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Abstract
Introduction—We recently reported the biochemical characterization of a novel Fasciola
hepatica recombinant antigen termed FhSAP2, which has previously shown to elicit protection to
F. hepatica infection in rabbits. Further we reported that intramuscular (IM) injections of BALB/c
mice with a pFLAG-CMV−2 vector carrying cDNA encoding for FhSAP2 (cDNA-FhSAP2)
induce high levels of immune response. The aim of the present study is to ascertain whether the
immune response induced by this DNA construct may induce protection in mice against
subsequent infection with F. hepatica metacercariae (mc). In addition, protection following
subcutaneous (SC) injections with recombinant FhSAP2 was evaluated.

Methods—Mice received three IM injections with 100μg of cDNA-FhSAP2 or three 5C
injections with 20μg of FhSAP2. Four weeks after the last vaccination mice were challenged
orally with 5 F. hepatica mc and euthanized 45 days after challenge.

Results—Mean worm burdens found in mice vaccinated with cDNA-FhSAP2 was reduced by
83.3% and the mean worm burdens found in mice vaccinated with the recombinant protein was
reduced by 60% when compared with controls. All vaccinated animals had less liver damage than
challenge controls. Vaccination with cDNA-FhSAP2 seems to favor a mixed Th1/Th2-antibody
dependent with higher predominance of Th1-regulated antibody response.

Conclusions—The vaccination with cDNA-FhSAP2 or recombinant FhSAP2 may protect hosts
against F. hepatica infections. The vaccination with cDNA form of FhSAP2 appeared to be a little
more efficient preventing the infection. The predominance of Th1-dependent antibodies in the
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vaccinated animals may be responsible for the protection but this should be confirmed by Th1-
cytokines determinations.
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Introduction
Fascioliasis is a major parasitic disease of livestock caused by the infection with either
Fasciola hepatica or F. gigantica with F. hepatica the most prevalent in the temperate regions
of America. Fascioliasis among domestic livestock has important economic implications.
Over 700 million production animals are at risk of infection and the losses in productivity
have been estimated to cost the agricultural sector in excess of $3.2 billion per year.1 Up
until the mid 1990’s, human fascioliasis was considered a coincidental secondary zoonotic
disease of humans. However, the recent re-emergence of human fascioliasis in many
countries has recently prompted the World Health Organization to recognize fascioliasis as
an important human parasitic disease.2 Within the last decade the number of cases for
human fascioliasis has been reported to reach as high as 17 million people across 61
countries, with a further 180 million people at risk of infection.3-5 Human fascioliasis is
endemic in several regions of Central and South America, Europe, Africa and Asia and the
highest rate of infection has been reported in the northern Altiplano of Bolivia with 72–
100% of the population infected.6-8

The traditional approaches used to control Fasciola infection include the use of
molluscicides and chemotherapy.9 Although molluscicides are cost-effective and have been
successfully used to decrease snail population they are toxic to several non-targeted species.
The continual risk of contaminating the surrounding environment and nearby animals has
seen the use of molluscicides generally abandoned.9 Currently, the most effective approach
available for controlling fascioliasis is host treatment with anthelmintics.2,10 Triclabendazol
has been the drug of choice against fascioliasis in livestock for over 20 years, and has
recently been successful in treating human fascioliasis.10,11 However, the continuing
efficacy of this drug is at risk as resistance is emerging.12 Due to the negative impact of
molluscicides and development of drug resistance, current research is focusing on
developing new approaches, such as effective vaccine therapy, to control fascioliasis.

We recently described a new F. hepatica antigen termed FhSAP2, which is an 11.5-kDa
polypeptide belonging to the saposin-like protein family. The saposin signature motif, a
compact domain of mainly α-helical character that contains six cysteine residues and 7
hydrophobic conserved residues,13,14 has been implicated in membrane binding, pore
formation and subsequent cell lysis in several family members.15-20 FhSAP2 has been
shown to induce significant protection levels in rabbits challenged with F. hepatica
infection.21

Nucleic acid vaccine technology provides a new approach for prevention of infectious
diseases, including those caused by trematode parasites closely related to F. hepatica such as
schistosomes.22-24 We previously demonstrated that the pFLAG-CMV−2 vector carrying
cDNA encoding for FhSAP2 induces high levels of immune response in mice.25 The aim of
the present study is to ascertain whether the immune response induced by this DNA
construct may protect mice against subsequent infection with F. hepatica metacercariae. In
addition, protection following subcutaneous (SC) injections with recombinant FhSAP2 was
evaluated.
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Materials and Methods
Mice and Parasites

Inbred female BALB/c (H-2d) mice 10 weeks old were purchased from Harlan, Inc
(Indianapolis, IN) and kept under conventional germ-free conditions in the animal care
facility of the University of Puerto Rico, School of Medicine and treated according to
international regulations for caring for laboratory animals. Metacercariae (mc) 30 days-old
used for challenge infection were obtained from Baldwin Aquatic, Inc (Monmouth, Oregon).

F. hepatica ES Antigens and Recombinant FhSAP2
ES antigens were obtained by in vitro maintenance of live F. hepatica adult fluke collected
from livers of naturally infected cattle as previously described.26 cDNA encoding FhSAP2
(GenBank AF286903) was cloned into pBAD-HisB, expressed in E. coli as fusion protein
with a His-tag and then purified by Ni2+ column affinity chromatography as previously
described.

DNA-plasmid Constructs
The construction of plasmid pFLAP-CMV−2 containing the cDNA encoding for FhSAP2
was previously described.25 For immunization, plasmid DNA was prepared using the
Endotoxin-Free Maxi Kit according to the manufacturer’s instructions (Qiagen, Hilden,
Germany). The DNA was ethanol precipitated and resuspended in sterile endotoxin-free
saline (Sigma, St, MO, USA) at a final concentration of 1 mg/mL.

Experimental Design
On day 0 of the experiment the first vaccination was administered to groups of ten mice.
Group-1 received three SC injections of 20 μg FhSAP2 each at two-week intervals
emulsified in complete Freund’s adjuvant (FA) (first injection) and incomplete FA in the
other injections. Group-2 received the same number of injections with PBS in adjuvant and
was used as a control. Group-3 received three IM injections of DNA-FhSAP2 over a period
of 12 weeks. Group-4 which was also used as a control group, received IM injections with
empty pFLAG-CMV−2 vector. Each IM immunization comprised 50 μg of DNA-FhSAP2
or empty vector into each quadriceps muscle (100μg/mouse).

Six weeks after the last injection mice from all groups received an infectious dose of five mc
F. hepatica, which were applied with oral gavages. Mice were necropsied 45-days after the
infection and their livers examined carefully as described by Harness et al.27 The grade of
lesions observed in each liver was summarized semi-quantitatively as previously
described.21 Blood samples were collected before vaccination, at challenge and at necropsy.

Antibody Responses
Sera collected during the experiment were examined by ELISA to determine total antibody
and antibody isotype levels according to protocol described previously.25 Flat bottomed
micro ELISA plates were coated overnight, at 4°C with the recombinant FhSAP2 or ES
antigen diluted to 2.5μg/mL with 0.05M carbonate-bicarbonate buffer pH 9.6. After
blocking with 3% bovine serum albumin in phosphate buffered saline (PBS) containing
0.05% tween-20 (PBST), each serum sample diluted 1:100 in PBST was incubated in
triplicate for 1h at 37°C. For the detection of total antibody response, peroxidase-conjugated
sheep anti-mouse immunoglobulin (Bio-Rad, Hercules CA) diluted 1:5,000 in PBST was
added and incubation at 37°C was continued for a further hour followed by washing and the
addition of substrate solution (O-phenylenediamine). For the detection of antibody isotypes,
specific non-conjugated goat anti-mouse IgG1, IgG2a, IgG2b and IgG3 (Sigma) diluted
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1:1000 in PBST was added and incubated for 1h at 37°C, followed by washing and the
addition of peroxidase-conjugated rabbit anti-goat immunoglobulins (Bio-Rad) diluted
1:2,500 in PBST which was incubated for a further hour. After a last washing step the
substrate solution was added and the reaction was stopped by addition of 12.5% sulfuric
acid. The results were read at 492nm in an ELISA reader (Bio-Rad).

Statistical Analysis
Each antibody determination was performed in triplicate on two different days and the
results expressed as the mean optical density (OD) for each determination. Values yielding
an OD492 nm≥.16 were considered positive. When necessary, log-transformation of data was
performed for normality test. To assess the significance of differences between groups, two-
way ANOVA tests were employed.28 If the assumption of homogeneity of variance was not
satisfied, the non-parametric Kruskal-Wallis test was used.29 Kaplan-Meier survival analysis
was performed to estimate survival of animals over time and log-rank test was performed to
compare survival curves.30 All the statistical analysis was performed with the statistical
software STATA, version 10.

Results
Mortality and Fluke Burdens after Challenge Infection

90% of mice vaccinated with plasmid carrying the cDNA encoding for FhSAP2 and 70% of
mice vaccinated with the recombinant form survived to the challenge infection. The survival
probability was found statistically significant (P<.05) for the group vaccinated with DNA-
FhSAP2 (Fig. 1). Overall, the livers from mice vaccinated with PBS or empty vector showed
gross-pathological lesions that ranged from moderate to severe with recovery of 1 to 3
flukes. In contrast, the liver from animals vaccinated with recombinant FhSAP2 or DNA
presented a normal appearance or exhibited gross-pathological lesions that were scored as
mild to moderate. A single fluke was recovered from livers of vaccinated animals that
exhibited mild to moderate lesions. The size of flukes recovered from livers of vaccinated
mice was slightly smaller than recovered from non-vaccinated animals but these differences
were not statistically significant. When a single fluke was recovered its size was larger than
those recovered from livers harboring two or three flukes (data not shown).

When we compared the vaccinated groups with the corresponding control group, a
significant reduction in the fluke burden was found (Table 1). The odds of finding parasites
in the positive control was 18.7-fold (95%CI: 4.35, 80.46) the odds of finding parasites in
the group vaccinated with cDNA-FhSAP2 or FhSAP2; this was statistically different (P<.
05). In contrast, the odds of finding parasites in the FhSAP2-vaccinated group was only
0.34-fold (95% CI: 0.06, 2.07) the odds of finding parasites in the cDNA-FhSAP2
vaccinated group and this difference was not statistically different.

Anti-FhSAP2 and Anti-FhES Antibody Response
Mice that received SC immunizations with FhSAP2 developed high antibody levels that
ranged from 0.8 to 2.66 (mean OD = 1.45 ± 0.56). These animals developed high antibody
levels to the FhES antigen that ranged from 0.78 to 2.1 (mean 1.35 ± 0.49). Animals that
received IM injections with cDNA-FhSAP2 also developed specific antibody to FhSAP2
and FhES antigens that ranged from 0.75 to 1.4 (mean 1.09 ± 0.23) and 0.55 to 1.43 (mean
0.97 ± 0.25) respectively. Sera of animals immunized with PBS or with the empty pFLAP-
CMV−2 vector did not react with FhSAP2 nor FhES antigen. These antibody levels were not
substantially modified after the infection. At necropsy, CMV−2 and PBS-vaccinated mice
were found to be highly positive to FhSAP2 with OD values ranging from 0.38 to 1.2 (mean
0.59 ± 0.31) and 0.6 to 1.1 (mean 0.81 ± 0.26) respectively. Statistically significant
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differences (P<.05) were found between mean specific antibody levels stimulated by
FhSAP2- or cDNA-FhSAP2 when compared to the controls.

Figure 2A shows the mean levels of IgG1, IgG2a, IgG2b and IgG3 detected in sera from
vaccinated and control animals at challenge. IgG1 was the predominating antibody isotype in
the control groups (P<.001), followed by the group vaccinated with FhSAP2. Although in
the group vaccinated with cDNA-FhSAP2 the levels of IgG1 were higher than the other
isotypes, the mean values were not significantly different (P>.05). When the IgG1 to IgG2a
ratios between groups was compared it was observed that the control groups had the highest
IgG1 to IgG2a ratio (Fig. 2B). The control groups had 3-5-fold more IgG1 vs IgG2a. The
group vaccinated with FhSAP2 had 1.9-fold more IgG1 vs IgG2a, and the group vaccinated
with cDNA-FhSAP2 had only 1.23-fold more IgG1 IgG2a. No statistical differences were
found between the mean IgG1 to IgG2a ratio obtained for the FhSAP2-vaccinated group and
the mean IgG1 to IgG2a ratio obtained for the cDNA-FhSAP2-vaccinated group. However,
significant differences (P<.0036) were found between the IgG1 to IgG2a ratios from the
group vaccinated with FhSAP2 and the positive control group and between the group
vaccinated with cDNA-FhSAP2 compared to positive controls (P<.0013).

Discussion
Although sheep or cattle are the most important hosts to which a vaccine against F. hepatica
should be addressed, in most occasions the evaluation of novel antigens as well as all
combinations of vaccines, routes, doses and schedules cannot be determined in these
animals and usually these parameters are evaluated in smaller experimental models. A
mouse is a permissive host for infection with F. hepatica, as are humans, rabbits, rats and
ruminants and therefore, is a good model for preliminary exploratory protection studies as
described in the current study. Although the immune response elicited in the mouse model
of fascioliasis cannot be directly extrapolated to the ruminant model, it could serve as
framework to understand the immune mechanisms that occurs during the vaccination and
the challenge infection.

A mouse is highly susceptible to F. hepatica infection and usually dies when infected with
more than 3 mc F. hepatica. Our study demonstrates that mortality was prevented by a
successful immunization either with the protein FhSAP2 or a DNA construct expressing
FhSAP2. This is consistent with the reports of other authors who reduced significantly the
mortality among mice vaccinated with other Fasciola antigen.31 The reduction of fluke
burdens and the reduction in liver damage are the most important criteria of protection in
experimental infections against F. hepatica.32-38 According to the results of this study, the
reduction of fluke burdens combined with the smaller gross-pathological lesions observed in
the livers of vaccinated animals suggest that both protein and cDNA forms of the FhSAP2
may induce some level of protection to subsequent infection with the fluke mc. Some
inconsistencies were observed in the group vaccinated with empty vector in which the same
lesion score was found with 1, 2 or 3 recovered flukes but this can be explained by the
differences in size of flukes recovered. The pathology induced by Fasciola is related to
damage induced by cuticle and this is turn is dependent on the size of the flukes.

FhSAP2 delivered as cDNA appeared to be a little more efficient in the prevention of the
infection than the recombinant protein in Freund’s adjuvant. The level of protection induced
by our DNA constructs is similar to other DNA constructs expressing F. hepatica antigens
such as glutathione-S-transferase39 and cysteine protease40,41 and the protection induced by
the recombinant FhSAP2 is also comparable to other recombinant or native antigens assayed
in mice, including ES antigens (86%),42 partially purified F. hepatica crude extract
(FhSmIII[M]),43 and recombinant FABP-Fh15.44
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The magnitude of antibodies’ response stimulated by the recombinant FhSAP2 or DNA
construct are consistent with those obtained in previous studies,25 and confirm that FhSAP2
is highly immunogenic and that the antigen expressed by the transfected cells is able to
stimulate antibody production by the host. The high levels of antibodies relative to ES
antigens observed in the vaccinated groups demonstrates that the antibodies induced by
FhSAP2 are able to recognize the native antigen and that the antigen expressed by the host
cells following DNA immunization has a similar structure and antigenicity to the native
antigen expressed by F. hepatica. This result again confirms the presence of FhSAP2 in the
excretion/secretion material of the parasite and is consistent with predicted secretory signal-
sequences at the N-terminal end of FhSAP2.13

There are few reports on cDNA vaccination against helminth infections and most have been
conducted in laboratory animal models. Results depend on the host-parasite system tested,
the cDNA fragments used, the type of vector and the route of the DNA delivery.39-41,45,46

Smooker et al investigated the humoral response to DNA vaccination of mice with F.
hepatica cathepsin-L5 delivered as secretory and found that the humoral response was
sustained for at least 20 weeks.46 Antibody isotype analysis demonstrated a Th2-dependent
response characterized by lower titer to IgG1 and IgG3 but the authors failed to ascertain if
this response was protective. In a previous study we demonstrated that the immune
responses stimulated by cDNA-FhSAP2 is sustained for at least 16-weeks25 and herein we
demonstrated that this construct induced a mixed Th1/Th2-dependent antibody response
characterized by higher IgG2a levels than elicited during the natural infection. It has been
reported that, in mice IgG2a, IgG2b and IgG3 antibodies are Th1 regulated, while IgG1
response is Th2-dependent.47 It was not surprising that our non-vaccinated, challenged
controls had the highest levels of IgG1 and the highest IgG1 to IgG2a ratios since it has been
reported that the F. hepatica infection down regulates the Th1 response in mice.48 The
observation that the lowest IgG1 to IgG2a ratios were found in rhe group vaccinated with the
cDNA-FhSAP2, which acquired the highest protection levels, suggest that FhSAP2 in the
form of cDNA may induce a stronger Th1 antibody dependent immune response. However,
these observation needs to be confirmed by measurement of Th1 and Th2 secreted cytokines
responses. It should be stressed that the final outcome of the immune response depends on a
very delicate and complicated interaction between various cytokines.

The lack of a vaccine and inadequate control measurements could cause fascioliasis, along
with many other tropical diseases, to contribute to the health disparities in undeveloped
countries. The preparation of a vaccine against F. hepatica may contribute to the solution of
this problem. The current exploratory study is a modest contribution to prepare a protein
vaccine against this parasite. Further studies are in progress in which the protein FhSAP2
will be tested in a variety of vaccine formulations that include adjuvants other than Freund’s
adjuvant. It is a powerful adjuvant eliciting immune response but its use is restricted to
laboratory use and could never be used for practical purposes even in the veterinary
medicine arena. Vaccination routes other than IM with the DNA construct will be also
assayed and the humoral and cellular arms of the immune response will also be analyzed.
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Fig 1.
Kapplan-Meier analysis to estimate the survival probability over the time after challenge in
mice vaccinated with FhSAP2 or cDNA-FhSAP2 compared to positive controls. PC
includes mice vaccinated with PBS in FA and vaccinated with the empty pFLAG-CMV−2

plasmid. Log-rank test determined that there are statistical differences (P<.05) between
survival probability of DNA-FhSAP2-vaccinated group compared to the PC group
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Fig 2.
(A) Levels of specific anti-FhSAP2 IgG1, IgG2a, IgG2b and IgG3 elicited by immunization
with FhSAP2, or with cDNA-FhSAP2 45 days after challenge. Values represent the mean ±
SD of triplicate ELISA readings of each vaccinated group. PC represent the serum samples
collected from animals vaccinated with PBS-adjuvant and empty pFLAG-CMV−2 plasmid.
NC represent the serum samples collected at day 0 from naïve mice. (B) IgG1 to IgG2a ratios
obtained for FhSAP2- and cDNA-FhSAP2-vaccinated groups compared to the PC group.
Values represent the mean ± SD of IgG1 to IgG2a ratio ELISA readings. Significant
differences (P<.0036) were found between the IgG1 to IgG2a ratios from the group
vaccinated with recombinant FhSAP2 and the PC group and between the group vaccinated
with DNA-SAP2 compared with the PC group (P<.0013)
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