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In Brief

Fasciola hepatica, a worm
parasite of humans and
livestock, employs surface and
secreted molecules to escape
the host's attack and establish
infection. While the role of
proteins during infection is
known, we lack understanding
about the sugars (glycans)
associated with them. Our
analyses unveiled that a diverse
range of glycans can modify the
same parasite protein,
generating variability and a
complex relationship with the
host. These new insights into

F. hepatica's glycan biology will
improve diagnostics and
parasite-targeted vaccines.
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e 123 glycoproteins of the invasive stage of Fasciola hepatica were characterized.
e 71 glycoproteins are secreted-excreted into the host space.
e 356 individual glycosylated sites were mapped to their respective glycoproteins.

e 56 N-glycan and 16 O-glycan structures modify F. hepatica NEJs proteins.
e There is major heterogeneity within the glycosylation of NEJs’ glycoproteins.
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Glycoproteins in Somatic Extracts and
Secretome of the Infective Stage of the Helminth

Fasciola hepatica

Carolina De Marco Verissimo'- ©, Krystyna Cwiklinski'“®, Jonas Nilsson°®,
Ekaterina Mirgorodskaya®, Chunsheng Jin®, Niclas G. Karlsson“®, and John P. Dalton’

Fasciola hepatica is a global helminth parasite of humans
and their livestock. The invasive stage of the parasite, the
newly excysted juvenile (NEJs), relies on glycosylated
excreted-secreted (ES) products and surface/somatic
molecules to interact with host cells and tissues and to
evade the host's immune responses, such as disarming
complement and shedding bound antibody. While -omics
technologies have generated extensive databases of
NEJs’ proteins and their expression, detailed knowledge
of the glycosylation of proteins is still lacking. Here, we
employed glycan, glycopeptide, and proteomic analyses
to determine the glycan profile of proteins within the NEJs’
somatic (Som) and ES extracts. These analyses charac-
terized 123 NEJ glycoproteins, 71 of which are secreted
proteins, and allowed us to map 356 glycopeptides and
their associated 1690 N-glycan and 37 O-glycan forms to
their respective proteins. We discovered abundant micro-
heterogeneity in the glycosylation of individual glycosites
and between different sites of multi-glycosylated proteins.
The global heterogeneity across NEJs’ glycoproteome
was refined to 53 N-glycan and 16 O-glycan structures,
ranging from highly truncated paucimannosidic structures
to complex glycans carrying multiple phosphorylcholine
(PC) residues, and included various unassigned structures
due to unique linkages, particularly in pentosylated O-
glycans. Such exclusive glycans decorate some well-
known secreted molecules involved in host invasion,
including cathepsin B and L peptidases, and a variety of
membrane-bound glycoproteins, suggesting that they
participate in host interactions. Our findings show that
F. hepatica NEJs generate exceptional protein variability
via glycosylation, suggesting that their molecular portfolio
that communicates with the host is far more complex than
previously anticipated by transcriptomic and proteomic
analyses. This study opens many avenues to understand

the glycan biology of F. hepatica throughout its life-stages,
as well as other helminth parasites, and allows us to probe
the glycosylation of individual NEJs proteins in the search
for innovative diagnostics and vaccines against
fascioliasis.

Proteins undergo post-translational glycosylation, which
involves the addition of N- and O-linked glycans in the
endoplasmic reticulum (ER) and Golgi apparatus. This process
enhances the biological significance and complexity of these
molecules by changing their biochemical and biological
properties (1). Glycans exhibit enormous variations in
composition, structure, arrangement, and modifications. Such
heterogeneity has the potential to modify and diversify protein
functions, offering numerous opportunities for interactions
with other molecules (2, 3). Glycosylation can also impact the
presentation and properties of proteins on cell surfaces or
organelles, as well as alter their antigenicity/immunogenicity,
redesigning how they are recognized and influencing other
cells, particularly those of the immune system. Glycans can
elaborate the functionality of glycoproteins within the same
species or redefine their activity when encountered in different
species (4).

Parasites use glycans to decorate mainly proteins on their
surface and those associated with their secretions (5-7), and
these are critical to their ongoing communication with the
host. Since helminth parasites go through a number of
developmental stages during their migration, growth, and
maturation within different tissues of the mammalian host,
glycans become essential in the continual conversation be-
tween them and the neighboring tissues, and in inducing
immunopathogenesis, progression of disease, and develop-
ment of immunity and immune tolerance (5, 8). Every parasite
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appears to generate a distinct array of glycoconjugates,
encompassing N-/O-glycoproteins and glycolipids modified
by both unique and conserved glycan motifs (9). These gly-
coconjugates are crucial for the parasite's specific adaptation
and survival strategies and, therefore, unique glycan moieties
expressed by Schistosoma spp. (10), Trichinella spiralis (6, 11),
Acanthocheilonema viteae (12), for example, have been largely
studied in the context of diagnosis and vaccine development.

The zoonotic helminth Fasciola hepatica is endemic in more
than 70 countries where it infects over 2.6 million people and
their livestock, leading to annual losses of ~€2.5 billion to the
agriculture sector (13-16). Infection by F. hepatica is initiated
following ingestion of vegetation contaminated with an
encysted metacercarial stage from which newly excysted ju-
veniles (NEJs) emerge in the intestine (17). The microscopic
parasites rapidly traverse the intestinal wall before migrating
through the liver tissue and entering the bile ducts, where
adult parasites reside and produce progeny for many years
(18). Advances in -omics technologies have provided large
genome, transcriptome and proteome datasets and have
been pivotal for the extensive investigation of proteins in the
liver fluke biology, most particularly of those involved in NEJs
tissue invasion (19). The data collected show that NEJs ex-
press >8000 genes during the first few days migrating to the
liver and secreting a complex mixture of over 100 different
proteins with various biochemical and immunomodulatory
properties (20, 21). However, there is a dearth of information
regarding the glycans expressed by liver fluke molecules, how
these are used to modify the parasite proteins, and the impact
they have on the host.

Reports from over 5 decades show that F. hepatica express
glycans in their tissues, particularly within the thick glycocalyx
layer that covers their entire surface (22-27). Ravida et al. (28)
and Garcia-Campos et al. (25) provided the first description of
glycan structures for glycoproteins in extracts from the tegu-
ment of adults and immature parasite stages and revealed the
presence of truncated and high-mannose sugars. Lectin array
studies also indicated that a range of sugars are exposed on
the adult parasite tegument and are part of the surface cargo
of released extracellular vesicles (EVs), which could be
involved in modulating innate immune cell phenotypes, elic-
iting immune tolerance, and/or inducing anergy in infected
mice (29). Taking a different approach, McVeigh et al. (30)
used in silico analysis to identify 149 orthologs of human
genes involved in protein N- or O-glycosylation and predicted
that the F. hepatica glycome contains principally small glycans
of mannosidic nature.

In the present study, we exploited up-dated mass spec-
trometry and bioinformatics methods for glycan and glyco-
protein analyses, together with extensive proteome sequence
databases, to probe and characterize the glycome of the
infective F. hepatica NEJs stage. Furthermore, we delved
deeper into the glycome and proteome of the NEJs somatic
extract and secretome to map the glycosylated sites of

individual glycoproteins and their associated N- and O-glycan
structures. These studies resulted in a detailed and compre-
hensive picture of each glycoprotein and uncovered abundant
glycan heterogeneity within the glycosites that generate vast
complexity within these extracts. This in-depth analysis of
glycosylation in F. hepatica complements and extends the
vast publicly-available liver fluke -omics datasets and will
support future advances in our knowledge of liver fluke
biology, particularly in the area of parasite invasion, immune
evasion, and pathogenicity, which is critical for the advance-
ment for the development of diagnostics and vaccines.

EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale

Glycomics and glycopeptide analyses were carried out on two
commercial F. hepatica isolates (ltalian and Aberystwyth; both sus-
ceptible to triclabendazole). N- and O-glycan analyses were carried
out using 200 pg for both the somatic (Som) and ES extracts in trip-
licate derived from replicates of 2000 newly excysted juveniles (NEJs).
Glycan abundance was calculated as the intensity derived from the
area of under the curve (AUC) normalized to the total AUC (calculated
for all glycans in a sample), represented as a percentage.

N-glycopeptide and O-glycopeptide analyses were carried out in
triplicate derived from replicates NEJs and using 500 pg for the Som
extracts and 80 pg for the ES extracts. Post-glycopeptide enrichment,
three and two injections were acquired for in-depth N- and O-glyco-
proteomics, respectively. We used the glycopeptide data to comple-
ment and curate the glycomics data obtained, and to ensure that only
glycans associated to F. hepatica proteins would be included in the
comparison. The number of the glycopeptides and glycan forms
associated with each glycoprotein was determined by manual cura-
tion. Lectin labeling experiments were carried out on 20 NEJs per
treatment and the respective results were reflective of at least three
individual NEJs analyzed for each lectin.

Parasites and Extracts

F. hepatica NEJs were obtained by excysting metacercariae (Italian
and Aberystwyth isolates, Ridgeway Research Ltd, UK) as previously
described by Robinson et al. (21). To obtain the excretory/secretory
products (ES), F. hepatica NEJs were cultured in RPMI-1640 media
(Thermo Fisher Scientific) supplemented with 30 mM HEPES (Thermo
Fisher Scientific), 0.1% glucose and 50 pg/ml gentamycin, at 37 °C
with 5% CO,, for 24 h. The culture media was collected, centrifuged,
and concentrated using Amicon Ultra 3 kDa columns (Merck Millipore).
The protein concentration was determined by Bradford Protein Assay
(Bio-Rad), and the samples were stored at =70 °C until use (27).

NEJs were recovered after 24 h of culture, washed five times in
Dulbecco's phosphate-buffered saline (DPBS) (Thermo Fisher Scien-
tific) and used to produce the somatic extract (Som) and for lectin
labeling experiments. For the somatic extract, the NEJs (replicates of
2000) were freeze-dried and extracted in lysis buffer (7 M urea, 2 M
thiourea, 40 mM Tris, and 1% CHAPS) by homogenization using a
glass homogenizer on ice, for 20 min, followed by overnight incubation
at 4 °C on a rotary shaker (10 rpm) and centrifugation at 10,000g for
15 min. The supernatant was collected and protein concentration was
determined using the BCA assay. The samples were subsequently
reduced with 5 mM dithiothreitol (DTT) at 56 °C for 35 min and alky-
lated with 11 mM iodoacetamide (IAM) at room temperature (RT) for
20 min, in the dark.
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Release and Analysis of the N- and O-Glycans From F. hepatica
NEJs’ Glycoproteins

F. hepatica NEJs Som and ES extracts (200 pg, in triplicate) were
dot blotted onto polyvinylidene difluoride (PVDF) membrane. The
membrane was blocked with 200 pl 1% PVP (polyvinyl pyrrolidone
40,000, w/w) in 50% methanol with shaking for 10 min and washed
with 500 pl water three times for 5 min each. The N-glycans were
released from the glycoproteins by the addition of PNGase F (Car-
boClip, Asparia Glycomics) in 50 mM ammonium acetate (pH 8.4) at
37 °C for 24 h. The released N-glycans were reduced by incubation
with 0.5 M NaBH, in 20 mM NaOH at 50 °C for 16 h, the reaction was
quenched by acetic acid and the released N-glycans desalted with
AG50WX8 cation exchange beads (Bio-Rad). Borate complexes were
removed by repeated addition/evaporation with methanol. After
washing of the membrane, the O-glycans were released from the
proteins by reductive p-elimination by incubating with 0.5 M NaBH,
and 50 mM NaOH at 50 °C for 16 h, and the O-glycans were desalted
as described for the N-glycans (31).

The samples containing the released N- and O-glycans were re-
suspended in water and analyzed by liquid chromatograph-
electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS).
The oligosaccharides were separated on a column (10 cm x 250 um)
packed in-house with 5 pm porous graphite particles (Hypercarb,
Thermo-Hypersil). The oligosaccharides were injected into the column
and eluted with an acetonitrile (ACN) gradient (Buffer A, 10 mM
ammonium bicarbonate; Buffer B, 10 mM ammonium bicarbonate in
80% ACN). The gradient (0-45%, Buffer B) was eluted for 46 min,
followed by a wash step with 100% Buffer B, and equilibrated with
Buffer A for the next 24 min. A 40 cm x 50 pm i.d. fused silica capillary
was used as a transfer line to the ion source.

The samples were analyzed in negative ion mode on an LTQ linear
ion trap mass spectrometer (Thermo Electron), with an lonMax stan-
dard ESI source equipped with a stainless-steel needle kept
at —3.5 kV. Compressed air was used as nebulizer gas. The heated
capillary was kept at 270 °C, and the capillary voltage was —50 kV. The
mass ranges were defined depending on the specific structure to be
analyzed. Data acquisition and processing were conducted with
Xcalibur software (Version 2.0.7, Thermo Fisher Scientific). Glycans
were identified from their MS/MS spectra by manual annotation.
Glycan structural characterization was based on the diagnostic frag-
ment ions (32).

Preparation, Enrichment, and Analysis of N- and O-Glycopeptides
From ES and Somatic Extracts of F. hepatica NEJs

Sample Preparation—For the proteomics and glycoproteomics
analyses, NEJs ES and Som samples were processed using the
modified filter-aided sample preparation (FASP) method (33). Freeze-
dried NEJs were homogenized using the lysis matrix B on the
FastPrep-24 instrument (MP Biomedicals) in lysis buffer (50 mM trie-
thylammonium bicarbonate (TEAB), 2% sodium dodecyl sulfate
(SDS)), and protein concentration determined using the BCA assay.
NEJs Som (500 pg) and ES (80 pg) extracts were reduced with 100 mM
DTT at 60 °C for 30 min, and transferred to 30 kDa MWCO Pall
Nanosep centrifugation filters (Sigma-Aldrich). Two individual filters
were used for Som extract, resulting in a total amount of 250 pg per
filter. All filters were washed several times with 8 M urea and once with
digestion buffer (DB, 50 mM TEAB, 0.5% sodium deoxycholate (SDC))
prior to alkylation with 18 mM IAM for 30 min at room temperature in
the dark. Samples were digested with trypsin (Pierce MS grade
Trypsin, Thermo Fisher Scientific, ratio 1:100) at 37 °C overnight,
followed by an extra trypsin addition (ratio 1:100) and 2 h reaction at
37 °C. The resulting proteolytic peptides were collected by centrifu-
gation and filters were additionally washed with 50 mM TEAB to

ensure all material eluted from the filters. SDC was removed by
acidification with 10% trifluoroacetic acid (TFA) and subsequent
centrifugation for 20 min at 21,000g. The supernatant was further
purified using Pierce peptide desalting spin columns (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The bound
peptides were eluted with 80% ACN in 1% TFA and directly loaded
onto in-house prepared hydrophilic interaction liquid chromatography
(HILIC) spin columns (20 mg ZIC-HILIC resins per column, SeQuant #
2942) for glycopeptide enrichment. Both HILIC flow-through and el-
uates were collected and evaporated prior to further analysis. For
glycoproteomic analysis, the HILIC eluate was reconstituted in 2%
ACN and 0.2% formic acid (FA). Once the global N-glycoproteomic
analysis was finalized, the remaining material was lyophilized and
subjected to PNGase F digestion prior to O-glycoproteomic analysis.

NanoLC-MS/MS Analysis—All preparations were analyzed on a
QExactive HF mass spectrometer interfaced with the Easy-nLC1200
liquid chromatography system (Thermo Fisher Scientific). Peptides
were trapped on an Acclaim Pepmap 100 C18 trap column (100 pm x
2 cm, particle size 5 pm, Thermo Fischer Scientific) and separated on
an in-house packed analytical column (75 pm x 300 mm, particle size
3 pm, Reprosil-Pur C18, Dr Maisch). Solvent A was 0.2% FA and
solvent B was 80% ACN in 0.2% FA.

The HILIC eluate preparations, enriched for glycopeptides, were
analyzed using a 90-min gradient: from 3% to 35% solvent B over
75 min, followed by an increase to 100% B for 5 min at a flow of
300 nl/min. To facilitate glycosylated peptide characterization, tripli-
cate injections were acquired, all with the precursor detection in the
600 to 2000 m/z range at a resolution of 120,000 with different settings
for the normalized higher-energy collision dissociation (HCD) energies.
MS/MS analysis was performed in a data-dependent mode, where the
ten most intense ions with charge states 2 to 6 were selected for
fragmentation using HCD at collision energy settings of 20, 28, or 38.
The isolation window was set to 3 m/z and dynamic exclusion set to
10 ppm for 20 s.

For O-glycosylated peptides analysis, the PNGase F-treated
preparations were analyzed using the same LC gradient. Double in-
jections were acquired, both with the precursor detection in the 375 to
1500 m/z range at a resolution of 120,000. MS/MS analysis was
performed in a data-dependent mode. The ten most intense ions with
charge states 2 to 5 were selected for fragmentation using HCD at
collision energy settings of either 20 or 28. The isolation window was
set to 1.2 m/z and dynamic exclusion was set to 10 ppm for 20 s.

Glycoproteomic Data Analysis

The Byonic software (v2.10.21, Protein Metrics) was used as a node
within Proteome Discoverer (v2.4, Thermo Fisher Scientific) for the
identification of N- and O-glycopeptides. The N-glycan database
contained 200 compositions including oligomannose, sialylated
complex biantennary as well as phosphatidylethanolamine (PE)- and
phosphorylcholine  (PC)-containing  structures  (Supplementary
Material 1). The O-glycan database contained 53 compositions
ranging from HexNAc (1) to HexNAc (8)Hex (8), including a number of
pentose, PE-, and PC- containing glycan structures. The glycan da-
tabases (Supplementary Material 2) were based on the initial glycomic
analysis and also included PC-containing glycoforms that were
identified by manual analysis of the glycopeptide MS/MS data, as the
approach used for glycomic analyses in this study did not result in the
identification of PC-modified structures. In addition, the correspond-
ing PE glycoforms were included as PC and PE are closely related
structures and may be present simultaneously (Supplementary
Material 2). The LC-MS/MS datasets were searched against
F. hepatica entries in two libraries, (a) the UniProt database (https://
www.uniprot.org/proteomes/UP000230066) and (b) an internal data-
base (1629 proteins) generated from previous F. hepatica NEJs
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proteomic analyses (34) corresponding to gene models identified in
the F. hepatica genome available at WormBase ParaSite and NCBI/
ENA: PRJEB6687 and PRJEB25283. Trypsin was specified as the
cleavage enzyme allowing up to two missed cleavages. The mass
tolerance for precursor ions was set at 20 ppm in the first search and
5 ppm in the main search. The mass tolerance for fragment ions was
set to 30 ppm. Carbamidomethyl on the cysteine residue was speci-
fied as a fixed modification, and oxidation of methionine was defined
as a variable modification. Variable modification of Asn to Asp was
included in the O-glycopeptide analysis due to the PNGase F treat-
ment. The false discovery rate (FDR) target was set to 1% at the
protein level; 1% (strict) and 5% (relaxed) at the glycopeptide/peptide
identity levels. Furthermore, the following acceptance criteria for the
glycopeptide identities were used for the MS/MS spectra: (1) the
correct peptide ion and/or peptide+HexNAc ion with respect to the
assigned glycan-peptide combination; (2) the presence of the ex-
pected profile of saccharide oxonium ions, for instance, m/z 163.06
and m/z 145.05 for oligomannose; and m/z 184.07 and m/z 534.20 for
PC-glycans (see Supplementary Material 3); and (3) inclusion of at
least two b- and/or y-ions for at least one of the identified glycoforms.

Bioinformatics Analyses

Identification of the signal peptide sequence and prediction of N-
and O-glycosylation sites within the F. hepatica NEJs glycoproteins
identified was carried out using SignalP 4.0 Server (http://www.cbs.
dtu.dk/services/SignalP-4.1/), NetNGlyc 1.0 Server (http://www.cbs.
dtu.dk/services/NetNGlyc/) and NetOGlyc 4.0 (https://services.health
tech.dtu.dk/service.php?NetOGlyc-4.0), respectively.

Occupation of the predicted N- and O-glycosylation sites as well as
the number of glycans and glycoforms per glycoprotein and glyco-
peptide were assessed after manual curation of the peptides identified
in the glycoproteomic analysis. A search for F. hepatica-specific N-
and O-glycosylation amino acid sequence motifs was performed us-
ing MoMo suite (V 5.4.1, http://meme-suite.org/tools/momo/) (35).
Amino acid residues comprising 21 residues within the N-glycosyla-
tion sites (10 residues before and 10 after the Asn (N) residue glyco-
sylated) or 31 residues within the O-glycosylation sites (15 residues
before and 15 after the Thr (T) or Ser (S) residue glycosylated) were

included in the analyses. The accessibility of glycosylated sites was
assessed by secondary structure analysis using the NetSurfP (https://
services.healthtech.dtu.dk/service.php?NetSurfP-2.0) tool with set-
tings as described previously (36).

The Gene Ontology Annotation (GOA) was based on the UniProt-
GOA database (http://www.ebi.ac.uk/GOA/). Several putative or
uncharacterized proteins were further interrogated using BLAST and
InterPro database (https://www.ebi.ac.uk/interpro/) for the detection
of signature protein motifs. The PSORTb v3.0 software package was
used for predicting the subcellular location of proteins (http://www.
psort.org/).

Lectin Labeling of F. hepatica NEJs

F. hepatica 24 h cultured NEJs as described above were fixed in 4%
paraformaldehyde (PFA) in PBS (Sigma-Aldrich), pH 7.4, for 4 h at RT,
followed by three washes in antibody diluent (AbD buffer: PBS con-
taining 0.1% (v/v) Triton X-100, 0.1% (w/v) bovine serum albumin and
0.1% (w/v) sodium azide). The NEJs were then incubated in AbD
containing a biotinylated lectin: GSL-I (1:200), PNA (1:500), ECL
(1:200), WGA (1:200); Table 1). Alternatively, the NEJs were labeled
with the monoclonal human anti-Man3/Man5 (Mannotriose/Man-
nopentaose; clone M3-7, Creative Biolabs), which identifies the most
common observed glycan motifs in NEJs, Man3/Man5 (1:500) and
anti-phosphorylcholine (PC) (IgA, Kappa from murine myeloma - clone
TEPC 15, 1:500; Sigma). As a technical control, NEJs in the same
experiment were immunostained with polyclonal rabbit anti-Fh
cathepsin L3 (FhCL3) and pre-immune rabbit serum, at a 1:500 dilu-
tion (27). All samples were incubated ON at 4 °C. After washing steps
with AbD buffer, the lectin-labeled samples were incubated with
fluorescein isothiocyanate (FITC)-labeled streptavidin (1:200; Invi-
trogen) ON at 4 °C, in the dark. Specific secondary antibodies, namely
FITC-labelled goat anti-human IgG Fc (1:200; Invitrogen), FITC-
labelled goat anti-Mouse IgA (1:200; Sigma-Aldrich); Goat anti-
human IgG Fc (1:200; Invitrogen) and goat anti-rabbit IgG (1:200;
Sigma-Aldrich) were added to the anti-Man3/Man5 and anti-FhCL3-
labeled samples, respectively. A separated group of NEJs was incu-
bated with FITC-labeled Concanavalin A (ConA, 1:200; Sigma-
Aldrich). After washes, all samples were counterstained with AbD

TaBLE 1

Lectin- and Immuno-labelling reagents and conditions for F. hepatica NEJs

Lectin/Primary antibody

Specificity

Secondary labelling Counter-staining

Griffonia simplicifolia — GSL | (1:200)

Terminal a-Gal
Terminal a-GalNAc

(Tn-antigen).
Arachis hypogaea —PNA (1:500) Galp1,3GalNAc
(T-antigen)
Erythrina cristagalli — ECL (1:200) Galp1,4GIcNAc (LacNAc)
pGal
Lactose
Triticum vulgaris — WGA (1:200) Terminal pGIcNAc
Neu5Ac
Concanavalin A — FITC-ConA (1:200) a-Man
Glc
Monoclonal anti-Man3/Man5 (1:500) Man3 and Man5
Anti- PC (TEPC)(1:500) PC
Polyclonal rabbit anti-FhCL3 (1:500) FhCL3
Rabbit pre-immune sera (1:500) N/A

FITC-Streptavidin
(1:200)

Phalloidin-(TRITC)
(200 pg/ml)

N/A

FITC-goat anti-human
IgG (1:200)

FITC-goat anti-mouse
IgA (1:200)

FITC-Goat anti-rabbit
IgG (1:200)

Gal, Galactose; GalNAc, N-acetylgalctosamine; GIcNAc, N-acetylglucosamine; Man, Mannosee; FhCL3, F. hepatica cathepsin L3.
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containing phalloidin-tetramethyl-rhodamine isothiocyanate (TRITC)
(200 pg/ml; Sigma-Aldrich) ON at 4 °C, in the dark. The specimens
were mounted on slides using a 10% glycerol solution containing
0.1 M propyl gallate. The slides were examined using an Olympus
Fluoview 3000 Laser Scanning Confocal Microscope under the PL
APO CS 60x oil objective lens. Olympus type F immersion oil was
used in viewing and all images were taken at room temperature.

RESULTS AND DISCUSSION

NEJs of the worm F. hepatica initiate infection by pene-
trating the mucosal layer of the intestine, which stimulates
parasite growth and development. They are microscopic in
size (~40 x 100 pm) and, therefore, only since the develop-
ment of improved methods of molecular biological techniques,
have they become amenable to multi-omics analysis. In the
present study, we integrated glycan profiling, glycopeptide
structure analysis and proteomic analyses with a series of
bioinformatics tools to elucidate the glycosylation status of
individual F. hepatica NEJs proteins. Until now there has been
a dearth of information regarding the glycans of F. hepatica
but using our approach, we characterized 114 glycoproteins in
Som extract and 71 in ES products of NEJs, and we identified
and mapped 356 glycosylation sites that altogether exhibited
a total of 1727 glycan forms (1690 N-glycans and 37 O-gly-
cans forms). In doing so, we have revealed the high
complexity and heterogeneity of the glycoproteins of
F. hepatica NEJs (Fig. 1). These molecules are important in
virulence, pathogenesis, and immunomodulation of host

Somatic

665 * #1062

N- 1690
0-37

Fic. 1. Summary of the results obtained from the glycomic and
glycoproteomic analyses of F. hepatica NEJs ES and Somatic
extracts. The schematic highlights the diversity generated by protein
glycosylation. The number of glycan forms presented represents the
total number that modify the 356 glycopeptides mapped to F. hepatica
proteins by complementary glycopeptide analysis. The breakdown in
terms of N- or O- structures is shown in blue and yellow. From top to
bottom: N-: N-glycoproteins, N-glycopeptide, or N-glycan form,
respectively. N/O-, proteins N- and O-glycosylated; O-, O-glycopro-
teins; O-glycopeptide; O-glycan form, respectively. ES, excretory-
secretory extract.

immune responses and represent important targets for the
development of new diagnostics and vaccines for the control
of fasciolosis.

Glycosylation is not encoded by the genome and thus it is
impossible to predict which glycan structure will be used to
modify a determined glycosite within a protein backbone. In
addition, distinct glycan structures can be covalently attached
to single or multiple Asn (N-glycosylation) or Ser/Thr (O-
glycosylation) residues on a single polypeptide (1, 37), making
the characterization of a glycoprotein in terms of its glycan
profile extremely challenging, especially when they are part of
complex extracts and carry previously uncharacterized
structures in low abundance. In addition, bioinformatics tools
and databases for glycan analysis are primarily mammalian-
centered and do not favor the study of parasites-derived
structures, which have often been demonstrated to be
unique (38-40). Consequently, to date, only a few individual
helminth parasite molecules have their glycosylation profile
fully resolved (12, 41-46).

Curation of the Glycome Data

We assembled an extensive list of N- and O-glycans in our
initial analyses of the total glycans released from the total
proteins within F. hepatica NEJs Som and ES extracts.
Figure 2 and Supplementary Material 1 highlight a curated
version of the glycome data obtained by complementary N-
and O-glycopeptide analyses. In relation to the complete list of
N- and O-glycans (non-curated) presented in Supplementary
Material 1, it is worth noting that, because NEJs are ob-
tained by excystment from metacercariae in medium that
contain ox bile proteins (within the sodium tauroglycocholate
preparation), it is possible that some glycans in our analyses
are of bovine origin. The structures identified in this study that
were not mapped to NEJ proteins may reflect the methodol-
ogy we have used, but also the limited sensitivity of O-
glycopeptide analysis to detect O-glycans with higher mass
(i.e., mucin-types). Moreover, glycomic analysis after beta-
elimination release allows more O-glycans from all proteins
(both in level and type) to be recovered. All glycan structures
that were successfully mapped to specific F. hepatica NEJs
glycoproteins are graphically represented in Supplementary
Material 4.

F. hepatica NEJs Express Generic Mannosylated and Short
N-Glycans

Using N-glycan and N-glycoproteomic analyses we
revealed 53 different N-glycan structures that modify the NEJs
Som and ES proteins (Fig. 2A), which are comprised of pau-
cimannose (n = 7), oligomannose (n = 6), and hybrid/complex-
like (n = 38) structures. Based on the frequency at which these
structures were observed we can conclude that the NEJs
proteins are predominantly decorated by oligomannose type
N-glycans, with HexNAc,Hexs (i.e., MansGIcNAc,) being the
most frequent N-glycan form identified. Other oligomannose
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A

N -glycans O -glycans

Type Composition F Type Composition F Core Composition F
Paucimannose HexNAc(2) 14 |Hybrid/ Complex HexNAc(4)Hex(3)PC - Tn HexNAc(1) 2
Paucimannose HexNAc(2)dHex(1) 23 |Hybrid/ Complex HexNAc(4)Hex(3)PC(2) 5 Tn HexNAc(1)PC(1) -
Paucimannose HexNAc(2)Hex(1) 27 |Hybrid/ Complex HexNAc(4)Hex(3)dHex(1) 50 1 HexNAc(1)Hex(1) 2
Paucimannose HexNAc(2)Hex(2) 62 |Hybrid/ Complex HexNAc(4)Hex(3)dHex(1)PC 5 1 HexNAc(1)Hex(1)Pent(1) 3
Paucimannose HexNAc(2)Hex(2)dHex(1) 91 |Hybrid/ Complex HexNAc(4)Hex(3)dHex(1)PC(2) 9 Tn HexNAc(1)Pent(1) 3
Paucimannose HexNAc(2)Hex(3) 109 [Hybrid/ Complex HexNAc(4)Hex(4)dHex(1) 3 HexNAc(2)
Paucimannose HexNAc(2)Hex(3)dHex(1) 152 |Hybrid / Complex HexNAc(4)Hex(4)dHex(1)PC lor2 HexNAc(2)Hex(1) 3
Oligomannose HexNAc(2)Hex(4) 111 |Hybrid/ Complex HexNAc(4)Hex(4)dHex(1)PC(2) 3 HexNAc(2)Hex(1)Pent(1) 3
Hybrid / Complex HexNAc(2)Hex(4)dHex(1) 63 [Hybrid/ Complex HexNAc(4)Hex(5) lor2 HexNAc(2)Hex(2) 4
Oligomannose HexNAc(2)Hex(5) 16 \ Hybrid / Complex HexNAc(4)Hex(5)PC(2) Tnor3 HexNAc(2PC(2)
Hybrid / Complex HexNAc(2)Hex(5)dHex(1) 37 [Hybrid/ Complex HexNAc(4)Hex(5)dHex(1) 3 HexNAc(2)Pent(1) 2
Oligomannose HexNAc(2)Hex(6) 109 [Hybrid/ Complex HexNAc(4)Hex(6) 7/ Tn HexNAc(2)Pent(2) 4
Oligomannose HexNAc(2)Hex(7) 100 |Hybrid/ Complex HexNAc(4)Hex(6)dHex(1) 7 4 HexNAc(3)
Oligomannose HexNAc(2)Hex(8) 130 |Hybrid/ Complex HexNAc(5)Hex(3) 3 lor4 HexNAc(3)Hex(1)
Oligomannose HexNAc(2)Hex(9) 135 |Hybrid/ Complex HexNAc(5)Hex(3)PC - lor4 HexNAc(3)Hex(2)
Hybrid / Complex HexNAc(3)Hex(3) 32 [Hybrid/ Complex HexNAc(5)Hex(3)dHex(1) 6 1:3 or4 HexNAc(3)Hex(2)Pent(1)
Hybrid / Complex  HexNAc(3)Hex(3)PC Hybrid/ Complex HexNAc(5)Hex(3)dHex()PC(2) [N Total 37
Hybrid / Complex HexNAc(3)Hex(3)dHex(1) 71 |Hybrid/ Complex HexNAc(5)Hex(4)dHex(1) 3
Hybrid / Complex HexNAc(3)Hex(3)dHex(1)PC 4 |Hybrid/ Complex HexNAc(5)Hex(5) - High
Hybrid / Complex HexNAc(3)Hex(4) 18 |Hybrid/ Complex HexNAc(5)Hex(5)dHex(1) g
Hybrid / Complex HexNAc(3)Hex(4)dHex(1) 29 |Hybrid/ Complex HexNAc(5)Hex(6)dHex(1) 6
Hybrid / Complex HexNAc(3)Hex(5) 12 |Hybrid/ Complex HexNAc(6)Hex(3)dHex(1)
Hybrid / Complex HexNAc(3)Hex(5)dHex(1) 19 [Hybrid/ Complex HexNAc(6)Hex(3)dHex(1)PC(2) | 2
Hybrid / Complex HexNAc(3)Hex(5)dHex(1)PC Hybrid / Complex HexNAc(6)Hex(3)dHex(1)PC(4) | 3
Hybrid / Complex HexNAc(3)Hex(6) 7 [Hybrid/ Complex HexNAc(6)Hex(4)dHex(1) Low
Hybrid / Complex HexNAc(3)Hex(6)dHex(1) 5 |Hybrid / Complex HexNAc(8)Hex(3)dHex(1)PC(6) | 2 -
Hybrid / Complex HexNAc(4)Hex(3) 18 Total 1690

Fic. 2. N- and O-glycans associated with glycoproteins in F. hepatica NEJs Somatic extracts and ES products, classified according to
type or core. A, N-glycans; (B) O-glycans composition and the frequency (F) with which each glycan structure occurs in NEJs glycoproteins. Tn:
O-glycans without a classical core, known as Tn-antigen. Total: represents the number of N- or O-glycan forms found in our analyses.

structures, such as Mang_gGIcNAC,, previously identified in
NEJ extracts by Garcia-Campos et al. (25), were also common
across the samples analyzed in this study. Since Mans.
oGIcNAC, are also present within the glycome of mammalian
cells and tissues it supports the suggestion that F. hepatica
may use host-like glycans to evade the host immune response
(8) or to hide antigenic epitopes of their proteins (47-49), a
practice that could be conserved across various helminths (8,
50, 51). Furthermore, mammalian host recognition of these
conserved structures via lectin receptors may promote path-
ogen sensing or, conversely, aid pathogen transmission and
dissemination by activation of transcription factors that stim-
ulate an immune response that favors the parasite (52-54).
Paucimannose/truncated structures make up approximately
a quarter of all the N-glycan forms associated with NEJs’
glycoproteins (Fig. 2A). Our analysis also revealed that a
number of NEJs glycoproteins carry small N-glycans that
consist only of the diacetylchitobiose core, with or without the
al,6-linked fucose (dHex, HexNAc,Hexq.1dHexg_4, i.e., Mang.
1GIcNAcoFucg.4). It is worth noting that core fucose was
identified in 35% (446/1268) of the N-glycopeptide identities,
which is typically a-6 linked in vertebrates, but can alterna-
tively be a-3 linked and/or core-difucosylated in helminths (9).
However, digestion of the glycopeptides samples with
PNGase F resulted in the cleavage of ~90% N-glycans. As the

number of N-glycopeptide spectra that matched structures
containing core fucose (nine N-glycopeptide identities) did not
increase following this digestion, it follows that a-3 linkages
were not present and, therefore, NEJs only produce core a-6-
fucose (Supplementary Material 5).

While, as mentioned earlier, many NEJ glycans mimic those
of mammalian cells, the short paucimannose structures
resemble plant glycans (55). The biosynthesis of N-glycans
begins in the ER and progresses in the Golgi apparatus, where
the maturation (formation of complex structures by core
fucosylation and addition of terminal GIcNAc residues) occurs.
Whereas this process is highly conserved in different
eukaryotic organisms, plants can further process N-glycans
inside vacuoles post-Golgi maturation (during the transit of
glycoproteins to their final cellular destination), which results in
characteristic truncated structures like those we observed in
NEJ glycoproteins. This truncation that occurs in plants is
associated with the activity of exoglycosidases present in
vacuoles and in the extracellular environment that hydrolyze
glycosidic bonds of complex glycans (56-58), and with
endoglycosidases that cleave N-glycans near the protein
backbone and reveal the highly truncated chitobiose cores
(55). While the functional impact of this truncation of N-gly-
cans in NEJs is still unknown, lectins capable of binding to
oligomannose and paucimannose glycans on the NEJs

6 Mol Cell Proteomics (2023) 22(12) 100684

SASBMB



Glycan Complexity of F. hepatica NEJs Proteins

tegument have been shown to significantly reduce their ability
to invade the host’s gut wall (26), suggesting that the inter-
action of these glycans with host cells play an important role in
liver fluke infection.

There is a paucity of data available regarding the F. hepatica
glycosidases that may be involved in both N- and O-glycan
truncation pathways and their compartmentalization within the
parasite cells/tissues. However, intense glycosidase activity
has been verified in the secreted proteins of F. hepatica adult
parasites, which has been linked to several enzymes,
including p-N-acetylhexosaminidases, a-fucosidases, a-man-
nosidases, and a-galactosidases (59); a-mannosidases, and
a-galactosidases were also identified proteomically in the
NEJs Som extract and ES products in this study
(Supplementary Material 6). The presence of truncated N-
glycans associated with the ES secreted proteins suggests an
unusual compartmentalization of enzymes involved in N-
glycan biogenesis by F. hepatica, which is supported by our
previous data showing that glycosyltransferases, namely
GALNT10, responsible for O-glycan formation, and B4GALT2
that adds Gal to terminal GIcNAc to form the LacNAc moiety,
are found amongst the cargo of F. hepatica EVs from adult
parasites (60). Indeed, glycosidases present in the NEJs’ ES or
on the NEJs surface may play a role in parasite-host in-
teractions by modifying the structure of surface glycans (61,
62), and/or by breaking down and assimilating host-derived
oligosaccharides and monosaccharides. The recent in silico
characterization of F. hepatica protein glycosylation genes by
McVeigh et al. (30) revealed a temporally regulated dynamic
expression of glycosylating genes that is likely important to
the growing and developing parasite that needs to change and
match their surface according to the host environment.

F. hepatica NEJs Express Unique Multi-Phosphorylcholine
(PC) N-Glycans

We discovered that glycan forms of the hybrid/complex-
type make up ~25% (n = 467) of the structures on NEJs gly-
coproteins (Fig. 2A). In line with previous glycomic data, NEJs
glycoproteins often carry short complex biantennary glycans
such as HexNAc3-4He x 3dHex0-1 (i.e., Man3GIcNAc3-
4Fuc0-1, n = 171) (25, 28). However, our MS data also
revealed various bi- and tri-antennary complex-type glycans
elongated with Hex and HexNAc (HexNAc4-5He x 5-6dHex0-
1 and HexNAc4-6He x 3dHex0-1), which are consistent with
the structure of LacNAc (i.e., Galp1,4GIcNAc-) and LacdiNAc
(i.e., GalNAcp1,4GIcNAc-) motifs, respectively. In addition, we
observed some common monosaccharide structures pre-
senting unusual linkages; for example, we could not assign the
putative structure of the N-glycan m/z 1219 to 1 (HexNAc2He
x 4dHex1, Supplementary Material 1) because the spectrum
indicates an unusual position/linkage for the fourth Man res-
idue, other than the expected a-3, a-6 or a-2-linked sugars
and, therefore, further work will be necessary for the detailed
structural assignment of these complex glycans.

Vertebrates typically extend their N-glycans with LacNAc,
and, therefore, LacdiNAc is considered an unusual aspect of
glycosylation found in helminth glycomes besides F. hepatica,
including Dictyocaulus viviparus (63) and T. spiralis (64).
Parasite LacdiNAc motifs belong to a group of host-like gly-
cans that nevertheless induce antibody responses; this is due
to the expression of the LacdiNAc in unusual linkage config-
urations (65, 66) and possibly because, unlike mammalians,
they do not add terminal sialic acid, but in some instances
modify them with zwitterionic phosphorylcholine (PC) and/or
phosphoethanolamine (PE) terminals (5, 8). Expression of
LacdiNAc-containing glycans by F. hepatica was first sug-
gested by specific lectins and anti-glycan antibodies binding
to glycoproteins in adult worm extracts (40). Of note, the
structure of Galp1,4GIcNAc- motifs was verified by our gly-
comic analysis (Supplementary Material 1) but the HexNAc-
HexNAc motifs modified by PC could not be assigned in
terms of composition and linkages due to the presence of
terminal PC in these branches. As enzymatic release of these
PC terminals is not possible, future analysis following chemi-
cal removal will allow for the proper assignment of these
interesting parasite glycans.

The presence of non-sugar moieties such as PC on the
terminal GalNAc/GIcNAc residues of the NEJs glycans adds
additional complexity, heterogeneity, and most likely anti-
genicity to these glycoproteins. The identification of PC on
F. hepatica glycoproteins is consistent with early studies by
Sloan et al. (67), which demonstrated that more than 60% of
the antibody reactivity of serum from cattle and rats infected
with liver fluke was directed against PC epitopes present in
parasite somatic extracts. Our analyses revealed that ~2.5%
of the glycan forms associated with NEJs glycoproteins
contain terminal PC (Fig. 2, A and B). Unexpectedly, we
found that F. hepatica NEJs produce unique glycan motifs by
adding two PC residues to the same terminal HexNAc
monosaccharide, which we demonstrated by in-depth MS/
MS analyses of an N-glycopeptide from the NEJs cysteine
peptidase cathepsin B11 (Fig. 3). The annotated b- and y-
ions, glycosidic fragmentation and oxonium ions of the
spectrum in Figure 3A is presented in Supplementary
Material 7. All annotated spectra of the identified N- and O-
glycopeptides are available via the Byonic viewer files at the
Proteome Xchange repository. Further inspection of glyco-
peptides from the same protein revealed that even more
complex N-glycans, HexNAc6He x 3dHex1PC4 and HexN-
Ac8He x 3dHex1PC6, can modify the same glycosite
(Supplementary Material 8).

Taken together, many B-ions that were diagnostic of the
terminal (PC)2HexNAc on the N-glycopeptides were observed
(Fig. 3E), which can be used to screen LC-MS/MS data for
their occurrence. The high mass resolution of orbitrap-
measured fragment ions enables high mass accuracy of
fragment ions, which adds confidence to the correct assign-
ment of the presented compositions. For instance, the 14
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Fic. 3. Glycoproteomic analysis of N-glycopeptides carrying multiple PC residues in F. hepatica NEJs glycoproteins. A, MS/MS of a 4+
glycopeptide precursor ion (m/z 959.64) with the peptide sequence [K].TYDEDKFYGNSSYNVEK.[S] from F. hepatica cathepsin B11 (maker-
scaffold10x_889_pilon-snap-gene-0.33) and HexNAc,HexzdHex;PC, glycan composition. m/z 184.07 corresponding to phosphorylcholine (PC)
was the base peak (relative abundance scale starts at 50%). The Y1 peptide+GIlcNAc (m/z 1131.99) to Y5 peptide+GlcNAc,Mang (m/z 1497.13)
ions showed the characteristic N-glycan chitobiose core structure, and diagnostic %2X ring cleavage into m/z 1071.47 verified that the glycan
was N-glycosidically attached to Asn. The ion m/z 1497.13 suggests that both PC residues are attached to a terminal HexNAc. Direct evidence
for HexNAc+(PC), composition came from the B-ions at m/z 267.60 (2+) and m/z 276.61 (2+); and a significant ion corresponding to (Hex-
NAc),+(PC), at m/z 369.14 (2+). Further, B-ions corresponding to loss of PC (and nH,0) included m/z 554.21, m/z 352.13, and most likely m/z
369.14 (1+) coinciding with m/z 369.14 (2+); and loss of PC, less the mass of phosphate, included ions at m/z 634.18 and m/z 449.11. B, The
expansion of the m/z 120 to 560 region revealed many of the PC associated B-ions. C, MS/MS of the same glycopeptide structure at a lower
NCE. The deduced structure (3A, boxed) was inspected at a lower normalized collision energy (NCE) of 20% confirming that the core Fuc was
correctly assigned due to intense presence of fucosylated Y-ions at m/z 1205.02 to m/z 1651.18. D, the MS/MS of the corresponding 3+
precursor ion also gave a complementary fragmentation profile, showing intense B-ions at m/z 899.33; m/z 737.28; and m/z 534.20. Also, loss of
(CH3)3N (-59.07 ), was observed, which further verifies the PC identifications. Charge states of fragment ions are indicated when z > 2. E,
structure of PC and the masses of critical PC-containing fragment ions. Glycan symbols are according to the SNFG format (ref: PMID:

26543186).

annotated PC-associated B-ions shown in Figure 3 had an
average mass accuracy of 2.4 + 1.2 ppm, whereas 12 iden-
tified HexNAc and Hex oxonium ions had an average mass
accuracy of 1.3 = 0.7 ppm (Supplementary Material 3).

Some of the PC-modified N-glycans discovered in NEJs
resemble those previously observed in the nematodes A.
viteae (12) and Trichuris suis (41), for example, where PC was
determined to modify residues of GIcNAc and GalNAc in the
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antenna of the glycans. The addition of PC in parasite glycans
depends on the acquisition of choline from the lipid mem-
branes of their hosts and the subsequent transfer of PC into
their glycoconjugates by PC-transferases (12, 38). The iden-
tification of a collection of PC-modified glycans in NEJs gly-
coproteins, which includes multi-PC residues in the same
monosaccharide residue of both N- and O-glycans, suggests
that F. hepatica expresses a range of PC-transferases capable
of adding PC residues to different monosaccharides and
linkages positions. Given the key role PC plays in parasite-
host interactions (68, 69), these enzymes should represent
new targets for exploration in the development of novel
treatments against liver fluke.

PC moieties in parasite N-glycans can prevent complement
activation via different pathways including binding to host C-
reactive protein (CRP) (67, 70) or mannose-binding lectin
(MBL) (68). We have recently shown that F. hepatica can
circumvent complement activation via the lectin pathway by
preventing binding of MBL to the parasite surface raising the
possibility that PC is involved in this immune evasion strategy
(27). PC also has been shown to affect the proliferative
signaling pathways in B and T-cells, the maturation of den-
dritic cells (DC), and the degranulation of mast cells (69, 71—
74). Furthermore, it has been shown that the PC-modified
ES-62 glycoprotein from A. viteae, performs a number of
immunomodulatory functions including skewing of the im-
mune response towards Th2 (72, 75, 76), enhancing DCs
maturation and IL-4 levels, reducing IFN-y production in T-
cells, desensitizing B-cell activation and proliferation, and
increasing IgG1 whilst decreasing IgG2 production (77).
Similar modulation of immune responses is also observed in
animals naturally infected with F. hepatica (78-81), indicating a
putative key role for F. hepatica PC moieties in manipulating
the host immune response during infection.

F. hepatica NEJs Glycoproteins are Decorated With Novel
Canonical O-Glycans Containing GalNAc-pentosylated
Cores

There is a severe lack of information regarding the structure
and diversity of parasite-derived O-glycans, somewhat due to
their small size and low-level expression that makes them
difficult to analyze (82). The limited studies available suggest
that O-glycans also play key roles in recognition, binding, and
signaling events and those few parasite O-glycans charac-
terized to-date display unique immunogenic motifs that have
been exploited for immunodiagnostics development (83, 84).
In relation to F. hepatica, only the antigenic Tn-antigen motif
(GalNAc with a glycosidic o linkage to Ser/Thr) has been
identified in adult worm extracts and this was detected using
specific monoclonal antibodies (85).

O-linked glycans include any single monosaccharide or
oligosaccharide that is glycosidically linked to the side chain
hydroxyl of Ser/Thr residues of proteins. In the case of the
canonical O-glycosylation, elongation of O-GalNAc results in

the generation of mucin-type O-glycan cores, which can be
further modified in a specific manner depending on the gly-
cosyltransferases expressed by the organism (86, 87). The
collection of O-glycans linked to NEJs glycoproteins include
structures containing 1, 2, 3, and 4-types cores, with those
that contain core 1 (Galp1-3GalNAc-) being more frequent in
the Som and ES preparations (Fig. 2B). We found that the
NEJs core 1 O-glycans may be extended with HexNAc
(commonly GIcNAc) and Gal residues (forming the LacNAc
motif) and, in some cases, terminal PC residue(s) is added.
Also, the immunogenic Tn-antigen motif present within the
NEJs O-glycopeptides could be modified by PC or, more
uniquely, by a pentose. Glycans containing 3-type core
(GlcNAcp1,3GalNAc-), make up about a quarter of the O-
glycan forms identified in the present study and were
observed to be elongated with repeating units of LacNAc
(poly-LacNAc; Supplementary Material 1). We also observed
that all the F. hepatica NEJs O-glycans, irrespective of the
core-type, could be modified with a pentose (Pent), which is
added to the O-GalNAc residue (Fig. 2B; Supplementary
Material 1).

Glycosyltransferases capable of forming the observed Tn-
antigen and cores 1-4-type O-glycans were anticipated
based on our previous in silico identification of orthologous
sequences in F. hepatica (30). In line with this, UDP-
glucuronate decarboxylase, which converts UDP-GICA to
UDP-xylose, was listed among our glycoproteomics data
(Supplementary Material 6). However, modification of the ca-
nonical O-glycan cores by a —pentose, which is present in
~43% of the NEJs O-glycopeptides, is a novel finding, and
further research to unveil this biosynthetic pathway could
provide new insights for F. hepatica O-glycobiology. Indeed,
due to their unusual architecture, we interrogated one of these
motifs containing O-GalNAc-Pent by MS fragmentation
following specific exoglycosidase treatment to better char-
acterize the glycan structure. The MS/MS fragmentation of
parent ions all showed loss of pentose (M — 132 — water (18)),
indicating that a pentose was located at a non-reducing end of
the glycan. Salanum tuberosum p1,2 xylosidase (Europa,
EU224) was not active on these structures (reaction was
carried out at 37 °C overnight) and, as C2 position of GalNAc
alditol is N-acetylated, the pentose is more likely linked to C4
or C6 position of GalNAc alditol (Fig. 4). Altogether, our results
confirmed that this glycan represents a novel pentosylated
structure, which was structurally defined both by the glyco-
proteomic and glycomic analyses and to date has only been
observed in F. hepatica NEJs glycoproteins.

In addition to the PC and Pent modifications, another
feature of the O-linked glycans decorating proteins present in
the NEJ extracts is that they are relatively short structures.
This may be due to challenges associated with mucin domain
analysis using standard proteomic workflows, as mucin do-
mains commonly lack tryptic cleavage sites. This limits the
sensitivity of the glycoproteomic techniques to detect large
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Fic. 4. LC-MS/MS analysis of four Pentose-containing O-glycans. O-glycans released by reductive p-elimination were subjected to LC-
MS/MS in both positive- and negative-ion mode as the substitution of pentose (Pent) is more labile in negative-ion mode. In the positive-ion
mode (A and B), Z ions at m/z 360 [M+Na]" indicate the substitution of Pent on GalNAc alditol. In the negative-ion mode (C and D), most Z
ions are devoided of Pent (e.g., m/z 407 (Z/Z15 ions) and m/z 569 (Zs./Y1p ions) in C; m/z 790 (Y4o/Y1g), 475/952 (Ys54/Y1p), and 568/1137 (Zeo/
Y1p) in D). The Y and/or Z ions indicate that one terminus contains Gal, whilst the terminus of the 6-arm contains one Pent residue. Together with
the B1 ion at m/z 226 (A), B2 at m/z 388 (B) and B2 and B6 ions at m/z 364 and 1094, respectively (D), the fragmentation suggests a glycan with
one arm carrying a linear triLacNAc structure and another arm with one Pent. This is confirmed by a cross-ring cleavage at m/z 628 (A4 ions, D)
of internal GIcNAc. The Y ions at m/z 449 (A and B) and m/z 407 (C) suggest a GlcNAc-GalNAcol core. The fragment ion at m/z 844 (C) and m/z
1209 (D) are more likely derived from parent ions losing substituted Pent and C3zHgO, (108 p), which are diagnostic ions for core 1 or 3-type O-
glycans (GlcNAcp1,3GalNAcol; Karlsson et al. 2004, 10.1016/j.jasms.2004.01.002). Finally, the presence of Z ions at m/z 360 (A) and no isomeric
structure of all pentosylated glycans suggest that the Pent residue is linked to the GalNAc alditol.

structures and, thus, we should not exclude that those larger
O-glycans (Hex,_gHexNAcq gPentq 4; Supplementary Material
1) evidenced by glycomic analysis might be attached to the
NEJs glycoproteins.

The function of these novel NEJs pentosylated O-glycans
remains unknown. To date, xylose (Xyl) is the only pentose
monosaccharide identified in parasitic glycans. However, only
xylosylated N-glycans have been described in helminths

extracts, that is, p1,2-xylosylated N-glycans (51), which are also
common carbohydrates of plants (88, 89). These structures are
important since parasite and plant p1,2-xylosylated motifs are
recognized as targets for IgE antibodies and are suggested to
contribute to the induction of strong Th2-biased allergy-like
responses in murine models (http://hdl.handle.net/10810/25
071) (90). Whilst more analyses are required to determine the
specific type of pentose associated to NEJs glycans, Xyl
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residues are not commonly observed modifying canonical O-
glycans and have only been previously described for glycans
present in proteoglycans, such as O-xylosyl glycans (in which a
Xyl is added directly to a Ser residue of a protein) and O-glu-
cosyl glycans (37).

Protein O-glycosylation occurs in the Golgi, where O-gly-
cans are normally added to sites exposed on the surface of
the folded protein in a stepwise fashion. F. hepatica mucins
have been mainly associated with the mucopolysaccharide
layer of metacercariae and with the parasite tegumental sur-
face, where they provide protection and moderate key in-
teractions with the host (85, 91). Electron microscopical
analysis of the parasite tegument reveals a highly active
syncytial layer with extensive networks of mitochondria and
Golgi apparatus, which was suggested to reflect the contin-
uous turnover of the thick surface glycocalyx (23). Turnover of
the glycocalyx enables the parasite to shed bound antibodies
and prevent the activation of the classical pathway of com-
plement (23, 27). Cancela et al. (92) found that mucin
expression is upregulated in NEJs and suggested a role for
these glycoproteins in the invasion of the intestinal mucosa.

Lectin Staining Suggests Compartmentalization of Glycans
in F. hepatica NEJs Tissues

Lectin immunofluorescence staining suggests distinct dis-
tribution and accessibility of glycan structures on the surface
and within the NEJs (Fig. 5). LacNAc and terminal BGIcNAc-
binding lectins, namely ECL and WGA, were detected in the
internal parenchymatous tissue that surrounds various or-
gans, including those forming the digestive, nervous, and
reproductive systems. The lectins PNA (mainly core 1 O-gly-
cans, and terminal Gal) and GSL-I (terminal aGal and Tn-
antigen) also primarily bound to parenchyma cells but were
especially found in cells lining the intestine (Fig. 5, panels B
and A, respectively). In contrast, ConA, which has an affinity to
a-linked Man residues, strongly and preferentially bound to
the tegumental surface of the NEJs, covering their spines,
which is in line with the abundance of oligo- and pauci-
mannose structures in the extracts. This observation was
further supported using anti-Man3/Man5 monoclonal anti-
bodies that recognize mannotriose/mannopentose (i.e., Man3
and Man5 glycan motifs) as these bound primarily to the NEJs
surface and, in lesser amounts, to the gut region (Fig. 5,

Fic. 5. Lectin and anti-glycan staining of F. hepatica NEJs. A
panel of lectins and anti-glycan antibodies were used to characterize
the glycan distribution on F. hepatica NEJs tissues. A1 and 2: GSL |;
B1 and 2: PNA; C1 and 2: ECL; D1 and 2: WGA; E1 and 2: ConA; F1
and 2: anti-Man3/Man5; G1 and 2: anti-PC; H1 and 2: Non-related
positive control anti-FhCL3 highlighting the NEJs bifurcated gut (G);
11 and 2: control pre-immune sera. Left panel: Outside surface of
NEJs. Right panel: Inside of NEJs. Other main NEJs features are
noted: OS, Oral sucker; VS, ventral sucker; P, Parenchyma. Scale
bars: 25 pM.
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panels E and F). As N-glycans containing Man3/Man5 moi-
eties are the most frequent structures attached to NEJs gly-
coproteins, it is not surprising that the intensity of anti-Man3/
Man5 immunostaining overlapped with that observed for
ConA.

Strong anti-PC fluorescence was observed on the surface
of the NEJs, specifically linked to the outer tegument (Fig. 5,
panels G), suggesting PC is used to decorate glycoconjugates
on the surface of NEJs, likely including glycolipids. Such
intense presence of PC-decorated glycoconjugates on the
juvenile parasite surface might reinforce their importance for
the parasite’s interaction with the host and escape of detri-
mental immune responses. Our results differ from the study by
Garcia-Campos et al. (25), which identified Man, LacNAc and
terminal Gal/GalNAc expressed on the NEJs surface, possibly
due to technical differences between the studies. However,
both studies associate PNA and GSL-I binding with the NEJs
Som extract demonstrating that F. hepatica NEJs produce
numerous O-glycans but perhaps keep them internally hidden.
Lastly, immunostaining with the control antibody anti-rFhCL3
showed the expected staining highlighting the NEJs bifur-
cated gut (93), whilst no fluorogenic signal was detected in
parasites stained with the rabbit pre-immune antibodies
(Fig. 5, panels H and I, respectively).

Complexity and Heterogeneity of F. hepatica NEJs
Glycopeptides

Our glycomic analysis of F. hepatica NEJs showed that the
parasite glycan repertoire is significantly more complex than
anticipated by the in silico study of McVeigh et al. (30), and
consists of novel N- and O-glycans containing poly-LacNAc,
PC and multi-PC terminals, pentosylation of O-GalNAc cores,
as well as the strong indication of branches formed by Lacdi-
NAc motifs. By extension, these results suggest that

ES

9 62

N-glycoproteins

ES SOMATIC ES

8 59 45 0

N- and O-glycoproteins

F. hepatica possesses a wider portfolio of glycosyltransferases/
exoglycosidases than previously considered and/or that these
enzymes possess distinct specialized activities. While the
glycan study discussed above has revealed new information on
the glycosylation of F. hepatica proteins this is a general broad
view of the glycan composition of the Som and ES prepara-
tions. Consequently, to provide a deeper biological and func-
tional context to the glycan structures identified in this study,
we characterized and determined the N- and O-glycopeptides
to which these glycans are attached and mapped those to their
respective proteins within the Som and ES extracts. This
approach allowed us to compile and compare information on
site-specific glycosylation and determine their complexity and
global heterogeneity (94).

The data generated from the N- and O-glycopeptide ana-
lyses allowed us to (a) identify which proteins in the Som and
ES preparations are glycosylated, (b) map the N- and O-gly-
cosylated sites within each glycoprotein, and (c) inform which
glycan(s) structures are used to decorate each glycosite. As a
result, a total of 123 glycoproteins were identified in the NEJs
extracts, the majority of which were detected in the Som
extract (N = 114) compared to the ES (N = 71). Half of these
glycoproteins, i.e., N = 62, are present in both Som and ES
preparations. The majority of NEJs proteins (N = 112) are N-
glycosylated while five are O-glycosylated and six harbor both
N- and O-glycans. Nine glycoproteins were detected exclu-
sively in the ES extract, eight of which are N-glycoproteins,
and one is an O-glycoprotein (Fig. 6 and Supplementary
Material 6).

Glycosylation of F. hepatica NEJs Generates Rich Protein
Variability

By mapping individual glycopeptides and their associated
glycan forms to their respective glycoproteins, we identified

SOMATIC

52

O-glycoproteins

SOMATIC ES

3 1 0 4

SOMATIC

Fic. 6. Distribution of the glycoproteins characterized in this study in the F. hepatica NEJs ES and Somatic extracts. Bottom row,

separation of the glycoproteins according to their glycan type.
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340 unique N- and 16 O-glycopeptides associated with the
F. hepatica NEJs glycoproteins (Fig. 1). We found that each
NEJs glycoprotein has, on average, three occupied glycosites
and that the ES glycoproteins tend to contain less glycosy-
lated sites compared to the glycoproteins in the Som prepa-
ration (Fig. 7C). Moreover, based on the average
glycopeptides identified per protein, N-glycoproteins contain
more glycosylated sites (on average three glycopeptides/
protein) than the O-glycosylated proteins (average of two
glycopeptides/protein).

We observed vast micro-heterogeneity within the
F. hepatica NEJs glycoproteins, whereby a specific glycosite
could be modified with a variety of glycan forms, resulting in
many versions of the same glycopeptide that diverge only in
terms of their glycosylation (95). While the NEJs glycoproteins
are mostly single-site glycosylated (63%), most of these gly-
cosites have more than one glycan form associated with them
(Fig. 7A). The heterogeneity of NEJs glycoproteins manifested
in various ways; for example, some proteins possess several
glycosites but relatively little glycan heterogeneity between
them, whilst others have one glycosite modified with a multi-
tude of glycan forms. There is also significant variation be-
tween the copies of the same protein in found in the Som
extracts and in the ES (Supplementary Material 9). The degree
of micro-heterogeneity of the 356 glycosites is highlighted in
Figure 7, A-C. Our data show that N-glycosylation is vastly

more heterogeneous than O-glycosylation, with up to 22 gly-
cosylated versions observed for certain N-glycopeptides
(Fig. 7A). In contrast, most of the O-glycosylated sites iden-
tified were modified by only a single O-glycan form (Fig. 7B).
Altogether, our data indicate that the NEJs of the parasite
F. hepatica greatly vary their repertoire of proteins by adding
an assortment of sugars to the same polypeptide sequence.
On average, 14 glycan forms can be used to modify the same
NEJ protein, with significantly more variation found in N-
compared to O-proteins (Fig. 7E).

The assembly of complex glycans is subject to variation and
micro-heterogeneity; however, it is not known whether this
variation is random or not. Certainly, glycan heterogeneity can
affect protein structure and function, including binding spec-
ificities to receptors and antibodies (96) but the impact of such
observed glycoprotein variability on liver fluke biology is
currently unknown. Interestingly, F. hepatica is characterized
by high genetic polymorphism (97) that could contribute
greatly to glycan heterogeneity and confer this parasite with
selective advantages. We can speculate that it allows for
evasion, modulation, and distraction of the host immune
response, whereby copies with less immunogenic sugars
might escape or drive a specific type of immune response
aiding parasite survival.

Micro-heterogeneity may also play a role in enabling this
parasite to infect and survive within a wide range of different
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Fic. 7. Heterogeneity of F. hepatica NEJs glycoproteins based on the different glycan forms that modify the identified glycosylated
sites within the glycopeptides. A, N-glycosites and (B) O-glycosites distributed according to the number of different N-glycan forms that can
modify them and the differences in ES and Somatic samples. C, average number of glycopeptides per NEJs’ glycosylated protein. D, average
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can modify individual NEJs’ glycoproteins and the breakdown in different extracts, ES and Somatic extracts, and N- and O-glycosylated

proteins.
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mammalian hosts and to negotiate different immune assaults
while migrating through various tissues. Of note, internal
(parasite organs and cells) and external (host tissues) envi-
ronments play a defining role in the expression of enzymes
involved in glycosylation and monosaccharide (substrate)
availability that could greatly affect the glycan type and
configuration (87). The global heterogeneity (or macro-
heterogeneity) of NEJs glycoproteins encompass an array of
53 N-glycans and 16 O-glycan structures that are employed in
various combinations to decorate all 123 NEJs glycoproteins
identified (Supplementary Material 9). Further specific in-
vestigations are required to elucidate the required enzymatic
network for F. hepatica NEJs to create such a complex glycan
array to decorate its somatic and secreted glycoproteins.

Glycosylation Drives F. hepatica NEJs Glycoprotein
Localization

The glycan attached to a protein likely affects more than just
its biology but also the cellular compartment where it will be
expressed. Here, we observed that oligomannose N-glycans
are more frequently found in Som proteins, whereas pauci-
mannose and hybrid/complex N-glycans are relatively more
abundant within the ES. In addition, as noted earlier, fewer ES
glycoproteins were modified by PC-glycans (Fig. 8A). In terms
of O-glycosylation, the Som proteins were associated with the
small Tn-antigen, which tended to be pentosylated, while core
1- and 2-type O-glycans are predominantly present in the ES
(Fig. 8B).

The presence of diverse glycan structures at the different
glycosites of a given protein is curious because these sites
would be expected to be subjected to the same assembly line
of glycosyltransferases and glycosidases during processing in
the ER and Golgi apparatus. Glycosite accessibility and the
structure around the signature glycosite motifs might explain
such heterogeneity (87, 98) and thus we assessed these
properties within the glycoproteins identified in the present
study. The relative surface accessibility (i.e., high exposure,
low exposure or buried), type of secondary structure where it
is placed (i.e., coil, helix, or strand) and disorder level of the
region (i.e., low, medium or high) were used to evaluate how
accessible the individual glycosites were to the enzymatic
glycosylation machinery (87, 99). Our results revealed that the
majority of sites (60%) are in high exposed regions within coil
structures, and only 11% of the glycosylated sites are in
buried regions (Fig. 9, Supplementary Material 6). The surface
accessibility analysis suggests that the probability of a gly-
cosite being glycosylated is higher when located on the coil
and surface of the proteins.

Glycosite accessibility on the protein surface has also been
associated with efficient glycan processing and consequently
with the presence of more complex structures, including, for
example, core-fucosylation of N-glycans. On the other hand,
relatively occluded sites carry under-processed oligomannose
(Mans_gGlcNAc,) and afucosylated-core N-glycans, likely due

to their restricted access to enzymes during processing in the
Golgi apparatus (99). Accordingly, the analysis of the glycan
forms associated with buried glycosites of NEJs glycoproteins
revealed that 67% are in helix or stand structures and that the
vast majority of these (93%) are N-glycosites modified by
oligomannose (62.5%) or paucimannose (25%) structures.
Curiously, the few hidden glycosites that contain hybrid/
complex N-glycans (12.5%) carry short-extended arms and
afucosylated structures (i.e., MansGIcNAcs4), which do
require a certain level of processing. The presence of these
buried glycosites in proteins of both Som and ES preparations
suggests that they are important at the structural level, driving
the correct folding of the protein, as opposed to contributing
to the overall antigenicity of the protein. In contrast, exposed
glycosites may be expected to play roles in protein-protein
interaction, biological activity, antigenicity, and host-parasite
communication; an example of this is the enzyme myeloper-
oxidase (MPO) in neutrophils, which when carrying hyper-
truncated N-glycans on exposed glycosites endow on higher
enzyme activity, increased thermal stability, polypeptide
accessibility, and increased potential for ceruloplasmin-
mediated inhibition (99).

Conservation of F. hepatica NEJs Glycosites Across
Eukaryotes

To better comprehend the observed heterogeneity within
the glycosites of NEJs proteins, we used a hierarchical cluster
analysis to evaluate the motifs associated with N- and O-
glycosylation. Our data show that the majority of N-glycosy-
lated sites analysed contained the previously characterized
canonical motif N-x-T/S, where “x” is any amino acid but
proline, consistent with studies in nematodes (46, 100).
However, F. hepatica NEJs glycoproteins display a clear
preference for a Thr (T) residue in the position +2, with the
motif N-x-T being present in 70% of the N-glycopeptides. In
contrast an O-glycan-specific motif could not be identified
within the current NEJ glycoproteins. Our results indicate that
F. hepatica and mammalian oligosaccharyltransferase (OST),
the enzyme responsible for the first step of N-glycosylation,
have similar specificity. Of note, a distinct consensus
sequence (N-x-T-x-x-x-x-L) has been identified and assigned
to 22 N-glycosites belonging to 19 NEJ glycoproteins (8 in ES
and 18 in Som; Supplementary Material 9). In our analysis, this
leucine-containing motif does not apparently affect the gly-
cosites’ accessibility or glycosylation, which is quite hetero-
geneous and is found in proteins such as cathepsin L3_4,
legumain 2, and several uncharacterized proteins.

As analysis of glycosylation is often reliant on in silico pre-
diction tools originally devised for mammalian proteins, once
the canonical consensus motifs for N-glycosylation were
confirmed in F. hepatica Som and ES glycoproteins, we
sought to ascertain how appropriate these tools are for pre-
dicting glycosylation sites within parasite proteins. Compara-
tive analyses between our glycopeptide analyses with the
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Fic. 8. Glycan complexity of F. hepatica NEJs glycoproteins expressed in different compartments. A, (i) frequency with which each N-
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extracts.

online N- and O-glycosylation prediction tools revealed that
~40% of all predicted N-glycosites are in fact N-glycosylated.
Of note, for 10 (8%) N-glycoproteins the glycosylated sites
predicted differed from those actually glycosylated, whilst
three N-glycoproteins were predicted as non-glycosylated.
The comparative data for O-glycosylation was poor, with
only ~2% of the predicted O-glycosylated proteins being truly
glycosylated (Supplementary Material 6). These discrepancies
further highlight the limitations of methods and information
being used for the current in silico prediction tools and that
further in-depth analyses are required to elucidate and refine

helminth-related glycosite signatures. However, it is important
to note that the observed inconsistency between predicted
and occupied sites could have been affected by limitations in
our glycopeptide analyses as well. A more thorough analysis
would be necessary to screen each individual glycoprotein for
its glycosylated sites.

F. hepatica NEJs Express Unique Glycoproteins With
Potentially Important Host Invasion Functions

Several proteomic investigations of NEJs proteins have been
reported (21, 101-103) but these have overlooked glycan/
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Fic. 9. Accessibility of the glycosylated sites present in
F. hepatica NEJs glycoproteins. Glycopeptide location was cate-
gorized according to the secondary protein structure, namely, coil,
helix, or strand, and relative surface accessibility (high exposed, low
exposed, and buried) represented on a grey scale by many
glycopeptides.

glycoprotein analysis due to the lack of appropriate tools and
sample type. Here, our evaluation of the glycan profile of major
NEJ glycoproteins revealed a distinct list of 25 proteins
uniquely modified by glycans containing motifs such as PC,
multi-PC terminal, and pent (Table 2). These included the

virulence-associated cathepsin peptidases, and a number of
major uncharacterized and CUB proteins, all of which were
identified in Som and/or ES preparations. Although the
glycosylation state/glycan profile of these proteins are un-
known in other systems, some of these listed NEJs glyco-
proteins (Table 2) have had their presence and function
described in other organisms, and investigation of protein
function conservation across organisms may shed light on how
the NEJs establish infection. Key examples include, (a) the M60
domain-containing metalloprotease that targets mucosal gly-
coproteins such as mucins, a main component of the protec-
tive barrier that prevents gut infection by bacteria and
parasites, allowing commensal and pathogenic organisms to
colonize the host digestive tract (104); (b) tenascins that keep
intestinal cells separated by binding to epidermal growth factor
(EGF) receptors on the surface of these cells (105, 106); (c)
hemicentin-1 involved in regulating cellular positioning and
attachment (107, 108). These proteins could be involved in
aiding the NEJs in their invasion across the intestinal wall by
breaking up the mucus in the intestine, allowing the NEJs to
access and attach to the epithelial cell layer, which could be
manipulated by the parasite tenascins (109).

Apart from SCP domain-containing proteins, very little is
known about the other glycoproteins listed that display the
distinctive pentosylated O-glycans. SCP proteins are

TaBLE 2
F. hepatica NEJs glycoproteins carrying unusual N- or O-glycan structures

Name (accession) Extract Glycan
Uncharacterized protein (BN1106_s574B000140) ES O-PC
Cathepsin B2 (FRCB2) (BN1106_s4482B000044) ES/Som Multiple PC
Cathepsin B11 (FhCB11) (maker-scaffold10x_889_pilon-snap-gene-0.33) ES/Som Multiple PC
Legumain 2 (BN1106_s2087B000065) ES/Som Multiple PC
CUB domain-containing protein (BN1106_s7704B000009) ES/Som Multiple PC
Uncharacterized protein - CUB (BN1106_s5172B000090) ES/Som Multiple PC
Acid sphingomyelinase phosphodiesterase 3a (BN1106_s1285B000159) ES/Som Multiple PC
Uncharacterized protein (AOA4EOROKS3) ES/Som PC
Uncharacterized protein - CD59-like (BN1106_s5246B000010) ES/Som PC
Uncharacterized protein - CUB (BN1106_s114B000622) ES/Som PC
CUB domain-containing protein (maker-scaffold10x_280_pilon-snap-gene-0.116) ES/Som PC
Laminin subunit beta (BN1106_s1357B000110) ES/Som PC
Low-density lipoprotein receptor (Ldl) (BN1106_s60B000536) ES/Som PC
Basement membrane-specific heparan sulfate proteoglycan core protein (BN1106_s25B000189) ES/Som PC
SCP domain-containing protein/Peptidase inhibitor 16 (BN1106_s10890B000012) ES/Som O-GalNAc-Pent
Tenascin (BN1106_s115B000510) Som O-PC
Uncharacterized protein (AOA4EORHQ9) Som O-GalNAc-Pent
Uncharacterized protein (BN1106_s1308B000129) Som 0O-GalNAc-Pent
Uncharacterized protein (maker-scaffold10x_2189_pilon-snap-gene-0.8) Som O-GalNAc-Pent
CUB domain-containing protein (AOA4EO0RX49) Som 0O-GalNAc-Pent
Cathepsin L4 (FhCL4_1) (BN1106_s6995B000048) Som Multiple PC
Hemicentin-1 (BN1106_s9952B000009) Som Multiple PC
Peptidase M60 domain-containing protein (BN1106_s2007B000402) Som Multiple PC
Uncharacterized protein (BN1106_s3656B000030) Som Multiple PC
Putative sodium/potassium-transporting ATPase subunit beta-3 (BN1106_s3547B000116) Som PC

ES, Excretory-secretory extract; O-GalNAc-Pent, canonical O-glycan core (GalNAc) modified by a pentose; O-PC, PC motif associated to an

O-glycan; PC, Phosphorylcholine; Som, Somatic extract.

Complete glycan structures associated to each glycoprotein can be verified in the Supplementary material 6.
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cysteine-rich secretory proteins associated with helminth
parasitism due to their abundance, secretion, and immuno-
modulatory properties (110, 111). The significant and specific
up-regulation of SCP expression by NEJs suggests they are
essential for liver fluke establishment in mammalian hosts
(110). Future characterization of these proteins and their
unique O-glycan might reveal specific mechanisms regarding
such sugar structures and their involvement in host invasion
and immune evasion.

Several parasite proteins were observed to carry N-glycans
that are highly truncated or with indefinite linkages. For example,
Man,GlcNAc,Fucy was identified as attached to 22 glycopro-
teins, mainly to uncharacterized proteins containing Cubilin do-
mains (N = 12). Interestingly, this sugar is predominantly
associated with the secreted versions of these proteins or, in
different cases, is attached to predicted membrane proteins (i.e.,
phospholipases, tetraspanin), suggesting key roles in host-
parasite interactions such as cell glycan-receptor recognition.

F. hepatica NEJs Secreted Glycoproteins

Most of the excreted-secreted glycoproteins are also pre-
sent in the Som extract (Fig. 6); however, those identified in
the Som and the ES preparations differed significantly in terms
of glycosylation (Supplementary Material 9) and varied both in
the number of occupied glycosites and in the occupancy in
terms of glycan forms and complexity. This selective and
distinct glycosylation of non-secreted and secreted forms of
the same protein opens up an intriguing avenue to be explored
in F. hepatica biology. It is worth noting that the glycosylation
of proteins secreted by NEJs are less heterogeneous than that
observed for the Som molecules. Generally, we found that a
given glycosite of a protein in the Som extract would be
modified with double the number of N-glycan forms compared
to the same site present in the ES protein copies
(Supplementary Material 9). Lee et al. (98) described how dif-
ferences in the glycosylation profile of a protein can be
explained by the differential solvent accessibility of glycosites,
which was further associated with a distinct subcellular loca-
tion of the protein. The mechanisms of F. hepatica protein
trafficking and processing of glycans during or after protein
glycosylation are still unknown but are likely related to the type
and extent of glycosylation. The NEJs glycoproteins studied
here are predicted to localize in various compartments
including the extracellular space (1%), cytoplasm (32%),
plasma membrane (35%), and unknown (32%)
(Supplementary Material 6), which indicates defined subcel-
lular trafficking and distinct processing and sorting.

We verified that 88 (72%) of the NEJs glycoprotein se-
quences are proceeded by an N-terminal signal peptide for
guiding secretion and, unexpectedly, included ~75% of the
Som glycoproteins (Supplementary Material 6). The absence of
a signal peptide in 19 (14%) of the ES glycoproteins indicates
that many liver fluke proteins are secreted via alternative
pathways (although it is also important to note that poor

annotation of some sequences might have compromised the
analysis). Nevertheless, many glycoproteins identified in the ES
extract have been previously reported as cargo molecules of
EVs released by F. hepatica NEJs and adults (29, 60). Encasing
the glycoproteins modified by more immunogenic glycan
structures within EVs may represent a key F. hepatica immune
evasion strategy and an effective way to guarantee that these
glycoconjugated molecules reach more distant tissues and
cells within the host, where they exert their primary function.
The presence of numerous glycosydases in these EVs (60)
could suggest that the intra-vesicle environment allows further
glycan processing before releasing these molecules into the
host.

A limited number of nine glycoproteins were found to be
exclusive to the ES products of NEJs. Out of the total 71 ES
glycoproteins identified in this study, 30 where not associated
with F. hepatica NEJs secretions by proteomic analysis pre-
viously performed by our group (25, 34); Supplementary
Materials 6 and 9), suggesting that glycopeptide analysis
can complement LC-MS/MS methods for protein identification
in complex samples. Of interest, 22 glycoproteins exclusively
associated with the NEJs Som extract in this study have been
previously associated to ES samples. Such discrepancies
might reflect differences in the glycosylation state of such
proteins when secreted and, therefore, the absence of gly-
cosylated peptides to be identified in the ES. However, it is
worth noting that the low abundance of some proteins in the
ES may limit their glycopeptide detection.

Complementary gene ontology (GO) enrichment analysis of
the 71 ES glycoproteins showed an association with the terms
related to metabolic process, proteolysis, and regulation of
catalytic activity. Important GO terms associated with pro-
teolytic activity (GO:0006508, proteolysis; GO:0016787, hy-
drolase; GO:0008233, peptidase activity; GO:0016798,
hydrolase activity on glycosyl bonds; GO:0008234, cysteine-
type peptidase activity; GO:0050790, regulation of catalytic
activity) and carbohydrate metabolic processes (GO:0005975)
were amongst the most enriched terms for ES molecules and
reflect the results of the pathway enrichment analysis for all
NEJs glycoproteins (Supplementary material 10), highlighting
a predominance of glycoproteins that function as hydrolases,
glycosyltransferases and glycosidases in the NEJs secretions.
Considering the dearth of knowledge concerning the glyco-
sylation state of parasite proteins, our data provides unique
information to progress the development of liver fluke di-
agnostics and vaccines, especially those that involve some
well-known targets such as cathepsin L and B peptidases,
cystatin/stefin, serpin, and saposins, which we now know are
glycosylated in various ways (Supplementary material 6).

F. hepatica Virulence-Associated Peptidases are Highly
Glycosylated

We have previously described the importance of cathepsin
L and B cysteine peptidases in virulence, invasion, migration,
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and feeding by F. hepatica parasites. The parasite employs a
range of cathepsin L and B peptidases that concertedly
degrade cells and macromolecules to invade and migrate
through host tissues, as exemplified by their abundance within
the NEJ ES proteome (21, 34, 97, 101, 102). Similarly, abun-
dant within the NEJs ES proteome are the asparaginyl endo-
peptidases (aka legumains) that are important for the
regulation of cathepsin peptidase activity by the trans-
activation of the pro-cathepsin zymogen peptidase via
cleavage and removal of the inhibitory propeptide domain
(101, 112). Interrogation of F. hepatica genomic and tran-
scriptomic datasets has revealed that the cysteine peptidases
belong to multi-membered gene families that are differentially
transcribed during the liver fluke life cycle (101). Specific
members of these peptidase families that are known to be
abundantly secreted by the infective NEJs parasites include
the cathepsin B peptidases, FnCB1, FhCB2, and FhCB3 and
the cathepsin L peptidase, FhCL3, which is encoded by four
genes. The present analysis of the Som and ES preparations
glycoprotein data revealed nine glycosylated cathepsin pep-
tidases, including a number of cathepsin B peptidases

(FhCB1, FhCB2, FhCB3, FhCB9, FhCB11), FhCL4 and a
previously uncharacterized cysteine peptidase and two legu-
mains (legumain-2 and legumain-like) (Supplementary material
6). Interestingly, while FhCL3s were also glycosylated, this
was only observed for two of the four members of the FhCL3
group, namely FhCL3_2 and FhCL3_4.

The NEJs cathepsin peptidases are mostly decorated by
paucimannose (some of them highly truncated) and oligo-
mannose N-glycans, which we found located at up to three
glycosites within the mature domain and distant from the
active site pocket. O-glycans were only associated with
FhCL3_4 (Fig. 10). Complex structures were only observed in
FhCL4, FhCB2, FhCB11 and legumain-2, which were modified
by multiple PC residues (Fig. 11 and Table 2). Our results
complement previous data by Garcia-Campos et al. (25) that
showed that NEJs FhCB1 and FhCL3_4 carry paucimannose
N-glycans (i.e., Man,GIcNAc,). However, we found that the
FhCB1 glycosite (Asn80) is quite heterogeneous and may be
decorated with glycans that are different from Man,GIcNAc..
Similar heterogeneity is also observed for FhCL3_4; several
glycan forms of the protein can result depending on the N-

BN1106_s3008B000074 - Cathepsin L3 (FhCL3_4) in ES

MRLFILTVLLAGAFASNDDLWHEWKRKYNKEYNGADNEHRRNVWEQNVKHIQEHNLRHDLGLVTYTLGLNQFT
DLTFEEFKAKYLIEMSLESESLSDGISYESEGNDVPASIDWRQYGYVTEVKDQGQCGSCWAFSAVGAIEGQYV
KKFRNRMLFSEQQLVDCTRRFGNHGCGGGWMENAYRYLKDSGLETASYYPYQAWEYPCQYRRELGVAKVTGAY

;E§¥¥Li

TVRSGNETQLKNLIGAEGPASVAVDVKPDFSMYRSGIFMSQTCTSQRVTHAVLAVGYGTENGTDYWILKNSWG

eC-
NWWGEDGYMRFARNRNNMCAIASVASVPMVERFP

BN1106_s3008B000074 - Cathepsin L3 (FhCL3_4)in Somatic

MRLFILTVLLAGAFASNDDLWHEWKRKYNKEYNGADNEHRRNVWEQNVKHIQEHNLRHDLGLVTYTLGLNQFT
DLTFEEFKAKYLIEMSLESESLSDGISYESEGNDVPASIDWRQYGYVTEVKDQGQCGSCWAFSAVGAIEGQYV

LUl s
e

[ ]

FGNHGCGGGWMENAYRYLKDSGLETASYYPYQAWEYPCQYRRELGVAKVTGAY

TVRSGNETQLKNLIGAEGPASVAVDVKPDFSMYRSGIFMSQTCTSQRVTHAVLAVGYGTENGTDYWILKNSWG

eC-
NWWGEDGYMRFARNRNNMCAIASVASVPMVERFP

Fic. 10. Variability in glycosylation within the F. hepatica NEJs cysteine peptidase cathepsin L3_4. F. hepatica Cathepsin L3 (FhCL3_4)
was present in both ES and Somatic extracts and exhibited a variable glycan profile. Underlined amino acids highlight the signal peptide.
Residues in bold and purple were predicted N-glycosylated sites (NetNGlyc 1.0 Server) but were not shown to be glycosylated. Residues in red
depict the N-glycopeptide identified by our glycopeptide analysis; the underlined residues mark the N-glocosite occupied and not predicted.
Residues in blue depict the O-glycopeptide identified by glycopeptide analysis; the underlined green residues mark the two possible O-gly-
cosylated sites that were not predicted. Accessibility of the glycosylated glycosites is highlighted: e.g. low exposed; B: buried; C, coil; -, region
of low disorder. The N- and O-glycan forms identified at the respective glycosylated sites are highlighted in green and yellow, respectively. The
brackets indicate the different glycan forms that can occupy the identified glycosylated site, in different copies of the same protein in each
extract analyzed.
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Cathepsins and Legumains

Hm ES
[ Som

HexNAc(2)
HexNAc(2)Hex(1)
HexNAc(2)dHex(1)
HexNAc(2)Hex(2)
HexNAc(2)Hex(2)dHex(1)
HexNAc(2)Hex(3)
HexNAc(2)Hex(3)dHex(1)
HexNAc(2)Hex(4)
HexNAc(2)Hex(5)
HexNAc(2)Hex(6)
HexNAc(2)Hex(7)
HexNAc(2)Hex(8)
HexNAc(2)Hex(9)
HexNAc(2)Hex(4)dHex(1)
HexNAc(2)Hex(5)dHex(1)
HexNAc(3)Hex(3)
HexNAc(3)Hex(3)dHex(1)
HexNAc(3)Hex(3)dHex(1) PC
HexNAc(3)Hex(4)
HexNAc(3)Hex(4)dHex(1)
HexNAc(3)Hex(5)
HexNAc(3)Hex(5)dHex(1)
HexNAc(3)Hex(5)dHex(1) PC
HexNAc(3)Hex(6)
HexNAc(3)Hex(6)dHex(1)
HexNAc(4)Hex(3)
HexNAc(4)Hex(3) PC
HexNAc(4)Hex(3)PC(2)
HexNAc(4)Hex(3)dHex(1)
HexNAc(4)Hex(3)dHex(1)PC(2)
HexNAc(4)Hex(3)dHex(1) PC
HexNAc(4)Hex(4)dHex(1)
HexNAc(4)Hex(4)dHex(1)PC(2)
HexNAc(4)Hex(5)
HexNAc(4)Hex(5)dHex(1) 4
HexNAc(4)Hex(5)PC(2) 4
HexNAc(4)Hex(6) 4
HexNAc(4)Hex(6)dHex(1) 4
HexNAc(5)Hex(3) 4
HexNAc(5)Hex(3)dHex(1) 4
HexNAc(5)Hex(5) 4
HexNAc(5)Hex(5)dHex(1) 4
HexNAc(5)Hex(6)dHex(1) 4
HexNAc(6)Hex(3)dHex(1)PC(4)
HexNAc(6)Hex(3)dHex(1)PC(6)

Uncharacterized Cubilin-like

Pauci

Oligo

Complex

0 1 2 3 4 0

N-glycan frequency

1 2 3
N-glycan frequency

40 1 2 3 4
N-glycan frequency

Fia. 11. Frequency of different N-glycans in glycoproteins calculated by dividing the total occurrence (frequency) of a determined N-
glycan form by the number of proteins in each group. N-glycan types: Pauci: paucimannose; Oligo: oligomannose; Complex: hybrid or

complex structures.

glycan form attached to Asn225 site, which differs depending
on whether the protein is secreted or not (ES dataset: seven
forms; Som dataset: four forms; Fig. 10). Conversely, the O-
glycosite (Ser156/T164) is only occupied in the FhCL3_4
glycoprotein identified within the Som extract and appears to
be modified by one or two glycan forms (HexNAc; or HexNAc
and HexNAc,).

Glycosylation has been shown to impact the activation and
activity of cysteine proteases (3, 113). While detailed structural
and biochemical analyses would be required to confirm the
functional impact of the glycosylation on these peptidases, we
have identified glycosylated sites within key domains for
several F. hepatica peptidases. In legumain 2, the glycosylated
site (Asn103) is located within one of the hemoglobinase do-
mains, while FhCB1 glycosylation occurs at the junction be-
tween the propeptide and mature domain, suggesting it could

play a role in enzymatic activation, perhaps by differential
interaction with the transactivating enzyme legumain.

Many F. hepatica NEJ Glycoproteins Remain
Uncharacterized

A high proportion of the gene models predicted from the
F. hepatica genome remain uncharacterized. Also, in this
study, 25 of the NEJ glycoproteins identified in both Som and
ES preparations have no known function (Supplementary
material 6), albeit in silico analysis revealed they are possibly
membrane proteins, which may explain this lack of informa-
tion, as membrane proteins are difficult to isolate and char-
acterize (114). Most of the uncharacterized NEJs
glycoproteins (n = 22) were identified within the Som extract,
indicating that they either participate in internal parasite pro-
cesses or on the NEJs' surface. Interestingly, 13 of these
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glycoproteins were also observed in the proteomic dataset
derived from NEJs ES products and may be part of the cargo
of NEJs-specific EVs (Supplementary materials 6 and 11).
While some of these glycoproteins display unique glycan
structures, they are predominantly decorated with oligo-
mannose glycans (Fig. 11).

Bioinformatic interrogation of these uncharacterized proteins
revealed that three proteins contain CD59-like complement
regulatory domains, suggesting their potential role in immune
modulation of host immune cells. Five uncharacterized glyco-
proteins were found to have cubilin (CUB) domains. Cubilin
proteins, also known as intrinsic factor receptors, facilitate the
uptake of nutrients such as albumin, transferrin and vitamin D
from the host (115). In total, 10 NEJ glycoproteins in this study
were found to contain CUB domains, comparable with previous
proteomics studies of the NEJs Som and ES proteomes (34,
102). Our data shows that these NEJs CUB-domain containing
proteins are multi-glycosylated, containing on average three
occupied glycosites, which are heterogeneous and can be
decorated with quite complex N-glycans containing multi-PC
terminal, as well as O-glycans modified with pentose (Table 2
and Supplementary material 9). Interestingly, four of these pro-
teins also contain an ovochymase-related domain
(BN1106_s5172B000090, BN1106_s114B000614, BN1106_S1
110B000106, and AOA4EORX49), which has previously been
associated with serine peptidase (chymotrypsin-like) activity,
indicating a potentially new functional role for these proteins in
hydrolytic reactions (116).

CONCLUSIONS

Profiling the glycosylation of individual F. hepatica NEJs pro-
teins is an essential step to fully understand the biological pro-
cesses behind infection, invasion, virulence, and immune escape
that allows these parasites to survive in host tissues. This is
especially pertinent for the early-stage infective NEJs stage
investigated here, when the parasite is microscopic, depending
on glycogen reserves, and most susceptible to the soluble and
cellular effectors of the innate and adaptive host immune system.
Here we shed light on the essential biology of F. hepatica by
demonstrating the parasite forte for both common and unique
mechanisms for protein glycosylation beyond what the genomic
and transcriptomic data could provide. However, we acknowl-
edge that the approach taken in this study may have not iden-
tified some glycoproteins, glycosites, and/or glycans associated
to F. hepatica NEJs, primarily due to analytical limitations of the
methods and sample availability. New or improved glycopeptide
analytical techniques might allow the mapping of these and other
structures in the near future.

The data we generated in the present study will not only
instigate the research community to pursue the functions of
these glycans in the many interactions between parasite and
host but also prompt the characterization of genes and en-
zymes (glycosidases and glycosyltransferases) involved in the

processes required to form these structures. This information
can lead to the discovery of targets to be explored to uncover
new strategies to control fascioliasis. We have shown that, via
glycosylation, NEJs create great protein heterogeneity and
variability and, unexpectedly, we found that by our current
approach, the ES extract is far more complex than anticipated
by previous proteomic analysis. Information on the glycosyl-
ation status and profile of individual antigens released by
NEJs will direct the development of diagnosis and vaccines,
as observed with other parasite studies (12, 25, 83, 117-119).
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