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Exploring the antigenic features of Fasciola hepatica rediae
(Trematoda: Digenea) through the evaluation of different
antigenic candidates for further monoclonal antibody generation
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Abstract The control of fasciolosis, as that of other vector-
borne diseases, must be related to the control of the lymnaeid
snails, the intermediate hosts of the parasite. Thus, an accurate
epidemiological surveillance of the transmission foci where
the infected mollusks occur is essential. For this purpose,
immunoassays could be a useful tool. However, information
regarding specific proteins of intramolluscan larvae and pre-
vious studies concerning monoclonal antibody generation
against asexual stages of trematodes are scarce. Therefore,
we explored the antigenic features of intramolluscan rediae
of Fasciola hepatica to evaluate three antigenic preparations
in order to use the most promising one for developing specific
monoclonal antibodies. Mouse antiserum was generated
against each antigen for assessing the polyclonal antibody
response against the crude extract of rediae and the cross-
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reactivity against lymnaeids. The specific C-terminal of
E hepatica cytochrome c oxidase subunit I (first antigen),
selected by in silico analyses, might not be the appropriate
target for immunoassay detection of infected snails, due to its
low representation in the total extract of rediae. The majori-
tarian mixture of low-molecular-weight proteins (<30 kDa)
from the rediac homogenate (second antigen) revealed a sig-
nificant cross-reactivity with lymnaeids. Evidence of the ex-
istence of mimetic immunogenic epitopes in this fraction of
F. hepatica rediae was achieved. High immunogenicity of the
crude extract of rediae (third antigen), mainly related to para-
site’s specific epitopes, was regarded. Therefore, the rediae
homogenate is stated as the most promising antigen from
those evaluated, for monoclonal antibody development with
potentialities for detecting F. hepatica-infected snails.

Keywords Fasciola hepatica rediae - Monoclonal antibody -
Molecular mimicry - Antigenic variation - Immune evasion

Introduction

Fasciolosis is an important worldwide distributed disease that
affects a wide range of livestock and causes economic losses
of large proportions. This infection also stands among the list
of reemergent diseases in humans, with estimates ranging
from 2.4 to 17 million persons infected (Mas-Coma et al.
2009). The main worldwide etiological agent of this disease
is the trematode Fasciola hepatica (Digenea: Fasciolidae), a
parasite that requires a freshwater snail as the intermediate
host, for cercariae development. The infecting form for mam-
mals (e.g., humans, sheep and cattle) as definitive hosts is
encysted metacercariae mainly attached to aquatic plants
(Andrews 1999).
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The transmission of F. hepatica strictly depends on the
presence of the intermediate host, a freshwater snail of the
Lymnaeidae family. Like other vector-borne diseases, its con-
trol must be based upon controlling the transmission foci
where the infected mollusks occur (Kaplan et al. 1997;
Caron et al. 2011). The epidemiological surveillance of
lymnaeid populations is an effective alternative to monitor
and manage endemic areas and eventually control the trans-
mission of fasciolosis. However, the methods currently avail-
able for detecting the parasite within the snails are not sensi-
tive and specific enough (parasitological examination) or they
are too expensive (molecular biology techniques) to accom-
plish this goal on a larger scale (see Caron et al. (2008)). In this
scenario, the development of immunoassays based on mono-
clonal antibody (Mab) with high sensitivity and specificity
against the long-lasting intramolluscan larval stage of the
parasite, the rediae, could be useful for identifying transmis-
sion foci of fasciolosis. This could allow restricting the control
efforts to a particular area. Since immunoenzymatic assays
(ELISAs) to detect . hepatica infection in the definitive hosts
are being currently used in both developed and developing
countries (Espinoza et al. 2007; Ubeira et al. 2009; Rojas et al.
2010), a novel ELISA to be used at the epidemiological
surveillance of lymnaeid snails could be easily incorporated,
especially in low-income nations.

However, there are some concerns about the proper meth-
odology for obtaining specific anti-F. hepatica rediae immu-
nological reagents. Among these are (1) the nonexistence of
immunoassays currently available to detect <. hepatica nor
other helminthes in mollusks; (2) the existence of mechanisms
of molecular mimicry and masking described in other
digenean species, which help the parasite to evade the mollusk
immunity (Yoshino and Bayne 1983; Adema and Loker 1997,
Yoshino et al. 2013); and (3) limited molecular information
regarding the specific proteins associated with the
intramolluscan stages of Fasciola spp. Regarding this last
issue, Humiczewska (1975) detected oxidase and dehydroge-
nase enzymatic activities in F. hepatica rediae. Specific cyto-
chrome oxidase activity was also discovered in later rediae,
ascertaining that this larval stage uses different pathways
of energy release. In another study, two enzymes, Cu/Zn-
superoxide dismutase (SOD) and thioredoxin (TRX)
(previously characterized on the excretory-secretory anti-
gens of F. hepatica adults), were identified on the
excretory-secretory products of F. hepatica sporocysts
(Gourbal et al. 2008).

Therefore, in order to develop specific anti-F. hepatica
rediae Mabs for analytical purposes, we selected and evaluat-
ed three different antigenic preparations using mouse hyper-
immune sera to assess the antibody response generated against
each candidate. In this sense, a high recognition of the crude
extract of rediae by mouse antisera together with none or
reduced cross-reactivity against snails’ antigens was an issue
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of major importance for selecting the most promising antigen-
ic candidate. Two rabbit anti-rediae polyclonal antibodies
(Pabs) were also used to thoroughly explore some features
of the antigenic composition of rediae.

Material and methods
Computational sequence and structure analysis

In order to identify promising peptides for the development of
specific anti-F. hepatica rediac Mabs (non-cross-reactive with
snails nor with other flukes), we compared the protein sequences
of F. hepatica cytochrome c¢ oxidase subunit I (COX I)
(Q9B8Y2), SOD (Q9XY94), and TRX (Q9U1G7), with their
corresponding homologues of other related digenean pathogenic
parasites and of the taxon Lymnaeidae, the intermediate host
species of F. hepatica. For these analyses, the following web
servers were used: UniProt (www.uniprot.org) for retrieving the
sequences of the target proteins; PSI-BLAST (www.ncbi.nlm.
nih.gov/BLAST) for similarity searches in the nonredundant
NCBI protein database (NCBInr); M-Coffee (tcoffee.crg.
cat/apps/tcoffee/do:mcoffee) for multiple sequence align-
ment; Jalview (www.jalview.org) for alignment editing,
visualization, and analysis; and the Protein Model Portal
(www.proteinmodelportal.org) for obtaining the protein
homology-modeling structures when experimental structures
were not available.

Peptide synthesis

The selected fragment derived from the structure analysis was
synthesized at the Institute of Genetic Engineering and
Biotechnology of Havana by the solid-phase method using
9-fluorenyl-methoxycarbonyl chemistry (Merrifield 1986). It
was purified by reverse phase high-performance liquid chro-
matography to >98 % purity on an acetonitrile/H,O-
trifluoracetic acid gradient and confirmed by ion-spray mass
spectrometry (Micromass, UK). A cysteine residue was added
to the N-terminal in order to conjugate a portion of the
synthetic peptide to a carrier, bovine thyroglobulin
(Pept-BTg), and used for mice immunization, as the first
antigenic candidate. The nonconjugated peptide (Pept) was
used for titer evaluation of mouse hyperimmune sera.

F. hepatica adults, host snails, and experimental mice
and rabbits

F hepatica adults were obtained in cattle slaughterhouses and
placed in a solution of 0.85 % NaCl (saline solution) and 5 %
glucose (Sigma, USA), for 5 h, and observed for egg release.
Eggs were preserved at 4 °C in complete darkness, in a saline
solution supplemented with gentamicin (50 pg/mL) (Sigma),
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until use. Populations of the Cuban intermediate hosts, Galba
cubensis and Pseudosuccinea columella reared in the
Laboratory of Malacology of the Institute of Tropical
Medicine “Pedro Kouri”, were used in this study.
Experimental BALB/c mice and chinchilla rabbits were sup-
plied by the Centre for Laboratory Animal Production of
Cuba. Animal care and maintenance were in agreement to
institutional bioethical guidelines. All protocols involving
experimental animals were approved by the Committee of
Animal Care and Use of the institute.

Miracidia and rediae of £ hepatica: experimental infection
in snails

Eggs of F. hepatica were incubated in distilled water, in total
darkness, at 28 °C, during 15 days for complete maturation. At
day 15, miracidia were obtained after egg hatching induced by
direct light exposure. Each of snails was infected with five
freshly hatched miracidia, according to the methodology de-
scribed by Vazquez et al. (2013). F hepatica rediac were
obtained by dissecting experimentally infected snails at day
30 postinfection (in our conditions, cercarial shedding
normally begins between 35 and 40 days postinfection in
G. cubensis and lately (day 40) in P. columella). Rediae
were thoroughly washed with phosphate buffered saline
(pH 7.2, PBS) after collection, in order to minimize larvae
contamination with snail material.

Preparation of crude extracts

Protein homogenates of F. hepatica rediae were obtained after
10 sonication cycles with 10-s intervals between each cycle, in
PBS supplemented with a cocktail of protease inhibitors
(Complete, Roche, USA). Crude extracts of miracidia and
rediae were also obtained by the same sonication procedure
in the presence of 0.01 % Triton X-100 (Sigma) as detergent,
for COX solubilization (Musatov et al. 2000). Crude extracts
of lymnaeid snails G. cubensis and P. columella were prepared
using healthy (nonexperimentally infected) laboratory reared
individuals. The mollusks were homogenized in PBS supple-
mented with protease inhibitors, in a Potter homogenizer.
Triton X-100 was added to the homogenates of the snails used
for evaluation of the serum anti-Pept. Protein quantification
was performed by the bicinchoninic acid reaction (Smith et al.
1986) using bovine serum albumin (Sigma) as the standard.

Protein electrophoresis

The majoritarian antigens of F. hepatica rediac were separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) on 12 % polyacrylamide gels (Laemli 1970).
The samples were diluted without any reducing reagent, and
0.1 % Coomassie Brilliant Blue R-250 (Merck, Germany) was

used for staining. Homogenates of G. cubensis and
P. columella were also included in the electrophoresis.
Coomassie-stained gels of resolved proteins were quantified
by scanning densitometry using ImagelJ software 1.41. The
molecular weights of the most representative proteins of redi-
ae were estimated using a commercial standard of 78 to
12 kDa (BDH, UK).

Fractioning of the crude extract of F. hepatica rediae

Crude extract of rediae was separated into low- (<30 kDa) and
high-molecular-weight fractions (>30 kDa) using an Amicon
Ultra-15 (30 kDa) centrifugal device (Millipore, USA). The
low-molecular-weight fraction (LMWF) was lyophilized and
then diluted in saline solution for mouse immunization (sec-
ond antigenic preparation). In parallel, crude extract of rediae
was also used for mice immunization as the third antigenic
candidate.

Mice immunization

Three groups, each with five 6-8-week-old female BALB/c
mice, were immunized intraperitoneally with 40 pg of each
antigen (group 1: Pept-BTg, group 2: LMWE, and group 3:
crude extract of rediae) in 1:1 (v/v) emulsion of complete
Freund’s adjuvant (Sigma) and saline solution. Subsequent
doses with 30 pg of the antigens were administered subcuta-
neously, at day 15 and day 30 after initial immunization, in 1:1
(v/v) emulsion of incomplete Freund’s adjuvant (Sigma) and
saline solution. The last dose of 20 pg of the antigens was
administered by the subcutaneous route at day 45 postinitial
immunization in 1:1 (v/v) emulsion of incomplete Freund’s
adjuvant and saline solution. Before and 10 days after the last
immunization, blood from each mouse was obtained. During
immunization and bleeding procedures, the mice were anes-
thetized with thiopental (25 mg/kg, from Sigma).

Indirect immunoenzymatic assays

Mouse sera were titered against the antigenic candidate used
for immunization, and each of the serum with the higher titer
per immunized group was further analyzed for antibodies
reacting to the crude extract of F. hepatica rediae and to the
homogenates of lymnaeid snails using indirect ELISAs.
Briefly, the sera titer from immunized mice from group 1
was assessed using CovaLink™ plates (NUNC) (in order to
assure an accurate binding of the peptide to the plate with a
proper orientation) coated with a solution containing 10 pg/
mL with the Pept in PBS (100 pL/well) and incubated over-
night, at 4 °C, with 10 puL of disuccinimidyl suberate (2 mg/
mL) in dimethyl sulfoxide (Sigma). Instead, MaxiSorp
(NUNC, Denmark) plates were coated with 100 pL/well of
a solution of carbonate-bicarbonate buffer (pH 9.6)
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containing 10 pg/mL of (1) the LMWF or (2) the crude
extract of F. hepatica rediae, for titer evaluation of mouse sera
from groups 2 and 3, respectively. To assess the anti-
F hepatica rediae activity and the cross-reactivity with snails
of the mouse serum with the higher titer per group of antigen,
plates were sensitized with 10 pg/mL of the crude extracts of
(3) E hepatica rediae, (4) G. cubensis, and (5) P. columella
diluted in carbonate-bicarbonate buffer (pH 9.6, 100 uL/well).
A solution of 10 pg/mL of (6) crude extract of F. hepatica
miracidia in carbonate-bicarbonate buffer (pH 9.6) was also
included for the evaluation of hyperimmune serum anti-Pept-
BTg. The plates were incubated at 4 °C, for 16 h, and wells
were blocked to prevent nonspecific binding using 5 % bovine
serum albumin (Sigma) in carbonate-bicarbonate buffer
(pH 9.6), for 1 h. Sera were serially diluted in PBS, added to
wells of the antigen-coated plates, and incubated for 1 h, at
37 °C. Then, a peroxidase-conjugated goat anti-mouse (Dako,
Denmark) was added to the wells and incubated for 1 h.
Antibody binding was detected by adding o-phenylenediamine
dihydrochloride and hydrogen peroxide in phosphate-citrate
buffer (pH 5.0) and by the measurement of optical density at
492 nm, after 15 min of reaction previously stopped with
12.5 % H,SO4. The plates were thoroughly washed with
0.05 % Tween 20 in PBS (PBS-T), after each incubation step.

The most promising antigenic preparation for the develop-
ment of anti-F. hepatica rediaec Mabs (with potential for
immunoassays) was defined by balancing the anti-rediae
activity achieved with none or reduced snail cross-
reactivity. The serum prior to immunizations was used
as a negative control for each determination at the same
dilutions of the hyperimmune sera.

Development of rabbit polyclonal antibodies

Anti-F. hepatica rediae Pab was obtained by immunizing 10-
week-old-female chinchilla rabbits with the crude extract of
rediae. The immunization protocol involved four different
doses of 350, 300, 250, and 150 ug of the antigen per rabbit.
The first dose of the antigen, mixed with Freund’s complete
adjuvant in 1:1 (v/v) and saline solution, was inoculated intra-
peritoneally. Additional doses were applied subcutaneously in
Freund’s incomplete adjuvant in 1:1 (v/v) and saline solution,
with 2 weeks between each immunization. Before the first
dose of antigen and 10 days after the last one, sera were
obtained and titered against the crude extract of rediae by
the indirect ELISA described before. At this point, animals
were bled and serum was precipitated with 50 % (NH4),SOy,,
dialyzed against PBS, and then fractionated on a matrix of
Protein A Sepharose 4 Fast Flow (Amersham Pharmacia
Biotech; GE Healthcare, USA).

In order to eliminate possible cross-reactivity of the anti-
F hepatica rediae Pab with the intermediate host snails, total
antigens of G. cubensis and P. columella were coupled to a
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matrix of w-Aminohexyl-Sepharose® 4B (Sigma) according
to the manufacturer’s guidelines. Then, the purified Pab
(total Pab) was fractionated by an affinity chromatography
on the matrix of w-Aminohexyl-Sepharose 4B®-total anti-
gens of lymnaeid snails. Cross-reactive IgG to snails’ antigens
was eliminated after interacting with the matrix, and the
recovered specific fraction of the anti-rediac Pab (rediae-
specific Pab) was quantified and then evaluated by an indirect
ELISA against the crude extract of F. hepatica rediae and the
homogenates of G. cubensis and P. columella. The total Pab
was also included in the ELISA, and antigens-rabbit antibod-
ies interaction was revealed by a peroxidase-conjugated goat
anti-rabbit IgG (Sigma).

Immunoblotting

Resolved proteins of F. hepatica rediae and of G. cubensis
and P. columella, previously separated on a 12 % SDS-
PAGE gel, were transferred onto nitrocellulose mem-
branes. Immunodetection was carried with the total Pab
and with the rediae-specific Pab. Peroxidase-conjugated
goat anti-rabbit IgG, at 1:1,000 dilution, was used to
detect recognized proteins.

Statistical analysis

Mean and standard deviation for triplicate values, as plotting
points in graphics, and the mean of the dilution of pre-
immunized mice sera plus twice the standard deviation, as
analytical limit criteria for mice titer assessment, were used.
Data were analyzed by Kolmogorov-Smirnov statistical test to
verify normal distribution and with the Levene test to check
for homogeneity of variance. One-way ANOVA and Tukey’s
test were used to analyze the differences among means of
serum anti-Pept reacting with the crude extracts of miracidia
and redia of F. hepatica and with homogenates of snails.

Results
Selection of the antigenic candidates
Computational analysis of target proteins

In order to detect specific short regions on the F hepatica
COX 1, SOD, and TRX protein sequences suitable for anti-
E hepatica rediae Mab production, we performed two sepa-
rate multiple sequence alignment (MSA) of each protein with
their corresponding homologous proteins in specific groups of
trematodes and mollusks. Unfortunately, the number of se-
quences of SOD and TRX from Digenea is very small (only
five for SOD and three for TRX) and there are almost no SOD
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and TRX sequences of snails on databases (only one for SOD
and none for TRX). This limited the statistical relevance of the
results obtained from the sequence analysis of these proteins.
Therefore, SOD and TRX were set aside of further analyses.

The case of COX I was different as 44 sequences of
Digenea and 19 sequences of Lymnacidae were available for
analysis. The similarity among the COX I sequences of flukes
was high (ranging from 72 to 92 %), as expected for a well-
conserved protein, although not all the sequences analyzed
were fully annotated (with most fragments missing at the
beginning and at the end) (see Supplementary Material 1.1
for detail). Four segments of the F. hepatica sequence with
low identity percent among the flukes were identified (named
B1-B4) and are shown in Fig. lc, d.

The percentage of sequence identity of COX I with the
proteins from mollusks ranged from 50 to 56 %, due to the
incompleteness of the snail sequences, as only the first half of
the sequences (from 1 to around 224 residues) was available for
comparison (except for the Galba pervia species). Therefore,
we decided to take into account complete sequences of COX I
from the taxonomic clade Panpulmonata, which includes snails
and slugs. Those new sequences (a total of 25) were realigned

Fig.1 Frontal and backward views of the comparative model of COX 1. a,
b Surface colored by coulombic potential. The white regions correspond to
the transmembrane «-helix of the protein. ¢, d The four variable segments
identified as specific of F hepatica (identified on the MSA of flukes and
mollusks). The figures were generated with UCSF Chimera 1.8.1

to F hepatica and G. pervia. As expected, the first half of the
MSA was very similar to the one constructed with the
Lymnaeidae orthologues. On the MSA of F. hepatica-mollusk
the nine segments that shared a low identity percent with the
rest of the proteins were identified (named A1-A9) (see
Supplementary Material 1.2 for details of the MSA).

The four segments identified as specific of £ hepatica on
the MSA of flukes were also included (and denoted) on those
identified from the MSA of mollusks (A2/B1, A4/B2, A5/B3,
A9/B4) and are shown in Fig. Ic, d. The A2/B1 segment is
located within a highly hydrophobic «-helix (see Fig. 1a, b for
hydrophobicity analysis) and therefore is not suitable for
chemical synthesis (Angeletti 1999). In designing potential
antigenic epitopes, it is important to select a hydrophilic and
surface oriented-segment of 12-to-16-residue length. These
features are often present in the N- and C-termini of proteins
that are often exposed and have a high degree of flexibility
(Angeletti 1999). Therefore, we selected a sequence of 14
residues (QHNSYMNGVGRW VF) of the A9/B4 segment that
is part of the C-terminal of the COX I (Fig. 1d). This sequence
formed a variable and exposed segment of random conforma-
tion within a well-conserved transmembrane protein. These
characteristics make the selected fragment quite suitable for
chemical synthesis and further evaluation as a pertinent candi-
date for specific anti-F. hepatica Mab development.

Analysis of the antigenic composition of F. hepatica rediae
by protein electrophoresis

The majoritarian antigenic composition of F. hepatica rediae
was visualized and compared with the most representative
proteins of the lymnaeid species G. cubensis and
P columella using a SDS-PAGE gel (Fig. 2). At least, 10
well-defined bands could be observed from the rediae, ranging
from 93 to 12 kDa (93, 84, 71, 60, 53, 35-27, 20, 18, 16, 14,
and 12 kDa), approximately. It is noteworthy that, in the case
of'the snails, the majoritarian proteins of the total extracts have
estimated molecular weights higher than 30 kDa, while the
five most representative proteins of rediae are those with
lower weights, ranging from 20 to 12 kDa, which correspond
approximately to the 53.5 % of the total proteins of the extract.
This fact diminishes possible concerns about significant con-
tamination of the rediae with proteins from snails during
dissection procedure and also significant molecular masking
mechanisms (as has been reported in other trematode-snail
systems), related with the majoritarian proteins of this partic-
ular fraction of the crude extract of rediae. Moreover, the high
representation of these proteins in the antigenic composition
of rediae singles them out as a quite suitable mixture of
antigens from the intramolluscan larvae for the development
of specific anti-F. hepatica Mab. The crude extract of
F hepatica rediae was separated by ultrafiltration, and the
LMWE, corresponding to the proteins below 30 kDa, was
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Fig. 2 SDS-PAGE on 12 % polyacrylamide gel. Track 1, molecular
weight standard from 78 to 12.3 kDa; track 2, crude extract of F. hepatica
rediae; track 3, crude extract of G. cubensis; and track 4, crude extract of
P. columella. Coomassie Brilliant Blue (0.01 %) solution was used for
protein staining

used for mouse immunization along with the other two
antigenic preparations (synthetic C-terminal of the COX
I (Pept-BTg) and the crude extract of rediae).

Evaluation of mice hyperimmune sera

The titer of mouse hyperimmune sera anti- each one of the
three antigenic candidates was evaluated by indirect ELISAs
using plates coated with each antigen. The synthetic C-
terminal COX I peptide and the LMWF of the homogenate
of F hepatica rediae induced an effective stimulation of the
immune system of mice with antibody titer of 1/20,000 in both
cases. The higher titer (1/40,000) was achieved in mice im-
munized with the crude extract of F. hepatica rediae.

The mouse serum with the higher titer per group was
evaluated against the crude extract of F. hepatica rediae in
order to determine parasite recognition. In the same way, each
serum was also evaluated against the homogenates of
G. cubensis and P. columella to estimate possible cross-
reactivity with the intermediate hosts. In Fig. 3, the results of
the assay for the anti-Pept COX I serum diluted 1/4,000 are
shown. In this case, the crude extract of F. hepatica miracidia
was also included and there are significant differences be-
tween the recognition of rediae and miracidia. Even when no
cross-reactivity with lymnaeid snails was attained with this
serum (as was expected from the in silico analysis), the
polyclonal reaction against the crude extract of rediac was
discrete (Fig. 3). No significant recognition of this larval stage
was achieved at serum dilution higher than 1/4,000.
Therefore, COX I might not be an appropriate antigen for
the development of anti-F. hepatica rediae Mabs aimed to
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Fig.3 Reactivity of the serum anti-Pept COX I diluted at 1/4,000 against
the crude extracts of miracidia and rediae of F. hepatica and against the
homogenates of G. cubensis and P. columella. Different letters represent
significant difference by Tukey’s test, P<0.05

detect the parasite within the snails due to its low representa-
tion on the total extract of this particular stage.

On the other hand, assessment of the polyclonal reaction of
the anti-LMWF sera and anti-crude extract of rediae against
the homogenates of F. hepatica rediae and of G. cubensis and
P columella showed considerable cross-reactivity with
lymnaeids’ antigens (Fig. 4). However, the cross-reactivity
of the anti-LMWF serum with snails was significantly higher
in every dilution evaluated. This fact indicates that the high
immunogenicity of the crude extract of rediae is mainly relat-
ed to parasite’s specific epitopes and points at this antigenic
preparation as the most promising for the development of
specific anti-F. hepatica rediac Mabs, from those evaluated.

Thus, in order to continue exploring the potentialities of the
crude extract of rediae as the proper candidate for Mab devel-
opment (aimed for immunoanalytical purposes) and the cross-
reactivity with snails’ antigens attained with both sera, we
developed some proofs of concept with an anti-crude extract
of F. hepatica rediae Pab developed in rabbits.

Proofs of concept

Chinchilla rabbits were immunized with the crude extract of
E hepatica rediae, and high titer of antibody was achieved
(1/128,000). The IgG fraction of the serum was purified, and
then, the significant cross-reactivity of the Pab with the anti-
gens of lymnaeid snails was totally eliminated by an affinity
chromatography on a matrix of w-Aminohexyl-Sepharose®-
homogenates of G. cubensis and P. columella (Fig. 5). This
emphasizes the fact that a specific response of anti-F. hepatica
rediae antibodies (non-cross-reactive with snails) can be de-
veloped using the crude extract of rediaec as an antigenic
preparation. Further on, the immunoblotting analysis of the
homogenates of rediae and of lymnaeids revealed that the
majority of the cross-reactive epitopes identified by the total
Pab are indeed proteins below 30 kDa of the crude extract of
the parasite (Fig. 6). These low-molecular-weight proteins
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oD 1.6 3.0
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Fig. 4 Titered curves of mouse hyperimmune serum a anti-LMWF of rediae (lower of 30 kDa) and b anti-crude extract of rediae assessed against the
crude extract of F. hepatica rediae and against the homogenates of G. cubensis and P. columella

ultimately form the so-called LMWF used here for mouse
immunization, which also induced a polyclonal response in
mice highly cross-reactive with snails.

Discussion

F hepatica is a parasite with a complex life cycle character-
ized by the development of free-living larvae (miracidia and
cercariac) and of several stages of the trematode inside two
different hosts (mollusks and mammals) (Andrews 1999).
These morphological and behavioral modifications occur to-
gether with metabolic changes linked to the up- or downreg-
ulation of a number of biomolecules (Robinson et al. 2009).
Molecular information regarding the interaction of
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Fig. 5 Reactivity of the total rabbit Pab anti-F. hepatica rediae and of the
specific Pab anti-F hepatica rediae (after been adsorbed on a matrix of w-
Aminohexyl-Sepharose®-snail’s antigens), against the crude extracts of
rediae and of lymnaeids

G. cubensis

F. hepatica-lymnaeid snails could be fundamental for a
better understanding of this system. Nevertheless, this
subject has not been deeply explored in this particular model.

Here, the electrophoretic bands of molecular weight of 93,
53, and 27 kDa of the crude extract of £ hepatica rediae are
consistent with the estimated molecular weight of three of the
electrophoretic bands found in miracidia by Hernandez et al.
(2002), possibly due to the same protein expression in both
stages. However, the electrophoretic pattern achieved with the
homogenate of rediae showed a more complex antigenic
composition than the one reported for miracidia of only six
bands (Hernandez et al. 2002). The existence of majoritarian
proteins below 20 kDa on the crude extract of F. hepatica
rediae contrasts with the absence of low-molecular-weight
electrophoretic bands in the extract of miracidia analyzed by
Hernandez et al. (2002), suggesting a significant antigenic
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Fig. 6 Immunoblotting of resolved proteins of rediaec and lymnaeid
snails, immunodetected with the specific Pab (tracks 2—4) and the total
Pab (tracks 5-7). Track 1, molecular weight standard from 78 to
12.3 kDa; tracks 2 and 5, crude extract of F. hepatica rediae; tracks 3
and 6, crude extract of G. cubensis; and tracks 4 and 7, crude extract of
P. columella
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variation between the two larval stages. This antigenic varia-
tion could be related to the lower recognition of the crude
extract of rediac by the anti-Pept serum compared to the
polyclonal reaction assessed against the homogenate of mira-
cidia. Even when in later acrobic metabolism of F. hepatica
rediae is possible (Humiczewska 1975), oxygen availability
for the parasite larvae inside the snails is lower compared to
the natural environment where the free-living miracidia oc-
curs. This might affect the level of expression of aerobic
proteins like the COX I between these stages. In fact, differ-
ential expression of COX complex among different develop-
mental stages of species from other phyla has been reported
(Liénard et al. 2006). On the other hand, transitions in energy
metabolism have been described and characterized on the
fully aerobic functioning of F. hepatica juvenile to the almost
completely anaerobic metabolism of the adult parasites
(extensively reviewed by Tielens (1999)). The results already
discussed could be an interesting starting point to further
explore the regulation of the energy pathways in miracidia-
sporocyst-rediae switching larvae of F. hepatica.

A complex fraction of low-molecular-weight proteins is an
important component of F. hepatica sporocyst, particularly of
the excretory-secretory antigens (Gourbal et al. 2008), as it
turned out to be for the crude extract of rediae. Gourbal et al.
(2008) identified the antioxidative enzymes SOD and TRX as
molecular weight dots of 16 and 12 kDa, respectively, on a
bidimensional electrophoresis. Regarding the important func-
tion of these proteins in the oxidative stress that occurs during
the immune response of the snail Biomphalaria glabrata
against Schistosoma mansoni sporocyst (Mourdo et al. 2009)
and in mammalian immunity against F. hepatica adults
(Salazar-Calderén et al. 2001; Piedrafita et al. 2007), it is
reasonable to infer that SOD and TRX could also be part of
the antigenic composition of rediae (electrophoretic bands of
16 and 12 kDa identified in this study). Unfortunately, the
scarce number of sequences of SOD and TRX of flukes and
mollusks on databases limited the statistical relevance of the
results from the in silico analyses.

The existence of a polyclonal reaction against snails’ anti-
gens developed in mice and rabbits immunized with the crude
extract of F. hepatica rediae, and especially in mice immu-
nized with the LMWEF, supports the idea of possible mecha-
nisms of host immune evasion through parasite molecular
masking and/or mimicry. These evasion mechanisms have
been reported for other trematode-snail systems (Yoshino
and Bayne 1983; Adema and Loker 1997; Yoshino et al.
2013), but none previously studied on the F. hepatica-
lymnaeid model. The immunoblotting assay with the total
anti-rediae Pab showed a marked recognition of the antigens
from both parasite and mollusks, while the specific Pab
reacted only with the proteins of the rediae of molecular
weights higher than 30 kDa. This constitutes the first evidence
of the possible existence of immunogenic mimetic epitopes in
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intramolluscan stages of F. hepatica and suggests that the
marked cross-reactivity with snails achieved with mouse
anti-LMWF serum was due to a molecular mimicry phenom-
enon. The high representation of this particular low-
molecular-weight fraction on the crude extract of F. hepatica
rediae (and the nonexistence of these electrophoretic bands
reported in miracidia), as well as the evidence of signifying
mimicry between antigens of parasite and snails, leads us to
think of important roles for these proteins during the
intramolluscan development of the parasite.

Parasites like F. hepatica are masters of a variety of strat-
egies for survival, and new preliminary insights into the
molecular features of F hepatica rediac have been discussed
in order to extend the knowledge about parasite-snail interac-
tion. Antigenic variation among different stages allows the
parasite to overcome an amazing diversity of hostile environ-
ments from free-living nonfeeding larvae to snails and mam-
malian hosts, ensured by accurate regulation routes. Also,
parasite evasion mechanisms of host immunity like molecular
mimicry elude the self-nonself-recognition, thus compromis-
ing the effective activation of defense strategies. Further stud-
ies are required to achieve a more comprehensive overview of
the development of intramolluscan stages of F. hepatica.

In terms of Mab generation for detecting ongoing
F. hepatica infection in snails, the redia rises as the most
promising larval stage not only because it is the long-lasting
intramolluscan larva (Rondelaud et al. 2009) but also for the
discussed evidences of antigenic variations between different
stages of the parasite that occurred within the snails.
Moreover, the existence of specific immunodominant epi-
topes in the crude extract of this stage, as was assessed with
the specific rabbit anti-rediae Pab, strongly supports this view.
These results provide a feasible initiation point for future
investigations into immunoassay development aimed at the
epidemiological surveillance of snail populations of interme-
diate hosts of F. hepatica.
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