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a b s t r a c t
FhSAP2 is a novel antigen isolated from the adult ﬂuke of Fasciola hepatica. Based on sequence similarity with amoebapores and other related proteins, it belongs to the saposin-like protein (SAPLIP) family.
FhSAP2 has been shown to be highly immunogenic and capable of inducing protective immune responses
in mice and rabbits challenged with F. hepatica. Moreover, FhSAP2 is also reactive with sera from humans
with chronic fascioliasis. In the present study, we investigated the expression of FhSAP2 in various developmental stages of F. hepatica by qPCR and demonstrated that FhSAP2–mRNA species are up-regulated
in undeveloped eggs, newly excysted juveniles, and adults, but down-regulated in the miracidium stage.
Monoclonal antibodies against FhSAP2 were produced, and two clones that are positive to F. hepatica
whole-body extract, but not reactive with extracts from other trematodes, were selected, expanded
and used for histolocalization studies. Confocal immunoﬂuorescence revealed the presence of native
FhSAP2 in epithelial cells surrounding the gut, toward the outermost part of the tegument, and toward
the tegumental cells of both adults and newly excysted juveniles.
Published by Elsevier B.V. Open access under CC BY license.

1. Introduction
FhSAP2 is a novel antigen isolated from the Fasciola hepatica
adult ﬂuke, which, by sequence similarity with amoebapores and
other related proteins, belongs to the saposin-like protein (SAPLIP)
family (Espino and Hillyer, 2003). The saposin signature motif
consists of a compact domain of mainly ␣-helical character that
contains six cysteine residues and seven hydrophobic conserved
residues and has been implicated in membrane binding, pore formation, and subsequent cell lysis in several family members (Bruhn,
2005; Zhai and Saier, 2000). Although members of the SAPLIP family have different biological functions, they are all able to interact
with lipids.
In addition to FhSAP2, four other isoforms of SAPLIPs have been
reported in Fasciola species. The F. hepatica isoform is designated
as FhSAP1 (Reed et al., 2000), and the isoforms from F. gigantica are
termed FgSAP1, FgSAP2 and FgSAP3 (Grams et al., 2006). Because
recombinant FhSAP2 has been shown to lyse both erythrocytes and
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peripheral blood mononuclear cells (Espino and Hillyer, 2003), a
possible role in nutrient acquisition has been suggested for Fasciola
SAPLIPs. The released cell contents would be available for enzymatic digestion and uptake by the parasite’s tegument, as has been
demonstrated for small molecules in schistosomes (Skelly et al.,
1994). However, a decisive role for FhSAP2 in nutrition remains to
be determined by further experiments.
Fascioliasis caused by F. hepatica is an economically important
disease that imposes an immense burden on global livestock production, estimated to cost more than US$2 billion per annum, and
also a recognized food-borne zoonotic disease affecting approximately 2.4 million people (Mas-Coma, 2005). As an alternative to
the chemotherapeutic approach to combat the disease, we have
used FhSAP2 as a vaccine and found that it is highly immunogenic and capable of inducing a strong anti-pathologic effect and
a reduction in liver ﬂuke burden of 81.2% in rabbits (Espino and
Hillyer, 2004) and 60–83.3% in mice (Espino et al., 2010). Furthermore, we also demonstrated that FhSAP2 is a good antigen
for antibody detection in chronic human fascioliasis (FigueroaSantiago et al., 2011) and is highly reactive with sera from animals
within 2 weeks of infection (Espino and Hillyer, 2003, 2004). However, whether FhSAP2 is expressed, as a predominant antigen in
juveniles or adults remains unknown. In adult F. gigantica, for example, FgSAP2 is the predominant product, whereas in immature
ﬂukes, FgSAP1 predominates (Grams et al., 2006). In the present
study, we investigated the differential expression of FhSAP2 within
various developmental stages of F. hepatica using qPCR. Moreover,
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we developed monoclonal antibodies (mAbs) against recombinant
FhSAP2 and investigated the speciﬁc localizations of the native protein in the adult and juvenile stages of F. hepatica. These mAbs could
help to improve the detection of F. hepatica in infected hosts, thus
contributing to fascioliasis control.
2. Materials and methods
2.1. Adult parasites
F. hepatica adult ﬂukes were removed from the bile ducts of condemned bovine livers at a local abattoir and transported to the
laboratory in warm RPMI 1640-medium. Schistosoma japonicum
and S. mansoni were collected by perfusion from the mesenteric
region of mice, 8 weeks after infection by skin penetration with 200
cercariae from each species. All parasite specimens were washed
several times with PBS (0.1 M phosphate-buffered saline pH 7.4)
to remove all traces of blood, bile and contaminating residues.
Clonorchis sinensis adult ﬂukes were obtained lyophilized from the
parasites library of the University of Puerto Rico.
2.2. Miracidia
During transportation, F. hepatica releases a large number of
eggs into the medium, which are allowed to settle. After several
washes, the eggs were examined at 100× magniﬁcation to conﬁrm
the absence of visible contaminants, and then stored at −20 ◦ C until
use. Some eggs were allowed to mature by incubation in the dark at
22 ◦ C for 9–12 days. Miracidia were stimulated to hatch by exposing them to light for 2 h at 25 ◦ C (Caban-Hernandez et al., 2012).
Free-swimming miracidia were collected using a transfer pipette,
immediately snap-frozen and stored.
2.3. Newly excysted juveniles (NEJs)
Metacercariae (obtained from Baldwin Aquatics, Inc, Monmouth, OR) were washed in distilled water, transferred to watch
glasses and pre-incubated in 1.2% sodium bicarbonate, 0.9% sodium
chloride, 0.8% sodium tauroglycolate for 30 min at 37 ◦ C. Metacercariae were then transferred to watch glasses and allowed to excyst
for up to 3 h at 37 ◦ C in excystment medium freshly prepared by
diluting the pre-incubation solution 1:1 with 0.33% HCl and 0.8%
l-cysteine. Newly excysted juveniles (NEJs) were removed from
the excystment medium and maintained in fresh Fasciola saline
(FS; Dulbecco’s modiﬁed Eagle’s medium (DMEM) [w/o NaHPO3
and PO3− ] plus 0.5 ml/ml distilled water, 2.2 mM Ca[C2 H3 O2 ]2 ,
2.7 mM MgSO4 , 61.1 mM glucose, 1 M serotonin, 5 g/ml gentamicin, 15 mM N-2-hydroxyethylpiperazine-N -2-ethanesulfonic
acid (HEPES), pH 7.4) at 37 ◦ C. NEJs were collected, snapfrozen and stored at −80 ◦ C until use (Caban-Hernandez et al.,
2012).
2.4. Real-time PCR analysis (qPCR) of FhSAP2 transcript
Total RNA was extracted from undeveloped eggs, miracidia,
NEJs, and adult ﬂukes, using a PureLink RNA Mini Kit (Invitrogen,
Carlsbad, CA) and then treated with Turbo DNA-free endonuclease (Ambion) to remove contaminating genomic DNA. The
RNA was quantiﬁed with a Nanodrop spectrophotometer, and
equal amounts (100 ng) of RNA from each life-cycle stage were
used to synthesize cDNA. The reverse transcription reaction was
performed with High Capacity RNA to cDNA kit following the
manufacturer’s instructions (BioAnalytical Instruments, San Juan,
Puerto Rico). qPCR was performed using a SYBR Green PCR Master Mix (BioAnalytical Instruments) in a ﬁnal volume of 25 l and

200 nM of each primer, and each reaction underwent 40 ampliﬁcation cycles using an Applied Biosystems StepOne Plus Real-Time
PCR system. The cycling conditions were as follows: 95 ◦ C/15 min
followed by 40 cycles of 94 ◦ C/15 s, 55 ◦ C/30 s, 72 ◦ C/30 s. Dissociation curves were generated for each sample to verify the
ampliﬁcation of a single product. RNA levels were quantiﬁed
using the 2−Ct method (Livak and Schmittgen, 2001) with
F. hepatica GADPH as the internal control transcript (Rinaldi
et al., 2008). The following primers were designed for the qPCR
experiments: FhSAP2 (forward: 5 -GCAAATAGCTCGCTCTCAGGAT3 ; reverse: CAGATTTCCGTTGCGTTGTG-3 ); Fh-GAPDH (forward:
5 -GCGCCAATGTTCGTGTTCGG-3 ; reverse: 5 -TGGCCGTGTACGAATGCAC-3 ).
2.5. Preparation of whole-body antigens (WB) of adult parasites
Whole-body extracts of F. hepatica (FhWB), S. mansoni (SmWB),
S. japonicum (SjWB) and C. sinensis (CsWB) adult worms were
prepared as previously described (Gaudier et al., 2012). Brieﬂy,
dried worms were homogenized with a Teﬂon homogenizer in
0.1 M PBS with 5 mM EDTA, 8 mM phenylmethylsulfonyl ﬂuoride (PMSF), 2 mM iodoacetamide, and 2 mM leupeptin. The
homogenate was centrifuged at 30,000 × g for 30 min at 4 ◦ C and the
supernatant was collected. Protein concentration was determined
by the bicinchoninic acid (BCA) method (Smith et al., 1985). These
extracts were stored at −80 ◦ C until used in subsequent experiments.
2.6. Preparation of recombinant F. hepatica saposin-like 2 protein
(FhSAP2)
cDNA encoding FhSAP2 (GenBank AF286903) was cloned into
the restriction sites of pBAD/HisB expression vector (Invitrogen)
and this plasmid was used to transform E. coli TOP10 to overexpress the polypeptide as a fusion protein containing six histidine
residues at the amino terminus. The expressed protein was puriﬁed
using Ni2+ afﬁnity column chromatography as previously described
(Espino and Hillyer, 2003).
2.7. Production and screening of monoclonal antibodies (mAbs)
against FhSAP2
BALB/c mice were immunized subcutaneously with 20 g
FhSAP2 in complete Freund’s adjuvant. The second and third injection of a similar dose of the recombinant protein in incomplete
Freund’s adjuvant was given at 2-week intervals. Hybridomas were
produced by fusion of spleen cells from BALB/c mice immunized
with FhSAP2 and mouse myeloma cells (P3x63-Ag8.653) using
polyethylene glycol (PEG) (Sigma–Aldrich, St. Louis, MO). The limiting dilution method was used to clone the hybridoma cells that
successfully grew in culture. Indirect ELISA was used to screen the
mAbs produced by the hybridoma clones. Flat-bottomed microtiter
plates (Maxisorp, Nunc) were coated with 2.5 g/ml of FhSAP2,
FhWB, SmWB, SjWB or CsWB in 0.05 M NaHCO3 /Na2 CO3 buffer
(pH 9.6) overnight (O/N) at 4 ◦ C. The plates were blocked with 3%
bovine serum albumin (BSA) in PBS containing 0.05% Tween-20
(PBST) for 1 h at 37 ◦ C. Hybridoma culture supernatants were
incubated for 1 h at 37 ◦ C. Bound antibodies were detected after
the addition of 100 l/well of a horseradish peroxidase-conjugated
rabbit anti-mouse IgG diluted 1:2000 in PBST for 1 h at 37 ◦ C and
then 20 mg O-phenylenediamine, 0.07% H2 O2 in citrate buffer
(pH 5.5) for 20 min at room temperature (RT). The reaction was
stopped with 50 l of 12.5% sulfuric acid and the plates were read at
490 nm. All washes between steps were performed with PBST. Each
ELISA determination was performed in duplicate and the results
expressed as the mean OD for each determination. ELISA was
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considered positive when the mean OD of a determined mAb was
≥0.2, which is the cut-off established based on the mean OD + 3SD
of the normal mouse serum (NMS) or myeloma culture ﬂuid (MCF).
mAbs with OD values >0.5 in the FhSAP2-ELISA were considered
highly reactive and selected for isotype determination. For antibody isotyping, the same protocol was followed but mAbs were
diluted 1:10 in PBST and horseradish peroxidase-conjugated rabbit
anti-mouse IgG1 , IgG2a or IgG2b (Sigma) diluted 1:1000 was used.
2.8. Immunoblotting
SDS-PAGE and immunoblotting were performed as previously
described (Gaudier et al., 2012). Brieﬂy, FhSAP2 and WB extracts
were separated using 12.5% SDS-PAGE and transferred onto nitrocellulose membranes and probed with the selected mAb clones.
Membranes incubated with MCF and NMS were used as negative
controls. Nonspeciﬁc binding was blocked with 3% BSA in PBST at RT
for 1 h. Peroxidase-conjugated rabbit anti-mouse IgG was used to
detect the mAb-antigen complex. The reaction was visualized with
further incubation in diaminobenzidine as chromogenic substrate
until the bands appeared.
2.9. Immunolocalization of FhSAP2 using mAbs
mAbs were used to localize native FhSAP2 in sections of
F. hepatica adult ﬂukes and whole mounts of NEJs using
immunoﬂuorescence microscopy as previously described, with
minor modiﬁcations (Gaudier et al., 2012). Brieﬂy, after ﬁxing the
specimens, the samples were incubated at RT in 100 mM ammonium chloride in PBS for 10 min followed by incubation with PBST
for 20 min at RT. Then, non-speciﬁc binding was blocked by incubating the sections in 0.1% glycine in PBS (30 min, at RT) followed by a
2-h incubation at RT in 3% BSA in PBS. To block non-speciﬁc binding,
NEJ whole-mounts were blocked by incubating the preparations
in Antibody Diluent Solution (AbD: 0.1 M PBS, pH 7.4, containing
0.1% [V/V] Triton X-100, 0.1% [W/V] BSA, and 0.1% [W/V] NaN3 ).
Following the blocking step, the sections and NEJ mounts were
incubated overnight with the selected mAb (culture supernatant).
After several washes to remove excess antibody, the specimens
were incubated in ﬂuorescein isothiocyanate (FITC)-conjugated
anti-mouse IgG at 1:200 dilution at RT followed by incubation in
phalloidin-tetramethylrhodamine isothiocyanate (TRITC) to counterstain muscle. All specimens were examined using a Zeiss LSM
510 META Laser Scanning Confocal Microscope.

Fig. 1. Relative FhSAP2–mRNA levels at different stages of the life cycle of F. hepatica
as determined by quantitative PCR (qPCR). Results are shown as the fold change
in expression relative to that of the miracidium stage and are the mean ± SEM of a
minimum of three experiments, each in triplicate. *Differences in the FhSAP2–mRNA
levels were statistically signiﬁcant between adults and NEJs (P < 0.0023), ** between
adults and undeveloped eggs (P < 0.03), and *** between adults, NEJs or undeveloped
eggs compared to miracidia (P < 0.0001).

3.2. Screening and selection of mAbs to FhSAP2
Twenty-two stables clones of mAbs were obtained, of which
ﬁve (1B2, 2C2, 2F5, 2F9 and 2H3) were found to be highly reactive
with FhSAP2 (Fig. 2). Immunoglobulin isotypes of these mAbs were
determined to be IgG1 for 2H3 and 1B2, IgG2a for 3D3 and 2F5, and
IgG2b for 2F9. All mAbs were -light chain. These ﬁve mAbs were
re-tested against total protein extract of adult F. hepatica and other
trematodes to determine possible cross-reactions. Clones 2F5 and
2F9 reacted exclusively with F. hepatica extract whereas clones 1B2,
2C2 and 2H3 showed cross-reactions with extracts from S. mansoni,
S. japonicum or C. sinensis (Fig. 2). The speciﬁcity of clones 2F5 and
2F9 was further corroborated by Western blot. Both clones reacted
strongly with a polypeptide of 14 kDa typical of the recombinant
FhSAP2, which includes 11.5 kDa of the amino acid sequence plus
2.5 kDa corresponding to the His-tag located at the amino terminus
of the protein moiety (6× His + the Enterokinase site). In addition,
these mAbs reacted with a polypeptide of ∼29 kDa that corresponds
to the oligomeric form of FhSAP2 (Espino and Hillyer, 2003). mAbs
2F5 and 2F9 are also reactive with FhWB and do not cross-react
with the extracts of others trematodes (Fig. 3). Therefore, clones 2F5

3. Results
3.1. qPCR analysis of FhSAP2 mRNA
Expression of FhSAP2 at the mRNA level in F. hepatica was
evaluated in adults, eggs, miracidia and NEJs by using qPCR. The
data were standardized relative to F. hepatica GADPH, and the
2−Ct method was used to quantify relative FhSAP2 expression. FhSAP2 mRNA was expressed in undeveloped eggs, NEJs
and adult parasites, but the expression was signiﬁcantly lower in
miracidia. We therefore used the miracidium stage as a calibrator
to determine quantitative differences among levels of expression
of FhSAP2. The results demonstrate that FhSAP2 mRNA is elevated 17-fold in adults, 12-fold in-undeveloped eggs, and 10-fold
in NEJs compared to miracidia (P < 0.001). No statistical differences were found between the expression levels of FhSAP2–mRNA
in undeveloped eggs compared to NEJs. However, the difference in expression of FhSAP2–mRNA in adults compared to NEJs
(P < 0.0023) or eggs (P < 0.03) was found to be statistically signiﬁcant (Fig. 1).

Fig. 2. ELISA of mAbs against different F. hepatica antigens. mAbs were tested against
recombinant F. hepatica saposin like-protein 2 (FhSAP2), whole body extract (WE)
from F. hepatica (FhWE), Schistosoma mansoni (SmWE), S. japonicum (SjWE) and
Clonorchis sinensis (CsWE) using indirect ELISA. All mAbs were highly reactive with
FhSAP2 (black bar) and FhWE (gray bar) with OD readings >0.5. However, mAbs 1B2,
2C2 and 2H3 cross-reacted with extracts from S. mansoni, S. japonicum or C. sinensis.
Dashed line represents the cut-off point (=0.2), which was calculated as the mean
OD + 3SD of the normal mouse serum (NMS) or myeloma culture ﬂuid (MCF).
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Fig. 3. Speciﬁcity of monoclonal antibodies against FhSAP2 analyzed by Western blot. Proteins were separated by 12.5% SDS-PAGE and transferred onto nitrocellulose
membranes. (A) Membranes containing FhSAP2 were incubated with myeloma culture ﬂuid (MCF) and normal mouse serum (NMS) as negative controls or probed with
monoclonal antibodies 2F5 and 2F9, which recognize both the monomeric (12–15 kDa) and oligomeric forms (29 kDa) of FhSAP2. (B) mAb-2F9 and 2F5 (C) are reactive only
with F. hepatica whole-body extract (FhWB) and do not react with proteins from whole-body extracts of Schistosoma mansoni (SmWB), S. japonicum (SjWB), Clonorchis sinensis
(CsWB). mAb-2F9 and 2F5 recognize native FhSAP2 in both monomeric and oligomeric forms.

and 2F9, highly speciﬁc for F. hepatica, were selected for large-scale
production and used in immunolocalization studies.
3.3. Immunolocalization
mAbs 2F5 and 2F9 incubated separately with adult sections
detected native FhSAP2 in gut epithelial cells. Moreover, in the
tegument, weak staining that appeared as a thin line of ﬂuorescence or a green layer surrounding the parasite could be seen,

and the tegumental cells underneath the tegument also exhibited
immunoreactivity (Fig. 4). In NEJs, FhSAP2 was also localized in
the gut and in the outermost part of the tegument, the glycocalyx
(Fig. 5). No staining was observed when adult sections or NEJs were
incubated with normal mouse serum or myeloma culture ﬂuid.
Although both mAbs showed identical recognition patterns, the
ﬂuorescence was much more intense with mAb-2F5. Figs. 3 and 4
show the staining pattern obtained with clone 2F5 as representative of both mAbs.

Fig. 4. Immunolocalization of native FhSAP2 in F. hepatica adult worm. (A) Cross-section of the middle part of the body of an adult ﬂuke (20×) stained with supernatant of
2F5 mAb showing a thin line of ﬂuorescence at the outermost part of the tegument (glycocalyx) (T) and intense staining toward the gut (G). Phalloidin-TRITC was used to
counter-stain muscle (Mu). (B) A 100× view of a tegument section showing strong ﬂuorescence staining toward the tegumental cells (TC) underneath the tegument (T). (C)
No staining was observed when mAb 2F5 was substituted by myeloma culture ﬂuid.
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Fig. 5. Immunolocalization of native FhSAP2 in F. hepatica newly excysted juveniles. (A) Whole-worm mount of an NEJ (40×) stained with supernatant of 2F5 showing intense
staining in the gut and a thin line of ﬂuorescence surrounding the tegument (T) of the parasite. Phalloidin-TRITC was used to counter-stain muscle (Mu). (B) No staining was
observed in controls in which supernatant of 2F5 was substituted by myeloma culture ﬂuid.

4. Discussion
In the present study, we demonstrate that F. hepatica saposin
like-protein 2 (FhSAP2) mRNA is present in varying amounts during parasite development. The observation that FhSAP2 is highly
expressed in undeveloped eggs suggests that this protein could
have a role in the development of the miracidium or in miracidial
hatching, which would be consistent with the pore-forming and
lytic functions of an amoebapore-like protein (Hecht et al., 2004)
and various members of the saposin-like protein family, including
FhSAP2 (Bruhn, 2005; Espino and Hillyer, 2003). After hatching,
the miracidium must penetrate the appropriate snail intermediate
host to continue its life cycle. Down-regulation of the FhSAP2-gene
in the miracidium indicates a lack of requirement for FhSAP2 during the short life span of this larva in the aquatic environment as
well as during its penetration into the snail host. Once inside the
snail, the miracidium transforms sequentially into a sporocyst, a
redia and a cercaria, which emerges from the snail and encysts on
aquatic plants as a metacercaria. After excystment, both the NEJs
and adult ﬂukes exhibit high levels of FhSAP2 mRNA expression.
These data indicate that FhSAP2 has an important role in adaptation and survival of the parasite to its new environment, when
F. hepatica enters the mammalian host. Here, we did not assess
FhSAP2 mRNA expression in juvenile stages; however, we had previously demonstrated by northern blot that mRNA species obtained
from 4-week-old juveniles hybridize with FhSAP2 cDNA (Espino
and Hillyer, 2003). Collectively, these results indicate that FhSAP2 is
continuously expressed by parasites from the metacercaria excystment stage until they become a mature egg-laying ﬂuke, which
is in agreement with the ﬁnding that high antibody levels against
FhSAP2 are produced from early stages (2 weeks) to chronic stages
in mice and rabbits infected with F. hepatica (Espino et al., 2010;
Espino and Rivera, 2010). Interestingly, the homolog of FhSAP2 in
the species F. gigantica (FgSAP2) that shares 89.1% identity and
93.1% similarity with FhSAP2 was found to be poorly expressed
in NEJs (Grams et al., 2006). In contrast, the isoforms FgSAP1 and
FhSAP1, which share almost 60% identity and 78% similarity with
FhSAP2, are the dominant products of immature ﬂukes (Grams
et al., 2006; Reed et al., 2000). Such different expression patterns
observed among molecules belonging to the same protein family

in two closely related species suggest different functions for the
FhSAP2 and FgSAP2 isoforms and could explain why lytic activity
has so far been observed only in the case of FhSAP2 (Espino and
Hillyer, 2003). Presumably, FhSAP2 could be involved in the lysis of
hepatocytes during juvenile migration in the hepatic phase and of
cells contained in blood during the adult stage.
In agreement with the qPCR results, the immunostaining studies
localized native FhSAP2 in both NEJs and adult stages. The protein
localization not only conﬁrmed the tissue-speciﬁcity, but it also
revealed that FhSAP2 is concentrated in the gut. This is consistent
with the localization of various SAPLIPs of F. gigantica (Grams et al.,
2006) and S. mansoni (Don et al., 2008). Given that many components of the excretory–secretory antigens are derived mainly from
the cecum and tegument of the parasites, this localization also conﬁrms the existence of a functional secretory signal-sequence in
FhSAP2, ﬁrst predicted by computational analysis to be at the Nterminal end of the protein. Indeed, we previously reported the
presence of this protein in the excretion–secretion material of F.
hepatica (Espino and Hillyer, 2003). Interestingly, native FhSAP2
was also localized toward the tegument surface of both NEJs and
adult F. hepatica, as demonstrated by weak ﬂuorescence staining,
which is a localization that has not been reported for any other
members of the parasite SAPLIP family (Don et al., 2008, 2007;
Grams et al., 2006; Kueakhai et al., 2011). The tegument of ﬂukes
is a surface syncytial layer covering the parasite and bounded
externally by an outer membrane coated with a carbohydraterich glycocalix (Anuracpreeda et al., 2009; Dalton et al., 2004;
Dangprasert et al., 2001). This interfacing layer is believed to play
essential roles such as renewal of the surface plasma membrane,
active uptake of nutrients, and evasion of the host immune system (Wilson et al., 2011). Localization of FhSAP2 in the tegument
suggests that FhSAP2 could contribute to the maintenance and
turnover of the surface membrane to prevent the attachment of
host immune effectors cells, as suggested for some tegumental proteins of schistosomes (Tran et al., 2010); however this needs to be
explored with further studies. Also, the localization of FhSAP2 in the
gut led us to speculate that FhSAP2 could be primarily produced in
the cecum of the parasite, and a portion of the protein might be further transported to the surface to be excreted through the tegument
where it could act externally in the host environment.
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The evolutionarily conserved arrangement of disulﬁde-linked
amphipathic helices of SAPLIPs supports a wide array of biological functions. Protein–lipid interactions lead to cell-lysis activity
by amoebapores, and, in other related groups, to stimulation of
lipid catabolism (Munford et al., 1995). However, it is difﬁcult at
this stage to identify a speciﬁc role for FhSAP2 in F. hepatica. If
FhSAP2 has an amoebapore-like capacity and forms ion channels
within lipid bilayer membranes, it may contribute to the lymphotoxic activities attributed to F. hepatica excretory–secretory
material (Cervi et al., 2009; Goose, 1978). Reed et al. also suggested
a role for FhSAP1 in lipid metabolism, another SAPLIP in F. hepatica,
since insufﬁciency in de novo fatty acid and cholesterol synthesis is
a trait of trematodes (Reed et al., 2000). Also, we cannot discount
a possible role in parasite tegument formation, as seen for other
trematode tegumental proteins (Tran et al., 2010). Thus, it is reasonable to assume that F. hepatica expresses a cluster of SAPLIPs,
as has been seen in Entamoeba histolytica (Leippe et al., 1994a,b),
where some members of the SAPLIP family could have a role in parasite feeding or migration in juveniles and others could have a role
in adult establishment in bile ducts and survival within the host.
Aside from the studies of Hanna et al., who developed mAbs
against F. hepatica somatic and tegumental antigens (Hanna and
Trudgett, 1983; Hanna et al., 1988), the majority of mAbs developed for Fasciola have been produced against antigens of F.
gigantica. These include mAbs against partially puriﬁed native proteins derived from tegument (Anuracpreeda et al., 2006, 2009;
Chaithirayanon et al., 2002; Krailas et al., 2002) to mAbs against
recombinant proteins of well-known biological function such as
fatty acid binding proteins (Sirisriro et al., 2002) and a member
of the SAPLIP protein family from F. gigantica (FgSAP2) (Kueakhai
et al., 2013). Two F. hepatica mAbs (ES78 and MM3), produced
against excretory–secretory antigens, have been well characterized
(Espino et al., 1998; Mezo et al., 2007) and both have been shown
to be excellent diagnostic reagents for detecting coproantigens in
humans and sheep with acute or chronic infection (Dumenigo et al.,
2000; Espino et al., 1998; Ubeira et al., 2009; Valero et al., 2009).
The mAbs developed in the present study are highly speciﬁc for
FhSAP2 and do not cross-react with antigens from S. mansoni, S.
japonicum or C. sinensis, trematodes closely related to F. hepatica.
Another interesting observation is the demonstration by Western
blot of both monomeric and oligomeric forms of FhSAP2 in the
crude extract of F. hepatica adult ﬂukes. This indicates that oligomer
formation is a natural event during the synthesis of FhSAP2 in F. hepatica, which seems to be a common characteristic of members of the
SAPLIP family. Oligomerization is one of the proposed mechanisms
by which these molecules are thought to interact with membranes
and lipids to exert their functions (Willis et al., 2011).
Recently, we reported that FhSAP2 is a useful antigen for antibody detection by ELISA in sera of chronic human fascioliasis
(Figueroa-Santiago et al., 2011). However, this method could only
detect circulating antibodies, which precludes detection of active
infection. Conversely, the mAbs 2F5 and 2F9 developed here against
FhSAP2 could be used to detect both circulating or coproantigens
of the parasite. mAbs are more speciﬁc than a polyclonal antibody
for antigen capturing (Cordova et al., 1999), which would help to
improve the immunodiagnosis of human fascioliasis. Because of
the abundant expression of FhSAP2 at different stages of parasite development and its release into excretory–secretory parasite
products (Espino and Hillyer, 2003), FhSAP2 should be an antigen
easily detected in body ﬂuids by these monoclonal antibodies.
In conclusion, in the present study we provide direct evidence
that FhSAP2 is differentially expressed in different developmental
stages of F. hepatica. Quantitative-PCR analyses showed upregulation of FhSAP2 transcript in undeveloped eggs, NEJs and adult
worms, which suggests a role for this protein during mammalian
host infection. Second, anti-FhSAP2 mAbs revealed the protein to be

localized in the gut and tegument of NEJs and adult parasites. These
results conﬁrmed the qPCR data and reinforced the potential role of
this antigen in parasite biology. Finally, because of the proven speciﬁcity of the mAbs developed in this study, these antibodies could
be used to develop a mAb-based antigen-capturing assay to detect
active infection. This assay will complement the FhSAP2-based
antibody detection ELISA previously developed, thus improving
substantially the immunodiagnosis of human fascioliasis. Studies
are in progress to develop a mAb-based capture sandwich ELISA to
detect FhSAP2 in body ﬂuids using these mAbs.
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