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Abstract

Background: The major pathogenesis associated with Fasciola hepatica infection results from the extensive tissue
damage caused by the tunnelling and feeding activity of immature flukes during their migration, growth and
development in the liver. This is compounded by the pathology caused by host innate and adaptive immune
responses that struggle to simultaneously counter infection and repair tissue damage.

Results: Complementary transcriptomic and proteomic approaches defined the F. hepatica factors associated with
their migration in the liver, and the resulting immune-pathogenesis. Immature liver-stage flukes express ~ 8000
transcripts that are enriched for transcription and translation processes reflective of intensive protein production
and signal transduction pathways. Key pathways that regulate neoblast/pluripotent cells, including the PI3K-Akt
signalling pathway, are particularly dominant and emphasise the importance of neoblast-like cells for the parasite’s
rapid development. The liver-stage parasites display different secretome profiles, reflecting their distinct niche
within the host, and supports the view that cathepsin peptidases, cathepsin peptidase inhibitors, saposins and
leucine aminopeptidases play a central role in the parasite’s destructive migration, and digestion of host tissue and
blood. Immature flukes are also primed for countering immune attack by secreting immunomodulating fatty acid
binding proteins (FABP) and helminth defence molecules (FhHDM). Combined with published host microarray data,
our results suggest that considerable immune cell infiltration and subsequent fibrosis of the liver tissue exacerbates

oxidative stress within parenchyma that compels the expression of a range of antioxidant molecules within both
host and parasite.
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to prevent host liver tissue destruction and pathology.

Development, Neoblasts

Conclusions: The migration of immature F. hepatica parasites within the liver is associated with an increase in
protein production, expression of signalling pathways and neoblast proliferation that drive their rapid growth and
development. The secretion of a defined set of molecules, particularly cathepsin L peptidases, peptidase-inhibitors,
saponins, immune-regulators and antioxidants allow the parasite to negotiate the liver micro-environment, immune
attack and increasing levels of oxidative stress. This data contributes to the growing F. hepatica -omics information
that can be exploited to understand parasite development more fully and for the design of novel control strategies
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Background

Helminth parasites of the genus Fasciola are the causa-
tive agents of fasciolosis, an economically important dis-
ease of ruminants and a WHO-recognised neglected
tropical zoonotic disease [1]. Infection of the mammalian
host follows ingestion of vegetation contaminated with
an encysted stage, the metacercariae, from which the
newly excysted juveniles (NE]) emerge and penetrate
through the intestinal wall and migrate to the liver.
Within the liver, the parasite’s growth advances rapidly,
doubling in size approximately every 2 weeks, alongside
the development of parasite digestive and reproductive
structures [2]. To facilitate this rapid growth and devel-
opment the parasite feeds on liver tissue and blood. The
extensive tunnelling activity results in severe haemorrha-
ging, as well as a marked immune cell infiltrate, com-
prised of lymphocytes, macrophages and particularly
high levels of eosinophils [3], which eventually leads to
visible fibrotic hepatic tracts.

The clinical manifestations associated with the acute
phase of fasciolosis includes ill thrift and anaemia, and in
some cases the excessive damage resulting from high
parasite burdens leads to death in young lambs [3, 4]. In
humans, typical symptoms associated with the intense in-
ternal bleeding of the liver include fever, nausea, extreme
abdominal pain, hepatomegaly and skin rashes [5, 6]. To
date the only effective anthelmintic for reducing the dam-
aging clinical signs associated with the early stages of fas-
ciolosis in animals and humans is triclabendazole which
kills parasites from 2 to 3 weeks post-infection onwards
[7]. The global spread of triclabendazole resistance [8],
however, means that new methods of controlling fasciolo-
sis in livestock and for the treatment of drug-resistant hu-
man fasciolosis are urgently needed.

Our knowledge of F. hepatica biology has been greatly ad-
vanced through the availability of extensive genome, tran-
scriptome and proteome data [9, 10]. Analysis of these has
provided detailed new insights into the virulence, growth and
development of this parasite in the mammalian host. Our
studies of the infective stages, namely the metacercariae and
NE]J, have revealed that the parasite is transcriptionally active

prior to infection and is primed for tissue penetration and
migration through the host intestinal wall [10]. However,
due to the importance of immature F. hepatica in the clinical
manifestations and pathology of fasciolosis, we have focused
this study on analysing previously published and new tran-
scriptomic and proteomic data from both F. hepatica and
Fasciola gigantica to elucidate the key processes critical for
the growth and development of the parasite in the liver. We
found that this life-cycle stage is particularly transcriptionally
active with a significant enrichment of metabolic pathways
associated with protein production, signal transduction and
neoblast proliferation. Complementary proteomic analyses of
the secretome identified a distinct profile of secreted proteins
that support the immature fluke’s capacity for tissue penetra-
tion, blood feeding and regulation of the host immune re-
sponses. We also probed previously published microarray
data generated from liver tissue of infected animals [11], and
have correlated the damage caused by the migrating parasites
with key host and parasite antioxidant molecules that attenu-
ate the oxidative stress associated with fasciolosis. These new
results and insights into liver migration by F. hepatica can be
exploited for the development of treatments that aim to pre-
vent the pathogenesis associated with fasciolosis in animals
and humans.

Results and discussion

Immature flukes are highly transcriptionally active

To investigate the molecular mechanisms related to mi-
gration in the liver by immature stage F. hepatica, we
carried out transcriptome analysis by RNASeq of para-
sites recovered from the livers of mice 21-days post-
infection. An average of 41.7 million high quality reads
were generated for each biological replicate of immature
F. hepatica parasites, that were mapped to the annotated
gene models identified in the draft F. hepatica genome
(vl; PRJEB6687). A subset of 27,407 transcripts were
used for further analysis based on a transcription of
greater than 1 FPKM in at least two of the biological
replicates (Additional file 2). Consistent with our previ-
ous analysis of the F. hepatica life cycle stages [9], we
observed that the immature flukes are particularly



Cwiklinski et al. BMC Genomics (2021) 22:46

transcriptionally active, with over 7500 transcripts exhi-
biting a value > 100 FPKM (Fig. 1).

Analysis of the putative function of the 27,407 tran-
scripts, highlighted a significant enrichment in gene
ontology (GO) terms related to binding, metabolic
process and catalytic activity. In particular, key GO
terms associated with transcription (GO:0006355, regu-
lation of transcription; GO:0003677, DNA binding; GO:
0003676, nucleic acid binding), translation (GO:0006412,
translation; GO:0005840, ribosome; GO:0003735, struc-
tural constituent of ribosome), proteolysis (GO:
0006508), lipid metabolic processes (GO:0006629) and
signal transduction (GO:0007165) were amongst the
most enriched (P < 0.05, FDR adjusted) (Additional files
3 and 4). The enrichment of genes related to transcrip-
tion and translation is consistent with the parasite in-
creasing the number of genes it transcribes in
comparison to the earlier invasive NEJ stage and reflects
its intense growth and development in the liver. Ubiqui-
tin predominates amongst the most abundant 100 tran-
scripts, which represent 59% of the total transcription of
the immature flukes (Fig. 1). It plays a key role in regu-
lating proteins at the cellular level via the ubiquitin pro-
teasome system and is specifically important for
controlling cell cycle progression during intensified cell
growth and proliferation [12, 13].

Protein metabolism is a highly energy-dependent
process and since parasitic trematodes are unable to syn-
thesise lipids, specifically long chain fatty acids and choles-
terol that they use as an essential energy source [14], these
must be acquired directly from the host. The abundance
of genes associated with lipid metabolic processes,
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therefore, emphasises that the immature flukes have tran-
sitioned from relying on endogenous energy sources to a
dependence on the host for nutrients. This is in agreement
with earlier ultrastructural observations that showed that
the gastrodermal cells of immature F. hepatica only begin
to cycle between secretory and absorptive phases (re-
quired for uptake of host-derived nutrients) after 2 weeks
development in the murine host [15].

Several highly-transcribed genes were also identified
that are typically found within the F. hepatica excreted-
secreted proteins (ES) or secretome and act at the host-
parasite interface (Fig. 1, see below). These included ca-
thepsin peptidases (cathepsin L2, FhCL2, being the most
highly transcribed), saposins, Kunitz-type inhibitor of
the FhKT1 group FhKT1.2, peroxiredoxin (FhPRX), the
helminth defence molecule (FRHDM) and calmodulin
(FhCaM3). These proteins play a role in facilitating
blood feeding, heme scavenging and regulating the host
immune response by the parasite.

Calmodulins have also been linked to the growth and
development of several helminths [16—18]. RNAi experi-
ments in F. hepatica NE] suggests a role in the growth
and motility of the parasite [18] while in adult worms,
FhCaM3 may play a role in calcium signalling during
egg formation since they have been located within the
eggs and vitelline cells [19]. However, their role in im-
mature liver stage flukes is currently unknown, although
FhCaM2 and FhCaM3 proteins have been shown to be
constitutively expressed at this stage [18].

To further elucidate the key biological processes and
molecular functions critical for the liver migrating im-
mature flukes, we carried out a comparative analysis
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Fig. 1 Fasciola hepatica immature parasites are transcriptionally active. a Graphical representation of the number of transcripts expressed by the
immature parasite stages (average of three biological replicates) by FPKM values. b Schematic detailing the profile of the top 100 transcripts
based on the average FPKM values for three biological replicates, corresponding to 59% of the total gene transcription of the immature parasites
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with transcriptome data from the F. gigantica immature
(liver-stage) flukes recovered from buffalo at 42- and 70-
days post infection [20] (Fig. 2). Since F. hepatica was
sourced from mice at 21 days after experimental infec-
tion and F. gigantica from buffalo at 42 and 70 days after
natural infection the observed transcriptional differences
may be host, or age related; as such we carried out a
broad analysis based on GO enrichment and the most
abundantly transcribed genes to allow a relative com-
parison between the datasets. A total of 47 GO terms
were similarly enriched within the F. hepatica and F.
gigantica datasets. Significant enrichment associated
with  translation (GO:0006412), proteolysis (GO:
0006508) and signal transduction (GO:0007165), and
molecular functions such as calcium ion binding (GO:
0005509), catalytic activity (GO:0003824) and cysteine-
type peptidase activity (GO:0008234) was observed (Fig.
2; Additional file 4), highlighting the central roles that
these processes/functions play in the liver migrating
stages of both species. We found metal ion binding,
specifically zinc ion binding (GO:0008270), and
vesicle-mediated  transport  (GO:0016192)  were
enriched within F. hepatica, whereas distinct enrich-
ment of proteolysis involved in cellular protein cata-
bolic process (GO:0051603), oxidation-reduction
process (GO:0051603) and protein transport (GO:
0015992) was observed in F. gigantica.

Comparative analysis of the most abundantly tran-
scribed 150 transcripts from the F. hepatica and F. gigan-
tica datasets (Fig. 2) revealed that ribosome-associated
genes, cathepsin peptidases and saposins play an import-
ant role for the immature flukes of both species. Consist-
ent with the analysis of the F. hepatica immature
transcriptome, the peptidase inhibitors, specifically the
Kunitz-type inhibitors and cystatins/stefins, are also highly
transcribed within the F. gigantica immature flukes at 42
and 70 dpi (with relatively higher levels of transcription
observed during these later stages). Similarly, the helminth
defence molecule (HDM) is highly transcribed by the F.
gigantica 42 and 70 dpi stages. However, in contrast to F.
hepatica, immature F. gigantica displayed lower levels of
transcription of the ubiquitin-associated genes.

Transcription of redox-based antioxidants shows that
immature F. hepatica favour the thioredoxin-dependent
antioxidant defence system involving thioredoxin and
peroxiredoxin, whereas, F. gigantica is more dependent
on glutathione as glutathione S transferases (GST) are
more highly transcribed.

Key metabolic pathways associated with growth &
development

To gain insight into the critical metabolic pathways as-
sociated with liver migration, we analysed the KEGG
metabolic pathways that were highly represented within

Page 4 of 16

the immature fluke transcriptome and somatic proteome
(Fig. 3; Additional files 2 and 5). Consistent with the
gene ontology data, the translation pathways (ko09122)
are the most highly transcribed, specifically genes associ-
ated with the ribosome (ko03010), further emphasising
the rapid protein production the parasite undertakes.
High levels of transcription were also observed for path-
ways that are associated with the endocrine system
(ko09152) and signal transduction (ko09132) that regu-
late lipid metabolism and cellular proliferation, predomi-
nated by the genes associated with the PPAR signalling
pathway (ko03320) and PI3K-Akt signalling pathway
(ko04151), respectively.

The increased transcription of these metabolic path-
ways correlates with their protein expression within
the somatic proteome with carbohydrate metabolism
(ko09101) and signal transduction (ko09132) amongst
the most highly expressed based on emPAIl values.
Contributing to carbohydrate metabolism are proteins
involved in Glycolysis  (ko00010), TCA cycle
(ko00020), and the Glyoxylate and Dicarboxylate me-
tabolism (ko00630) pathways. Early studies by Tielens
et al. [21] have shown that as F. hepatica grows and
develops, the processes used for energy metabolism
switch from aerobic to anaerobic dismutation. Aerobic
acetate production predominates during the immature
fluke stage, with the parasite utilising acetate as its
primary carbon source. The identification of proteins
associated with both the TCA cycle and the Glyoxy-
late and Dicarboxylate metabolism pathway reflects
this transitioning phase; both pathways involve the
conversion of isocitrate to malate, though the glyoxy-
late cycle occurs under anaerobic conditions in con-
trast to the aerobic process of the TCA cycle [22].

The transcriptomic enrichment of signal transduc-
tion pathways that regulate cellular differentiation and
proliferation that mediate growth, development and
metabolism [23] correlates with our somatic proteome
data (Fig. 4). In particular, the PI3K-Akt signalling
pathway (Fig. 4a), represented by the largest number
of signal transduction associated-transcripts, is
amongst the most abundant signal transduction path-
way within the somatic proteome (Fig. 4b). This path-
way plays an important role in regulating neoblast/
pluripotent cells in the planarian Schmidtea mediter-
ranea [24] and is essential for potentiating the sur-
vival of these pluripotent cells [25]. The generation
and proliferation of neoblast/pluripotent cells by F.
hepatica is observed throughout its life cycle [2, 10]
and, therefore, the neoblast-regulating PI3K-Akt sig-
nalling pathway, together with the upregulation of key
genes associated with neoblast proliferation [10], sup-
port the idea that these play a crucial role for the
growth and development of the immature flukes.
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(See figure on previous page.)

Fig. 2 The immature F. hepatica parasites display a different profile of gene expression compared with F. gigantica. a Venn diagram representing the
number of significantly enriched GO terms shared between the F. hepatica immature flukes at 21 days post infection (F. hepatica_21dpi) and the F.
gigantica immature flukes at 42- and 70-days post infection (F. gigantica_42dpi; F. gigantica_70dpi). The numbers in brackets depict the total number
of enriched GO terms per dataset. Description of the GO terms is presented in Additional file 4. b Graphical representation of the top 150 abundantly
transcribed genes from F. hepatica immature flukes at 21 days post infection (F. hepatica_21dpi) and the F. gigantica immature flukes at 42- and 70-
days post infection (F. gigantica_42dpi; F. gigantica_70dpi). Data is represented as the percentage abundance relative to total gene transcription for
each dataset, with genes grouped by gene family where possible. c-f Schematic representation of the gene ontology (GO) enrichment analysis using
REVIGO based on molecular function and biological processes highlighting the enriched GO terms that play a role as the parasite grows and develops.

¢ Molecular function GO terms within the F. hepatica immature transcriptome. d Biological process GO terms within the F. hepatica immature fluke
transcriptome. @ Molecular function GO terms within the F. gigantica immature fluke transcriptomes. f Biological process GO terms within the F.
gigantica immature transcriptomes. The bubble colour indicates the log value of the FDR adjusted p value and the circle size (plot size) represents the
frequency of the GO term within the gene ontology annotation database (GOA; more general terms represented by larger plot size)

Other key signal transduction pathways critical for
growth and development that are enhanced in the im-
mature flukes include the (a) AMPK signalling pathway
that regulates energy homeostasis and metabolism [26,
27] and plays a critical role in the regulation of cell
growth [28]. Recently, Kadekar and Roy [29] have shown
that this pathway is also involved in regulating germline
stem cells in Caenorhabditis elegans within the energy-
stressed dauer stage via the small RNA pathway; (b)
Hippo signalling pathway that regulates organ size
through regulation of cellular proliferation and expan-
sion of neoblasts/pluripotent cells during stages of devel-
opment [30-33]. As the immature parasites migrate

through the liver some of the reproductive organs are at
an advanced stage of development, notably the testes
which show a clear follicular appearance by 21 dpi in
mice [34]. This pathway could regulate reproductive de-
velopment that must be finely tuned to ensure rapid egg
production upon the arrival of the flukes in the bile duct.
Hippo signalling may also control the size of the parasite
relative to its host, especially considering that F. hepatica
can infect a range of mammalian hosts; and (c) HIF-1
signalling pathway that is induced under decreased oxy-
gen partial pressures, and is responsible for regulating
oxygen-regulated metabolic gene expression [23]. This
pathway may be important as the parasite increases in

dark green, depicting low to high protein abundance, respectively

Fig. 3 An abundance of transcripts and proteins are associated with metabolism within the immature transcriptome and somatic proteome. a Schematic
representation of the transcription of genes associated with metabolism (KEGG module, ko00001), normalised at the KEGG module level relative to the total
metabolic transcription. Relative expression is shown by light blue to dark blue depicting low to high levels of transcription, respectively. b Schematic
representation of the somatic protein abundance (based on emPAl values) corresponding to the proteins associated with metabolism (KEGG module, ko00001),
normalised at the KEGG module level relative to the total protein abundance associated with metabolism. Relative protein abundance is shown by yellow to
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Fig. 4 Signal transduction pathways are significantly enriched in immature liver-stage F. hepatica (a) Graphical representation of the number of
transcripts associated with the signal transduction pathways as per the KEGG pathway codes, highlighted by their relative FPKM expression,
shown by a blue to red scale depicting low to high levels of expression, respectively. b Graphical representation of the protein abundance of the
signal transduction pathways as per the KEGG pathway codes, displayed as emPAl values from the proteomic analysis
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size, which decreases the parasite surface to volume ratio
and thereby limits the diffusion of oxygen to the internal
tissues and organs of the parasite [21].

Immature flukes are primed for blood feeding, tissue
degradation and immune evasion

To extend our earlier gel-based studies of the immature
fluke secretome that identified 45 proteins [35], we car-
ried out an in-depth gel-free proteomic analysis. This
approach resulted in the identification of a total of 210
proteins, based on the acceptance criteria of two unique
peptides within at least two biological replicates, with
the top 50 proteins representing 87% of the total protein
secreted (protein abundance, emPAI; Additional file 6).
Functional analysis of these most abundant proteins re-
veals that they are mostly comprised of cathepsin pepti-
dases and cathepsin peptidase inhibitors, representing 36
and 42% of the total protein, respectively (Fig. 5a).

As we have reported previously that, in contrast to
other trematodes, F. hepatica relies almost exclusively
on cathepsin cysteine peptidases for tissue degradation,
migration and feeding within the mammalian host [36,
37]. The higher levels of these enzymes secreted by the
immature parasites further highlights their importance
in the tissue degradation process. The most abundant
cathepsin peptidases identified were two members of the
cathepsin L3 group (Nomenclature as per [36]; FhCL3_
4, BN1106_s3008B000074/ BN1106_s4187B000060) and
a single cathepsin L2 (FhCL2; BN1106_s8098B000020);
this is not surprising since these two peptidase groups
possess unique and potent collagenolytic activity that al-
lows the parasite to effectively degrade insoluble collagen

within the liver extracellular matrix and disintegrate the
tissue structure [38]. While FhCL1 was also identified
within the immature fluke secretome this was present at
lower protein levels compared with FhCL2 and FhCL3
(2 fold less and 7.5 fold less, respectively). We have
shown that the substrate specificity of FhCL1 is adapted
to digest host haemoglobin to peptides and is thus
expressed most abundantly by the obligate blood-feeding
adult fluke [39]. However, the suite of FhCL1/2/3 pepti-
dases would confer the immature fluke with a very ef-
fective means of tissue and blood feeding, and this is
further complemented by several saposins and leucine
aminopeptidases that are important for the lysis of blood
cells and the terminal hydrolysis of haemoglobin-derived
peptides, respectively [40—42].

The application of cathepsin peptidases in a variety of
functions requires strict regulation to ensure that exces-
sive damage to both parasite and host tissues does not
occur. Cathepsin L peptidases are produced as inactive
zymogens that are autocatalytically activated within the
low-pH gut of the parasite to mature enzymes prior to
their release by regurgitation [37, 39]. F. hepatica con-
trols the hydrolytic activity of these peptidases by co-
secreting of a range of peptidase inhibitors, specifically
cystatins/stefins and Kunitz-type inhibitors. Here we dis-
covered that the most abundant of these in the imma-
ture secretome is a member of the Kunitz-type protease
inhibitor family, specifically FhKT1 group member
FhKT1.2 (BN1106_s318B000274), which represents 33%
of the total secreted protein. We have previously shown
that, unlike other Kunitz-type protease inhibitors that
typically inhibit serine proteases, the FhKT1 group are
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Fig. 5 The F. hepatica life cycle stages have distinct secretome profiles. a Graphical representation of the top 50 proteins secreted by the immature
flukes representing 87% of the total protein secreted (based on emPAl values of three biological replicates), highlight that the immature fluke
secretome is predominantly comprised of cathepsin peptidases and cathepsin peptidase inhibitors. b Graphical representation of the composition of
the F. hepatica stage-specific secretomes, based on the emPAl abundance. Relative abundance is shown by a blue to red scale, depicting low to high
levels of abundance, respectively. ¢ Venn diagram representing the comparative analyses of proteins secreted by newly excysted juveniles 24 h post
excystment (NEJ 24 h), the immature parasites (Juv21dpi) and the adult parasites. The protein count is based on a cut-off of at least 2 unique peptides
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specifically adapted to inhibit cathepsin L peptidases
which further highlights the importance of a peptide/
anti-peptidase mechanism regulating parasite-mediated
tissue degradation [43]. The abundance of secreted
FhKT1.2 may also indicate a pivotal role in the control of
host immune response polarisation as Cervi and col-
leagues [44] showed that this inhibitor can elicit a regula-
tory IL-27-dependent phenotype in LPS-stimulated
dendritic cells which prevented the development of Thl
and Th17 responses. This could complement the ability of

cathepsin L peptidases to prevent MyD88-independent
TRIF-dependent signalling pathways of Toll-like receptor
(TLR) 3 and 4 in macrophages, which also impairs the de-
velopment of Th1 responses in mice [45].

The cathepsin L peptidases also play a role in the
modulation of the host immune response by cleaving
immunoglobulins at their hinge region and thus discon-
necting the antibody binding Fab domain from the Fc
domain that is essential for attracting innate phagocytes
[46]. Other key molecules within the top 50 secreted
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proteins that likely play a role in the modulation/sup-
pression of the host immune response are the helminth
defence molecule (FRHDM) and several fatty acid bind-
ing proteins (FABP; Fh2, Fh3, Fh15). FRHDM binds to
the cell surface and enters the endo-lysosomal system of
macrophages where it inactivates lysosome proteases to
selectively reduce pro-inflammatory responses [47, 48].
FhHDM also binds iron and thus has been suggested to
function in the scavenging and transportation of heme
[49]. As FhHDM is elevated within the NE] secretome,
and can neutralise the inflammatory effects of bacterial
lipopolysaccharide, we have postulated a role in prevent-
ing potential endotoxin-induced inflammatory responses
from bacteria that may translocate from the intestinal
lumen to the peritoneal cavity with the migrating para-
site [10, 50, 51]. The role of FhAHDM during the liver mi-
gratory stage has not been specifically investigated
although the parasite is likely to benefit from its broader
suppressive effects on the activation of host macro-
phages as it migrates through the tissue.

Espino and colleagues [52-55] have shown that the
FABP also play a role in reducing LPS-induced inflam-
mation by suppressing Toll-like receptor (TLR) stimula-
tion in macrophages and inhibiting the inflammatory
cytokines TNF and IL-1P. Acting as an antagonist of
TLR4, both native and recombinant FABP suppresses
the TLR4 signalling cascade by blocking the interaction
of LPS with the CD14 co-receptor. However, proteomic
analysis of the FABP superfamily reveals that the adult
parasites secrete these molecules in greater abundance
in comparison to the NEJ, which is also highlighted by
our secretome analysis (Additional file 6), indicating a
possible blood feeding role in the uptake of fatty acids
from host blood rather than an immunomodulatory role
when the parasite is in the bile duct [56].

Distinct profile of secreted proteins reflects liver fluke
stage-specific niches/roles

The major life cycle stages of F. hepatica, namely the
NEJ, immature flukes and adult flukes occupy very
different niches within the host. This is reflected in
their secretomes and while comparative analysis of
the three stages revealed 92 shared proteins, each
stage also secreted a distinct profile of proteins (Fig.
5; Additional file 6). However, the immature flukes
secrete the lowest amount of distinct proteins com-
pared with both NEJ and adult. The 27 proteins
found to be exclusively secreted by the immature
flukes includes a range of uncharacterised proteins, a
specific member of the cathepsin L3 peptidase group
(FhCL3_2; BN1106_s8881B000009), FhKT1 group
member FhKT1.1 (BN1106_s8826B000029), a saposin
(BN1106_s4986B000028) and a ferritin protein
(BN1106_s3950B000041). The NE]J-specific proteins
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also include a range of uncharacterised proteins, in
addition to a serpin (FhSrp3, based on nomenclature
of [57], a member of the cathepsin L3 peptidases
(FhCL3_3; BN1106_s10139B000014) and thioredoxin
glutathione reductase (TGR). Key proteins exclusively
secreted in high amounts by the adults include a fer-
ritin  (BN1106_s709B000627) and a mu class GST
(BN1106_s4370B000168).

For all three life cycle stages, the cathepsin pepti-
dases are amongst the most abundant proteins se-
creted, consistent with other studies [10, 35, 58].
However, the type of cathepsin peptidases secreted re-
flects the specific niche of each life cycle stage, with
the NEJ secreting predominantly the collagenolytic ca-
thepsin L3 and three cathepsin B peptidases (FhCBI,
FhCB2 and FhCB3), and the adult parasites abun-
dantly secreting the critical peptidases involved in
blood feeding, namely cathepsin L1, and L5 pepti-
dases, and collagenolytic cathepsin L2 peptidase.
Interestingly, the profile of the immature flukes re-
flects the transitional state between NEJ and adult,
with a range of both the NEJ-associated peptidases
such as cathepsin L3 and cathepsin B2 being secreted
in addition to the adult fluke-associated cathepsin L1,
L2 and L5 peptidases. This wider collection of pepti-
dases undoubtedly provides the immature fluke with a
more potent proteolytic armoury during what is argu-
ably the most challenging time in its intra-
mammalian development.

A key feature of the secreted proteins of F. hepatica
are peptidase inhibitors, which can act upon both
host and parasite proteases. Three types of protease
inhibitors are secreted in abundance by each F. hepat-
ica life cycle stage, namely the stefins/cystatins (ca-
thepsin peptidase inhibitors), the atypical Kunitz-type
cathepsin inhibitors and the serine protease inhibitors
(serpins). All three of these protease inhibitors are
encoded by multi-copy gene families, members of
which display stage-specific expression. Although each
of the life cycle stages secretes members of all three
groups of inhibitors, the amounts vary with each de-
velopmental stage (Additional file 7). The NEJ and
adults secrete comparable levels of stefins/cystatins,
which is comprised predominately of cathepsin L pep-
tidase inhibitor, FhStefin-1. Similarly, both these
stages also secrete members of the serpin family,
which have distinct inhibitory profiles, specifically be-
ing potent inhibitors of host chymotrypsin and kalli-
krein [57, 59]. FhSrpl and FhSrp3 are secreted in
greatest abundance by the NEJ compared with the
FhSrp4 by the adults. In contrast, the immature flukes
secrete these inhibitors in relatively low amounts,
relying more on the Kunitz-type cathepsin peptidase
inhibitors. The abundance of the F. hepatica Kunitz-
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type inhibitors that can inhibit cathepsin L peptidases
of both host and parasite implies that these cathepsin
peptidases play a crucial role within the liver tissues.

Proline synthesis, oxidative stress and bile duct
hyperplasia

Bile duct hyperplasia is a characteristic pathology associ-
ated with liver fluke infection and begins prior to the
parasite entering the bile ducts. Several decades ago,
studies by Isseroff and colleagues [60—63] reported that
proline secreted by immature F. hepatica, as early as 25
dpi, stimulates collagen synthesis that results in the bile
duct enlargement. Analysis of the immature fluke tran-
scriptome data revealed that the arginine and proline
metabolism pathway is amongst the most highly tran-
scribed of the amino acid metabolism pathways. Tran-
scription analysis of key enzymes within this pathway
show that proline is synthesised from both glutamate
and ornithine, with a predominance for the conversion
from ornithine based on the FPKM transcription value
and the presence of ornithine aminotransferase (EC
2.6.1.13; K00819) within the somatic proteome. In con-
trast, genes related to proline synthesis within the in-
fected mouse liver, based on the liver tissue microarray
data from F. hepatica-infected Balb/c mice (21 dpi) gen-
erated by Rojas-Carabello et al. [11], are down-regulated
compared with the non-infected animals (Fig. 6a; Add-
itional file 8). These data support Isseroff’s contention
that the parasite is the source of proline rather than the
host liver tissue.

The increased production of proline by the parasite
may also be a response to environmental stress [64, 65].
In addition to generating reactive oxygen species (ROS),
proline is also involved in stabilising antioxidant en-
zymes as well as the direct scavenging of ROS to main-
tain a balanced redox state [64, 65]. Studies of liver
fibrosis using bile duct ligated rats have shown that pro-
line supplements can alleviate early markers of oxidative
stress and histopathogical changes associated with fibro-
sis [66]. Thus, in addition to enlargement of the bile
duct, the proline secreted by the parasite may also be in-
volved in mitigating oxidative stress caused by fibrosis.

Acute stage of fasciolosis is associated with the
expression of anti-oxidants by both host and parasite
Due to its high metabolic activity, the liver is highly sus-
ceptible to oxidative stress which is a well reported char-
acteristic of many chronic liver diseases [67]. Oxidative
stress is also a feature of fasciolosis as a result of the
damage caused by the migrating parasites, the subse-
quent recruitment of immune cells to perforated areas
and the induction of fibrogenesis to repair the damage
[68-70]. We therefore interrogated the liver tissue
microarray data from F. hepatica-infected Balb/c mice
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(21 dpi) generated by Rojas-Carabello et al. [11] to inves-
tigate the gene transcriptional profile associated with
oxidative stress (Fig. 6b; Additional file 8). Consistent
with their reported elevation of genes associated with
liver toxicity, injury and death we also observed that
genes associated with fibrosis and inflammation in-
creased in infected mice (Fig. 6a; Additional file 8); these
included key genes associated with hepatic stellate cells
that are critical for the response to liver injury and colla-
gen deposition (ANXA2, VIM, COLIA2, TIMPI). Fibro-
sis resulting from large numbers of parasites migrating
through the liver (possibly from repeated liver fluke in-
fections) therefore has the potential to exacerbate the
level of oxidative stress in the tissue.

Antioxidants involved in the first line of defence
against oxidative stress include superoxide dismutase
(SOD), which catalyses free oxygen radicals to hydrogen
peroxide, and catalase and glutathione peroxidase (GPx)
that convert hydrogen peroxide to water. Analysis of the
microarray data shows that Sod, the SOD-copper
chaperone (Ccs), and catalase display lower levels of
transcription in fluke-infected liver compared with the
liver from non-infected animals (Fig. 6b). This correlates
with the lower SOD protein activity measured in liver
tissue and sera in F. hepatica and F. gigantica-infected
cattle, rats and humans [71-74]. The reduced SOD-
copper activity in the liver of fluke-infected animals
could compromise their ability to deal with oxidative
stress, particularly during co-infections with gastrointes-
tinal parasites that have been shown to interfere with
the absorption of copper and thereby reduce blood cop-
per levels in sheep [75-77].

Genes encoding peroxiredoxin (PRX) and thioredoxin
(TRX) also displayed lower levels of transcription in
fluke-infected liver (Fig. 6b). By contrast, the genes en-
coding liver GPx and GSTs showed increased levels of
transcription compared with the non-infected animals
which may suggest a greater reliance on the glutathione
thiol-dependent antioxidant system by the host during
infection.

In response to the high oxidative stress-induced envir-
onment of the liver, the immature flukes express an anti-
oxidant defence system that is comparable to that of its
mammalian hosts (Fig. 6¢ & d). The components of the
SOD and thiol-dependent antioxidant systems are
expressed by the immature flukes, with peroxiredoxins
representing the most highly transcribed antioxidants
(Fig. 6¢). Analysis of the somatic and secreted proteomes
reveals that SOD and GPx are expressed at comparable
levels within both datasets. Since, like other helminths,
Fasciola species lack a catalase gene [9], hydrogen per-
oxide detoxification is performed by GPx in addition to
the actions of the thioredoxin thiol-dependent antioxi-
dant system [78]. Accordingly, and consistent with the



Cwiklinski et al. BMC Genomics (2021) 22:46

Page 11 of 16

W Fibrosis and Inflammation
Wl Proline metabolism

Fold Change

Bl SOD and catalase
Bl Glutathione dependent
Bl Thioredoxin dependent

Fold Change

-2
T T T T T T T T T T T T T T T T T T T T T T T T T T  § T T T T T T T
SN & W S P 4 X D Nod HDOHXD N&o SN > OADD 0O
Q' 2 A 4§ Q R o Q & F G G 2 R S R
S TS F PP Q‘ob Q«°° S & o G e e e S
8- y
40000 5 B Somatic proteome
35000 o Bl Secretome
30000 gs-
8
25000+
= 5.
£ 20000 <
& a
150004 3
c 5.
10000+ § 2
5000- S
PRX GST GPx MGST TRX SOD GSS GST TRX PRX SOD GPx MGST GRX

Fig. 6 Host and parasite genes that play a critical role for tolerating the oxidative stress induced by F. hepatica infection. a Graphical representation of
the fold change in transcription of genes associated with fibrosis and inflalmmation, and proline metabolism within liver tissue from non-infected and
F. hepatica-infected mice (b) Graphical representation of the fold change in transcription of genes associated with oxidative stress within liver tissue
from non-infected and F. hepatica-infected mice. Data for a & b is extrapolated from the microarray data generated by Rojas-Caraballo and colleagues,
[11]. Details of the gene abbreviations are provided in Additional file 8. ¢ Graphical representation of the transcription of key antioxidant related genes

GSS, glutathione synthetase, GRX, glutaredoxin

within the F. hepatica immature fluke transcriptome, based on FPKM values. d Graphical representation of the protein abundance of key antioxidant
related proteins within the F. hepatica immature fluke somatic proteome and secretome. Abbreviations for panels B and C: PRX, peroxiredoxin; GST,
glutathione S transferases; GPx, glutathione peroxidase; MGST, microsomal glutathione S transferases; TRX, thioredoxin; SOD, superoxide dismutase;

transcriptome data, GSTs are the most abundant anti-
oxidant protein family within the somatic proteome and
are secreted at comparable levels to the TRX and SOD
proteins. Contrary to its high transcription and presence
within the somatic proteome, PRX is secreted at lower
levels compared with TRX. However, the presence of the
redox-based antioxidant proteins within the secreted
proteins implies a protective/defensive role at the para-
site surface that has the potential to regulate the sur-
rounding host environment.

Conclusions

Our analysis of the transcriptome and proteome (somatic
and secretome) of the immature stage of F. hepatica con-
tributes to completing a picture of the parasite as it mi-
grates through the liver leaving extensive damage in its
wake for the host to repair. The major players in the
mechanism of tissue migration are familiar and well-
characterised molecules such as cathepsin-like peptidases,
leucine aminopeptidases, protease inhibitors, anti-oxidants
and immunomodulators, which have been our prime can-
didates for vaccine development. The inconsistency in the
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performance of these vaccines [3, 79, 80], however, sug-
gests that it will not be an easy task to stop the parasite in
it tracks as its rapid physical growth in the liver renders
the humoral and cellular components of the host immune
system ineffective. It is therefore imperative that we fur-
ther our understanding of how the host responds to early
infection prior to the parasite entering the liver and also
decipher the parasite mechanism(s) of immune manipula-
tion if we are to conceive novel control strategies, particu-
larly vaccines. Furthermore, a deeper scrutiny of how
flukes may respond to environmental cues from the host
in order to control their development and sexual maturity
will open new avenues for novel anti-fluke drug design.
The challenge now is to elucidate the signalling mecha-
nisms that regulate the changes elicited by these cues.
Since the completion of the first draft F. hepatica genomes
[9, 81] we have been very successful in gathering funda-
mental developmental —omics data on the major intra-
mammalian liver fluke stages, including this study, which
will provide a rich source of information for future cre-
ative basic and applied endeavours.

Methods

Isolation of 21-day old immature flukes

Twenty-six BALB/c mice (male; 8 week old; Charles River)
were infected orally with 30F. hepatica metacercariae
(Italian isolate; Ridgeway Research Ltd). At 21 days post-
infection (dpi) the mice were euthanised by depletion of
O, using CO,, and the parasites recovered from the liver
for total enumeration. A range of 1-12 parasites were re-
covered from 25 mice (no parasites were recovered from
one mouse), resulting in 153 parasites, termed hereon in
as 21-day old immature flukes. Fifty-seven immature
flukes separated into three biological replicates of 19 para-
sites per group were washed in PBS and stored at - 80 °C
prior to RNA extraction. The remaining 96 immature
flukes, separated into three biological replicates of 32 per
group, were washed and incubated for 24h in pre-
warmed (37 °C) culture medium (RPMI 1640 medium;
ThermoFisher Scientific) containing 2 mM L-glutamine,
30 mM HEPES, 0.1% (w/v) glucose, and 2.5 pug/ml genta-
mycin). After the incubation, the parasites were centri-
fuged at 400 x g and the supernatant, the excretory-
secretory (ES) proteins recovered for proteomic analyses.
The parasites were washed in PBS and stored at - 80°C
prior to somatic protein extraction.

RNASeq analysis & bioinformatics analysis

Total RNA was extracted using the miRNeasy mini kit (Qia-
gen) according to the manufacturer’s instructions, in a final
elution of 50 pl RNase-free water. RNA integrity and concen-
tration were confirmed using the 260/280 LVis plate func-
tionality of the PolarStar Omega Spectrophotometer (BMG
LabTech) and the Quant-iT RiboGreen RNA Assay Kit
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(ThermoFisher Scientific). Ilumina TruSeq RNA libraries
(stranded) were prepared from three biological replicates of
21-day old immature parasites by Eurofins Genomics (Euro-
fins GATC Biotech GmbH) and sequenced (single read; 50
bp) on a HiSeq 4000 (Illumina), resulting in at least 38 million
reads per sample. [llumina HiSeq reads were aligned to the
gene models derived from the F. hepatica genome [9;
PRJEB6687] using Bowtie (v2.2.9). Differential expression
levels were determined as fragment per kilobase per million
reads (FPKM) using Cuffdiff. Scatter plots and volcano plots
were used to inspect the overall quality of RNASeq data and
to assess the level of variation between the biological repli-
cates, visualized using the cummeRbund package (v2.0.0;
Additional file 1).

Transcript annotation was based on the gene model
annotation carried by Cwiklinski et al. [9] using Uniprot,
Gene Ontology (GO) and Interpro in silico tools and the
KEGG Automatic Annotation Server (KAAS [82];) and
manual curation of the cathepsin peptidases following
the analysis reported by Cwiklinski et al. [36]. Metabolic
pathway analysis was carried out by normalizing the glo-
bal patterns of expression at the KEGG module level
[10]. Semantic similarity analysis of GO terms was car-
ried out using the web-based program, REVIGO [83]
and graph-based visualization generated using the plot-
ting R script generated by REVIGO.

Comparative analysis with the F. gigantica immature
flukes recovered at 42- and 70-days post infection
was carried using the previously published transcrip-
tome dataset [20] based on GO analysis and the most
highly transcribed genes calculated as FPKM. Enrich-
ment of GO terms within the F. hepatica and F.
gigantica datasets was determined using hypergeo-
metric tests in R.

Investigations of oxidative stress associated with fas-
ciolosis were carried out by interrogation of the mouse
microarray data generated by Rojas-Caraballo and col-
leagues [11] using the gene fold change data presented
within their Supplemental data file.

Mass spectrometry analyses of somatic proteome and
secretome

Somatic proteins were extracted from three biological
replicates of 21-day old immature F. hepatica by
homogenization in RIPA buffer (ThermoFisher Scien-
tific) containing protease inhibitors (cOmplete Ultra tab-
lets; Sigma Aldrich) and placed on ice for 30 min. The
extracted proteins were centrifuged at 13, 000 x g for 10
min to remove any insoluble components, quantified
using the Bradford assay (BioRad) and the supernatant
stored at — 20 °C until use. The secreted proteins recov-
ered from parasite culture of the 21-day old immature
flukes were concentrated 6-fold using an Amicon Ultra
3 kDa column (Sigma Aldrich). For comparative analysis
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the secreted proteins were recovered from parasite cul-
ture of the newly excysted juveniles (NEJ; 24 h culture)
and the adult liver fluke parasites (5h culture) using
methods as previously described [10, 84]. In each case
the parasite isolate used was the Italian isolate (Ridgeway
Research, UK). The adult secreted proteins were concen-
trated 30-fold using an Amicon Ultra 3kDa column
(Sigma Aldrich).

Protein digestion and mass spectrometry analyses were
performed by the Proteomics Platform of the CHU de
Québec Research Center (Quebec, Qc, Canada). Protein
samples were acetone precipitated and subsequently sol-
ubilized in 50 mM ammonium bicarbonate and 1% so-
dium deoxycholate followed by reduction with 0.2 mM
DTT at 37°C for 30 min and alkylated with 0.9 mM
iodoacetamide at 37 °C for 20 min. Trypsin digestion of
the protein samples was performed in solution using
0.2 ug sequencing grade trypsin (Promega) overnight at
37°C. The digested peptides were purified by stage tip
(C18), vacuum centrifuge dried and then re-suspended
in 0.1% formic acid, with final amount of 1 pg of protein
being used for analysis by mass spectrometry. The re-
suspended peptide samples were separated by online
reversed-phase (RP) nanoscale capillary liquid chroma-
tography (nanoLC) using a Dionex UltiMate 3000
nanoRSLC chromatography system (Thermo Fisher Sci-
entific / Dionex Softron GmbH, Germering, Germany).
Electrospray mass spectrometry (ESI MS/MS) analysis
was performed on a Orbitrap Fusion mass spectrometer
(Thermo Fisher Scientific, San Jose, CA,USA) utilising
the Orbitrap Fusion Tune Application 2.0 and fitted
with a nanoelectrospray ion source.

MS/MS peak lists (MGF files) were generated using
Thermo Proteome Discoverer software (Thermo Fisher
Scientific Inc., version 2.2.0) and analysed using Mascot
(Matrix Science, London, UK; version 2.5.1), set up to
search against a database comprised of gene models
identified from the F. hepatica draft genome as utilised
for the transcriptome analysis above (version 1.0, 101,
780 entries; PRJEB6687 [9]), assuming digestion with
trypsin with two missed cleavages permitted. Fragment
and parent ion mass tolerance were set at 0.60 Da and
10.0 PPM, respectively. Carbamidomethyl of cysteine
was set as a fixed modification and the deamidation of
asparagine and glutamine, and oxidation of methionine
specified as variable modifications.

Scaffold (version 4.8.4, Proteome Software Inc., Port-
land, OR) was used to validate MS/MS based peptide and
protein identifications and calculate protein abundance
using the Exponentially Modified Protein Abundance
Index (emPAI). Peptide identifications were accepted if
they could be established at greater than 95% probability
to achieve an FDR less than 1.0% by the Scaffold Local
FDR algorithm. Protein identifications were accepted if
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they could be established at greater than 95.0% probability
to achieve an FDR less than 1.0% and contained at least 2
identified peptides. Protein probabilities were assigned by
the Protein Prophet algorithm [85]. Proteins that con-
tained similar peptides and could not be differentiated
based on MS/MS analysis alone were grouped to satisfy
the principles of parsimony. Putative annotation of the F.
hepatica gene models was assigned based on annotation
carried by Cwiklinski et al. [9] using Uniprot, Gene Ontol-
ogy (GO) and Interpro in silico tools and the KEGG Auto-
matic Annotation Server (KAAS [82];).
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Additional file 1: Figure S1. Quality assessment of RNASeq data
generated from three biological replicates of F. hepatica 21-day old im-
mature flukes. (A-C) Scatter plot comparison between the three datasets
(Juv_1, Juv_2, Juv_3) generated using the cummeRbund package to in-
spect overall quality of RNA-Seq data. (D-F) Volcano plot comparisons be-
tween the three datasets (Juv_1, Juv_2, Juv_3) generated using the
cummeRbund package to assess the variation between the three bio-
logical replicates.

Additional file 2: Table S1. Gene transcription by F. hepatica 21-day
old immature flukes, represented as Fragments per Kilobase of transcript
per Million (FPKM).

Additional file 3: Figure S2. Schematic representation of the
significantly enriched gene ontology (GO) terms relating to biological
processes within the . hepatica 21-day old immature fluke transcriptome.
The FDR adjusted p value is shown on the y axis. The bubble colour rep-
resents the transcription value of the genes associated with the GO term
based on a log scale of the FPKM value. The circle size represents the
number of genes associated with the GO term on the x axis. Description
of the significantly enriched GO terms is presented in Additional file 4.

Additional file 4: Table S2. Enrichment of key gene ontology terms
within the F. hepatica and F. gigantica immature liver-stage parasite
transcriptomes.

Additional file 5: Table S3. Identification of proteins within the
somatic proteome of F. hepatica 21-day old immature flukes by LC-MS/
MS.

Additional file 6: Table S4. |dentification of proteins within the
secretome of F. hepatica 21-day old immature flukes compared with the
secretome of NEJ 24 h and adult flukes by LC-MS/MS.

Additional file 7: Table S5. Protein abundance of proteinase inhibitors
within the F. hepatica life cycle stage secretomes.

Additional file 8: Table S6. Differential gene expression of genes
associated with fibrosis and inflammation, oxidative stress, and proline
metabolism within liver tissue of mice infected with F. hepatica. Fold
change analysis based on expression of non-infected animals versus mice
infected for 21 days, based on data from Rojas-Caraballo et al. [11].

Abbreviations

ES: Excreted Secreted proteins; FABP: Fatty Acid Binding Protein; FDR: False
Discovery Rate; FPKM: Fragments per Kilobase of transcript per Million;

GO: Gene Ontology; GPx: Glutathione Peroxidase; GRX: Glutaredoxin;

GSS: Glutathione Synthetase; GST: Glutathione S Transferases; HDM: Helminth
defence molecule; NEJ: Newly Excysted Juveniles; PRX: Peroxiredoxin;

ROS: Reactive Oxygen Species; SOD: Superoxide dismutase; TLR: Toll Like
Receptor; TGR: Thioredoxin Glutathione reductase; TRX: Thioredoxin;

WHO: World Health Organisation

Acknowledgements
Not applicable.


https://doi.org/10.1186/s12864-020-07326-y
https://doi.org/10.1186/s12864-020-07326-y

Cwiklinski et al. BMC Genomics (2021) 22:46

Authors’ contributions

KC and JPD conceived and designed the study. KC performed the experiments,
and analysed and interpreted the data. KC, MWR, SD and JPD contributed to
the writing of the manuscript. All authors have read and approved the final
manuscript.

Funding

This study was supported by a European Research Council Advanced Grant
(HELIVAC, 322725) and Science Foundation Ireland (SFI) Professorship grant
(17/RP/5368) awarded to JPD. MWR was funded by a grant (BB/L019612/1)
from the Biotechnology and Biological Sciences Research Council (BBSRC).

Availability of data and materials

The transcriptome data sets supporting the conclusions of this article are
available in the Sequence Read Archive (SRA), under the accession
PRINA665699; https.//www.ncbi.nlm.nih.gov/sra/PRINA665699. The mass
spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD021221 and https://doi.org/10.6019/PXD021221.

Ethics approval and consent to participate

BALB/c mice were housed under specific pathogen free conditions at the
Queen’s University Belfast (QUB) Biological Service Unit. All animal
experimental procedures were carried out at QUB, UK under license from the
Home Office by the Animal (Scientific Procedures) Act 1986 (License No.
PPL/2806) after ethical review by the QUB Animal Welfare and Ethical Review
Body.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Zoology Department, School of Natural Sciences, Centre for One Health,
Ryan Institute, National University of Ireland Galway, Galway, Ireland. *School
of Biological Sciences, Queen’s University Belfast, Belfast, Northern Ireland,
UK. *The School of Life Sciences, University of Technology, Sydney, Australia.

Received: 16 October 2020 Accepted: 14 December 2020
Published online: 11 January 2021

References

1. Cwiklinski K, O'Neill SM, Donnelly S, Dalton JP. A prospective view of animal
and human Fasciolosis. Parasite Immunol. 2016;38(9):558-68.

2. McCusker P, McVeigh P, Rathinasamy V, Toet H, McCammick E, O'Connor A,
Marks NJ, Mousley A, Brennan GP, Halton DW, et al. Stimulating neoblast-
like cell proliferation in juvenile Fasciola hepatica supports growth and
progression towards the adult phenotype in vitro. PLoS Negl Trop Dis. 2016;
10(9):e0004994.

3. Molina-Hernandez V, Mulcahy G, Perez J, Martinez-Moreno A, Donnelly S,
O'Neill SM, Dalton JP, Cwiklinski K. Fasciola hepatica vaccine: we may not be
there yet but we're on the right road. Vet Parasitol. 2015;208(1-2):101-11.

4. Nadis: Liver fluke control in sheep. [http://www.nadis.org.uk/bulletins/liver-
fluke-control-in-sheep.aspx. Accessed September 2020].

5. Fascioliasis - Centre of Disease Control. [https//www.cdc.gov/parasites/
fasciola/. Accessed September 2020].

6.  Fascioliasis - World Health Organisation. [https.//www.who.int/foodborne_
trematode_infections/fascioliasis/en/. Accessed September 2020].

7. Fairweather |, Boray JC. Fasciolicides: efficacy, actions, resistance and its
management. Vet J. 1999;158(2):81-112.

8. Fairweather |, Brennan GP, Hanna REB, Robinson MW, Skuce PJ. Drug
resistance in liver flukes. Int J Parasitol Drugs Drug Resist. 2020;12:39-59.

9. Cwiklinski K, Dalton JP, Dufresne PJ, La Course J, Williams DJ, Hodgkinson J,
Paterson S. The Fasciola hepatica genome: gene duplication and
polymorphism reveals adaptation to the host environment and the capacity
for rapid evolution. Genome Biol. 2015;16:71 015-0632-0632.

10. Cwiklinski K, Jewhurst H, McVeigh P, Barbour T, Maule AG, Tort J, O'Neill SM,
Robinson MW, Donnelly S, Dalton JP. Infection by the helminth parasite
Fasciola hepatica requires rapid regulation of metabolic, virulence, and

19.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

Page 14 of 16

invasive factors to adjust to its mammalian host. Mol Cell Proteomics. 2018;
17(4):792-809.

Rojas-Caraballo J, Lopez-Aban J, Fernandez-Soto P, Vicente B, Collia F, Muro
A. Gene expression profile in the liver of BALB/c mice infected with Fasciola
hepatica. PLoS One. 2015;10(8):20134910.

Benanti JA. Coordination of cell growth and division by the ubiquitin-
proteasome system. Semin Cell Dev Biol. 2012,23(5):492-8.

Michael James E, Taylor Paige E. Ubiquitin Signaling in Regulation of the
Start of the Cell Cycle; 2019. Open access peer-reviewed chapter, accessed
September 2020. https.//doi.org/10.5772/intechopen.82874.

Tielens AGM. Metabolism. In: Dalton JP, editor. Fasciolosis. Wallingford: CABI
Publishing; 1999. p. 277-305.

Bennett CE. Fasciola hepatica: development of caecal epithelium during
migration in the mouse. Exp Parasitol. 1975;37(3):426-41.

Taft AS, Yoshino TP. Cloning and functional characterization of two
calmodulin genes during larval development in the parasitic flatworm
Schistosoma mansoni. J Parasitol. 2011,97(1):72-81.

Katsumata T, Kohno S, Yamaguchi K, Hara K, Aoki Y. Hatching of
Schistosoma mansoni eggs is a Ca2+/calmodulin-dependent process.
Parasitol Res. 1989;76(1):90-1.

McCammick EM, McVeigh P, McCusker P, Timson DJ, Morphew RM, Brophy
PM, Marks NJ, Mousley A, Maule AG. Calmodulin disruption impacts growth
and motility in juvenile liver fluke. Parasit Vectors. 2016;9:46.

Russell SL, McFerran NV, Moore CM, Tsang Y, Glass P, Hoey EM, Trudgett A,
Timson DJ. A novel calmodulin-like protein from the liver fluke, Fasciola
hepatica. Biochimie. 2012,94(11):2398-406.

Zhang XX, Cwiklinski K, Hu RS, Zheng WB, Sheng ZA, Zhang FK; Elsheikha
HM, Dalton JP, Zhu XQ. Complex and dynamic transcriptional changes
allow the helminth Fasciola gigantica to adjust to its intermediate snail and
definitive mammalian hosts. BMC Genomics. 2019;20(1):729.

Tielens AG, van den Heuvel JM, van den Bergh SG. Changes in energy
metabolism of the juvenile Fasciola hepatica during its development in the
liver parenchyma. Mol Biochem Parasitol. 1982,6(5):277-86.

Kornberg HL. The role and control of the glyoxylate cycle in Escherichia coli.
Biochem J. 1966,99(1):1-11.

Ward PS, Thompson CB. Signaling in control of cell growth and
metabolism. Cold Spring Harb Perspect Biol. 2012;4(7):a006783.

Peiris TH, Ramirez D, Barghouth PG, Oviedo NJ. The Akt signaling pathway is
required for tissue maintenance and regeneration in planarians. BMC Dev
Biol. 2016;16:7.

Hossini AM, Quast AS, Plotz M, Grauel K, Exner T, Kiichler J, Stachelscheid H,
Eberle J, Rabien A, Makrantonaki E, et al. PI3K/AKT signaling pathway is
essential for survival of induced pluripotent stem cells. PLoS One. 2016;
11(5):e0154770.

Hardie DG. AMP-activated protein kinase: an energy sensor that regulates all
aspects of cell function. Genes Dev. 2011;25(18):1895-908.

Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient and energy sensor that
maintains energy homeostasis. Nat Rev Mol Cell Biol. 2012;13(4):251-62.
Mihaylova MM, Shaw RJ. The AMPK signalling pathway coordinates cell
growth, autophagy and metabolism. Nat Cell Biol. 2011;13(9):1016-23.
Kadekar P, Roy R. AMPK regulates germline stem cell quiescence and integrity
through an endogenous small RNA pathway. PLoS Biol. 2019;17(6):23000309.
Halder G, Johnson RL. Hippo signaling: growth control and beyond.
Development. 2011;138(1):9-22.

Zhao B, Tumaneng K, Guan KL. The hippo pathway in organ size control, tissue
regeneration and stem cell self-renewal. Nat Cell Biol. 2011;13(8):877-83.

de Sousa N, Rodriguez-Esteban G, Rojo-Laguna JI, Salé E, Adell T. Hippo
signaling controls cell cycle and restricts cell plasticity in planarians. PLoS
Biol. 2018;16(1):¢2002399.

Demircan T, Berezikov E. The hippo pathway regulates stem cells during
homeostasis and regeneration of the flatworm Macrostomum lignano. Stem
Cells Dev. 2013,22(15):2174-85.

Fairweather |, Threadgold T, Hanna REB. Development of Fasciola hepatica
in the mammalian host. In: Dalton JP, editor. Fasciolosis. Wallingford: CABI
Publishing; 1999. p. 47-112.

Robinson MW, Menon R, Donnelly SM, Dalton JP, Ranganathan S. An
integrated transcriptomics and proteomics analysis of the secretome of the
helminth pathogen Fasciola hepatica: proteins associated with invasion and
infection of the mammalian host. Mol Cell Proteomics. 2009;8(8):1891-907.
Cwiklinski K, Donnelly S, Drysdale O, Jewhurst H, Smith D, De Marco VC,
Pritsch IC, O'Neill S, Dalton JP, Robinson MW. The cathepsin-like cysteine


https://www.ncbi.nlm.nih.gov/sra/PRJNA665699
https://doi.org/10.6019/PXD021221
http://www.nadis.org.uk/bulletins/liver-fluke-control-in-sheep.aspx
http://www.nadis.org.uk/bulletins/liver-fluke-control-in-sheep.aspx
https://www.cdc.gov/parasites/fasciola/
https://www.cdc.gov/parasites/fasciola/
https://www.who.int/foodborne_trematode_infections/fascioliasis/en/
https://www.who.int/foodborne_trematode_infections/fascioliasis/en/
https://doi.org/10.5772/intechopen.82874

Cwiklinski et al. BMIC Genomics

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

(2021) 22:46

peptidases of trematodes of the genus Fasciola. Adv Parasitol. 2019;104:
113-64.

Dalton JP, Neill SO, Stack C, Collins P, Walshe A, Sekiya M, Doyle S, Mulcahy
G, Hoyle D, Khaznadji E, et al. Fasciola hepatica cathepsin L-like proteases:
biology, function, and potential in the development of first generation liver
fluke vaccines. Int J Parasitol. 2003;33(11):1173-81.

Robinson MW, Corvo |, Jones PM, George AM, Padula MP, To J, Cancela M,
Rinaldi G, Tort JF, Roche L, et al. Collagenolytic activities of the major
secreted cathepsin L peptidases involved in the virulence of the helminth
pathogen, Fasciola hepatica. PLoS Negl Trop Dis. 2011;5(4).1012.

Lowther J, Robinson MW, Donnelly SM, Xu W, Stack CM, Matthews JM,
Dalton JP. The importance of pH in regulating the function of the Fasciola
hepatica cathepsin L1 cysteine protease. PLoS Negl Trop Dis. 2009;3(1):e369.
Espino AM, Hillyer GV. Molecular cloning of a member of the Fasciola
hepatica saposin-like protein family. J Parasitol. 2003;89(3):545-52.

Acosta D, Gofi F, Carmona C. Characterization and partial purification of a
leucine aminopeptidase from Fasciola hepatica. J Parasitol. 1998;84(1):1-7.
Acosta D, Cancela M, Piacenza L, Roche L, Carmona C, Tort JF. Fasciola
hepatica leucine aminopeptidase, a promising candidate for vaccination
against ruminant fasciolosis. Mol Biochem Parasitol. 2008;158(1):52-64.
Smith D, Tikhonova IG, Jewhurst HL, Drysdale OC, Dvorak J, Robinson MW,
Cwiklinski K, Dalton JP. Unexpected activity of a novel Kunitz-type inhibitor:
inhibition of cysteine proteases but not serine proteases. J Biol Chem. 2016;
291(37):19220-34.

Falcon CR, Masih D, Gatti G, Sanchez MC, Motran CC, Cervi L. Fasciola
hepatica Kunitz type molecule decreases dendritic cell activation and their
ability to induce inflalmmatory responses. PLoS One. 2014;9(12):e114505.
Donnelly S, O'Neill SM, Stack CM, Robinson MW, Turnbull L, Whitchurch C,
Dalton JP. Helminth cysteine proteases inhibit TRIF-dependent activation of
macrophages via degradation of TLR3. J Biol Chem. 2010;285(5):3383-92.
Berasain P, Carmona C, Frangione B, Dalton JP, Goni F. Fasciola hepatica:
parasite-secreted proteinases degrade all human IgG subclasses:
determination of the specific cleavage sites and identification of the
immunoglobulin fragments produced. Exp Parasitol. 2000,94(2):99-110.
Alvarado R, To J, Lund ME, Pinar A, Mansell A, Robinson MW, O'Brien BA,
Dalton JP, Donnelly S. The immune modulatory peptide FARHDM-1 secreted
by the helminth Fasciola hepatica prevents NLRP3 inflammasome activation
by inhibiting endolysosomal acidification in macrophages. FASEB. 2017;
31(1):85-95.

Robinson MW, Alvarado R, To J, Hutchinson AT, Dowdell SN, Lund M, Turnbull
L, Whitchurch CB, O'Brien BA, Dalton JP, et al. A helminth cathelicidin-like
protein suppresses antigen processing and presentation in macrophages via
inhibition of lysosomal vATPase. FASEB. 2012,26(11):4614-27.
Martinez-Sernandez V, Mezo M, Gonzalez-Warleta M, Perteguer MJ, Muino L,
Guitian E, Garate T, Ubeira FM. The MF6p/FhHDM-1 major antigen secreted
by the trematode parasite Fasciola hepatica is a heme-binding protein. J
Biol Chem. 2014;289(3):1441-56.

Robinson MW, Donnelly S, Hutchinson AT, To J, Taylor NL, Norton RS,
Perugini MA, Dalton JP. A family of helminth molecules that modulate
innate cell responses via molecular mimicry of host antimicrobial peptides.
PLoS Pathog. 2011;7(5):21002042.

Ryan S, Shiels J, Taggart CC, Dalton JP, Weldon S. Fasciola hepatica-derived
molecules as regulators of the host immune response. Front Immunol.
2020;11:2182.

Figueroa-Santiago O, Espino AM. Fasciola hepatica fatty acid binding protein
induces the alternative activation of human macrophages. Infect Immun.
2014;82(12):5005-12.

Ramos-Benitez MJ, Ruiz-Jiménez C, Aguayo V, Espino AM. Recombinant
Fasciola hepatica fatty acid binding protein suppresses toll-like receptor
stimulation in response to multiple bacterial ligands. Sci Rep. 2017;7(1):5455.
Ruiz-Jiménez C, Espino A. Interaction of Fasciola hepatica Fatty Acid Binding
Protein with TLR-2: A preliminary study to understand the
immunomodulation mechanisms that exert F. hepatica on the immune
system (LB287). FASEB. 2014;28(S1):LB287.

Martin |, Cabdn-Hernandez K, Figueroa-Santiago O, Espino AM. Fasciola
hepatica fatty acid binding protein inhibits TLR4 activation and suppresses
the inflammatory cytokines induced by lipopolysaccharide in vitro and

in vivo. J Immunol. 2015;194(8):3924-36.

Morphew RM, Wilkinson TJ, Mackintosh N, Jahndel V, Paterson S, McVeigh P,
Abbas Abidi SM, Saifullah K, Raman M, Ravikumar G, et al. Exploring and

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

Page 15 of 16

expanding the fatty-acid-binding protein superfamily in Fasciola species. J
Prot Res. 2016;15(9):3308-21.

De Marco VC, Jewhurst HL, Tikhonova IG, Urbanus RT, Maule AG, Dalton JP,
Cwiklinski K. Fasciola hepatica serine protease inhibitor family (serpins):
purposely crafted for regulating host proteases. PLoS Negl Trop Dis. 2020;
14(8):0008510.

Di Maggio LS, Tirloni L, Pinto AF, Diedrich JK, Yates i JR, Benavides U,
Carmona C, da Silva Vaz | Jr, Berasain P. Across intra-mammalian stages of
the liver fluke Fasciola hepatica: a proteomic study. Sci Rep. 2016;6:32796.
Sénchez Di Maggio L, Tirloni L, Uhl M, Carmona C, Logullo C, Mulenga A, da
Silva Vaz | Jr, Berasain P. Serpins in Fasciola hepatica: insights into host-
parasite interactions. Int J Parasitol. 2020,50020-7519(20):30177-6.

Isseroff H, Tunis M, Read CP. Changes in amino acids of bile in Fasciola
hepatica infections. Comp Biochem Physiol B Biochem. 1972;41(1):157-63.
Isseroff H, Sawma JT, Reino D. Fascioliasis: role of proline in bile duct
hyperplasia. Science. 1977;198(4322):1157-9.

Wolf-Spengler ML, Isseroff H. Fascioliasis: bile duct collagen induced by
proline from the worm. J Parasitol. 1983;69(2):290-4.

Ertel J, Isseroff H. Proline in fascioliasis: I. comparative activities of ornithine-
delta-transaminase and proline oxidase in Fasciola and in mammalian livers.
J Parasitol. 1974;60(4):574-7.

Liang X, Zhang L, Natarajan SK, Becker DF. Proline mechanisms of stress
survival. Antioxid Redox Signal. 2013;19(9):998-1011.

Szabados L, Savouré A. Proline: a multifunctional amino acid. Trends Plant
Sci. 2010;15(2):89-97.

Heidari R, Mohammadi H, Ghanbarinejad V, Ahmadi A, Ommati MM,
Niknahad H, Jamshidzadeh A, Azarpira N, Abdoli N. Proline supplementation
mitigates the early stage of liver injury in bile duct ligated rats. J Basic Clin
Physiol Pharmacol. 2018;30(1):91-101.

Cichoz-Lach H, Michalak A. Oxidative stress as a crucial factor in liver
diseases. World J Gastroenterol. 2014;20(25):8082-91.

Da Silva A, Baldissera MD, Bottari NB, Gabriel ME, Rhoden LA, Piva MM,
Christ R, Stedille FA, Gris A, Morsch VM, et al. Oxidative stress and changes
in adenosine deaminase activity of cattle experimentally infected by
Fasciola hepatica. Parasitol. 2017;144(4):520-6.

Saleh MA. Circulating oxidative stress status in desert sheep naturally
infected with Fasciola hepatica. Vet Parasitol. 2008;154(3-4):262-9.

Bottari NB, Mendes RE, Lucca NJ, Schwertz Cl, Henker LC, Olsson DC, Piva
MM, Sangoi M, Campos LP, Moresco RN, et al. Oxidative stress associated
with pathological lesions in the liver of rats experimentally infected by
Fasciola hepatica. Exp Parasitol. 2015;159:24-8.

Bahrami S, Esmaeilzadeh S, Oryan A. Role of oxidative stress in concomitant
occurrence of Fasciola gigantica and leiomyoma in cattle. Vet Parasitol.
2014;203(1-2):43-50.

Kolodziejczyk L, Siemieniuk E, Skrzydlewska E. Fasciola hepatica: effects on
the antioxidative properties and lipid peroxidation of rat serum. Exp
Parasitol. 2006;113(1):43-8.

Rehim WM, Sharaf IA, Hishmat M, El-Toukhy MA, Rawash NA, Fouad HN.
Antioxidant capacity in Fasciola hepatica patients before and after treatment
with triclabendazole alone or in combination with ascorbic acid (vitamin C)
and tocofersolan (vitamin E). Arzneimittelforschung. 2003;53(3):214-20.
Kaya S, Sutcu R, Cetin ES, Aridogan BC, Delibas N, Demirci M. Lipid
peroxidation level and antioxidant enzyme activities in the blood of
patients with acute and chronic fascioliasis. Int J Infect Dis. 2007;11(3):251-5.
Adogwa A, Mutani A, Ramnanan A, Ezeokoli C. The effect of gastrointestinal
parasitism on blood copper and hemoglobin levels in sheep. Can Vet J.
2005;46(11):1017-21.

Suarez VH, Micheloud JF, Araoz V, Martinez GM, Rosa DE, Mattioli GA. Effect
of gastrointestinal nematodes on serum copper and phosphorus of
growing beef calves in northwestern Argentina. Trop Anim Health Prod.
2019,51(3):613-8.

Hucker DA, Yong WK Effects of concurrent copper deficiency and gastro-
intestinal nematodiasis on circulating copper and protein levels, liver
copper and bodyweight in sheep. Vet Parasitol. 1986;19(1-2):67-76.
Ighodaro OM, Akinloye OA. First line defence antioxidants-superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX): their
fundamental role in the entire antioxidant defence grid. Alexandria J. 2018;
54(4):287-93.

Toet H, Piedrafita DM, Spithill TW. Liver fluke vaccines in ruminants: strategies,
progress and future opportunities. Int J Parasitol. 2014;44(12):915-27.



Cwiklinski et al. BMIC Genomics

80.

81.

82.

83.

84.

85.

(2021) 22:46

Beesley NJ, Caminade C, Charlier J, Flynn RJ, Hodgkinson JE, Martinez-
Moreno A, Martinez-Valladares M, Perez J, Rinaldi L, Williams DJL. Fasciola
and fasciolosis in ruminants in Europe: Identifying research needs.
Transbound Emerg Dis. 2018;65(Suppl 1):199-216.

McNulty SN, Tort JF, Rinaldi G, Fischer K, Rosa BA, Smircich P, Fontenla S,
Choi YJ, Tyagi R, Hallsworth-Pepin K, et al. Genomes of Fasciola hepatica
from the Americas reveal colonization with Neorickettsia endobacteria
related to the agents of Potomac horse and human sennetsu fevers. PLoS
Gen. 2017;13(1):e1006537.

Moriya Y, Itoh M, Okuda S, Yoshizawa AC, Kanehisa M. KAAS: an automatic
genome annotation and pathway reconstruction server. Nucleic Acids Res.
2007:35(Web Server issue):W182-5.

Supek F, Bosnjak M, Skunca N, Smuc T. REVIGO summarizes and visualizes
long lists of gene ontology terms. PLoS One. 2011,6(7):e21800.

Cwiklinski K, de la Torre-Escudero E, Trelis M, Bernal D, Dufresne PJ, Brennan
GP, O'Neill S, Tort J, Paterson S, Marcilla A, et al. The extracellular vesicles of
the helminth pathogen, Fasciola hepatica: biogenesis pathways and cargo
molecules involved in parasite pathogenesis. Mol Cell Proteomics. 2015;
14(12):3258-73.

Nesvizhskii Al, Keller A, Kolker E, Aebersold R. A statistical model for
identifying proteins by tandem mass spectrometry. Anal Chem. 2003;75(17):
4646-58.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Immature flukes are highly transcriptionally active
	Key metabolic pathways associated with growth & development
	Immature flukes are primed for blood feeding, tissue degradation and immune evasion
	Distinct profile of secreted proteins reflects liver fluke stage-specific niches/roles
	Proline synthesis, oxidative stress and bile duct hyperplasia
	Acute stage of fasciolosis is associated with the expression of anti-oxidants by both host and parasite

	Conclusions
	Methods
	Isolation of 21-day old immature flukes
	RNASeq analysis & bioinformatics analysis
	Mass spectrometry analyses of somatic proteome and secretome

	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

