimal (error between 0.1% and 0.01%; accuracy between
99.9% and 99.99%). After this, Sparse Partial Least Squares Discrimi-
nant Analysis (sPLS-DA) was performed for all replicates of FANEJ and
MPSIEC samples (Fig. 1). These charts showed that the control group of
FhNEJ samples displayed a clear separation from stimulated samples.
Additionally, the distance among replicates of the same condition was
smaller especially along the horizontal axis, which gathered the highest
amount of variability among samples. In MPSIEC samples, all control
replicates were clustered together and clearly separated from stimulated
samples, whereas one replicate from this group displayed some distance
from the others on both horizontal and vertical axes.

As mentioned, no minimum fold change was considered for DEGs, in
order to include all transcripts that were differentially expressed and
could have biological relevance independently from their fold change
magnitude. Although the total reads mapping was low, our analysis
allowed the identification of a high number of DEGs in both samples,
most of them (around 86%) corresponding to coding genes. A total of
342 DEGs were detected in FhNEJ samples (113 up-regulated and 229
down-regulated) (Fig. 2A) after stimulation, whereas 140 DEGs were
found in MPSIEC samples (103 up-regulated and 37 down-regulated)
(Fig. 2B).

3.2. Functional annotation

Functional annotation of the differentially expressed genes was
performed to obtain their description, as well as their associated GO
terms in the BP and MF categories, in order to determine the most
relevant events triggered by the in vitro interaction.

In the case of FhNEJ, 296 of the detected DEGs corresponded to
coding genes (111 up- and 185 down-regulated), whose nucleotide
sequence was translated into amino acids and identified using the
Blast2GO software. In MPSIEC, descriptions of DEGs were assigned
using the BiomaRt R package, followed by an analysis analogous to that
performed in FhNEJ, where the proteins encoded by DEGs were ob-
tained, resulting in a total of 240 proteins (184 up- and 56 down-
regulated). Full descriptions of the differentially expressed genes
within the FANEJ and MPSIEC samples are available in Supplementary
Table 1 and 2, respectively. In addition, in order to facilitate the visu-
alization of the results, the top 15 annotations with the highest or lowest
fold change for both sample types, as an arbitrary amount of the more
representative transcripts, are shown in Fig. 3.

For FhNEJ, 3 of the 15 top up-regulated transcripts were hypothet-
ical proteins. Additionally, among the top 15 up-regulated transcripts in
FhNEJ upon MPSIEC incubation, 4 are related to the regulation of gene
expression. These include cilia- and flagella-associated protein 20, tet-
ratricopeptide repeat protein, lipopolysaccharide-induced tumor ne-
crosis factor-alpha factor and ubiquitin-conjugating enzyme E2.
Transcripts potentially linked with tegument turnover included a puta-
tive glycosyltransferase 14 family member and a tegument antigen. The
predicted protein sequence of the tegument antigen shows the motifs
commonly found in the so-called Calcium Binding Proteins (CABP) of
F. hepatica (Thomas and Timson, 2016). These include an EF-hand, a
dynein complex and a calcium-binding motif. Nevertheless, the simi-
larity between its predicted sequence and those CABP described in
F. hepatica is low (data not shown). Other transcripts represented in the
top 15 up-regulated molecules in FhNEJ included the neutral sphingo-
myelinase, the transmembrane protease serine 3, the epididymal
secretory protein E1, a putative drug transporter potentially related to
multidrug resistance (Catalano et al., 2022), the brain-specific serine
protease 4 that could enable serine-protease activity, and the dynein
light chain LC8-type, linked with the muscle contraction machinery
(Becerro-Recio et al., 2022b). The top 15 down-regulated proteins in
FhNEJ included 8 unidentified and hypothetical proteins, and the cell
differentiation protein rcdl, which may play a role in FhNEJ cell
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differentiation, the cell wall integrity and stress response component 1, a
putative  beta-arrestin, the arginine methyltransferase, the
calcium-binding mitochondrial carrier protein SCaMG1, and the purine
nucleoside phosphorylase.

For MPSIEC, 8 out of top 15 up-regulated and 9 out of top 15 down-
regulated transcripts represent pseudogenes (Fig. 3). Additionally, the
junction adhesion molecule 2, a pore-forming protein-like, the zinc
finger protein 953, a hedgehog acyltransferase-like, the antigen identi-
fied by monoclonal antibody Ki 67, the shugoshin 1 and the FAM3
metabolism regulated signalling molecule 3 were found in the top 15 up-
regulated proteins in MPSIEC. Among down-regulated proteins, the
MENG O-fucosylpeptidase 3-beta-N-acetylglucosaminyltransferase, the
apical junction component 1, the EP300 interacting inhibitor of differ-
entiation 3, the protein tyrosine phosphatase non-receptor type 7, the
histidine ammonia lyase and the keratin 36 were found in MPSIEC.

Additionally, tables comparing the relative quantitation (fold
change) and the absolute quantitation (read counts) for all the identified
transcripts in both samples were generated (Supplementary Table 3). In
this regard, absolute transcription rate of the most overexpressed genes
in MPSIEC was not particularly high. In FhNEJ a high abundance of
DEGs dynein light chain, tegumental antigen and epididymal secretory
protein E1 was observed. Additionally, two highly expressed legumain

isoforms were found, despite their relative change in expression fall
outside the top 15 DEGs.

Secondly, the functional annotation was plotted using the ReViGO
software, which displayed the most representative GO terms among
DEGs found in the analysed samples. In FhNEJ, these GO terms in the BP
category included macromolecule biosynthesis, signal transduction,
proteolysis and cytoskeleton organisation (Fig. 4). Furthermore, the MF
category within the DEGs in FhNEJ samples after MPSIEC stimulation
was majorly represented by binding to different types of biomolecules,
as well as peptidase and kinase activity (Supplementary Figure 2A).

In the case of MPSIEC, visualisation of the annotation using ReViGO
showed several clusters of closely related BP. These included response to
endogenous and abiotic stimuli, vesicle secretion and transport, and
regulation of gene expression, as well as specific processes such as innate
immune response, epithelial cell differentiation, or regulation of
morphogenesis and cytoskeletal function (Fig. 5). Within the MF cate-
gory, the most remarkable feature was a group of GO terms related to
binding to different biomolecules, including receptor, signalling and
cytoskeletal proteins, as well as catalytic activity (Supplementary
Figure 2B). A detailed GO annotation of the BP categories found as up-
and down-regulated in FhNEJ and MPSIEC upon interaction can be
found in Supplementary Tables 4 and 5, respectively.
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FhNEJ 296 DEG
111 Up-regulated

185 Down-regulated

Description

cilia-and flagella- associated protein 20

Tetratricopeptide repeat protein 1.46
Lipopolysaccharide - induced tumor necrosis factor-alphafactor 1.39
hypothetical protein D915_004001 1.35
hypothetical protein D915_009891 1.8
Neutral sphingomyelinase 1.3l
Transmembraneprotease serine 3 i3l
putative drug transporter iESil
putative glycosyltransferase 14 family member 1.24
Tegument antigen 1.09
Brain - specific serine protease 4 1.05
Epididymal secretory protein E1 1.02
ubiquitin - conjugating enzyme E2 A 1.00
dynein light chain LC8- type 0.98
hypothetical protein D915_009891 0.91
hypothetical protein D915_000771 -2.49
---NA--- -2.63
---NA-- -2.67
Cell differentiation protein rcd1 -2.70
Protein sidekick-1 -2.77
---NA-- -3.00
Cell wall integrity and stress response component 1 -3.04
---NA-- -3.16

unnamed protein product

unnamed protein product

putative beta- arrestin 1

Arginine methyltransferase 1

Calcium- binding mitochondrialcarrier protein SCaMG1
hypothetical protein D915_001150

Purine nucleoside phosphorylase
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240 DEG
184 Up-regulated .

56 Down-regulated

MPSIEC

Description

predicted gene, 17795

predicted gene 17149

predicted gene 15892

ribosomal protein L31, pseudogene 6
junction adhesion molecule 2

pore forming protein - like

zinc finger protein 953

RIKEN cDNA 3000002C10 gene
predicted gene 12499

predicted gene, 19091 2.99
hedgehog acyltransferase -like 2.69
antigen identified by monoclonal antibody Ki 67 2.08
RIKEN cDNA8430429K09 gene 2.04
shugoshin 1 2.04
FAM3 metabolism regulating signaling molecule D 1.96
RIKEN cDNA4930473H19 gene -1.21
predicted gene, 37233 -1.70
predicted gene 5802 -1.90
predicted gene, 38569 -2.27

MFNG O-fucosylpeptide 3 -beta- N- acetylglucosaminyltransferase
predicted gene, 48106

apical junction component 1

RIKEN cDNA 2810403D21 gene

predicted gene, 37477

predicted gene 5779

EP300 interacting inhibitor of differentiation 3
protein tyrosine phosphatase, non - receptor type 7
histidine ammonia lyase

keratin 36

expressed sequence AU020206

Fig. 3. Differentially expressed genes after in vitro stimulation. The top 15 annotations with the highest (red) or lowest (blue) fold change are shown for both FnNEJ

and MPSIEC.
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4. Discussion

The host-parasite relationships during the early phases of infection
by F. hepatica in the vertebrate host have been scarcely studied at mo-
lecular level. Recently, we described the proteomic changes in an in vitro
model that allows the interaction between FhNEJ and MPSIEC (Becer-
ro-Recio et al., 2022b). These are the first host cells that the parasite
meets upon excystment in the small intestine. Changes were studied by
SWATH-MS, a proteomic approach that facilitates the quantitation of
differentially expressed proteins among different samples. This meth-
odology showed rapid changes in the protein expression pattern of
FhNEJ in response to interaction with the host intestinal epithelial cells.
MPSIEC also responded to parasite stimulus by showing alterations in
the expression of proteins related to crucial biological processes. Here,
we extend this analysis, evaluating the changes triggered by the
host-parasite interaction in the transcriptome of MPSIEC and FhNEJ.

Identification of differentially expressed transcripts and their corre-
sponding proteins was performed with the Blast2GO software. GO
analysis of up-regulated transcripts in FhNEJ after MPSIEC stimulation
showed that one of the dominant BP categories is proteolysis. The
expression of proteases along the development of F. hepatica inside its
definitive host has been found to be tightly regulated, due to their im-
plications in a variety of processes crucial for parasite development,
including parasite migration and feeding. Proteases are also specifically
related to pathogenic and virulence phenomena (Cwiklinski and Dalton,
2022). Among the up-regulated molecules in this GO category, we found
the transmembrane protease serine 3, described in other organisms as
related to the initiation of proteolytic cascades and belonging to the S1
family of the SA clan of serine type peptidases, for which the prototype is
chymotrypsin. Unfortunately, F. hepatica serine proteases are largely
understudied in comparison with other groups of proteases, thus the
biological and biochemical functions of these proteases are poorly

understood. In other trematodes, this class of proteases seems to play a
role in host-parasite interactions and parasite survival (Dvorak and
Horn, 2018). Also linked with proteolysis, although not in the top 15 of
over-expressed transcripts in FhNEJ after MPSIEC co-incubation, we
identified the transcript of the peptidase legumain, an asparaginyl
endopeptidase cysteine protease. Legumains have been found in the
secretions of FANEJ (Tkalcevic et al. 1995; Robinson et al. 2009). Later
proteomic studies in F. hepatica metacercariae and juveniles also iden-
tified a range of legumains, suggesting that these peptidases are acti-
vated once the parasite reached the intestine (Cwiklinski et al. 2018).
This assumption is compatible with the results obtained in our in vitro
model showing a high abundance of legumain transcripts in FhNEJ after
their interaction with the intestinal epithelial cells of the host. Impor-
tantly, legumains are involved in the activation of cathepsin L proteases
by cleavage of their pro-peptides (Cwiklinski et al., 2022), allowing their
proteolytic activity. Our previous proteomic results in this in vitro model
showed that the interaction between FhNEJ and MPSIEC triggers a rapid
protein expression change of FhNEJ in response to the host epithelial
barrier, including cathepsins L3 and L4 (Becerro-Recio et al. 2022b).
Due to the tightly regulated expression of legumains during the
F. hepatica development and their role in activating cathepsins linked
with collagenolytic and endopeptidase activities, the over-expression of
peptidases detected here could be related to host invasion. In line with
this, cathepsin B is also overrepresented in transcripts of FhNEJ after
MPSIEC incubation.

As mentioned, four of the top 15 up-regulated transcripts in FhNEJ
upon MPSIEC incubation are linked with the regulation of gene
expression. Increased expression of these genes is consistent with
increased cell proliferation in FhNEJ, thus most likely having a role in
the rapid growth and transformation of the parasite inside its vertebrate
host. During FhNEJ migration and development, the turnover of the
tegument and the expression of different glycoconjugates on their
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surface have been found of paramount importance for parasite survival
and pathogenesis (McVeigh et al. 2018; Gonzalez-Miguel et al. 2021).
The tegument antigen and the glycosyltransferase found here in the top
15 transcripts of MPSIEC-stimulated FhNEJ could be associated with
these processes. Importantly, the predicted protein of the tegument
antigen transcript shows high similarity with the peptide sequences of
the tegument antigens previously found by us as over-expressed in
FhNEJ tegumental extracts both after interaction with MPSIEC in vitro
(UniProt identifier AOA4EORZ43) (Becerro-Recio et al. 2022b) and gut
passage ex vivo (UniProt identifier AOA4EORZ43) (Becerro-Recio et al.
2022a). Thus, this family of proteins seems to be localized to the FhNEJ
tegument. Although the function of these molecules remains to be
determined, it is worth mentioning that they are unique to trematodes.
Thus, they are of interest in understanding their function in the
biogenesis and rapid change of the T bodies that support the turnover of
the tegument of F. hepatica inside the mammalian host (Gonzalez-Miguel
et al. 2021). Regarding the identified glycosyltransferase, this could be
related to the activity required for protein glycosylation, a pattern that
changes during the intra-mammalian parasite development (Cwiklinski
et al. 2021). Carbohydrate-containing glycoconjugates are expressed on
the surface of F. hepatica developing juveniles, and are released in their
secretions, playing an important role during infection due to their
immunomodulatory properties (Rodriguez et al., 2015).

Parasite trematodes do not synthesize lipids, including cholesterol.
Trematodes need these molecules as energy source and they acquire
them from the host (Cwiklinski et al., 2021). In this regard, among the
15 top overexpressed transcripts in FhNEJ, we found sphingomyelin,
which attaches to cholesterol and helps to form other lipids and mobi-
lizes the cell surface cholesterol to the interior of cells (Chatterjee,
1993). Additionally, we found the transmembrane protease serine 3,
which shows an LDL receptor-like domain, mediating the endocytosis of
cholesterol-rich low-density lipoprotein (Siidhof et al., 1985). We also
found the epididymal secretory protein E1, known as NPC2 (Nie-
mann-Pick intracellular cholesterol transporter 2), already described in
extracellular vesicles of F. hepatica (Cwiklinski et al., 2015). In this
context, these proteins could assist FANEJ in the uptake of metabolic
substrates from the host, suggesting that the lipid energy source taken
from the host is of great importance for this developmental stage of the
parasite.

Our in vitro model also permitted us to examine transcriptional
changes in the MPSIEC cells. This revealed fast and profound changes in
MPSIEC gene expression after their interaction with FhNEJ. Notably, 8
out of top 15 up-regulated and 9 out of top 15 down-regulated tran-
scripts represent pseudogenes. Interestingly, these genes did not tend to
have high read counts in terms of absolute quantitation (Supplementary
Table 3). Pseudogenes are regions of the genome that are similar to
functional genes but are thought to be non-functional. However, some
recent studies have suggested that pseudogenes have the potential to act
in complex transcriptional and post-transcriptional modulation pro-
cesses (Muro et al., 2011). Thus, pseudogenes are emerging as crucial
regulators of development and disease in which are commonly regu-
lated. However, systematic functional characterization and evolution of
pseudogenes remain largely unexplored in mammals (Qian et al., 2022).
Notwithstanding, there is growing evidence of the importance of the
regulation of the transcription pseudogenes in pathological processes,
including non-infectious and infectious diseases, that affect mammals
(Cristiano, 2022).

Besides pseudogenes, up-regulated transcripts in MPSIEC upon in-
cubation with FhNEJ included molecules potentially linked with host
defence, as the Junction adhesion molecule 2 (JAM2), the Pore forming
protein-like (PFP-L) and the FAM3 metabolism regulating signalling
molecule D. JAM2 promotes lymphocyte trans-endothelial migration
(Johnson-Léger et al. 2002), a process triggered by antigens of numerous
infectious agents associated with the inflammatory response. Several
mechanisms play a critical role in trans-endothelial migration, including
disruption or loosening of adherens junctions (Muller, 2011).
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Noteworthy, the Apical junction component 1, predicted to be located in
adherens junctions and involved in cell-cell junction organization, is one
of the top 15 down-regulated transcripts in MPSIEC after incubation
with FhNEJ. Thus, the cross-talk between the host intestinal epithelial
cells and the FhNEJ results in the activation of signals related to
trans-endothelial immune cells migration at intestinal level, that are
crucial to fight against the parasite during the very early steps of
infection. The triggering of these molecules in reference to inflammation
by FhNEJ in MPSIEC could be related to pathogen-associated molecular
patterns (PAMPs) released by the parasite. PAMPs have been described
in F. hepatica, e.g. CL1 and GST (Dowling et al., 2010), but which specific
molecules derived from FhNEJ could act as PAMPs in our settings should
be further investigated.

Together with the triggering of this inflammatory mechanism, the
up-regulation of the PFP-L in the intestinal epithelial cells could also
result in the damage of FhNEJ in the gut lumen, since PFP are immune
effectors that can target pathogens directly, resulting in formation of
pores in cells and cell death. The PFP-L detected here is most similar in
its amino acid sequence to the macrophage-expressed gene 1 protein-
like or perforin-2, as indicated by alignment of its sequence with those
available in GenBank through BLASTP (data not shown). Inside this
family of proteins, perforin-2 could exert a similar and alternative
function to the complement membrane attack complex (Krawczyk et al.
2020).

Potentially related to host defenses, the over-expression of FAM3D in
mouse gastrointestinal tract is broadly linked with intestinal homeo-
stasis, and more specifically with anti-microbial peptide production
(Liang et al. 2020). Antimicrobial peptides (AMPs) are a class of small
peptides that widely exist in nature and they are an important part of the
innate immune system, showing a wide range of inhibitory effects
against different pathogens, including parasites (Huan et al. 2020).
Triggering of this molecule by FANEJ in MPSIEC could result in the
activation of additional defense mechanisms of MPSIEC against FANEJ
mediated by AMPs.

Other proteins found to be in the top 15 of over-expressed molecules
in MPSIEC included proteins potentially related to DNA repair and
chromatin organization (EP300, shugoshin, antigen identified by
monoclonal antibody Ki 67), regulation of transcription (zinc finger
protein 953) and post-translational modifications (hedgehog acyl-
transferase). Among the top 15 down-regulated proteins in MPSIEC, we
also found proteins that could be linked with immune responses. The
EP300 interacting inhibitor of differentiation 3 has been pointed out as
important for the regulation of the function of Foxp3 Treg cells (Liu
et al., 2013). Intriguingly, F. hepatica induces Foxp3 T cell over-
expression in liver from infected sheep during early stages of infection
(Pacheco et al., 2018). Additionally, the protein tyrosine phosphatase
non-receptor type 7 plays a role in the negative regulation of T cell
antigen receptor signal transduction (Saxena et al., 1998), and its
down-regulation in MPSIEC cells upon FhNEJ interaction could have a
connection with the enhancement of antigen presentation by T cells.

Comparison of the relative quantitation (fold change) and the ab-
solute quantitation (read counts) for all the identified transcripts in both
samples showed that absolute transcription rate of the DEGs transcripts
in MPSIEC was not particularly high. Conversely, a high abundance of
DEGs such as dynein light chain, tegumental antigen and epididymal
secretory protein E1 was observed in FhNEJ. Additionally, we found two
highly expressed legumain isoforms, despite their relative change in
expression fall outside the top 15. This correlates with the high
expression of these proteases described during the early stages of
infection (Robinson et al., 2009). This comparison shows that DEGs do
not necessarily represent the most abundant transcripts in this setting.

Finally, and despite the obvious difficulties in integrating these
transcriptomic data with the previously published proteomic analysis
using the same in vitro model by us (Becerro-Recio et al., 2022b), it is
possible to establish some potential connections. Thus, there is a cor-
relation in the differential expression of molecules belonging to some
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protein families such as proteases (including legumain, cathepsins B,
CL2 and 4, but not CL3) or epigenetic regulation proteins (histone ace-
tyltransferase). On the contrary, no changes in the levels of metabolic
enzymes, antioxidant proteins or protease inhibitors (observed in the
proteomic approach) were found in the transcriptomic analysis. With
regard to MPSIEC, both proteomic and transcriptomic approaches
display expression alterations in common processes such as intracellular
transport, cell adhesion and cell cycle regulation, as well as
phosphorylation-mediated signalling. Notably, the decrease in ribo-
somal function in the cytosol, as the most prominent phenomenon in the
proteomic study, is also present at the transcript level, represented by
several ribosomal protein-coding genes with reduced expression after
contact with the parasite. On the other hand, while at the protein level
hardly any changes indicating the triggering of immune reactions were
noticed, some transcripts related to this process were now found, most of
which up-regulated. These include an interferon regulatory factor,
suggesting that induction of a Thl-type response may be occurring
during the initial stage of infection.

In summary, a high-throughput transcriptomic analysis coupled with
an in vitro model of co-culture by FhNEJ and MPSIEC has been carried
out for the first time to explore the host-parasite relationships in fas-
ciolosis. This model allows the depiction of the interaction between the
early stages of F. hepatica with a specific set of host cells facilitating the
evaluation of the changes triggered by both organisms, among which we
have found regulation of numerous transcripts specifically related to
essential processes of the host-parasite relationship. The implementa-
tion of this model for other transcriptomic studies in fasciolosis will also
allow more accurate comparisons with data sets produced by other au-
thors, which currently entail complexity due to the different methodo-
logical approaches that are employed.
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