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Abstract

Background: The liver fluke Fasciola gigantica secretes excretory-secretory proteins during infection to mediate its
interaction with the host. In this study, we investigated the immunomodulatory effects of a recombinant tegumental
calcium-binding EF-hand protein 4 of F. gigantica (rFg-CaBP4) on goat monocytes.

Methods: The rFg-CaBP4 protein was induced and purified by affinity chromatography. The immunogenic reaction
of rFg-CaBP4 against specific antibodies was detected through western blot analysis. The binding of rFg-CaBP4 on
surface of goat monocytes was visualized by immunofluorescence assay. The localization of CaBP4 within adult fluke
structure was detected by immunohistochemical analysis. The cytokine transcription levels in response to rFg-CaBP4
were examined using ABI 7500 real-time PCR system. The expression of the major histocompatibility complex (MHC)
class-Il molecule (MHC-II) in response to rFg-CaBP4 protein was analyzed using Flow cytometry.

Results: The isopropyl-3-D-thiogalactopyranoside-induced rFg-CaBP4 protein reacted with rat sera containing anti-
rFg-CaBP4 polyclonal antibodies in a western blot analysis. The adhesion of rFg-CaBP4 to monocytes was visualized by
immunofluorescence and laser scanning confocal microscopy. Immunohistochemical analysis localized native CaBP4
to the oral sucker, pharynx, genital pore, acetabulum and tegument of adult . gigantica. Co-incubation of rFg-CaBP4
with concanavalin A-stimulated monocytes increased the transcription levels of interleukin (IL)-2, IL-4, interferon
gamma and transforming growth factor-3. However, a reduction in the expression of IL.-10 and no change in the
expression of tumor necrosis factor-a were detected. Additionally, rFg-CaBP4-treated monocytes exhibited a marked
increase in the expression of the major histocompatibility complex (MHC) class-Il molecule (MHC-Il) and a decrease in
MHC-I expression, in a dose-dependent manner.

Conclusions: These findings provide additional evidence that calcium-binding EF-hand proteins play roles in host-
parasite interaction. Further characterization of the immunomodulatory role of rFg-CaBP4 should expand our under-
standing of the strategies used by F. gigantica to evade the host immune responses.
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damage to the host’s tissues [3, 4]. The annual global eco-
nomic losses due to fascioliasis are estimated to be US
$3 billion [2]. Fascioliasis has been listed as a neglected
tropical disease by the World Health Organization and is
considered to be a re-emerging zoonotic disease, infect-
ing ~ 2.4 million people and posing a risk to ~ 180 million
[5]. Current strategies to control fascioliasis rely on the
use of the flukicide triclabendazole; however, the emer-
gence of resistance has become a serious problem [6]. For
this reason, alternative or complementary approaches
are required to enhance the control and treatment of
fasciolosis.

Tegumental proteins (TegPs) belong to a family of cal-
cium-binding proteins (CaBPs), which contain two EF-
hand motifs at the N-terminal domain and a C-terminal
dynein light chain-like domain [7]. CaBPs have been
characterized in various helminth parasites including E
hepatica (8], E gigantica [9], Schistosoma mansoni [10],
Clonorchis sinensis [11], Echinococcus multilocularis [12]
and Opisthorchis viverrini [13]. CaBPs have been cat-
egorized into 4 isoforms in E hepatica and E gigantica
(CaBP-1-4) [14], and around 13 isoforms in S. mansoni
[10]. The biochemical properties of CaBPs from different
parasites have been investigated, and despite the con-
siderable resemblance between structural models of all
family members, differences exist in the dimerization,
ion-binding and drug-binding characteristics of these
apparently similar proteins [14]. This may be an indica-
tion of their pivotal role in immune mechanisms during
host-parasite interactions.

CaBPs are enriched on the tegumental surface of para-
sites, as well as in the parenchyma and gut epithelium,
and are involved in ion uptake and immune evasion via
the production of immune modulatory molecules [15].
TegPs of E hepatica have immune modulatory roles dur-
ing fascioliasis via altering the functions of mast cells and
dendritic cells (DCs), ultimately inhibiting the helper
T cell 1 (Thl) immune response [16]. The tegumental
surface of liver flukes plays critical functions, such as
structural support, a sensory response, osmoregulation,
nutrient uptake, excretion, immune modulation and eva-
sion, and signal transduction [17]. Various parasite spe-
cies, including F gigantica, secrete CaBPs which induce
an immunoglobulin E (IgE) immune response in the hosts
[10, 15, 18]. The immunogenic potential of these proteins
has been evaluated and preliminary immunization stud-
ies with some TegPs have shown that they provide signifi-
cant protection against infection [10]. The CaBP family is
unique to worms and thus absent in the mammalian host
[14]; therefore, these proteins may provide specific tar-
gets for the development of antiparasitic therapies. Pre-
vious studies have shown that F hepatica TegPs impair
DC maturation and function by downregulating the
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production of interleukin (IL)-6, IL-10, IL-12 and tumor
necrosis factor-a (TNF-a) together with CD40, CD80,
CD86 and cell surface markers on DCs [19, 20]. However,
the mechanisms by which these proteins interact with
host cells to manipulate host immune responses remain
poorly understood.

Liver fluke-secreted proteins interact with host
immune cells, such as goat peripheral blood mononu-
clear cells (PBMCs), to manipulate their immune func-
tions [21]. Tegumental calcium-binding EF-hand protein
4 (CaBP4) is an important constituent of E gigantica
excretory-secretory proteins and may have immunoreg-
ulatory roles during E gigantica infection [22]. In the
present study, we cloned and characterized E gigantica
CaBP4 (Fg-CaBP4) and examined its immunoregulatory
effects on goat monocytes in vitro. Our findings showed
that Fg-CaBP4 influenced the expression of cytokines
and immune factors in goat monocytes and confirmed
the immunogenic potential of Fg-CaBP4.

Methods

Animals used in the experiments

A local crossbred goat (1-year-old) was housed in strict
hygienic conditions at the Laboratory Animal Center
of Lanzhou Veterinary Research Institute, Chinese
Academy of Agriculture Sciences. To ensure that the
goat had no parasitic infection prior to inclusion in the
experiment, a fecal examination was carried out daily
for a short period and the animal was given albendazole
(10 mg/kg body weight) twice at a fortnightly interval.
The goat was confirmed to be free of helminth infections.
For the production of antibodies, four female Sprague—
Dawley rats (~ 150 g) were purchased from the Labora-
tory Animal Center of Lanzhou Veterinary Research
Institute and raised under pathogen-free conditions with
a sufficient supply of food and water. For the immuno-
logical studies, three individual experiments—each con-
sisting of three replicates—were carried out by isolating
monocytes from the same goat.

Cellisolation and culture

Peripheral blood samples were collected from the jugu-
lar vein of the goat into a Vacutainer and brought to the
laboratory for cell isolation as previously described [23].
The blood sample was mixed with an equal volume (1:1)
of Ca®>*/Mg*"-free phosphate buffer saline (PBS; pH
7.4) and PBMC isolation was carried out using a stand-
ard Ficoll-Hypaque gradient centrifugation method (GE
Healthcare, Munich, USA) [24] and a goat PBMC isola-
tion kit (TBD, Tianjin, China). The PBMCs were carefully
transferred to new tubes and washed three times with
PBS. To isolate monocytes, PBMCs were seeded in 6-well
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flat-bottomed plastic tissue culture plates (Costar, Cam-
bridge, MA) containing Roswell Park Memorial Institute
1640 (RPMI-1640) culture medium (Gibco Life Tech-
nologies, USA) supplemented with 10% heat-inactivated
fetal calf serum (fetal bovine serum; FBS), 100 mg/ml
streptomycin and 100 U/ml penicillin (Gibco Life Tech-
nologies), then incubated in a humidified incubator in
5% CO, at 37 °C. The monocytes that adhered to the bot-
tom of the cell culture plate were collected [25] and their
number was adjusted to achieve the required cell den-
sity. Non-adherent cells were removed by multiple steps
of washing with PBS. For all experiments, the viability
of monocytes was>95% as determined by a trypan blue
exclusion assay.

Source of the parasite

The collection of E gigantica flukes was carried out as
previously described [26]. Briefly, 8- to 10-month-old
buffaloes were kept indoors in clean sheds with suffi-
cient provision of water and rice plants. To ensure that
the buffaloes were free of any previous helminth infec-
tion, they were treated orally with triclabendazole 5%
weight/volume (w/v) suspension. The animals were
infected with viable metacercariae and their health was
monitored twice daily throughout the entire infection
period. Ninety-eight days after infection the buffaloes
were slaughtered and the parasites were collected from
the gall bladder and stored at — 80 °C until analysis. The
eggs were harvested by elution from adult flukes col-
lected from buffalo liver as described previously [27]. For
collection of E gigantica juveniles, mice were infected by
oral gavage with 30 viable metacercariae in 1 ml of PBS
and maintained in a containment laboratory, with room
temperature (2240.5 °C) under a 12/12-h light/dark
cycle. All mice were fed a commercial diet with access to
purified water ad libitum. Following infection, mice were
monitored for the development of clinical signs, such as
ruffled fur and physical inactivity. At 28 and 42 days post-
infection (dpi), mice were anesthetized by intraperitoneal
injection with 100 pl xylazine (20 mg/ml) and ketamine
(1 mg/ml) in PBS, and liver tissues were harvested and
washed in PBS to collect E gigantica juveniles. In this
study, buffaloes were infected with viable metacercariae
to obtain adult E gigantica for RNA isolation, protein
localization and to determine messenger RNA (mRNA)
transcription levels of CaBP4. For the immunological
studies, PBMCs were isolated from the infection-free
goat. Goat PBMCs and monocytes were used in the pre-
sent and previous studies [28, 29] as models to investi-
gate the influence of E gigantica-derived proteins on the
immune-associated cellular functions of innate immune
cells.
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RNA isolation and first-strand complementary DNA
synthesis

The E gigantica adult flukes were collected, as described
above, and RNA isolation was carried out using the Tri-
zol method (Invitrogen, Shanghai, China) according to
the manufacturer’s directions. The flukes were chopped
and homogenized for 30 min in a pre-chilled pestle and
mortar containing 1 ml Trizol; 200 ul of trichlorometh-
ane was then added and the mixture was centrifuged at
10,000x g for 10 min at 4 °C. The RNA in the supernatant
was precipitated by adding 250 ul of isopropyl alcohol
(0.25 volume/1 ml Trizol) and incubating at —20 °C for
30 min, followed by centrifugation at 10,000x g at 4 °C for
10 min. Finally, the RNA pellet was dried, washed with
70% ethanol and re-suspended in diethyl pyrocarbonate-
treated water. The complementary DNA (cDNA) was
reverse transcribed using a cDNA Synthesis Kit (Takara
Biotechnology, Dalian, China) according to the manufac-
turer’s instructions and maintained at — 20 °C for further
use.

Cloning of the Fg-CaBP4 gene

The following primers were designed using Primer Pre-
mier 5.0v software based on the complete open reading
frame (ORF) of Fg-CaBP4 (GenBank: JN604670.1): Fg-
CaBP4 forward 5-GGATCCATGGGCGAAGTGGCA
CTAG-3’ and Fg-CaBP4 reverse 5 GAGCTCCTAATT
GCTCGGTGTGCG-3’ (restriction sites, BamHI and
Sacl, are underlined). The target region including the
restriction sites, was amplified using reverse transcrip-
tion-polymerase chain reaction (RT-PCR). The ampli-
fied product was electrophoresed and purified using a
gel extraction kit (Omega Bio-Tek, GA) according to the
manufacturer’s instructions. The purified fragment was
then inserted into a pMD-19T cloning vector (Takara
Biotechnology). The resultant constructs were trans-
formed into Escherichia coli Trans5a competent cells
(TransGen Biotech, Beijing) and cultured in Luria Bertini
agar medium containing kanamycin antibiotic (100 pg/
ml). Random clones were then collected and positive
clones were confirmed by PCR followed by digestion
using the BamHI and Sacl restriction enzymes. Sequenc-
ing of the recombinant plasmid (pMD-19T/Fg-CaBP4)
was performed by Invitrogen Biotech (Shanghai, China)
and the obtained sequences were confirmed by sequence
alignment using the online Blast program (https://blast.
ncbinlm.nih.gov/Blast.cgi). The recombinant plasmid
(pMD-19T/Fg-CaBP4) was digested with a pair of restric-
tion endonuclease enzymes, BamHI and Sacl. The eluted
target fragment was then ligated into the expression vec-
tor pET28a(+) (Novagen, Shanghai, China) and trans-
ferred to E. coli (BL21) DE3 strain. The positive clones
were confirmed, again using dual digestion enzymes and
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electrophoresis, and the pET28a-Fg-CaBP4 product was
further verified by sequencing (GenScript, Shanghai,
China) to ensure the accurate insertion of the CaBP4
gene into the expression plasmid cassette.

Bioinformatics analysis

The sequence data received from GenScript were
matched to known CaBP4 sequences from other para-
sites available from the National Center for Biotechnol-
ogy Information (NCBI) using BLASTx and BLASTp
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Structural
prediction of the CaBP4 protein was evaluated using
the Protein Homolog/analogY Recognition Engine v2.0
(Phyre2) (http://www.sbg.bio.ic.ac.uk/~phyre2/html/
page.cgi?id=index). A phylogenetic tree, based on a
neighbor-joining method, was constructed and visualized
using Molecular Evolutionary Genetics Analysis 6.0 soft-
ware [30]. Predicting the structural characteristics of the
amino acid sequence was achieved using various bioin-
formatics approaches, such as N-terminal signal peptides
analysis (http://www.cbs.dtu.dk/services/SignalP/output.
html), N-glycosylation sites prediction (http://www.cbs.
dtu.dk/services/NetNGlyc/), transmembrane domain
predictions (http://www.cbs.dtu.dk/services/ TMHMMY/),
GPI modification site prediction (http://mendel.imp.ac.
at/sat/gpi/gpi_server.html), T cell motifs [DNASTAR
(EditSeq, Protean)], and B cell epitope prediction (http://
tools.immuneepitope.org/bcell/).

Expression and purification of recombinant Fg-CaBP4
protein

Positive clones were re-cultured in Luria Bertini medium
containing a specific antibiotic at 37 °C for almost 2 h
to obtain an optimal density of 0.6. Protein expression
was then induced by adding 1 mM isopropyl-3-D-thi-
ogalactopyranoside (IPTG; Sigma-Aldrich, Shanghai,
China). The culture was grown for a further 6 h and sam-
ples were collected before and at 2-h intervals follow-
ing IPTG induction. The bacterial pellet was collected
and sonicated. The expressed protein was run on 12%
(w/v) sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) and visualized with Coomassie
Brilliant Blue (G-250) staining. The recombinant pro-
tein was purified by a Ni*"-nitrilotriacetic acid column
(GE Healthcare, USA) as described previously [31]. The
recombinant protein was quantified using the Bradford
method [32], with bovine serum albumin as a stand-
ard, and then stored at —20 °C for further analysis as
described below.
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Production of antibodies and western blotting analysis
About 0.3 mg of purified recombinant Fg-CaBP4 (rFg-
CaBP4) protein was emulsified with an equal amount
of Freund’s complete (1:1) solution and subcutaneously
injected into Sprague—Dawley rats to generate polyclonal
antibodies against rFg-CaBP4. After 2 weeks, a booster
dose was given with a combination of Freund’s incom-
plete and rCaBP4 in the same ratio and via the same
dose route used in the initial injection. Two additional
booster doses were given at 1-week intervals. Finally, the
rats were anesthetized and blood samples were collected
directly from heart punctures. The sera containing anti-
bodies from immunized and normal rats were separated
and stored at — 20 °C.

The purified rFg-CaBP4 protein (20 pg) was electro-
phoresed in 12% SDS-PAGE and transferred to a polyvi-
nylidene difluoride membrane (Immobilon-P; Millipore,
Billerica, MA) using an eBlot protein transfer device
(GenScript, Nanjing, Jiangsu, China). Polyvinylidene dif-
luoride membranes were treated with 5% skimmed milk
(w/v) dissolved in Tris-buffered saline containing 0.05%
Tween-20 at 37 °C for 1 h to block non-specific binding.
The strips were washed three times with Tris-buffered
saline containing 0.05% Tween-20 and incubated with
rat anti-rFg-CaBP4 sera, or normal rat sera, as the pri-
mary antibody (1:300 dilutions) followed by goat anti-
rat horseradish peroxidase-labeled immunoglobulin G
(Santa Cruz Biotechnology, CA) as the secondary anti-
body (1:500 dilutions) at 37 °C for 2 h. Finally, the strips
were washed and immunoreactivity was visualized within
3-5 min using 3,3’-diaminobenzidine (Sigma-Aldrich) in
the dark.

Transcriptional analysis of the CaBP4 gene in F. gigantica
developmental stages

In order to examine dynamic changes in the transcrip-
tional level of CaBP4 at different stages of the E gigantica
life cycle, total RNA was extracted from eggs, juveniles
(28 and 42 dpi) and adults (98 dpi). The corresponding
cDNAs were synthesized in accordance with the assay
manufacturer’s instructions (Takara Biotechnology).
Transcriptional analysis of the candidate gene was per-
formed using the standard procedure for an ABI 7500
Real-Time PCR System (Applied Biosystems) and specific
primers for the endogenous reference gene S-actin and
target gene Fg-CaBP4 (Additional file 1: Table S1). The
relative transcription levels of Fg-CaBP4 were calculated
using the 2722t method [33]. This experiment was per-
formed in triplicate.

Localization of CaBP4 protein in F. gigantica adults
Adult E gigantica flukes collected at 98 dpi were fixed in
4% formaldehyde solution for 24 h then transferred to
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a solution of 30% sucrose in PBS for 2 days. The flukes
were then dried, dipped in Tissue-Tek O.C.T. Compound
(Sakura Finetek, Torrance, CA) and snap frozen in lig-
uid nitrogen. Sectioning of the parasites was performed
using a Cryostat CM1520 (Leica Biosystems, Nussloch,
Germany), with 15-pm section thickness; the sections
were preserved at —80 °C. The slides were thawed at
room temperature for 30 min and fixed in 4% formal-
dehyde-0.2% glutaraldehyde in PBS for 30 min. Non-
specific binding sites were blocked with 10% normal
goat serum in PBS for 1 h. The sections were incubated
with specific rat-anti-rFg-CaBP4 antiserum (1:100 dilu-
tions), or normal rat serum (control), overnight at 4 °C,
followed by the secondary antibody (goat anti-rat I1gG)
coupled with cyanine dye 3 (Cy3) at 37 °C for 4 h. Nuclei
were counterstained with 1.5 uM 2-(4-amidinophenyl)-
6-indolecarbamidine dihydrochloride (DAPIL Sigma,
St. Louis, MI) for 10 min. Finally, the slides were exam-
ined under a Leica TCS CP8 confocal microscope (Leica
Microsystems, Germany).

rFg-CaBP4 protein binding to the surface of goat
monocytes

The monocytes were separated from freshly collected
PBMCs, and washed with PBS (Ca®*/Mg*"-free, pH 7.4).
Cells numbers were adjusted to 1 x 10° cells/ml in RPMI-
1640 supplemented with 10% FBS, 100 U/ml penicillin
and 100 mg/ml streptomycin (Gibco Life Technologies);
then incubated with rFg-CaBP4, or control buffer, at
37 °C in 5% CO, for 2 h. Protein binding was examined
using an immunofluorescence assay [34]. The monocytes
were washed and added to poly-L-lysine-treated slides,
fixed with 4% paraformaldehyde for 30 min and permea-
bilized with 1% Triton X-100/PBS. The monocytes were
incubated with primary rat anti-rFg-CaBP4 IgG antibody
(1:200 dilutions), or normal rat serum, overnight at 4 °C,
followed by incubation in the secondary goat anti-rat IgG
antibody (Beyotime, China) coupled with Cy3 (1:1000
dilutions) for 4 h at 37 °C. Subsequently, nuclei of mono-
cytes were stained with DAPI (Sigma, USA), and pro-
tected from the light for 10 min. Anti-fade Fluoromount
solution (Beyotime, China) was added to the slides before
examination under a Leica TCS CP8 confocal micro-
scope at 100x magnification (Leica Microsystems).

Expression of cytokine transcripts in response

to rFg-CaBP4

The monocytes were stimulated with concanavalin A
(ConA; 10 pg/ml) and incubated with various doses
of rFg-CaBP4 (5 pg/ml, 10 pg/ml, 20 pg/ml and 40 pg/
ml) in RPMI 1640 culture medium (containing 100 U/
mL penicillin, 100 pg/ml streptomycin, 2 mmol/l L-glu-
tamine and 10% FBS) at 37 °C in 5% CO, for 72 h. The
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cells were harvested and a PrimeScript RT reagent kit
(Takara Biotechnology, CA) was used to extract RNA
from cell pellets. This was followed by cDNA synthesis
using ThermoScript RT and Oligo (dT) 20 primers (Inv-
itrogen) in line with the assay manufacturer’s instruc-
tions. Transcription levels of the cytokines IL-2, IL-4,
IL-10, interferon-y (IFN-y), transforming growth factor
(TGF)-p (TGF-B1), TNF-a and endogenous reference
gene (glyceraldehyde-3-phosphate dehydrogenase) were
examined using an ABI 7500 Real-Time PCR System
(Applied Biosystems) with the following cycling condi-
tions: initial denaturation at 95 °C for 30 s; amplification
at 95 °C for 5 s and 60 °C for 1 min and a melting curve
stage at 60—95 °C. The specific primers for each cytokine
gene, including the reference gene, and their amplifica-
tion efficiencies are summarized in Additional file 1:
Table S2. The cycle threshold (Ct) values obtained from
ABI Prism 7500 software version 2.0.6 (Applied Biosys-
tems) were used to obtain the relative gene expression
values using the 2724 method. The data were obtained
from triplicate experiments.

Expression of major histocompatibility complex molecules
on goat monocytes

Major  histocompatibility complex (MHC) mole-
cule expression analysis was performed as previously
described [35]. Freshly isolated monocytes (1 x 10° cells/
ml per well) were seeded in 24-well cell culture plates
containing complete RPMI 1640 medium. The cells
were incubated in different concentrations of rFg-CaBP4
(5 pg/ml, 10 pug/ml, 20 pg/ml and 40 pug/ml) or an equal
volume of control buffer for 24 h at 37 °C. Subsequently,
monocytes were marked with MHC class-I (MHC-I;
MCA2189A647) and MHC-II (MCA2226F) monoclonal
antibodies (AbD Serotec; BioRad Laboratories, CA). The
results were expressed as the percentage of mean fluores-
cence intensity and analyzed using a FACSCalibur Flow
Cytometer (BD Biosciences).

Statistical analysis

The results are presented as means+SD from three
independent experiments. The data were analyzed using
GraphPad Prism 6.0 for Windows (San Diego, CA). Mul-
tiple groups were compared and analyzed using one-way
ANOVA followed by Tukey’s test. Two groups were com-
pared using Student’s ¢-test. A value of P<0.05 was taken
to be statistically significant.

Results

Fg-CaBP4 cDNA and polypeptide

A cDNA region corresponding to an ORF of Fg-CaBP4
polypeptide was obtained by RT-PCR and appeared as an
amplicon of 576 bp in ethidium bromide-stained agarose
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gel. The eluted fragment was further cloned into a pMD-
19T vector, followed by expression in a pET28a(+) plas-
mid, and confirmed by BamHI and Sacl restriction site
digestion. The sequencing of the target fragment indi-
cated its accurate insertion into the expression vector,
resulting in the recombinant plasmid pET28a(+)-Fg-
CaBP4. The Fg-CaBP4 cloned sequence translated into
191 amino acid residues with a predicted protein size
of 22,250 Da and 4.977 pl. The Phyre2 search engine
predicted the presence of a CaBP domain comprising
98-189 residues (Fig. 1a) and the best template found
to generate the 3D structure was E hepatica CaBP2 with

55% sequence similarity (Protein Data Bank: p6422)
(Fig. 1b). The amino acid sequence of Fg-CaBP4 showed
high sequence similarity to other CaBPs and tegumental
protein sequences from various helminth parasites avail-
able in the NCBI database. The most related identity on
a BLASTp search had 96.86% similarity to Fg-CaBP4
(GenBank: AEX92829.1), 88.94% with Fasciola hepatica
tegument-associated antigen (GenBank: THD27821.1)
and 78.72% with Fasciolopsis buski CaBP4 (GenBank:
KAA0197385.1) (Table 1). A neighbor-joining phylo-
genetic tree showed that Fg-CaBP4 was clustered with
highly related sequences from E gigantica, E hepatica



Ehsan et al. Parasites Vectors (2021) 14:276

Page 7 of 15

Table 1 Amino acid similarity of Fasciola gigantica tegumental calcium-binding EF-hand protein (CaBP) 4 sequence obtained in the
present study to sequences of related trematode species available in the National Center for Biotechnology Information database

Description E-value Identity % GenBank accession no.
Fasciola gigantica CaBP4 3e—134 96.86 AEX92829.1
Fasciola hepatica tegument-associated antigen 2e—129 88.94 THD27821.1
Fasciolopsis buski CaBP4 Te—109 7872 KAAQ0197385.1
Clonorchis sinensis tegument antigen 7e—69 56.84 GAA56892.1
C. sinensis CaBP 8e—67 57.14 ABZ82044.1
F. hepatica calcium-binding protein 4e—63 5140 AJF23779.1
F. hepatica CaBP4 6e—63 5140 THD25974.1
F. gigantica CaBP3 5e—60 48.39 TPP63277.1
F. hepatica CaBP1 2e—59 47.85 AML33332.1
Schistosoma japonicum tegument antigen le—57 4837 CAX72713.1
C. sinensis 21.6-kDa tegumental protein 3e—55 4555 AEI69651.1
F. gigantica tegqument antigen 4e—47 40.98 TPP59291
C. sinensis 21.6-kDa tegumental protein 3e—55 4555 AEI69651.1
F. hepatica CaBP3 le—49 46.15 AFX60920
C. sinensis tegument antigen 3e—-54 44.69 RIW60199.1
and other helminth species (Fig. 1c). Sequence analy- e
sis also predicted T cell motifs and B cell epitopes in the v
deduced protein structure. Proteins without signal pep- 6001
tides are unlikely to be exposed to N-glycosylation and 5
thus may not be glycosylated. In addition, no signal pep- 2 400
tide, GPI modification site or transmembrane domain :,:' ns
was predicted in the Fg-CaBP4 protein sequence (Addi- - T |L|
tional file 2: Figures S1-S5). E 1954
=
Transcriptional profiles of CaBP4 in life cycle stages of F. % 122 ;: %
gigantica o .
Real-time PCR analysis showed that mRNA transcrip- 22: —_— % %
tion of CaBP4 was significantly altered at different life . : : : :
cycle stages of E gigantica. The transcription levels of Fg- & & S 3 »
CaBP4 were observed to increase from juvenile (28 dpi < & “3,6 bg,b o S
and 42 dpi) to adult fluke (98 dpi) when compared with \@& ® .\\e\ &
that of metacercaria. The relative quantities in juvenile 4 \@o 40° DS
(28 dpi), juvenile (42 dpi) and adults (98 dpi) were 166.6, » »
147.1 and 456.6, respectively; whereas the relative quan- Fig. 2 The relative expression of Ca.BP% in . gigantica life cycle‘ stages.
tity in metacercaria was 32.97 (Fig. 2). The highest level The messenger RNA (mANA) transcriptional patterns of CaBP4 in
L . . eggs, juvenile [28 and 42 days post-infection (dpi)] and adult (98
of Fg-CaBP4 transcription was found in adult £ gigan- dpi) flukes were examined by real-time polymerase chain reaction.
tica [ANOVA, Fl410=27.60, P< 0.0001], when compared The transcription value of CaBP4 in the eggs was normalized to 1.0.
with that of metacercaria (Fig, 2). The relative changes in the gene transcription ratio were normalized
to the transcription of a reference gene and calculated by the
272 method. The data are presented as mean =+ SD from three
Distribution of CaBP4 in adult F. gigantica independent experiments. Data were analyzed by one-way ANOVA.
The bacterial cultures containing recombinant CaBP4 ns Non-significant; ***P <0001, ****P <0.0001

clones were induced with 1 mM IPTG at different time
intervals and the transfected bacteria were collected by
centrifugation. The sonicated bacterial lysate was puri-
fied by chromatography on Ni*"-nitrilotriacetic acid
and the purified protein was resolved using 12% SDS-
PAGE and produced a single band of about 26.2 kDa of

Fg-CaBP4 protein (Fig. 3a). The high molecular mass of
the purified protein, which differed from the size calcu-
lated based on deduced amino acids, was due to an addi-
tional 4-kDa fused protein of the expression vector. The
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sera (2)

Fig. 3a, b Western blotting was performed to confirm the expression of recombinant Fg-CaBP4 (rFg-CaBP4) protein [molecular weight protein
ladder (M)]. a The recombinant protein expression before isopropyl-3-D-thiogalactopyranoside induction (0 h), protein expression at different times
(2,4, 6 h) and the purified protein resolved by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (P). b The purified protein was transferred
to a polyvinylidene difluoride membrane which was probed with rat sera containing anti-rFg-CaBP4 antibodies (1) or incubated with normal rat

| 2

immunogenicity of the Fg-CaBP4 protein was detected
by western blotting using polyclonal antibodies gener-
ated against rFg-CaBP4 protein in Sprague—Dawley rats.
The results showed an immunogenic reaction in sam-
ples probed with sera from immunized rats (rat anti-
Fg-CaBP4), but no reaction was observed with the sera
collected from non-immunized or normal rats (Fig. 3b).
To examine the localization of native CaBP4 protein
within adult F gigantica flukes, anterior sections of the
parasite including oral suckers, pharynx, genital pore
and acetabulum were processed and stained for protein
distribution. The results showed that antibodies raised
against rFg-CaBP4 immunohistochemically detected the
native protein CaBP4 in the oral suckers, pharynx, genital
pore and acetabulum as well as the tegument of adult F
gigantica flukes, suggesting that CaBP4 is not only a tegu-
mental protein, but also an excretory/secretory protein
released from the host-parasite interface. As anticipated,
no labeling was detected in control sections probed with
antibodies derived from normal rats (Fig. 4).

rFg-CaBP4 protein adhesion to the surface of goat
monocytes

We evaluated the propensity of Fg-CaBP4 to attach to the
surface of goat monocytes using an immunofluorescence

assay. The results indicated that the Fg-CaBP4 protein
could interact with monocytes by direct adherence to
the cell surface, as indicated by the dense immunoreac-
tivity and red fluorescence at the margin of monocytes.
As expected, no fluorescence was detected in the control
(untreated) monocytes (Fig. 5).

Cytokine production in response to rFg-CaBP4

The monocytes induced with ConA, and incubated with
different rFg-CaBP4 concentrations, showed increased
levels of cytokines IL-2 [ANOVA, Fs;,=33.53,
P<0.0001], IL-4 [ANOVA, F 1, =26.16, P<0.0001],
IEN-y [ANOVA, F 5 =64.13, P<0.0001] and TGE-
Bl [ANOVA, F ;5 =48.02, P<0.0001]. However, the
level of the IL-10 cytokine gradually decreased as the
concentration of the rFg-CaBP4 protein increased
[ANOVA, F1=10.62, P=0.0004]. The secretion
of the TNF-a cytokine was not significantly altered
[ANOVA, F515=0.512, P=0.762] compared to that of
the control group (Fig. 6).
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BF DAPI (nuclei) Cy3 (protein) Merge

Oral sucker

Pharynx

Gonopore

Acetabulum

CaBP4 (rat anti-rFg-CaBP4 IgG)

Control (Normal rat IgG)

Fig. 4 Immunolocalization of CaBP4 within adult . gigantica flukes. The CaBP4 protein was detected in the tegument and inner lining of the oral
sucker and ventral sucker (Acetabulum). Red denotes the target protein stained with cyanine dye 3 (Cy3)-conjugated secondary antibody. Blue
denotes nuclei stained with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI). No red fluorescence was detected in the control
panel. Merge Combined DAPI and Cy3, BF bright fluorescence. Scale bars 250 um

rFg-CaBP4 increased the expression of MHC-II the concentrations of rFg-CaBP4 protein as follows:
and decreased the expression of MHC- 5 pg/ml (¢,=14.72, P=0.0001), 10 pg/ml (¢,=13.19,
The expression of MHC-I1 and MHC-II surface mark-  p=0.0002), 20 pg/ml (t,=12.64, P=0.0002), 40 pg/ml
ers on goat monocytes was evaluated by flow cytom-  (z,=21.20, P<0.0001) compared with the control group
etry, and the results showed that MHC-II" expression (Fig. 7). In contrast, the expression of MHC-I" was
on monocytes gradually increased in proportion to  higher in response to 5 pg/ml (£,=28.22, P<0.0001)
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Binding (Cy3)

rFg-CaBP4

Control

0 um 10
| S ——)

Nuclei (DAPI)

Fig. 5 Binding of rFg-CaBP4 to the surface of goat monocytes. Goat monocytes were treated with rFg-CaBP4 (20 ug/ml) or left untreated for 60 min
at 37 °C. All cells were fixed and incubated with rat anti-rFg-CaBP4 antibody followed by Cy3-labeled goat anti-rat IgG (red). The cell nuclei were
counter labeled with DAPI (blue). The binding of rFg-CaBP4 to the surface of goat monocytes was observed as red staining with a confocal laser
scanning microscopy. Scale bars 10 um. For abbreviations, see Figs. 3 and 4

Merge

0 pm 10 0 pum 10
| W—— -] 1L

and 10 pg/ml (¢,=7.342, P=0.0018) concentrations,
and reduced with increasing concentrations of rFg-
CaBP4 at 20 pg/ml (t,=1.622, P=0.1800) and 40 pg/
ml (¢,=1.032, P=0.360), without any significant differ-
ence when compared to the control group (Fig. 7).

Discussion

Fascioliasis impacts the livestock industry worldwide and
imposes a public health threat. In order to accelerate the
development of sustainable strategies to control fasciolia-
sis, a better understanding of the modulatory effects of
Fasciola spp. on host immune responses is needed. The
ability of the liver flukes of the genus Fasciola to produce
many excretory-secretory proteins including calcium-
binding EF-hand proteins is one of the most critical
strategies used by these parasites to manipulate the host
immune responses and establish persistent infections.
In this study, we successfully cloned and expressed the
recombinant protein CaBP4. We isolated a complete
ORF of CaBP4 from FE gigantica cDNA, which encoded
a recombinant protein of ~ 26.2 kDa, including the 4-kDa
fused peptides of the expression vector protein. The
sequence similarity of the obtained protein was 96.86%
to Fg-CaBP4, but lower, i.e. 48.39%, 48.37% and 47.85%,
when compared with E hepatica CaBP1, Fg-CaBP3 and
tegumental antigen from schistosomes, respectively.
Previous studies have shown that both native and rFg-
CaBPs are antigenic molecules that induce a predomi-
nantly IgG1 response with lower IgE, IgG2a and IgG2b

responses [9]. A previous study showed that Opisthorchis
viverrini CaBP, which has a high structural resemblance
to Fg-CaBP4. was distributed in the intestinal epithe-
lium rather than tegumental region of the adult fluke
[13]. In the case of S. mansoni, Sm-CaBP4 was located
in the excretory system and intestinal lining [36]. In the
present study, anti-rFg-CaBP4 antisera reacted with
the native protein (CaBP4) in the fluke’s tegument and
intestinal lining, reproductive and secretory/excretory
structures, indicating that CaBP4, in addition to being a
tegumental protein, is also an excretory/secretory pro-
tein released during infection. The excretory/secretory
antigens interact with host immune cells through effector
proteins, which are a prerequisite for immunoregulatory
activity [37]. The proteomic profile of parasites contains
various proteins with regulatory activities, which can
challenge the host immune system by modulation, or
suppression, of immune responses via the formation of
receptor-ligand complexes on the surface of the host cell
[38]. In our study, an immunofluorescence assay success-
fully demonstrated that rFg-CaBP4 protein can interact
with and adhere to the surface of goat monocytes, pro-
viding further evidence that Fg-CaBP4 may play a role in
immune regulation during the parasite-host relationship.

During the parasite-host relationship, Thl and Th2
immune and inflammatory responses are associated
with many cytokines and chemokines produced by
many immune cell types (lymphocytes and monocytes),
which perform different immunoregulatory functions
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Fig. 6 Effect of rFg-CaBP4 on goat monocyte cytokine production. Cells were stimulated with concanavalin A (ConA) (10 ug/ml) and incubated
with rFg-CaBP4 for 26 h. Then, expression of the mRNAs of interleukin (/L)-2, IL-4, IL-10, IFN-y, transforming growth factor-31 (TGF-A1), and tumor
necrosis factor-a (TNF-a) was quantified by reverse transcription-polymerase chain reaction. The data are presented as the mean =+ SD from three
independent experiments. *P < 0.05, **P<0.01, ****P < 0,0001, ns [compared with the untreated (Control) group]
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[39]. In the present study, mRNA transcription levels of
IL-2, IL-4, IL-10, IEN-y, TGE-B1 and TNF-a were evalu-
ated in host monocytes treated with different rFg-CaBP4
concentrations. To develop a tenacious infection in their
mammalian definitive host, Fasciola species required a
complex regulatory mechanism to challenge the host’s
immune response, with Fg excretory-secretory proteins
promoting various cellular and immunological tasks
upon interaction with host immune cells [28]. Fasciola
infection can induce a mixed Th1/Th2 immune response

[40, 41]. Cell-mediated Thl type immune and inflam-
matory responses are associated with IL-2, IFN-y and
TNEF-a, along with monocyte activation, and have been
detected in an intestinal nematode infection [42] and
progression of the adaptive cellular immune response
[43]. Recombinant proteins (rFg-CatB and rFg-Rab10)
significantly promoted IL-2 and IFN-y production in
activated PBMCs [29, 44]. In another study, Th1 type cel-
lular immune responses, characterized by the generation
of IL-2 and IFN-y mRNA transcripts, were observed in
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Fig. 7 rFg-CaBP4-mediated differential expression of major histocompatibility complex (MHC) on the surface of goat monocytes. Monocytes were
cultured in the presence of the indicated concentrations of rFg-CaBP4 and control buffer for 24 h. MHC class-l (MHC-I) and MHC-II expressions
were measured by flow cytometric analysis and calculated as the percentage of mean fluorescence intensity (MFl). The data are presented as the
MFI+£ SD from three independent experiments. **P<0.01, ***P < 0.001, ****P < 0.0001, ns (compared to untreated control)

sheep challenged with Haemonchus contortus [45]. In
this study, goat monocytes showed higher levels of IL-2
and IFN-y cytokines in response to rFg-CaBP4 protein,
suggesting that these cytokines may be linked to non-
protective immune responses against fascioliasis. Th2
immune responses are characterized by IL-4 secretion,
which acts as key mediator of humoral immunity to
control helminth infection [46]. IL4 also participates in
lymphocyte activation, differentiation, proliferation and
antibody switching to IgG and IgE [47]. In this study, goat
monocytes exposed to CaBP4 had elevated levels of IL-4,
which promotes a Th2 type immune response during the
parasite-host interaction. In a previous investigation,

E hepatica TegPs impaired host DCs’ maturation and
functions by decreasing IL-10 and TNF-a secretions and
cell surface markers [19, 20]. The immunosuppressive
cytokine IL-10 was thought to have a negative influence
on IL-2 and IFN-y production [48], and exert an inhibi-
tory impact on Th2 immune responses [49]. In this study,
rFg-CaBP4 protein demonstrated a significant inhibition
of the Th2 type immune response, as indicated by the
reduction of the IL-10 cytokine level in host monocytes,
and exerted a suppressive effect on the differentiation of
regulatory T cells, which may be an immune modulatory
role of Fg-CaBP4 against fascioliasis. TGF-$ is impli-
cated in various immune regulatory activities [50] and
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can inhibit T cell activation and differentiation [49]. Acti-
vated macrophages are key for immune responses with
the production of the pro-inflammatory cytokine TNF-a
in lipopolysaccharide-induced macrophages, which is
required for the killing of pathogens [51]. In this study,
binding of rFg-CaBP4 to goat monocytes increased the
production of TGF-B1, which could be a mechanism
employed by rFg-CaBP4 to facilitate immune evasion
during host—parasite interactions. However, rFg-CaBP4
showed no significant effects on TNF-a secretion in goat
monocytes. Our analysis on the production of Thl- and
Th2-dependent cytokines in cultured monocytes showed
that the rFg-CaBP4 protein can induce both humoral and
cellular immune responses and is responsible for trigger-
ing Thl and Th2 immune homeostasis during the para-
site-host relationship.

MHC-I and -II molecules on the surface of antigen-
presenting cells permit their exposure to extracellu-
lar antigens and are associated with parasite infection,
antibody production and initiation of adaptive immune
responses [52, 53]. In addition, cytokines—particularly
IFN-y and TGF-B—have been shown to have distinc-
tive roles in MHC-I and -II gene expression on various
host immune cells [54]. In the present study, we detected
enhanced expression of MHC-II on monocytes treated
with different concentrations of the rFg-CaBP4 protein.
However, MHC-I expression was inhibited in response
to a gradual increase in protein concentration. This indi-
cated that the rFg-CaBP4 protein plays a vital role in the
inhibition of parasitic infection by presenting antigen
peptides to monocytes, and results in strong adaptive
immune responses through increased levels of MHC-II
molecule expression.

Conclusions

We showed that rFg-CaBP4 protein is predominant in
adult E gigantica flukes and is localized in the tegument
and internal structures of the flukes. The rFg-CaBP4 pro-
tein can actively bind to the surface of goat monocytes
and modulates immune-associated cellular responses in
stimulated goat monocytes. Our data offer new insight
into the role of Fg-CaBP4 during interaction with innate
immune cells in vitro. Further characterization of the role
of Fg-CaBP4 and its potential utility in therapeutic inter-
ventions is needed.

Abbreviations

CaBP: Calcium-binding protein; CaBP4: Tegumental calcium-binding EF-hand
protein 4; cDNA: Complementary DNA; ConA: Concanavalin A; Cy3: Cyanine
dye 3; DAPI: 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride;

DCs: Dendritic cells; dpi: Days post-infection; FBS: Fetal bovine serum; IFN-y:
Interferon-y; Ig: Immunoglobulin; IL: Interleukin; IPTG: Isopropyl-3-D-thioga-
lactopyranoside; MHC: Major histocompatibility complex; mRNA: Messenger
RNA; NCBI: National Center for Biotechnology Information; ORF: Open reading

Page 13 of 15

frame; PBMCs: Peripheral blood mononuclear cells; PBS: Phosphate buffered
saline; Phyre2: Protein Homolog/analogY Recognition Engine v2.0; RPMI 1640:
Roswell Park Memorial Institute 1640 culture media; RT-PCR: Reverse tran-
scription-polymerase chain reaction; SDS-PAGE: Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis; TegPs: Tegumental proteins; TGF: Transforming
growth factor; Th: Helper T cell; TNF-a: Tumor necrosis factor-a.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513071-021-04784-5.

Additional file 1: Table S1. Primer sequences used for transcriptional
analysis of Fg-CaBP4 by real-time PCR. Table S2. Primer sequences used
for transcriptional analysis of cytokines by real-time PCR.

Additional file 2: Figure S1. N-terminal signal peptide prediction. The
amino acid sequences of Fg-CaBP4 (GenBank: JN604670.1) was used to
predict N-terminal signal peptides by the SignalP 4.1 Server. Figure S2.
Fg-CaBP4 (GenBank: JN604670.1) was used to identify N-glycosylation
sites. The consecutive amino acids in the sequence of Asn-Xaa-Ser/Thr are
shown in blue. Asn predicted to be N-glycosylated is shown in red. Proteins
without signal peptides are unlikely to be exposed to the N-glycosylation
machinery and thus may not be glycosylated, even though they contain
potential motifs. Figure S3. Transmembrane domain prediction using
TMHMM Server v.2.0. The amino acid sequences of Fg-CaBP4 (GenBank:
JN604670.1) was analyzed to predict transmembrane domain struc-

ture. There were no transmembrane domains predicted in this protein
structure. Figure S4. Prediction of B cell epitopes for Fg-CaBP4. Protein
sequence (GenBank: JN604670.1) was used for B cell epitope prediction
using Bepipred Linear Epitope Prediction 2.0, which revealed 7 peptides
of B cell epitopes. Figure S5. Protein sequence of Fg-CaBP4 (GenBank:
JN604670.1) was used for prediction of T cell motifs. This analysis identified
12 potential epitopes in the target sequence.

Acknowledgements
The authors thank Ms Rong Li for technical assistance.

Authors’ contributions

XQZ, ME and HME conceived and designed the study. ME performed the
experiments, analyzed data and drafted the manuscript with the help of RSH.
JLH, XDL and PHL participated in the implementation of the study. ME, HME
and XQZ revised the manuscript. All authors read and approved the final
manuscript.

Funding

The funding for this study was kindly provided by the National Key Basic
Research Program (973 Program) of China (grant no. 2015CB150300), the Agri-
cultural Science and Technology Innovation Program (grant no. CAAS-ASTIP-
2016-LVRI-03), the Yunnan Expert Workstation (grant no. 202005AF150041)
and the Veterinary Public Health Innovation Team of Yunnan Province.

Availability of data and materials
The datasets supporting the findings of this article are included within the
article and its additional files.

Declarations

Ethics approval and consent to participate

The study design was reviewed and approved by the Animal Ethics Commit-
tee of Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural
Sciences, People’s Republic of China (permit no. LVRIAE-2019-06). All experi-
ments were performed in strict compliance with the Animal Ethics Procedures
and Guidelines of the People’s Republic of China.

Consent for publication
Not applicable.


https://doi.org/10.1186/s13071-021-04784-5
https://doi.org/10.1186/s13071-021-04784-5

Ehsan et al. Parasites Vectors (2021) 14:276

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

Author details

'State Key Laboratory of Veterinary Etiological Biology, Key Laboratory of Vet-
erinary Parasitology of Gansu Province, Lanzhou Veterinary Research Institute,
Chinese Academy of Agricultural Sciences, Lanzhou 730046, Gansu, China.
2Department of Parasitology, Faculty of Veterinary and Animal Sciences, The
Islamia University of Bahawalpur, Bahawalpur 63100, Punjab, Pakistan. *Faculty
of Medicine and Health Sciences, School of Veterinary Medicine and Science,
University of Nottingham, Sutton Bonington Campus, Loughborough LE12
5RD, UK. “College of Veterinary Medicine, Shanxi Agricultural University,

Taigu 030801, Shanxi, China. °Key Laboratory of Veterinary Public Health

of Higher Education of Yunnan Province, College of Veterinary Medicine, Yun-
nan Agricultural University, Kunming 650201, Yunnan, China.

Received: 20 January 2021 Accepted: 11 May 2021
Published online: 22 May 2021

References

1. Spithill TW, Carmona C, Piedrafita D, Smooker PM. Prospects for immu-
noprophylaxis against Fasciola hepatica (liver fluke). Parasitic Helminths
Targets Screens Drugs Vaccines. 2012. https://doi.org/10.1002/97835
27652969.ch28.

2. Piedrafita D, Spithill T, Smith R, Raadsma H. Improving animal and human
health through understanding liver fluke immunology. Parasite Immunol.
2010;32:572-81.

3. Soliman MF. Epidemiological review of human and animal fascioliasis in
Egypt. J Infect Dev Countries. 2008;2:182-9.

4. Young ND, Jex AR, Cantacessi C, Hall RS, Campbell BE, Spithill TW, et al.

A portrait of the transcriptome of the neglected trematode, Fasciola
gigantica—biological and biotechnological implications. PLoS Neg Trop
Dis. 2011;5:21004.

5. Meemon K, Sobhon P. Juvenile-specific cathepsin proteases in
Fasciola spp.: their characteristics and vaccine efficacies. Parasitol Res.
2015;114:2807-13.

6. Brennan G, Fairweather |, Trudgett A, Hoey E, McConville M, Meaney
M, et al. Understanding triclabendazole resistance. Exp Mol Pathol.
2007;82:104-9.

7. Cheung S, Thomas CM, Timson DJ. FhCaBP1 (FH22): a Fasciola hepatica
calcium-binding protein with EF-hand and dynein light chain domains.
Exp Parasitol. 2016;170:109-15.

8. de Eguino ADR, Machin A, Casais R, Castro AM, Boga JA, Martin-Alonso
JM, Parra F. Cloning and expression in Escherichia coli of a Fasciola
hepatica gene encoding a calcium-binding protein. Mol Biochem Parasi-
tol. 1999;101:13-21.

9. Subpipattana P, Grams R, Vichasri-Grams S. Analysis of a calcium-
binding EF-hand protein family in Fasciola gigantica. Exp Parasitol.
2012;130:364-73.

10. Fitzsimmons CM, Jones FM, Stearn A, Chalmers IW, Hoffmann KF, Wawr-
zyniak J, Wilson S, Kabatereine NB, Dunne DW. The Schistosoma mansoni
tegumental-allergen-like (TAL) protein family: influence of developmen-
tal expression on human IgE responses. PLoS Negl Trop Dis. 2012;6:21593.

11. KimYJ, Yoo WG, Lee MR, Kim DW, Lee WJ, Kang JM, Na BK, Ju JW. Identifi-
cation and characterization of a novel 21.6-kDa tegumental protein from
Clonorchis sinensis. Parasitol Res. 2012;110:2061-6.

12. ZhengY, Guo X, Su M, Chen X, Jin X, Ding J, et al. Identification of emu-
TegP11, an EF-hand domain-containing tegumental protein of Echinococ-
cus multilocularis. Vet Parasitol. 2018;255:107-13.

13. Senawong G, LahaT, Loukas A, Brindley PJ, Sripa B. Cloning, expression,
and characterization of a novel Opisthorchis viverrini calcium-binding EF-
hand protein. Parasitol Int. 2012;61:94-100.

14. Thomas Charlotte M, Timson DJ. A mysterious family of calcium-binding
proteins from parasitic worms. Biochem Soc Trans. 2016;44:1005-10.

15. Zhang Z, Xu H, Gan' W, Zeng S, Hu X. Schistosoma japonicum calcium-
binding tegumental protein SjTP22. 4. Immunization confers praziqu-
antel schistosomulumicide and antifecundity effect in mice. Vaccine.
2012;30:5141-50.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Page 14 of 15

Adams P, Aldridge A, Vukman K, Donnelly S, O'Neill S. Fasciola hepatica
tegumental antigens indirectly induce an M2 macrophage-like pheno-
type in vivo. Parasite Immunol. 2014;36:531-9.

Jones MK, Gobert GN, Zhang L, Sunderland P, McManus DP. The
cytoskeleton and motor proteins of human schistosomes and their

roles in surface maintenance and host-parasite interactions. BioEssays.
2004,26:752-65.

Emmanoch P, Kosa N, Vichasri-Grams S, Tesana S, Grams R, Geadkaew-
Krenc A. Comparative characterization of four calcium-binding EF hand
proteins from Opisthorchis viverrini. Korean J Parasitol. 2018;56:81.
Hamilton CM, Dowling DJ, Loscher CE, Morphew RM, Brophy PM, O'Neill
SM. The Fasciola hepatica tegumental antigen suppresses dendritic cell
maturation and function. Infect Immun. 2009;77:2488-98.

Hacariz O, Sayers G, Mulcahy G. A preliminary study to understand

the effect of Fasciola hepatica tegument on naive macrophages and
humoral responses in an ovine model. Vet Immunol Immunopathol.
2011;139:245-9.

Islam MA, Grof3e-Brinkhaus C, Proll MJ, Uddin MJ, Agter Rony S, Tesfaye D,
et al. PBMC transcriptome profiles identifies potential candidate genes
and functional networks controlling the innate and the adaptive immune
response to PRRSV vaccine in Pietrain pig. PLoS ONE. 2017;12:e0171828.
Huang SY, Yue DM, Hou JL, Zhang XX, Zhang FK, Wang CR, Zhu XQ.
Proteomic analysis of Fasciola gigantica excretory and secretory products
(FQESPs) interacting with buffalo serum of different infection periods by
shotgun LC-MS/MS. Parasitol Res. 2019;118:453-60.

Ehsan M, Wang W, Gadahi JA, Hasan MW, Lu M, Wang Y, et al. The serine/
threonine-protein phosphatase 1 from Haemonchus contortus is actively
involved in suppressive regulatory roles on immune functions of goat
peripheral blood mononuclear cells. Front Immunol. 2018;9:1627.
Nicholson IC, Mavrangelos C, Fung K, Ayhan M, Levichkin I, Johnston A,
Zola H, Hoogenraad NJ. Characterisation of the protein composition of
peripheral blood mononuclear cell microsomes by SDS-PAGE and mass
spectrometry. J Immunol Methods. 2005;305:84-93.

Wang Y, Lu M, Wang S, Ehsan M, Yan R, Song X, Xu L, Li X. Characterization
of a secreted macrophage migration inhibitory factor homologue of the
parasitic nematode Haemonchus contortus acting at the parasite-host cell
interface. Oncotarget. 2017,8:40052.

Zhang FK, Zhang XX, Elsheikha HM, He JJ, Sheng ZA, Zheng WB, et al.
Transcriptomic responses of water buffalo liver to infection with the
digenetic fluke Fasciola gigantica. Parasites Vectors. 2017;10:56.

Hu RS, Zhang XX, Ma QN, Elsheikha HM, Ehsan M, Zhao Q, Fromm B, Zhu
XQ. Differential expression of microRNAs and tRNA fragments mediate
the adaptation of the liver fluke Fasciola gigantica to its intermediate snail
and definitive mammalian hosts. Int J Parasitol. 2021;5:405-14.

Tian AL, Lu M, Calderén-Mantilla G, Petsalaki E, Dottorini T, Tian X, et al.

A recombinant Fasciola gigantica 14-3-3 epsilon protein (rFg14-3-3e)
modulates various functions of goat peripheral blood mononuclear cells.
Parasites Vectors. 2018;11:152.

Tian AL, Lu M, Zhang FK, Calderén-Mantilla G, Petsalaki E, Tian X, et al. The
pervasive effects of recombinant Fasciola gigantica Ras-related protein
Rab10 on the functions of goat peripheral blood mononuclear cells.
Parasites Vectors. 2018;11:579.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol Biol Evol. 2013;30:2725-9.
Ehsan M, Gao W, Gadahi JA, Lu M, Liu X, Wang Y, et al. Arginine kinase
from Haemonchus contortus decreased the proliferation and increased
the apoptosis of goat PBMCs in vitro. Parasites Vectors. 2017;10:311.
Bradford MM. A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem. 1976;72:248-54.

Lu M, Tian X, Tian A-L, Li C, Yan R, Xu L, et al. A novel a/§3 hydrolase
domain protein derived from Haemonchus contortus acts at the parasite-
host interface. Frontiers Immunol. 2020;11:1388.

Ehsan M, Gadahi JA, Lu M, Yan R, Xu L, Song X, et al. Recombinant elonga-
tion factor 1 alpha of Haemonchus contortus affects the functions of goat
PBMCs. Parasite Immunol. 2020;42:12703.

Wang Y, Ehsan M, Huang J, Aimulajiang K, Yan R, Song X, Xu L, Li X. Char-
acterization of a rhodanese homologue from Haemonchus contortus and
its immune-modulatory effects on goat immune cells in vitro. Parasites
Vectors. 2020;13:454.


https://doi.org/10.1002/9783527652969.ch28
https://doi.org/10.1002/9783527652969.ch28

Ehsan et al. Parasites Vectors

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2021) 14:276

Dunne DW, Webster M, Smith P, Langley JG, Richardson BA, Fulford

AJ, et al. The isolation of a 22 kDa band after SDS-PAGE of Schistosoma
mansoni adult worms and its use to demonstrate that IgE responses
against the antigen(s) it contains are associated with human resistance to
reinfection. Parasite Immunol. 1997;19:79-89.

Gadahi JA,Wang S, Bo G, Ehsan M, Yan R, Song X, Xu L, Li X. Proteomic
analysis of the excretory and secretory proteins of Haemonchus contortus
(HCESP) binding to goat PBMCs in vivo revealed stage-specific binding
profiles. PLoS ONE. 2016;11:e0159796.

Ehsan M, Gadahi JA, LiuT, Lu M, Wang Y, Hasan MW, et al. Identifica-

tion of a novel methyltransferase-type 12 protein from Haemonchus
contortus and its effects on functions of goat PBMCs. Parasites Vectors.
2020;13:1-15.

Grencis RK. Cytokine regulation of resistance and susceptibility to
intestinal nematode infection—from host to parasite. Vet Parasitol.
2001;100:45-50.

Kumar N, Raina O, Nagar G, Prakash V, Jacob SS.Th1 and Th2 cytokine
gene expression in primary infection and vaccination against Fasciola
gigantica in buffaloes by real-time PCR. Parasitol Res. 2013;112:3561-8.
Changklungmoa N, Phoinok N, Yencham C, Sobhon P, Kueakhai P. Vaccine
potential of recombinant cathepsinL1G against Fasciola gigantica in mice.
Vet Parasitol. 2016;226:124-31.

Munoz-Carrillo JL, Contreras-Cordero JF, Mufoz-Lopez JL, Maldonado-
Tapia C, Munoz-Escobedo JJ, Moreno-Garcia MA. Resiniferatoxin modu-
lates the Th1 immune response and protects the host during intestinal
nematode infection. Parasite Immunol. 2017;39:e12448.

Cortés A, Munioz-Antoli C, Esteban JG, Toledo R. Th2 and Th1 responses:
clear and hidden sides of immunity against intestinal helminths. Trends
Parasitol. 2017;33:678-93.

Chen D, Tian AL, Hou JL, Li JX, Tian XW, Yuan XD, et al. The multitasking
Fasciola gigantica cathepsin B interferes with various functions of goat

peripheral blood mononuclear cells in vitro. Front Immunol. 2019;10:1707.

Schallig HD. Immunological responses of sheep to Haemonchus contor-
tus. Parasitology. 2000;120:563-72.

Page 15 of 15

46. Lacroux C, Nguyen TH, Andreoletti O, Prevot F, Grisez C, Bergeaud JP, et al.
Haemonchus contortus (Nematoda: Trichostrongylidae) infection in lambs
elicits an unequivocal Th2 immune response. Vet Res. 2006,37:607-22.

47. Nishio J, Honda K. Immunoregulation by the gut microbiota. Cell Mol Life
Sci. 2012;69:3635-50.

48. Moura VB, Lima SB, Matos-Silva H, Vinaud MC, Loyola PR, Lino RS. Cellular
immune response in intraventricular experimental neurocysticercosis.
Parasitology. 2016;143:334-42.

49. Taylor A, Verhagen J, Blaser K, Akdis M, Akdis CA. Mechanisms of immune
suppression by interleukin-10 and transforming growth factor-beta: the
role of T regulatory cells. Immunology. 2006;117:433-42.

50. Li MO, Wan YY, Sanjabi S, Robertson AKL, Flavell RA. Transforming
growth factor- regulation of immune responses. Annu Rev Immunol.
2006;24:99-146.

51. Xaus J, Comalada M, Valledor AF, Lloberas J, Lopez-Soriano F, Argilés
JM, Bogdan C, Celada A. LPS induces apoptosis in macrophages mostly
through the autocrine production of TNF-a. Blood J Am Soc Hematol.
2000;95:3823-31.

52. Keskinen P, Ronni T, Matikainen S, Lehtonen A, Julkunen I. Regulation
of HLA class I and Il expression by interferons and influenza A virus in
human peripheral blood mononuclear cells. Immunology. 1997,91:421-9.

53. Chamuleau ME, Ossenkoppele GJ, Van De Loosdrecht AA. MHC class I
molecules in tumour immunology: prognostic marker and target for
immune modulation. Immunobiology. 2006;211:619-25.

54. Panek RB, Benveniste EN. Class Il MHC gene expression in microglia.
Regulation by the cytokines IFN-gamma, TNF-alpha, and TGF-beta. J
Immunol. 1995;154:2846-54.

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

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

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Fasciola gigantica tegumental calcium-binding EF-hand protein 4 exerts immunomodulatory effects on goat monocytes
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals used in the experiments
	Cell isolation and culture
	Source of the parasite
	RNA isolation and first-strand complementary DNA synthesis
	Cloning of the Fg-CaBP4 gene
	Bioinformatics analysis
	Expression and purification of recombinant Fg-CaBP4 protein
	Production of antibodies and western blotting analysis
	Transcriptional analysis of the CaBP4 gene in F. gigantica developmental stages
	Localization of CaBP4 protein in F. gigantica adults
	rFg-CaBP4 protein binding to the surface of goat monocytes
	Expression of cytokine transcripts in response to rFg-CaBP4
	Expression of major histocompatibility complex molecules on goat monocytes
	Statistical analysis

	Results
	Fg-CaBP4 cDNA and polypeptide
	Transcriptional profiles of CaBP4 in life cycle stages of F. gigantica
	Distribution of CaBP4 in adult F. gigantica
	rFg-CaBP4 protein adhesion to the surface of goat monocytes
	Cytokine production in response to rFg-CaBP4
	rFg-CaBP4 increased the expression of MHC-II and decreased the expression of MHC-I

	Discussion
	Conclusions
	Acknowledgements
	References




