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Abstract

Fasciola hepatica saposin-like protein-2 (FhSAP2) is a protein differentially expressed in various
developmental stages of F. hepatica. Recombinant FNSAP2 has demonstrated the induction of
partial protection in mice and rabbits when it is administered subcutaneously (SC) in Freund’s
adjuvant. Because FhSAP?2 is overexpressed in bacteria in the form of inclusion bodies (I1Bs), we
isolated 1Bs expressing FRSAP2 and tested their immunogenicity when administered SC in mice
emulsified in two different adjuvants: QS-21 and Montanide™ ISA720. Animals received three
injections containing 20ug of protein two weeks apart and 4 weeks after the third injection, mice
were infected with 10 F. hepatica metacercariae by oral route. The percentages of protection
induced by FhSAP2-1Bs were estimated to be between 60.0-62.5% when compared with
adjuvant-vaccinated, infected controls. By determining the levels of 1gG1 and 1gG2a antibodies
and IL-4 and IFNy cytokines in the serum of experimental animals, it was found that both Thl and
Th2 immune responses were significantly increased in the FnSAP2-1Bs vaccinated groups
compared with the adjuvant-vaccinated, infected control groups. The adjuvant-vaccinated groups
had significantly lower 1gG1 to IgG2a ratios and lower IL-4 to IFNy ratios than the FhSAP2-I1Bs
vaccinated animals, which is indicative of higher levels of Th2 immune responses. Irrespective to
the adjuvant used, animals vaccinated with FnSAP2-1Bs exhibited significantly higher survival
percentage and less liver damage than the adjuvant-control groups. This study suggests that
FhSAP2 has potential as vaccine against F. hepatica and that the protection elicited by this
molecule could be linked to a mechanism driven by the CD4-Th1 cells.
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Introduction

There is a need to develop a vaccine against Fasciola hepatica, a parasitic trematode
distributed worldwide responsible for enormous economical losses estimated in more than 3
billion dollars yearly (Mas-Coma, 2005). Globally between 2.4 to 17 million individuals are
infected with Fasciola species and more than 180 million people are at risk of infection
(Mas-Coma et al., 1999a; Mas-Coma, 2005; Mas-Coma et al., 1999b). Over the last decade
a large number of native and recombinant parasite proteins have been identified and tested
as vaccine in a number of animals models. Some of these molecules includes
leucinaminopeptidase (Maggioli et al., 2011a), cathepsin-L (Chantree et al., 2013; Golden et
al., 2010; Piacenza et al., 1999), thioredoxin-glutathion reductase (Maggioli et al., 2011b),
glutathione S-transferase (Sexton et al., 1990; Sexton et al., 1994), fatty acid binding protein
(Casanueva et al., 2001; Martinez-Fernandez et al., 2004) and saposin-like protein-2 (Espino
et al., 2010; Kueakhai et al., 2013). All these vaccine candidates have induced partial levels
of protection that range between 46.9-83% in different animal models, which indicates that
a vaccine against F. hepatica is not a chimera but an attainable goal. However, despite of
significant advances, no vaccine candidate has yet advanced to a clinical trial phase. Much
of this could be attributed to differences in the structural characteristics of the antigens (e.g.
hydrophobicity, specific localization in the parasite, biological functions, etc.), the feasibility
to produce it at large amount in homogeneous form, differences in the vaccination protocols
(doses and route of administration); the correct selection of the adjuvant and the lack of
knowledge about the correlates of protection. In the current study, we explored the
effectiveness of inclusion bodies (I1Bs) expressing saposin-like protein-2 (FhRSAP2) as a
cheaper and reliable vehicle to deliver antigenic molecules in homogeneous form.

Saposin-like proteins are a family of lipid interacting proteins that binds onto the cell
membrane to induce cell lysis (Bruhn, 2005). Fasciola species use these lytic proteins to
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cause lysis of the hosts’ erythrocytes and leuckocytes so that their contents can be digested
further for the parasite’s nourishment (Espino and Hillyer, 2003). In F. hepatica, there are
two isoforms (SAP1 and SAP2) (Espino and Hillyer, 2003; Reed et al., 2000). SAP1 is
expressed in immature and adult stages (Reed et al., 2000), whereas SAP2 is highly
expressed in newly excysted juvenile, 3-week juvenile up to adult stages and also in non-
embryonated eggs (Caban-Hernandez and Espino, 2013; Espino and Hillyer, 2003). Some
characteristics of the protein moiety of FRSAP2 facilitate the formation of protein
aggregates as inclusion bodies (1Bs) during the expression process in Escherichia coli. The
primary structure of FRSAP2 consists of 101 amino acids that are rich in hydrophobic amino
acids (~39.6%) some of which are exposed and available to interact with similar exposed
residues on other cellular proteins. The FRSAP2 also exhibits six cysteine residues at highly
conserved positions and therefore, FNSAP2 is a protein that has disulfide bonds (Espino and
Hillyer, 2003). During the expression of FnNSAP2 in bacteria, the exposure to the reducing
environment of the bacterial cytosol may inhibit the formation of these disulfide bonds,
which also strongly contributes to the IBs formation (Hartley and Kane, 1988). Because
>90% of fusion protein is expressed as inclusion bodies, only relatively low yields of fusion
protein (0.3-0.5mg/1 of culture) could be obtained from the supernatants of bacterial lysates.
This amount is inadequate for small-scale immunization experiments and is not cost-
effective for commercial manufacture. Preparation of I1Bs is cheaper and easier than affinity
purification of FhSAP2-fusion protein, which is time-consuming and tedious.

In a previous experiment, we found that purified recombinant FnSAP2 can protect mice
against a liver fluke infection when administered subcutaneously in Freund’s adjuvant
(Espino et al., 2010). In this study, we designed experiments to examine whether inclusion
bodies (IBs) containing recombinant FhSAP2 could be as immunogenic as the purified
protein when delivered subcutaneously and whether they are capable of inducing protection
in a mouse model of fascioliasis. Because Freund’s complete adjuvant (FCA), an oil-base
adjuvant that contain mycobacteria (Freund, 1951), produces excessive inflammation
(Broderson, 1989), it is not permitted in commercial vaccine formulations for human or
veterinary use. In the current study, we will use FnSAP2-1Bs as a model antigen to evaluate
immune responses when formulated in non-toxic adjuvants like QS-21 and Montanide™
ISAT20.

2. Materials and methods

2.1. Recombinant protein expression and inclusion bodies isolation

The cDNA of FhSAP2 gene (Accession No. AF28693) was subcloned from the adult F.
hepatica cDNA library (Espino and Hillyer, 2003). The FhSAP2 cDNA was cloned into
pBAD His-B expression vector and transformed into Escherichia coli TOP10 (Invitrogen).
The recombinant FhSAP2 expression was induced with 0.02% L-arabinose for 4 hours at
37°C. The bacterial cell pellets were suspended in a lysis buffer (500mM NaCl, 50mM Tris-
HCI, 10mM EDTA, 5mM B-mercaptoethanol, 0.35 mg/ml lysozyme, pH 8.0) and incubated
for 30 min at 20°C. Triton X-100 was added to the concentration of 1% and the suspension
was sonicated. After sonication, the suspension was centrifuged at 12,000-x g for 30 min.
The IB pellets were suspended in PBS containing 1% Triton X-100, sonicated and
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centrifuged at 12,000-x g for 30 min. This procedure was repeated twice and subsequently
the 1Bs were washed two times with PBS and characterized by electrophoresis in 15%
sodium dodecy!l sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The concentration
of recombinant FhSAP2 in relation to all proteins expressed by E. coli were measured by
densitometry scanning of a Comassie Brillian Blue G stained SDS-PAGE using GelDoc
Scan Software. Proteins were electrotransferred to a nitrocellulose (NC) sheet (0.2um; Bio-
Rad) at 4°C for 2h. After blocking for 1 h in PBS containing 0.05% Tween-20 (PBST) and
5% skim milk, the NC membrane was incubated overnight in a mouse anti-Xpress™
epitope-peroxidase labeled antibody (Invitrogen) diluted 1:5,000, which recognizes a non-
conformational epitope formed (Asp-Leu-Tyr-Asp-Asp-Asp-Asp-Lys) at the amino end of
the fusion protein. A positive brown signal for FhSAP2-fusion protein was visualized using
diaminobenzidine as a substrate.

2.2. Obtaining of adult F. hepatica excretory-secretory proteins (ES)

F. hepatica ES products were prepared by culturing live adult flukes in RPMI medium for
24 h at 4°C. The medium was centrifuged at 6,000-x g at 4°C and concentrated 10-fold
using ultrafiltration membrane (YM-10) in an AMICON system. The protein concentration
was estimated using the bicinchoninic acid method (BCA kit, Pearce, Inc).

2.3. Adjuvants

In the current study we analyzed two different adjuvants. QS-21 (kindly donated by Agenus
Inc. Lexington, MA, USA) is an immunological adjuvant derived from a natural source: the
bark of the South American tree Quijalla saponaria (QS) Molina, which has been identified
as a saponin with potent adjuvant activity and low toxicity (Kensil et al., 1991). QS-21 has
shown to stimulate a strong antibody response to T-dependent protein antigens in mice
(Cribbs et al., 2003). Montanide™ I1SA720 (Seppic, Inc. Fairfield, NJ) is a squalene-based
water-in-oil emulsion that has been used as an adjuvant vaccine in a number of experimental
vaccines against Leishmania (Mutiso et al., 2012), malaria (Remarque et al., 2012), HIV
(Toledo et al., 2001) and cancer (Huijbers et al., 2012).

2.4. Experimental animals and F. hepatica parasites

Inbred female 6—8 week-old BALB/c mice (Harlan Laboratories) were used in the
vaccination experiments. All mice were kept in steel cages in an air conditioned room at 22—
25°C, with a light-dark cycle of 12:12h, and 50-50% humidity, at the Animal Resource
Center of the Medical Sciences Campus, University of Puerto Rico (IACUC Protocols:
#7870104, #7870106). Fresh infectious metacercariae (mc) were purchased from Lymnaea
spp. snail cultures at Baldwin Aquatics, Inc. (Oregon, USA) and used immediately for
infecting animals.

2.5. Vaccination and experimental infection

FhSAP2-1Bs (20ug) were mixed with 20ug of QS-21 to form a simple aqueous mixture or
emulsified with equal volume of Montanide™ ISA720 (vol./vol.) to form a water-in-oil
depot as per manufacturer’s instructions. Animals were divided into five groups of 10
animals each. Group-1 was immunized with FRSAP2-1Bs in QS-21, group-2 was immunized

Exp Parasitol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rivera and Espino

Page 5

with FhSAP2-1Bs in Montanide™ ISA720, group-3 was immunized with PBS in QS-21,
group-4 was immunized with PBS in Montanide™ ISA720, and group-5 was non-
immunized (negative control group). All animals received a total of three subcutaneous
injections on the dorsal surface, each at 2-week intervals. Four weeks after the last injection,
animals from groups 1 to 4 were orally infected with 10 mc, which resulted in the infection
of 100% of animals. Mice welfare was evaluated daily according to behavior and
appearance, physiological indicators and other general clinical signs. On day 45, after
infected mice were humanely euthanized, necropsies were performed to collect the spleens,
recover flukes from livers and score hepatic damages. Blood samples were collected from
all animals before vaccination, at challenge and at euthanasia for antibody and cytokine
determination.

2.6. Assessment of protection

We used three criteria to assess the protection in mice. 1) Survival rate: The survival rate
percentage in infected mice was calculated as the ratio of the number of surviving
experimental mice on day 45 and the total of experimental mice in each group as previously
described (Espino et al., 2010). 2) Worm recovery: the livers were cut into 1-cm pieces,
soaked in water at 37°C for 30 min, squeezed, and forced through 300-pm mesh sieve; the
retained material was analyzed for immature or mature flukes. Total flukes were
summarized for each vaccinated and control group by arithmetic means. Reduction in fluke
burden in vaccinated mice compared to adjuvant-vaccinated, infected control groups was
calculated as follows: Reduction (%) = [(A-B) / A] x 100 “A” represents the mean fluke
recovery from the non-immunized, non-infected or adjuvant-vaccinated, infected control
mice, and “B” represents the mean fluke recovery from FhSAP2-1Bs vaccinated mice. 3)
Reduction of liver damage: Two independent experienced observers evaluated subjectively
macroscopic alterations of the organ, including color change to grayish-white, increase in
size and change in consistency, dilation and thickness of bile ducts. The degree of lesions
observed was summarized semi-quantitatively using plus symbols that expressed the
intensity and extent of the alterations observed: “+”, mild; “++”, moderate, “+++”, intense;
“++++”, severe (Espino and Rivera, 2010; Kesik et al., 2007; Wedrychowicz et al., 2007)

2.7. Splenocyte and flow cytometry analysis

Single cell suspensions were obtained from the spleen of experimental mice by
mechanically squeezing the tissue with glass slides in cold PBS and filtered through a 70-
um-nylon cell strainer. Red blood cells in the filtrate were lysed by alternate washing with
1.4% NH,4CI and sterile PBS followed by incubation of 5 minutes on ice and centrifugation
at 1,500 rpm. Spleen lymphocytes were then suspended in RPMI media supplemented with
2mM glutamine, 25mM HEPES, 10% fetal calf serum (FCS), 50uM 2-mercaptoethanol,
penicillin (100U/ml) and streptomycin (100ug/ml). Cell counts were subsequently
determined using the trypan blue exclusion test on a bright-lined Neubauer counting
chamber. Cells (106 cells/well) were stimulated with 5 pg/ml of ES products and incubated
for 48h at 37°C, 5% CO, atmosphere. After incubation, cells were centrifuged, washed with
PBS, and stained with monoclonal antibodies against CD69 (H1.2F3), CD8 (4D11), CD4
(H12919) and CD3 (1452C11) labeled with FITC, PE or PerCpCy5.5 (BD Pharmigen, San
Diego, CA). To remove unbound antibodies, cells were washed in 2ml PBS supplemented
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with 10% ACD, 0.2% NaN3 and 10mM EDTA-K2 (Tliba et al., 2002). Cells were collected
and analyzed using a FACSort (Becton and Dickinson, San Jose, CA).

2.8. Determination of IgG1 and IgG2a levels by indirect ELISA

Because FhSAP2 is a component of the F. hepatica ES products (Espino and Hillyer, 2003)
and we have demonstrated that both, FRSAP2 and ES products show similar performances
as antigens in the detection of antibodies against F. hepatica (Espino et al., 2010; Figueroa-
Santiago et al., 2011) in the current study, we used the ES products to determine specific
IgG1 and 1gG2a antibody levels in the blood samples collected from our experimental
animals. Ninety six-well plates were coated with 100ul 25pg/ml ES products in coating
buffer (15mM Nay,CO3, 35mM NaHCOg3, pH 9.6) at 4°C, over night. The coated plates were
washed three times with 0.05% PBS-Tween-20 (PBST) and non specific binding was
blocked by adding 300ul per well of 3% skin milk in PBS and incubated at 37°C for 30 min.
After removing the blocking solution, 100ul of each serum sample (diluted 1:100 in PBST)
was added and incubated 1 h at 37°C. Plates were washed three times with PBST and
incubated for 1h at 37°C with 100l per well of sheep anti-mouse IgG1 and 1gG2a (Sigma
Aldrich, USA). After another washing step, 100ul of peroxidase-conjugate anti-sheep 1gG
was added and incubated for 1h at 37°C. Following a final washing step, 100ul of 3,3, 5, 5/~
tetramethylbenzidine (TMB) substrate (KPL, Gaithersburg, USA) was added per well and
incubated for 20 min at room temperature. Finally, adding 50ul of 12.5% sulfuric acid per
well stopped the enzymatic reaction. The absorbance values were measured at 492nm in a
microplate ELISA reader (BioRad, USA).

2.9. Cytokines Determination

Serum IL-4, IFNy, and TNFa were measured using commercially available Bioplex IL-4,
IFNYy, and TNFa assays (Bio-Rad, USA). Briefly, serum samples were diluted 1:4 in sample
diluents and ran in duplicates according to the instruction manuals. The sensitivity of the kit
was 2.1pg/ml, 1.2pg/ml and 1.4pg/ml for IL-4, IFNy, and TNFa respectively.

2.10. Statistical Analysis

The antibody and cytokine levels in serum were compared between controls and the
FhSAP2-1Bs-vaccinated groups using one-way ANOVA, Krustal-Walli Test. Kaplan-Meier
survival analysis was performed to estimate survival of animals over time and log-rank test
was performed to compare survival curves. All the statistical analysis was performed with
the statistical software STATA, version 10.

3. Results
3.1. Purification of body inclusions containing FnSAP2 (FhSAP2-1Bs)

The efficient expression of large amount of FhSAP2-1Bs was assessed by immunoblot.
Results show that a single and homogenous band of around 16.4kDa is revealed when blot
was incubated with the anti-Xpress™ antibody (Fig. 1). This size comprises the 11.5kDa of
the predicted amino acid sequence of FhRSAP2 plus an additional portion of ~4.9kDa that
include the 6x (His)-tag plus the Xpress epitope at the amino terminus of the protein moiety.
In addition, a very weak protein band of ~31kDa was also observed, which could represent
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dimeric forms of FhSAP2, a characteristic that has been previously observed for this protein
when is over-expressed in bacteria (Espino and Hillyer, 2003).

3.2. In vivo protection assessment

Following the challenge, infected mice were monitored for mortality during 45-days.
Vaccination of mice with FnSAP2-IBs in QS-21 or Montanide™ ISA720 significantly
enhanced their survival rate. Most mice in the adjuvant control groups died between days 15
to 21-post infection. The few animals that survived in the adjuvant-control groups were
humanely euthanized at days 40-45 because they exhibited evident signs of severe pain and
suffering. The survival rate in the group vaccinated with FnSAP2-IBs in QS-21 was 90%,
whereas in the group vaccinated with FnSAP2-1Bs in Montanide™ ISA720 the survival rate
was 80%. According to Kaplan-Meier the survival rate of both FRSAP2-1Bs vaccinated
groups was significantly different from those observed in the QS-21 or Montanide™
ISA720-control groups (p<0.005). No statistical difference was found between the survival
rates of groups vaccinated with FnSAP2-IBs in QS-21 or FhSAP2-IBs in Montanide™
ISA720 and neither between the groups vaccinated only with QS-21 or Montanide™
ISA720 (Fig. 2).

Concerning liver damage score, mice vaccinated with FhSAP2-1Bs in QS-21 or
Montanide™ ISA720 demonstrated less damage than controls. A total of 2 flukes were
recovered from mice vaccinated with Fn'SAP2-1Bs in QS-21 and 3 flukes were recovered
from livers of mice vaccinated with FnSAP2-IBs in Montanide™ I1SA720. The number of
flukes collected from the QS-21 and Montanide™ ISA720 control groups was 5 and 8,
respectively. Thus, the fluke reduction of FnNSAP2-I1Bs vaccinated groups compared to the
controls ranged from 60-62.5% (Table-1).

3.3. The IgG1 and IgG2a levels

Indirect ELISA was used to analyze the IgG1 and 1gG2a levels in the four experimental
groups of mice at three time points (prior initiate experiment, at challenge and at necropsy)
as previously mentioned. Prior to initiate the vaccinations, the absorbance at 490 nm of F.
hepatica ES products-specific IgG1 and 1gG2a were found at background level in sera,
which demonstrated the absence of previous exposition to F. hepatica infection in the
experimental animals. After receiving three injections with PBS in QS-21 or Montanide™
ISA720, the control animals did not have any detectable amount of antibody to F. hepatica
ES products, which indicated that the adjuvants alone do not elicit specific antibody
response to parasite antigens. However, at necropsy, which occurred 45-days after
challenge, specific antibody levels were detectable in the serum of these animals, which is a
clear indicative of F. hepatica infection. The 1gG1 was the antibody isotype that
significantly predominated in the serum of all control animals with 1gG2a amounts close to
the background level (p<0.0001) (Fig. 3A). In contrast, after receiving three SC injections
all animals that were vaccinated with FRSAP2-1Bs in QS-21 or Montanide™ ISA720 had
high specific antibody levels to F. hepatica ES products in serum characterized by higher
levels of IgG1 than 1gG2a (p<0.0001). After challenge a similar antibody pattern was
observed in the serum of these animals, which indicated that the infection does not modified
the antibody response pattern established by the vaccination. The FhSAP2-IBs formulation
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prepared in QS-21 elicited the highest levels of both antibody isotypes. Although, the
animals vaccinated with FhSAP2-IBs in Montanide™ ISA720 had 1gG1 levels that were
similar in magnitude to those developed by the adjuvant-control groups, they had detectable
1gG2a, whereas the control-group did not. Thus, when the 1gG1 to IgG2a ratios were
analyzed, it was observed that the group vaccinated with FnSAP2-IBs in QS-21 or in
Montanide™ ISA720 had 1.87-fold and 1.94-fold more IgG1 than 1gG2a, respectively,
whereas the 1gG1 to IgG2a ratio in both adjuvant-control groups was 7-fold more. These
observations indicate that whereas the FnNSAP2-1Bs formulations elicited a more balanced
Th1/ Th2 antibody response, the adjuvant-control groups developed a polarized Th2
antibody response (Fig. 3B).

3.4. T-cell activation and serum cytokine levels

The activation status of T-cells was assessed prior to the challenge infection in the groups
vaccinated with FRSAP2-IBs in QS-21 or Montanide™ ISA720. Results show that in both
formulations, ~51.89% and 88.33% of the activated T-cells belong to the CD4* T
phenotype, which is significantly higher (p<0.001) than the activation observed in the CD8
T cells (Fig. 4).

At necropsy, animals vaccinated with FnSAP2-1Bs in QS-21 had concentrations of serum
IFNy (mean 99.78 + 20.73) that were not significantly different from those elicited by the
vaccination with FnSAP2-1Bs in Montanide™ ISA720 (mean 78.68 + 37.15) and neither
were different from those found in serum from both control groups collectively (mean 67.96
+ 3.73). In contrast, the control groups had notably higher concentrations of serum IL-4
(134.0 £ 24.0) than the groups vaccinated with FnSAP2-IBs in QS-21 (mean 4.91 + 1.24) or
FhSAP2-1Bs in Montanide™ ISA720 (mean 6.74 + 4.63) (Fig. 5A). When the IL-4 to IFNy
ratio was analyzed, it was found that irrespective to the adjuvant used, the control groups
had 1.97-fold more IL-4 than IFNy, which is a clear indicative of a polarized Th2 immune
response. In contrast, both Fh'SAP2-1Bs in QS21 or Montanide™ ISA720 formulations had
very low IL-4 to IFNy ratios indicating a dominant Th1-immune response (Fig. 5B). TNFa
was also detected at very high concentration in serum of FnSAP2-1Bs in QS-21 (mean
1,134.0 + 100 pg/ml) or Montanide™ ISA720 (360 + 45 pg/ml), whereas in the controls
groups the amount of TNFa in serum was significantly lower (p<0.0001) (Fig. 5C).

4. Discussion

The primary aim of vaccination is to prevent or reduce the infection of the host. In the
present study, mice were immunized with inclusion bodies containing FnSAP2 emulsified in
the adjuvants, QS-21 and Montanide™ ISA720. As reported earlier, FnRSAP2 is the initial
agent that causes lysis of plasma membrane of the host’s erythrocytes and leukocytes
(Espino and Hillyer, 2003), which is followed by digestion of the lyzed cells’ products with
the parasite’s endo and exopeptidases (Collins et al., 2004). Therefore, blocking FhSAP2
activity by vaccination may also block these parasite’s activities leading to their death due to
dysfunction in the nutrient digestion. Adjuvants improve the immunogenicity of antigens
and can enhance the function of antigen presenting cells by enhancing systemic immune
responses and influencing T-helper cell polarization creating bias towards Thl or Th2
immune responses (Baldridge et al., 2000; Guy, 2007; McKee et al., 2010). The QS-21 and
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Montanide™ ISA720 adjuvants have shown to stimulate strong humoral and cellular
responses (Kensil and Kammer, 1998; Kensil et al., 1991; Kensil et al., 1998; Pye et al.,
1997). Both, adjuvants have been tested in human vaccines against malaria and viral
diseases (Hui and Hashimoto, 2008; Mbawuike et al., 2007; Toledo et al., 2001;
Vandepapeliere et al., 2008; Xue et al., 2010) but to our knowledge, these adjuvants have
not been yet assayed in vaccines against parasitic helminths. The levels of protection
obtained in this study (60-62.5%) by subcutaneous injection of mice with FhSAP2-1Bs in
QS-21 or Montanide™ ISA720 were similar to those observed in vaccination trials of mice
that employed the purified protein from bacterial lysate in FA (Espino et al., 2010). These
results are consistent with earlier studies performed with other F. hepatica antigens (Kesik
et al., 2007; Wedrychowicz et al., 2007) and antigens from other parasitic organisms
(Dempster et al., 1996; Malgorzata, 2004), which have also demonstrated that inclusion
bodies constitute a stable and effective vehicle of antigen delivery with poor differences in
immunogenicity compared to the purified antigens. However, the protection induced by
FhSAP2-IBs in mice was lower than those observed in the same animal species (74.6—
78.5%) with the homolog protein of F. gigantica (FgSAP2) administered subcutaneously in
FA (Kueakhai et al., 2013) and lower than those previously reported for the rabbit model of
fascioliasis using TiterMax (Espino and Hillyer, 2004) or FA (Espino and Rivera, 2010).
These observations confirm the notion that the vaccine potential of FnSAP2 is highly
depending of the animal species and the experimental conditions. Trials on a number of
vaccine candidates, glutathione S-transferase (Morrison et al., 1996; Sexton et al., 1990;
Sexton et al., 1994), cathepsin L- proteases (Mulcahy et al., 1999; Villa-Mancera et al.,
2014) and fatty acid binding proteins (Casanueva et al., 2001; Lopez-Aban et al., 2007;
Martinez-Fernandez et al., 2004) have also shown a lack of consistency in the degree of
protection obtained, which may be due, in part, to differences in the experimental design, for
example route of immunization (injection or oral), form of antigen, presence of adjuvants in
the vaccine and differences in the animal models (van Milligen et al., 2000; Vercruysse et
al., 2004; Wedrychowicz et al., 2003).

The outcome of an immunological response to infection or immunization can be determined
by the degree of activation of CD4* and CD8*. CD4"* cells are T helper cells that, upon
activated, produce a number of different cytokines and play a role in the activation and
proliferation of B-cells, cytotoxic T lymphocytes, and macrophages (Zhang et al., 2009). In
our study, activation status of CD4* T-cells collected from FRSAP2-1Bs vaccinated animals
clearly indicates that both formulations elicited T-helper responses. This is an expected
finding since FhSAP2 is a protein derived from F. hepatica that is an extracellular organism
that typically induces T-helper immune responses, whereas the activation of CD8* T-cells
and CTL-responses are typically elicited by intracellular organisms. Infections with F.
hepatica drives the host immune system towards an immunomodulatory response leading to
the activation of Th2 immune response within 7 days of infection, with the concurrent
production of high titers of IgG1 antibodies without 1gG2a (Donnelly et al., 2005; Donnelly
et al., 2008), and a downregulation of Thl (Brady et al., 1999; O’Neill et al., 2000). These
studies indicate that while the parasite induce host hepatic damage, it has the ability to limit
the extent of pro-inflammatory Th1 driven protective immune response and promote anti-
inflammatory healing mechanisms, involving a Th2-mediated immune response (Donnelly
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et al., 2005; Donnelly et al., 2008; Mulcahy et al., 1998; Wongkham et al., 2005). Mice are
highly susceptible to F. hepatica infection and consequently die secondary to high-level
infection due to severe liver damage caused by the migrating fluke, which provoke organ
failure. This explains why in our study a large number of mice that were vaccinated only
with the adjuvant died secondary to the challenge infection exhibiting the most severe
hepatic damage. In contrast, in the groups vaccinated with Fn'SAP2-1Bs, few adult flukes
were recovered, their mortality rate and liver damage was significantly reduced, indicating
that these animals acquired partial immunity against the challenge infection. In the adjuvant-
vaccinated, infected animals, the IgG1 was the dominant antibody isotype detected whereas
the 1gG2a was detected at very low levels. In contrast, in the FhRSAP2-IBs vaccinated
animals enhanced levels of both 1gG1 and IgG2a antibodies were detected, implicating
mixed Th1/Th2 antibody response associated to the protection. Although is not clear the role
of antibodies in the protection against F. hepatica this type of mixed humoral response has
been reported by other vaccination studies in both F. hepatica and F. gigantica (Chantree et
al., 2013; Golden et al., 2010; Kueakhai et al., 2013; Preyavichyapugdee et al., 2008).
Moreover, the observation that Fn'SAP2-1Bs vaccinated animals developed significantly
higher levels of 19G2a, companied with high levels of serum IFNy and TNFa, and
significantly lower levels of IL-4 than controls support the hypothesis that the Th1-response
could be necessary to induce protection against fascioliasis, which has been also suggested
by other authors (Hacariz et al., 2009). Since FhSAP2-IBs formulated in QS-21 and
Montanide™ ISA720 induced partial immunity in the mouse model of fascioliasis, it will be
necessary in the future to test these formulations in livestock or sheep. Perhaps, an FnSAP2-
IBs formulation that includes QS-21 as immunostimulator and a then emulsified as a water-
in-oil emulsion with Montanide™ ISA720 could be more efficient and maximize the
protection.

In conclusion, the results of this study suggest that inclusion bodies containing FhSAP2
formulated in QS-21 or Montanide™ ISA720 adjuvants induce partial immunity against a
challenge F. hepatica infection in mice, which was associated to significant increasing of
Th1 immune responses. Further work will be required to pinpoint the putative role of Thl
immune response in the protection against F. hepatica and establish the correlates of
protection in mice and other animal species.
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Highlights

e Inclusion bodies (IBs) containing FhSAP2 were tested in a mouse model of
fascioliasis

»  FhSAP2-1Bs emulsified in Montanide™ ISA720 or QS-21 induces partial
immunity in mice

e FhSAP2-1Bs in Montanide™ ISA720 or QS-21 induces high levels of IgG1 and
1gG2a antibodies

e FhSAP2-1Bs in Montanide™ ISA720 or QS-21 induces higher levels of IFNy
than 1L-4
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Figure-1. Western blot analysis of inclusion bodies containing FhSAP2
After expression inclusion bodies were isolated and analyzed by 15% SDS-PAGE. Proteins

were electrotransferred to a nitrocellulose (NC) sheet and after blocking were probed with
anti-Xpress™ epitope-peroxidase labeled antibody. A strong major band of ~16.4kDa was
revealed, which represent the predicted 11.5kDa polypeptide band of FNSAP2 plus 4.9kDa
that include the 6x (His)-tag plus the Xpress epitope at the amino terminus of the protein
moiety. In addition, a very weak protein band of ~31kDa was also observed, which could
represent dimeric forms of FhSAP2.
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Figure-2. Survival analysis
Kapplan-Meier analysis to estimate the survival probability over the time after challenge in

mice immunized with FASAP2-1Bs in QS-21 or Montanide™ ISA720 compared to mice
vaccinated with E. coli proteins in QS-21 or Montanide™ 1SA720 adjuvants. Log-rank test
determined that there are statistical differences (p <0.05) between survivals probabilities of
FhSAP2-1Bs vaccinated groups compared to their corresponding adjuvant-vaccinated,
infected control group.
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Figure-3. Antibody response to F. hepatica ES products in animals immunized with FhSAP2-1Bs
after the challenge infection
(A) Specific anti-ES products 1gG1 and 1gG2a antibody levels elicited in mice vaccinated

with FhSAP2-1Bs in QS-21 or Montanide™ ISA720 were measured at euthanasia, which
occurred 45-days after the challenge infection. ** Indicate significant differences
(p<0.0001) between the levels of 1gG1 and 1gG2a of each FhSAP2-IBs vaccinated or control
group. Values represent the mean + SD of triplicate ELISA readings of each experimental
group. (B) ** Differences highly significant (p<0.0001) were found between the IgG1 to
1gG2a ratios between FRSAP2-1Bs vaccinated groups compared with their corresponding
control group.
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Figure-4. Activation status of spleen lymphocytes from FhSAP2-1Bs immunized animals prior to

the challenge infection

Spleen lymphocytes from FhSAP2-1Bs immunized animals were analyzed by flow
cytometry. CD69+ was used as marker of activation. Results demonstrate that both
formulations significantly activate significantly higher CD4+ T-cells than CD8+ T-cells

population.
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Figure-5. Production of cytokines in serum from animals immunized with FhRSAP2-IBs after the
challenge infection

We used BioPlex for determining levels of IFNy, IL-4 (A) and TNFa (B) cytokine in serum
of animals vaccinated with FnSAP2-1Bs in QS-21 or Montanide™ ISA720 that were
euthanized 45-days after the challenge infection. Results are compared to those obtained in
the control groups. *** QS-21 or Montanide™ ISA720-control groups had significantly
more amount of IL-4 than FhSAP2-IBs vaccinated groups. The highest IL-4 to IFNy ratios
were found in the controls, which indicate polarized Th2 immune responses. The highest
levels of serum TNFa were found in animals from groups vaccinated with FhSAP2-IBs in
QS-21 (p=0.0016) compared to those immunized with FnSAP2-IBs in Montanide™ ISA720
or control animals.
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