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Abstract

Fasciola hepatica (F. hepatica) is a well-known zoonotic parasite that is crucial for economic and public health worldwide.
Quantitative proteomics studies have been performed on proteins expressed by F. hepatica to investigate the differential expres-
sion of proteomes in different growth phases. And the screening of several marker proteins for use as early diagnostic antigens is
essential. In this study, high-performance liquid chromatography-tandem mass spectrometry (LC-MS/MS) was conducted to
analyze the differences in the expression of F. hepatica somatic proteins in different growth phases. Furthermore, gene ontology
(GO) functional annotation, KEGG metabolic pathway, and clustering analyses were also performed. LC-MS/MS identified 629,
2286, 2254, and 2192 proteins in metacercariae, juvenile flukes 28dpi, immature flukes 59dpi, and adult phases, respectively. GO
analysis revealed that differentially expressed proteins (DEPs) were mainly involved in transport, localization, metabolism,
enzyme regulation, protein folding and binding, and nucleoside and nucleotide binding. The DEPs were enriched in cells,
intracellular components, organelles, cytoplasm, vesicles, and membranes. KEGG pathway annotation results showed that the
DEPs were involved in metabolism, genetic information processing, environmental information processing, cellular processes,
organismal systems, and other processes. These findings provide a theoretical basis for vaccine development and establishing
early diagnostic methods in the future.

Keywords Fasciola hepatica - Bioinformatics - Proteomics - High-performance liquid chromatography-tandem mass
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Introduction cause fasciolosis. It is also an important livestock pathogen
and a neglected zoonotic pathogen that exerts a profound in-

Fasciola hepatica (F. hepatica) is widely distributed world-  fluence on the economy and public health (Furst et al. 2012;

wide, especially in Latin America, Europe, and Africa. Itcan  Keiser and Utzinger 2009).

The definitive hosts of F. hepatica are infected by
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NEIJ secrete large amounts of proteins and other com-
pounds in their intestinal tracts, excretory pores, and cyst sur-
face during their development into adult worms. These com-
pounds protect the parasites from host defense responses and
are essential in the interaction between parasites and hosts
(Bennuru et al. 2018; Hewitson et al. 2008). Proteomics anal-
ysis is used to study the interactions between parasites and
hosts, especially when pathogens are difficult to obtain
(Robinson and Connolly 2005; Robinson et al. 2007). Di
Maggio et al. (2016) identified 575 proteins in the soluble
NEJ extract, 90 proteins in NEJ E/S products, and 202
proteins in adult E/S products using proteomics analysis.
Robinson et al. (2009) predicted 14,031 expressed sequence
tags (ESTs) of F. hepatica secretory proteins. And the proteins
secreted by infective larvae, immature flukes, and adult
F. hepatica are mainly proteases and an array of
antioxidants that are highly regulated in their migration
through host tissues. Cwiklinski et al. (2018) found that major
proteins of the total NEJ secretome include proteases, protease
inhibitors, antioxidants, and an array of immunomodulators
that likely to disarm host innate immune cells.

In this study, we used the label-free quantitative proteomics
analysis method to determine the differentially expressed pro-
teins (DEPs) in the metacercariae (MC), juvenile flukes 28dpi
(JF), immature flukes 59dpi (IF), and adult (AD) phases of
F. hepatica to further analyze the differences in somatic pro-
tein expression at different developmental stages. The somatic
proteome was analyzed and revealed a variety of proteins
participated in modulating the growth and development of
F. hepatica and the immune response of the hosts.
Meanwhile, these proteins represent key targets for future di-
agnosis, treatment, and vaccine development for fasciolosis.

Materials and methods
Sample preparation

MC (the infected Galba pervia were cultured under suitable
conditions for 3045 days, when cercariae escaped from the
Galba pervia, the process of cyst formation was observed and
the metacercariae were collected), JF (worms obtained from
the livers of sheep that were artificially infected the infective
metacercariae for 28 days), IF (worms taken from the livers of
sheep that were artificially infected the infective metacercariae
for 59 days), and AD (worms obtained from the livers of sheep
that were artificially infected the infective metacercariae for
118 days) were collected and used as samples. At least three
samples from each group were ground into powder in liquid
nitrogen and added with 400 pl of SDT buffer (4% SDS,
1 mM DTT, 150 mM Tris-HCL, pH 8.0). Protein was extract-
ed through 5 min of boiling and 2 min of sonication on ice.
The crude extract was boiled again for 5 min and centrifuged
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at 4 °C for 20,000%g to obtain the supernatant. Protein con-
centration was determined through the BCA method.

SDS-page

The protein extracted using the method described in
Section 2.1 was mixed with SDS-PAGE loading buffer (5x)
(Beyotime Biotechnology, China) and boiled for 5 min. A
total of 20 pug of the boiled sample was run on 5% concentrat-
ed gel for 30 min at 80 V and then on 12% separated gel at
120 V until the strip reached the bottom. The gel was stained
with Coomassie Brilliant Blue R-250 (Beyotime
Biotechnology, China) for 10 min and washed with a
destaining solution. Afterward, images were captured with
an image scanner (GS800, Bio-Rad).

Protein digestion

Protein digestion was implemented in accordance with
the filter-aided sample preparation method described in
previous literature (Cox and Mann 2008; Cox et al.
2014). To prepare somatic extracts, worms were crushed
and homogenized in PBS buffer with sterile pestle and
mortar on ice at 4 °C. After centrifuging at 4 °C and
10,000g for 30 min, the supernatant of the solutions
were collected and stored until required (Afshin et al.
2019). Exactly 300 pg of the somatic protein sample
was diluted with 30 pl of solution containing 4%
SDS, 100 mM Tris-HCI pH 8.0, and 100 mM dithio-
threitol then heated at 95 °C for 5 min. After each
sample was cooled to room temperature, the sample
was loaded onto an ultrafiltration filter (cutoff 10 kDa;
Sartorius, Goettingen, Germany), and 200 ul of UT
buffer (8 M Urea and 150 mM Tris-HCI, pH 8.0) was
added to the filter and centrifuged at 12,000xg for
15 min. Subsequently, 100 pl of iodoacetamide solution
(50 mM iodoacetamide in UT buffer) was added, and
the sample was incubated at room temperature in the
dark for 30 min then centrifuged at 12,000xg for
10 min. The filter was washed by adding 100 ul of
UT buffer and centrifuging at 12,000xg for 10 min.
This step was repeated twice. Then, 100 pl of
NH4HCO; buffer was added to the filter and centrifuged
at 12,000xg for 10 min (also repeated twice).
Subsequently, 40 ul of trypsin buffer (6 png of trypsin
in 40 ul of dissolution buffer) was added, and the sam-
ples were incubated at 37 °C for 16-18 h. Each filter
unit was transferred to a new tube and centrifuged at
12,000xg for 10 min. The filtrate was collected, and an
appropriate amount of 0.1% TFA solution was added to
the filtrate. After enzymatic hydrolysis, a C18 Cartridge
was used for desalination and vacuum drying for liquid
chromatography-mass spectrometry (LC-MS) analysis.
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LC-tandem MS (LC-MS/MS) analysis

Lyophilized powder was re-dissolved with 0.1% FA,
and the resulting peptide concentration was estimated
at OD280. Exactly 5 pg of the peptide mixture was
loaded onto Thermo Easy-nLC 1200 (Thermo
Finnigan, San Jose, CA, USA) for further separation
and identification. A column (75 pm x 150 mm, 3 pm)
was balanced with 95% solution A (0.1% formic acid).
The samples were added to the balanced column and
separated with a linear gradient of solution B (80%
acetonitrile with 0.1% v/v formic acid) at a flow rate
of 300 nL/min over 120 min as follows: 0-2 min with
4-7% solution B, 2-92 min with 7%—-20% solution B,
and 92-120 min with 20-35% solution B. The peptides
were separated and subjected to data-dependent acquisi-
tion mass spectrometry by using a Q-Exactive Plus
mass spectrometer (Thermo Scientific). Data acquisition
was conducted in positive ion mode with a selected
mass range of 350-1800 m/z. Q-Exactive survey scans
were set as 70,000 at 200 m/z for MS scans and
17,500 at 200 m/z for HCD spectra. MS/MS data were
acquired using the top 15 most abundant precursor ions.
The dynamic exclusion of the selected precursor ions
was set at 30 s.

Protein identification and quantification

Protein identification and quantification were conducted
as previously described (Cox and Mann 2008; Cox
et al. 2014). Protein identification was performed using
the Max Quant 1.6.0.16 mass spectral database and by

searching against the Uniport protein database of
F. hepatica (liver fluke) (downloaded on 2019/05/10,
containing 15,315 protein items). The Max Quant search
software analysis parameter settings are shown in
Table 1. The quantified proteins in each group were
analyzed through one-way ANOVA, and Tukey’s test
was implemented to evaluate the differences between
groups. P<0.05 and fold-charge >1.5 were defined as
significant.

Bioinformatic and multivariate analysis

The annotated functions of the somatic proteome of
F. hepatica were analyzed by applying gene ontology
(GO) annotation software (http://david.abcc.ncifcrf.gov/
home.jsp). The identified proteins were subjected to
principal component analysis (PCA) by utilizing
Unscrambler software (Camo, version 9.8, Norway).
The identified proteins were hierarchically clustered
with Cluster 3.0 software, and pathway analysis of the
identified proteins was conducted using the KEGG path-
way database (http://www.genome.jp/kegg). Protein—
protein interactions were evaluated using the STRING
database (http://string-db.org/).

Data availability

The mass spectrometry proteomics data have been deposited
to the iProX with the dataset identifier IPX0002165000
(https://www.iprox.org//page/project.html?id=
IPX0002165000).

Table 1 MaxQuant software

analysis parameter list Item 2 Value
Enzyme Trypsin
Max missed cleavages 2
Main search peptide tolerance 4.5 ppm
First search peptide tolerance 20 ppm
MS/MS tolerance 20 ppm

Fixed modifications
Variable modifications
Database

Database pattern

Carbamidomethyl (C)

Oxidation (M), Acetyl (Protein N-term)

uniport-Fasciola hepatica (Liver fluke)-15315-20190510
Target-Reverse

PSM (peptide-spectral matching) FDR 0.01

Protein FDR 0.01

Protein quantification Razor and unique peptides were used for protein
Quantification LFQ True

LFQ min. ratio count 1

Match between runs True
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Results
Statistical analysis of identified proteins

SDS-PAGE was performed with 20 ug total protein samples.
Electrophoresis revealed that the four growth phases of
F. hepatica showed distinct protein bands, indicating that
the total protein was successfully extracted. The protein bands
from MC were clearer and more specific than those from JF,
IF, and AD. The results are presented in Fig. 1.

The statistical results of protein identification are provided
in Table 2. A total of 3248 peptide segments and 629 proteo-
mics were identified in MC. A total of 33,591 peptides and
2286 proteomics were identified in JF. A total of 34,955 pep-
tides and 2254 proteomics were identified in IF, and 35,707
peptides and 2192 proteomics were identified in AD. Overall,
107,501 peptides and 2406 proteomics were identified in MC,
JE, IF, and AD. The total number of peptides and proteomics
identified in MC was significantly lower than that identified in
JF, IF, and AD.

The proteomics data were subjected to non-labeled
quantitative calculation using the label-free algorithm
in Max Quant software, and a significant difference
analysis was conducted on the quantitative results.
Proteins that met the screening criteria with a difference
of more than 1.5 times and P<0.05 were considered
significant DEPs. The number of DEPs is reported in
Table 3.

Fig. 1 SDS-PAGE results of total
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Table 2  Protein identification results statistics

Sample Unique peptides PSM Protein groups
MC 1 748 908 397
MC2 999 1183 487
MC 3 979 1157 468

MC total 1414 3248 629
SS 1 8647 11,149 2143
SS2 8101 10,597 2117
SS3 8948 11,845 2198

SS total 9827 33,591 2286
LV1 8719 11,694 2153
LV2 8517 11,482 2078
LV3 8669 11,779 2125

LV total 9840 34,955 2254
AD 1 8677 11,866 2063
AD2 8547 11,951 2023
AD3 8615 11,890 2036

AD total 9740 35,707 2192
Sum 11,172 107,501 2406

Cluster analysis

The clustering results for DEPs in MC, JF, IF, and AD are
shown in Fig. 2. Red represents upregulated proteins, and blue
represents downregulated proteins. The cluster analysis chart
JF1

JF2 JF3  IF1 IF2 IF3 AD1 AD2 AD3
" g RS ’ﬂ’,’ N T
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Table 3 Differential expression
protein statistics result Total DEP number Upregulated DEP number Downregulated DEP number
MC vs JF 250 93 157
MC vs IF 237 87 150
MC vs AD 240 92 147
JF vs IF 502 248 254
JF vs AD 717 446 271
IF vs AD 407 263 144

indicates that most of the upregulated proteins in MC were
downregulated in JF, IF, and AD, whereas most of the pro-
teins that were downregulated in MC worms were upregulated
in JF, IF, and AD. Therefore, we speculate that altering the
level of protein expression in different phases can influence
the interaction between F. hepatica and the host.

PCA

In this study, the protein expression of F. hepatica in
different growth phases was analyzed, and all proteins

Fig. 2 Differential protein
clustering results for

were defined as variables in PCA. The PCA score dia-
gram is depicted in Fig. 3a. The PCA results revealed
that somatic proteome from JF, IF, and AD formed
distinct clusters, and those from MC clustered separate-
ly. The loading plots and the corresponding correlation
loading plots of PCA are presented in Fig. 3b, ¢, re-
spectively. These plots show a significant difference in
protein expression between MC and the three other
phases, but the difference among the three other phases
was not significant.
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Fig. 3 a PCA score plots, b loading plots, and ¢ corresponding correlation loading plots of the principal components of proteins in metacercariae,

juvenile flukes 28dpi, immature flukes 59dpi, and adults

Protein—protein interaction analysis

The DEPs were submitted to the STRING database for
protein—protein interaction analysis. A color-coded net-
work was generated to represent different types of evi-
dence for the associations between DEPs (Fig. 4). The
network identified the unique features of the functional
relationship between proteins. In the network analysis
diagram, the dots denote proteins, and the squares rep-
resent pathways. Large dots indicate that a protein is
connected to numerous pathways and has numerous
functions. Large squares indicate that a large number
of proteins are connected to pathways. We discovered
that 40 proteins were involved in 11 pathways that
formed a complex regulatory network.
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|
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o
CYSP

Protein processing in endoplasmic reticulum

Bioinformatics analysis

The DEPs in the four phases were subjected to GO component
enrichment analysis, and the results are shown in Fig. 5. The
upregulated DEPs in MC were primarily involved in the bio-
logical processes of transport, establishment of localization,
and localization. Macromolecular complexes in the cell com-
ponents were the most abundant proteins. Proteins were pri-
marily involved in the following molecular functions: purine
ribonucleoside binding, GTP binding, guanyl ribonucleotide
binding, purine nucleoside binding, ribonucleside binding,
and guanyl nucleotide binding (Fig. 5a). The downregulated
DEPs in MC were primarily involved in the biological pro-
cesses of protein folding and the generation of precursor me-
tabolites. Most were enriched in cells, intracellular parts, and

®.
RADI .

RPN2

\\' “\\\‘\‘\ '/,'
L G3P K
4

Fig. 4 Protein—protein interactions of proteins in metacercariae, juvenile flukes 28dpi, immature flukes 59dpi, and adults. The dots are proteins, and the

squares are pathways
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Fig. 5 Annotation of the GO functions of the four growth phases of
F. hepatica. a The function of the upregulated DEPs in metacercariae
compared with the three other phases. b The function of the
downregulated DEPs in metacercariae compared with the three other
phases. ¢ The function of the upregulated DEPs in juvenile flukes 28dpi
compared with the three other phases. d The function of the
downregulated DEPs in juvenile flukes 28dpi compared with the three

intracellular organelles. The molecular functions of most pro-
teins were protein binding and oxidoreductase activity (Fig.
5b). The upregulated DEPs in JF generally participated in a
series of processes from nucleosome assembly to protein fold-
ing. Most proteins were enriched in intracellular parts and
intracellular organelles. And most proteins were involved in
the molecular binding function (Fig. Sc). The downregulated
DEPs in JF were primarily involved in energy transport, pos-
itive regulation, and actin nucleation. Most proteins were
enriched in intracellular parts, followed by the cytoplasm.
The proteins were generally involved in the biological process
of enzyme regulation (Fig. 5d). The upregulated DEPs in IF
were mainly involved in transport and localization, and most
proteins were enriched in vesicles and membranes and in-
volved in the molecular function of structural molecule activ-
ity (Fig. 5e). The downregulated DEPs in IF participated pri-
marily in transport, localization, and biological regulation.
Most proteins were enriched in the junction, membrane, and
cell parts. The molecular functions of most proteins included
peptidase activity, hydrolase activity, and binding (Fig. 5f).
The upregulated DEPs in AD were primarily involved in the
metabolic process, and most proteins were enriched in the
intracellular and cell parts. The proteins were mostly involved
in the molecular function of oxidoreductase activity (Fig. 5g).
The downregulated DEPs in AD generally participated in cel-
lular macromolecular complex assembly, and most proteins
were enriched in non-membrane-bound organelles and the
organelle part. These proteins were mostly involved in the
molecular functions of nucleotide and nucleoside binding
(Fig. 5h). Given that the upregulated DEPs in MC were in-
volved in transport and localization, we speculated that these
DEPs are conducive for the parasitism of MC in the host.

other phases. e The function of the upregulated DEPs in immature flukes
59dpi compared with the three other phases. f The function of the
downregulated DEPs in immature flukes 59dpi compared with the three
other phases. g The function of the upregulated DEPs in adults compared
with the three other phases. h The function of the downregulated DEPs in
adults compared with the three other phases

Meanwhile, the upregulated DEPs in JF, IF, and AD were
involved in protein biosynthesis. Thus, we speculated that
these DEPs help worms escape the host immune response,
thereby achieving long-term survival in the host.

Figure 6 presents the KEGG pathway enrichment analysis
of the DEPs. The upregulated DEPs in MC were mainly in-
volved in endocytosis (Fig. 6a), and the downregulated DEPs
in MC were mainly involved in carbon metabolism, microbial
metabolism in diverse environments, and carbon fixation in
photosynthetic organisms (Fig. 6b). The upregulated DEPs in
JF were primarily involved in protein processing in the endo-
plasmic reticulum and cardiac muscle contraction (Fig. 6c¢),
whereas the downregulated DEPs in JF were mainly involved
in plant-pathogen interaction and the PPAR signaling path-
way (Fig. 6d). The upregulated DEPs in IF lacked KEGG
annotations, and the downregulated DEPs in IF primarily par-
ticipated in viral myocarditis (Fig. 6¢). The upregulated DEPs
in AD were mostly involved in carbon metabolism and carbon
fixation in photosynthetic organisms (Fig. 6f), and the down-
regulated DEPs in AD were mainly involved in the gap junc-
tion, systemic lupus erythematosus, and alcoholism (Fig. 6g).

A detailed analysis of the upregulated and downregulated
DEPs in the four phases is provided in Fig. 7. The upregulated
DEPs in MC were mainly involved in genetic information
processing, environmental information processing, cellular
processes, organismal systems, and others (Fig. 7a), and the
downregulated DEPs participated primarily involved in me-
tabolism, genetic information processing, cellular processes,
organismal systems, and other processes (Fig. 7b). The upreg-
ulated DEPs in JF were mainly involved in metabolism, ge-
netic information processing, organismal systems, and others
(Fig. 7c), and the downregulated DEPs were generally
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log(Pvalue)

-log(Pvalue)

Fig. 6 KEGG pathway enrichment analysis of DEPs. a The pathway in
which the upregulated DEPs in metacercariae are involved in compared
with the three other phases. b The pathway in which the downregulated
DEPs in metacercariae are involved in compared with the three other
phases. ¢ The pathway in which the upregulated DEPs in juvenile
flukes 28dpi are involved in compared with the three other phases. d
The pathway in which the downregulated DEPs in juvenile flukes

involved in metabolism and organismal systems (Fig. 7d). The
upregulated DEPs in IF lacked KEGG annotations, whereas
the downregulated DEPs mainly participated in environmen-
tal information processing, cellular processes, organismal sys-
tems, and other processes (Fig. 7e). The upregulated DEPs in
AD were mainly involved in metabolism, organismal systems,
and other processes (Fig. 7f), whereas the downregulated
DEPs primarily participated involved in cellular processes
and organismal systems (Fig. 7g).

After screening and analyzing the DEP data, we discovered
that all DEPs could be divided into 50 profiles with distinct
trends. Profiles 42, 48, 49, 12, 45, and 47 were selected for
further analysis because of their good trends (Fig. 8). Profiles
42,49, and 48 exhibited an upward trend. Profile 12 showed a
downward trend, and profiles 45 and 47 increased then de-
creased. Thioredoxin glutathione reductase, thioredoxin per-
oxidase, glutathione transferase, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were the major compo-
nents of profile 42. Profile 49 included heat shock protein
(HSP) 90, HSP 70, and actin. Profile 48 involved Ca**-insen-
sitive EF hand and aldehyde dehydrogenase family proteins.
Profile 12 primarily comprised Ras family proteins,
calmodulin-like protein 1, and calmodulin-like protein 3.
Profile 45 contained secreted cathepsin L1, fatty acid-
binding protein (FABP), protein disulfide-isomerase,
calreticulin family protein, and myosin tail. Myosin heavy
chain, myosin head, and myosin regulatory light chain were
found in profile 47. Through analysis, we discovered that the
main proteins in profile 12 were DEPs that were upregulated
in MC, and the primary proteins in profiles 42, 45, 47, 48, and
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28dpi are involved in compared with the three other phases. e The
pathway in which the downregulated DEPs in immature flukes 59dpi
are involved in compared with the three other phases. f The pathway in
which the upregulated DEPs in adults are involved in compared with the
three other phases. g The pathway in which the downregulated DEPs in
adults are involved in compared with the three other phases

49 were DEPs that were downregulated in MC. The specific
upregulated and downregulated DEPs in MC are shown in
Supplementary File 1.

Discussion and conclusion

The growth and maturation of parasites are related to the
changes in the expression of somatic, secretory, and/or surface
proteins. All the growth stages of F. hepatica contribute to the
pathology observed during fasciolosis, particularly the imma-
ture stages are responsible for extensive damage as they mi-
grate through the liver (Taibi et al. 2019). Therefore, the iden-
tification of proteins with different characteristics and expres-
sion patterns in different phases is also essential for under-
standing the pathophysiological mechanisms of fasciolosis.
In recent years, vaccine candidates with diverse protection
rates against fasciolosis have been identified. Since many can-
didate proteins are part of protein superfamilies, proteomics
can be utilized to explore individual proteins as vaccine can-
didate antigens.

Protein information enrichment is considerably useful in
describing biological functions (Wang and Tang 2017). MS
can be utilized for the multivariate analysis of novel bio-
markers to help fill gaps between genome and protein pheno-
types; this approach is conducive to the development of novel
diagnostic and therapeutic techniques (Bantscheff et al. 2007).
Cluster analysis is a commonly used exploratory data analysis
method (Santoni et al. 2014). Clustering results of target pro-
teins can help in distinguishing protein subsets with altered
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Fig. 7 Enrichment analysis of significant DEPs. a The function of the
upregulated DEPs in metacercariae compared with the three other phases.
b The function of the downregulated DEPs in metacercariac compared
with the three other phases. ¢ The function of the upregulated DEPs in
juvenile flukes 28dpi compared with the three other phases. d The
function of the downregulated DEPs in juvenile flukes 28dpi compared

expression patterns (Melchiotti et al. 2017). Proteins with sim-
ilar expression patterns may have similar functions, participate
in the same biological pathway, or be in a nearly regulatory
position in the pathway (Zhang et al. 2017).

In this study, we examined the function of DEPs in the four
growth phases of F. hepatica through somatic proteomics
analysis. These DEPs were involved in numerous biological
processes and exerted profound effects on the host-parasite
interaction. Through the analysis by GO and KEGG, we
found that the upregulated DEPs in MC were playing an

with the three other phases. e The function of the downregulated DEPs in
immature flukes 59dpi compared with the three other phases. f The
function of the upregulated DEPs in adults compared with the three
other phases. g The function of the downregulated DEPs in adults
compared with the three other phases

important role in transportation and localization, while the
upregulated DEPs in other three phases were mainly involved
in protein folding and metabolic process. We also discovered
the DEPs in MC exhibited clear trends. Thus, analyzing the
DEPs in MC is reasonable and several proteins with typical
characteristics and functions in MC were selected for further
analysis and discussion.

A battery of antioxidant molecules and proteases secreted
by F. hepatica was examined in this study. As the parasite
invades and migrates through the mammalian host, it
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Fig. 8 Six profiles of DEPs with distinct trends. a Profile 42, b Profile 49. ¢ Profile 48. d Profile 12. e Profile 45. f Profile 47

encounters a variety of different aerobic/anaerobic micro-
environments that generated by immune cells. And the para-
site has developed an antioxidant system to protect them
against lethal radicals and ensure its continued survival in
the host. Peroxiredoxin (PRX) and the related protein,
thioredoxin (TRX), are the key components of redox
reaction-based antioxidant system. A growing body of evi-
dence indicates that TRX can act as a redox regulator to main-
tain the redox state of cells and participate in the biological
functions associated with the immune evasion mechanism
(Alger et al. 2002). TRX has been observed in numerous
parasites, including F. hepatica (Salazar-Calderon et al.
2001). Shoda et al. (1999) confirmed that recombinant TRX
showed specifically but weakly stimulate in bovine T cells;
therefore, TRX is not a promising candidate for inducing re-
sistance to F. hepatica. And they also identified TRX of
F. hepatica in both the juvenile and the adult fluke.
Cwiklinski et al. (2018) proved that TRX was the most abun-
dant protein within the NEJ secretomes. However, the expres-
sion of TRX (B6DT35) was all found in MC, JF, IF, and AD
in our study, and it was downregulated in MC. Intriguingly,
the Fh'TRX-reducing enzyme, thioredoxin glutathione reduc-
tase (TGR), was also downregulated in the somatic proteome
of MC. These dates indicate that once parasite invades and
migrates in the host, FhTRX will increase to carry out antiox-
idant reaction to escape the host’s immune attack. In general,
FhTRX may play housekeeping role in F. hepatica through-
out its development. Therefore, we may be able to regulate the
growth and development of F. hepatica by regulating the

@ Springer

expression of Fn'TRX and FATGR. Fh'TRX may be a potential
target for drugs to damage F. hepatica.

The enzyme glyceraldehyde-3-P-dehydrogenase
(GAPDH) plays a key role in glycolysis, and this reaction
precedes the two ATP generating steps. Therefore, inhibition
of GAPDH will result in a significant reduction in energy
production. Consequently, scholars are interested in develop-
ing GAPDH inhibitors as anti-parasitic agents (Zinsser et al.
2014). Worms are constantly excysted and encysted to escape
the immune defense mechanisms of their hosts (Morphew
et al. 2013). And the presence of GAPDH on the surface of
worms may help protect them from oxygen-mediated attack
by phagocytes in the host (Waine et al. 1993). These dates
have led many researchers to speculate that GAPDH may also
be a useful vaccine against worms. However, the primary
sequence of FNGAPDH is similar to that from other trema-
todes, and the predicted structure is also similar to those from
other animals including mammalian hosts, so GAPDH as a
vaccine candidate is theoretically challenging (Zinsser et al.
2014). Meanwhile, we found that the expression of GAPDH
(AOA2H1IBWY6) which was involved in glycerol lipid me-
tabolism pathway and biosynthesis pathway of secondary me-
tabolites was downregulated in MC. This data indicates that
MC may be in a low activity state, so the energy consumption
and the GAPDH expression are significantly lower than the
developmental stage in the host.

A number of proteomics analyses have revealed that pro-
teins belonging to the glutathione S-transferase (GST) family
from liver fluke have been demonstrated to contain protective
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vaccine candidates (Chemale et al. 2010). Abath and
Werkhauser (1996) confirmed that glutathione S-transferase
(GST) can be expressed instantaneously on the surface of
worms and plays an essential role in the detoxification of
xenobiotic and endogenously derived toxins within the host
bile environment. In particular, the liver is an organ of intense
metabolic activity and is precisely the place where juvenile
and adult stages of F. hepatica localize. Therefore, the parasite
may be damaged by the attack of xenobiotics during the nor-
mal metabolism of the host, so GST is essential for the sur-
vival of F. hepatica in the liver of the host (Vasti et al. 2018).
Our results showed that GST was not only expressed in so-
matic proteins of JF, IF, and AD of F. hepatica which colo-
nized in the liver of the host, but also expressed in MC which
survived in the external water environment. Numerous studies
have shown that F. hepatica infection suppressed Thl re-
sponses to demonstrate its anti-inflammatory effect. Aguayo
etal. (2019) proposed that FhGST could play relevant roles in
parasite immunomodulation. Thus, FhGST could be one of
the antigens that F. hepatica employs to suppress the Thl
immune response of the host, which may also benefit for the
parasite survival. We found that the expression level of GST
(AOA2H1BT36) in MC in vitro was significantly downregu-
lated. In other words, the expression level of GST in JF, IF,
and AD in the host was significantly increased, so as to main-
tain its long-term survival in the host. Conversely, if the ex-
pression of GST is inhibited, the toxins and a series of immune
molecules secreted by the liver of the host will damage the
parasite. Thus, GST could serve as a potential target for drugs
and vaccines against F. hepatica.

The soluble superfamily of fatty acid-binding proteins
(FABPs) is small (1415 kDa) proteins that bind or seques-
trate hydrophobic ligands such as anthelmintics (Esteves and
Ehrlich 2006). Previous studies have shown that cytosolic
FABPs are potential vaccine candidates (Dalton et al. 2003;
McManus and Dalton 2006). Hillyer (2005) confirmed that in
different animal models, native and recombinant F. hepatica
FABPs induce significant levels of protection against infec-
tion with F. hepatica. In general, their secretion is highly
regulated during the migration of F. hepatica. And growing
evidence support the importance of FABPs for the establish-
ment of F. hepatica in the host. Intracellular FABPs act as
fatty acid (FA) transporters (Esteves and Ehrlich 2006; Glatz
and van der Vusse 1996). Because adult F. hepatica does not
synthesize FA, high levels of FABP may absorb FA from the
host environment through uncharacteristic tegumental mech-
anisms (Dalton et al. 2004). Importantly, FABP is an abundant
component of the soluble tegumental proteome of adult
F. hepatica (Morphew et al. 2013; Wilson et al. 2011).
However, there is a high level of preformed/stored lipid in
NEIJs to support initial survival in the host (Thorpe 1968),
and the requirement for FA uptake and FABP transporters is
likely reduced. The observations of Morphew et al. (2016)

revealed that FABPs were relatively lower in juvenile liver
fluke compared to adults. Meanwhile, we also found that the
expression of fatty acid-binding protein type 3 (FABP 3)
(Q9U1G6) was downregulated in MC and the greatest abun-
dance of FABP 3 was found in adults, suggesting FABP 3 is
important for development. In addition to be involved in in-
tracellular transport and detoxification, FnNFABP 3 also func-
tion as FA transport proteins. Bile contains high levels of FAs;
therefore, high levels of FRFABP 3 in adults may take up FAs
from the bile. However, there may be a high level of lipid in
MC to support survival and MC is likely in a low activity
state. Thereby, FhFABP 3 is downregulated in MC. At the
same time, the higher expression of FhFABP 3 in adults
may be a potential vaccine candidate.

In general, metacercariae obtain oxygen from the environ-
ment, but once the parasite enters the host tissue, rapid growth
and development ensues, and the diffusion of oxygen through-
out the parasite is limited by the size of the parasite. This
results in the gradual transformation of aerobic energy metab-
olism to anaerobic energy metabolism (Tielens et al. 1982).
Yoo et al. (2011) showed that antioxidant molecules and de-
toxification proteins offered sufficient protection for the adult
flukes residing within the bile ducts. Our dates are consistent
with the previous conclusion. As the parasite migrates and
colonizes in the host, we found that the expression of TRX,
GAPDH, GST, and FABP 3 gradually increases in juvenile
flukes 28dpi, immature flukes 59dpi, and adults. Therefore,
FhTRX, FhnGAPDH, FhGST, and FhFABP 3 can be used as
potential targets for drugs and vaccines of fasciolosis.
Meanwhile, the treatment may be more effective in the later
stages of infection.

Cathepsin L is the most studied trematode peptidase owing
to its importance in host-parasite interactions. It is a potential
target for the development of novel chemical drugs and vac-
cines and a selective diagnostic marker of diseases (Perez-
Sanchez et al. 2006). Numerous cathepsin L proteases have
been isolated from adult flukes which form three distinct
clades, that is FhCL1, FhCL2, and FhCL5 (Irving et al.
2003; Robinson et al. 2008), while several diverse sequences
have also been isolated from metacercariae and NEJ flukes
(Cancela et al. 2008; Harmsen et al. 2004). The enzymes
expressed in metacercariae could be involved in excystment.
Robinson et al. (2009) showed that excystment of the
F. hepatica infective metacercariae was dependent on the ca-
thepsin L proteases, and switching on the genes encoding
these enzymes was one of the first steps to activate the dor-
mant metacercariae. And those cathepsins expressed in NEJ
would be involved in invasion, whereas immature and adults
may participate in migration and feeding in the liver of the
host (Morphew et al. 2013). Three cathepsins were identified
as DEPs in this study. The three sequences showed 95.92%
similarity after comparison. Once ingested, the metacercariae
need to trigger a mechanism to ensure they can quickly escape
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from the cyst. The outer cyst wall is removed by the contents
of the host stomach. And the parasites quickly emerge from
the inner cyst wall by releasing their cecal contents that are
loaded with cathepsin cysteine proteases (Cwiklinski et al.
2018). Since the metacercariae we detected are still encysted
and have not been stimulated by the host digestive tract, they
will not be excysted by releasing cathepsin L. Therefore, ca-
thepsin L (Q7KYHS) which exists in metacercariae was up-
regulated. While cathepsin L is encoded by stage-specific
genes and has distinct enzymatic properties, the gene
encoding cathepsin L (Q7KYHS) which we found upregulat-
ed in MC has yet to be determined. Meanwhile, Cancela et al.
(2008) showed the fact that CL1 is not produced by NEJ; NEJ
produce a novel CL-like protein named CL3. However, the
expression levels of secreted cathepsin L1 (Q7JNQ9) and ca-
thepsin L1 (Fragment) (QOGRWS5) were significantly higher
in JF, IF, and adults than that in MC in our study. This indi-
cated that cathepsin L1 started to be synthesized in F. hepatica
after metacercariae completed the process of excystment and
continued to the adult stage, so as to facilitate the migration of
F. hepatica in the host. A recombinant version of the cysteine
protease cathepsin L1 (rmFhCL1) from F. hepatica has been a
vaccine candidate for many years. Our experiments confirmed
that secreted cathepsin L1 and fragment of cathepsin L1 could
also be expected to be vaccine candidate antigens.

A well-developed muscular system is essential for the sur-
vival of both endo- and ecto-parasitic flatworms. The previous
study has demonstrated the presence of two contractile pro-
teins, actin and myosin, in the musculature of F. hepatica
(Kumar et al. 2003). Actin and myosin are located in the
muscles surrounding the teguments and abdominal suckers
(Kumar et al. 2003; Tansatit et al. 2006). They are primarily
involved in the regulation of the actin cytoskeleton, tight junc-
tions, adhesion, platelet activation, and other related pathways
and contribute to adhesion to the host intestinal tract, liver, and
bile duct (Boukli et al. 2011). The somatic soluble NEJ sample
possesses a series of actin-binding proteins. Their role may be
related to vesicular trafficking in the tegumental syncytium of
NEJ, as well as to other intracellular events which require
formation and/or depolimerization of actin in muscle tissue
or nervous system development. At the same time, they might
be used in morphogenesis, tissue remodeling, and/or in
exocytosis/endocytosis events during its development to the
immature stages (Di Maggio et al. 2016). Similarly, the cur-
rent study revealed that the expression levels of the myosin tail
(AOA2H1CQG?2), myosin head (AOA2H1CNZS5), and myo-
sin regulatory light chain (DOVAXO0) were downregulated in
MC, while the highest expression levels were found in juve-
nile flukes 28dpi. This indicated that F. hepatica has colo-
nized in host tissue in about 28 days after the host infected
with infective metacercariae. However, given that actin ex-
pression was both upregulated and downregulated in MC,
we further determine which subtype is upregulated
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(AOA2H1CCS81) or downregulated (AOA2H1C3Q6).
Nevertheless, whether the two different subtypes play the
same function and, if they play the opposite function, which
function dominates remains to be explored. These results can
provide a theoretical basis for screening landmark proteins
and establishing early diagnostic methods. Apart from their
vaccine potential, proteomics analysis of the major DEPs in
F. hepatica might contribute to a better understanding of drug
resistance mechanisms and the host-parasite relationship. Our
analysis of the F. hepatica proteomes provides a comprehen-
sive and dynamic view of contemporary anti-F. hepatica treat-
ments which target the molecules described in the four devel-
opmental stages of F. hepatica.
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