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Abstract
Use of the rabbit as disease model has long been hampered by a lack of immunological assays
specific to this species. In the present study we developed a SYBR Green-based, real-time RT-
PCR protocol to quantitate cytokine mRNA in freshly harvested rabbit peripheral mononuclear
cells. The method was validated in the course of a vaccination trial in which animals vaccinated
with the recombinant antigen FhSAP2 were challenged with Fasciola hepatica metacercariae.
Changes in the levels of rabbit interleukin (IL)-2, IL-4, IL-6, IL-10, tumor necrosis factor-alpha
(TNFα), and interferon-gamma (IFNγ) mRNA were determined. Messenger RNA from the
universally expressed housekeeping gene GAPDH was used as an amplification control and
allowed for correction of variations in the efficiencies of RNA extraction and reverse transcription.
Rabbits vaccinated with FhSAP2 showed an 83.3% reduction in liver fluke burden after challenge
infection when compared to non-vaccinated controls. All cytokine mRNAs were found at
detectable levels; however, the levels of IFNγ, TNFα, IL-2 and IL-10 were significantly higher in
the vaccinated group compared to the non-vaccinated group. These results suggest that protection
conferred by FhSAP2 protein could be associated with a mixed Th1/Th2 immune response in
which Th1 cytokines are dominant. The real-time RT-PCR method described herein can be a
useful tool for monitoring changes in basic immune functions in the rabbit model of fascioliasis
and may also aid in studies of human diseases for which the rabbit is an important experimental
model.
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1. Introduction
Cytokines are regulatory proteins that play a central role in the immune system by
modulating cellular responses, including lymphocyte activation, proliferation,
differentiation, survival and apoptosis (Giulietti et al., 2001). They are low-molecular weight
proteins secreted by many different cells, most prominently by lymphocytes, antigen-
presenting cells, monocytes, endothelial cells and fibroblasts. Cytokines are classified into
different groups such as interleukins, interferons, tumor growth factors, and chemokines.
Interacting with one another, cytokines exert polarizing effects on effector T cells and are
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pivotal in tuning immune responses (Boeuf et al., 2005). The best-defined subsets of effector
T cells are the CD4+ helper lineages Th1 and Th2. Th1 cells secrete interferon-gamma
(IFNγ), lymphotoxin, and interleukin (IL)-2, which stimulate inflammatory immune
responses such as Delayed-Type Hypersensitivity, and also the production of complement-
fixing antibodies and cytotoxic T lymphocytes. Th2 cells secrete IL-4, IL-5 and IL-10,
which regulate the humoral immune response (Abbas et al., 1996; Mena et al., 2002). The
cytokines of each T cell subtype are counter-regulatory to the reciprocal subset, resulting in
polarization of the immune response to either type-1 or type-2. Numerous studies indicate
that the outcome of an infection depends greatly on the balance between Th1 and Th2 cells
(Abbas et al., 1996; Dinarello, 1997; Mena et al., 2002). Thus, cytokine profiling should be
done through simultaneous quantification of cytokines characteristic of both T-helper
subsets.

The quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) is
widely used to quantify mRNA expression levels in cells, body fluids, tissues, or tissue
biopsies (Overbergh et al., 2003). Because of its specificity and sensitivity, qRT-PCR is the
method of choice for quantifying mRNA expression levels of cytokines, which normally are
expressed at very low levels (Giulietti et al., 2001). Most qRT-PCR protocols have been
developed to quantify cytokines in mice and humans, owing to the availability of a complete
collection of leukocyte expressed sequences tags (ESTs) and complete genomic sequences
for those species (Bilate et al., 2008; Castilho et al., 2008; Dantas et al., 2009; Fang et al.,
2009; Gaertner et al., 2009; Suksumek et al., 2008; Walsh et al., 2009). In contrast, very few
assays have been developed for quantification of cytokines in domestic animals (Ledger et
al., 2004; Leutenegger et al., 1999a,b).

Rabbits are used as models in a wide variety of studies, including for evaluation of novel
antibiotic formulations as therapy against bacterial or parasitic infections (el-Bahy, 1997;
Force et al., 2008), for production of high-quality antiserum, in studies of immunoglobulin
structure and regulation (Kindt, 1975), in studies of B cell development (Yang et al., 2005),
in studies of myxomatosis, coccidioidomicosis and trematodiasis (Clemons et al., 2007;
Fouchet et al., 2008; Hussein and Khalifa, 2008; Silva et al., 2004), and in vaccination
studies against parasites and viral infections (Espino and Hillyer, 2004; Palmer et al., 2006).
The main goal of our laboratory is to identify Fasciola hepatica antigens with potential for
use in vaccines, and we often use a rabbit model of fascioliasis to evaluate the effectiveness
of these antigens. One of these antigens is the protein termed FhSAP2, which is a member of
the F. hepatica saposin-like protein family (Espino and Hillyer, 2003). As a vaccine,
FhSAP2 was shown to induce significant anti-pathological and anti-fecundity effects on F.
hepatica as well as a reduction in parasite burden of ∼81.2% (Espino and Hillyer, 2004). In
the present paper we describe a newly developed, highly sensitive and reproducible qRT-
PCR assay for six key rabbit cytokines. The method was validated during the course of a
vaccination trial that replicated the protection results previously obtained with FhSAP2 in a
rabbit model of fascioliasis. The signal for rabbit glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) is used to normalize against differences in RNA extraction, extent
of RNA degradation, and variability in reverse transcription and PCR efficiencies. The
observed changes in cytokine gene expression of the rabbit immune response measured by
this qRT-PCR led us to postulate that the protection conferred by FhSAP2 in the rabbit
model of fascioliasis could be associated with a mechanism driven by CD4+ Th1 cells.

2. Materials and methods
2.1. Animals

Nine male 3-month-old New Zealand White (NZW) rabbits (Harland Inc., Indianapolis, IN)
and 5 female mixed breeder rabbits reared at a local farm in San Juan, Puerto Rico were
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used in the study. Animals were housed, fed 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 the care of laboratory animals.

2.2. Recombinant FhSAP2 and preparation of adult F. hepatica excretory secretory (ES)
products

cDNA coding for recombinant FhSAP2 (GenBank AF286903) was cloned into pBAD-HisB,
expressed in Escherichia coli TOP10 cells as a fusion protein with a His-tag, and the protein
was purified by Ni2+ column affinity chromatography as previously described (Espino and
Hillyer, 2003). Purified recombinant protein was used as the immunogen in the vaccination
trial.

ES products were collected from living adult F. hepatica parasites freshly isolated from
bovine livers at local abattoirs. The flukes were carefully washed and incubated in RPMI
medium with 100 IU of penicillin and 100 μg streptomycin/ml of medium (1 fluke per 5 ml)
at 37 °C for 24 h as previously described (Espino et al., 1987). After centrifugation at 5000
× g for 30 min at 4 °C, the supernatant was dialyzed for 24 h against phosphate-buffered
saline (PBS) and then concentrated 10-fold by using an AMICON ultrafiltration membrane
YM-3. This ES preparation was used as the antigen for antibody determinations. The protein
concentrations of recombinant FhSAP2 and ES antigen were estimated by using the
bicinchoninic acid method (Thermo Scientific, Rockford, IL, USA) according to the
manufacturer's instructions.

2.3. Vaccination and assessment of protection
Four NZW rabbits received subcutaneous injections of 100 μg of purified FhSAP2 mixed
with Freund's complete adjuvant (FCA) followed by two similar booster injections at 2-
week intervals. The other five NZW rabbits received the same number of injections but with
PBS in the adjuvant. Four weeks after the last injection all animals were orally infected with
30 fresh F. hepatica metacercariae obtained from Baldwin Aquatics (Monmouth, OR), and
10 weeks after the challenge they were euthanized and necropsied for collection of organs.
Livers were macroscopically examined for organ pathology by three different blinded
investigators. The observers summarized the grade of lesions as follows: +, mild; ++,
moderate; +++, intense; and ++++, severe. Flukes found in the main bile ducts were
removed. The livers were then cut into 1-cm long pieces, soaked in water at 37 °C for 30
min, squeezed, and forced through a 300-μm mesh sieve; the retained material was analyzed
for immature or mature flukes. Total worm burdens were summarized for each vaccinated
and control group by arithmetic means. The numbers of eggs in the feces and gall bladders
were also estimated.

2.4. Sampling
During the experiment, blood samples were collected by ear venipuncture using
vacuntainers with and without heparin. Samples that were collected prior to the first
immunization were used as negative controls, and samples collected at different points
during the experiment were used as experimental samples. Samples collected in
vacuntainers with heparin were gently mixed with RNAlater in 2-ml tubes and used for total
RNA extraction either immediately or after freezing at −20 °C for several weeks. In order to
obtain serum, samples collected without heparin were left overnight at 4 °C and the serum
was separated by centrifugation at 3000 rpm for 5 min and stored at −20 °C.
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2.5. Analysis of the antibody response
Fluke antigen-specific antibodies in sera were detected by using ELISA. Wells of 96-well
polystyrene plates (Costar, Corning Inc., Corning, NY, USA) were coated with 20 μg/ml F.
hepatica ES products by adding the antigen in carbonate–bicarbonate buffer, pH 9.6, to the
wells and incubating overnight at 4 °C. The excess binding sites were blocked with 3%
bovine serum albumin in PBS containing 0.05% Tween-20 (PBST) at 37 °C for 1 h. After
washing with PBST, sera (100 μl; 1:100 dilutions) were added to the wells, and the plates
were incubated at 37 °C for 1 h. Bound antibodies were detected by using peroxidase-
conjugated anti-rabbit immunoglobulin (BioRad, Hercules, CA, USA) and the substrate O-
phenylenediamine as previously described (Espino and Hillyer, 2004).

2.6. RNA and genomic DNA extraction
Total RNA was extracted from RNAlater-conserved blood by using a RiboPure™-Blood
Kit according to the manufacturer's guidelines. RNA was then treated with 5 U of
amplification grade DNase I (Invitrogen, Carlsbad, CA) according to the manufacturer's
specifications to remove any contaminating genomic DNA. RNAs were quantified by
measuring the optical density at 260 nm (OD260) using a Nanodrop-1000 spectrophotometer
(Thermo Scientific) and the purity was assessed by determining the OD260/OD280 ratio,
which was between 1.9 and 2. Genomic DNA (gDNA) was prepared from peripheral blood
mononuclear cells (PBMC), purified by Ficoll Hypaque gradient centrifugation from
heparin-treated blood samples, by using a standard phenol-chloroform extraction method
(Sambrook et al., 1989). One hundred nanograms of gDNA (determined by photometry at
260/280 nm) was used as template for amplification in the SYBR-Green-based real-time
RT-PCR assay.

2.7. Reverse transcription
To synthesize cDNA, 2 μl of oligo (dT) primer, 2 μl of 2.5 mM stock of dNTPs (Invitrogen)
and 16 μl of DNase-treated RNA in DEPC-treated water were incubated at 65 °C for 5 min
and then put on ice for 3 min. The following reagents were added: 4 μl of 10× Superscript
buffer (Invitrogen), 8 μl of 25 mM stock of MgCl2 (Invitrogen) and 4 μl of 0.1 M
dithiothreitol (Invitrogen). The contents were mixed gently and incubated for 2 min at room
temperature. The tubes were briefly centrifuged and incubated for another 10 min at room
temperature after adding 2 μl of 50 μg/ml Superscript II (Invitrogen) followed by incubation
at 42 °C for 50 min. Superscript II was heat-inactivated for 15 min at 72 °C. Four units of
RNase H were added and the reaction mixture was incubated at 37 °C for 30 min. cDNA
samples were diluted 1:5 in DEPC-treated water prior to amplification.

2.8. Design of primers and production of amplicons
Table 1 lists the six rabbit cytokine and housekeeping genes that were selected after
searching the publicly available databases (GenBank). Primers for all target sequences were
designed by using Primer Express software (Applied Biosystems). We selected sense and
antisense primers annealing to sequences in exons on opposite sides of an intron to secure
primer specificity for target DNA and to avoid the amplification of pseudogenes or other
related genes. All primers were from 19 to 22 bp in size with annealing temperatures
between 56 and 58 °C. The percentage of G+C content was kept in the 18–32% range and
runs of identical nucleotides were avoided. The amplicon lengths ranged from 138 to 160
bp.

2.9. Quantitation of cytokine transcript by real-time PCR
Real-time PCR was performed with a LightCycler 480 SYBR Green I Master kit (Roche
Applied Science, Indianapolis, IN, USA) using 2 μl of the 1:5 cDNA dilutions (in DEPC) in
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a volume of 20 μl with the specific primer mix. Quantitative PCR was performed in the
LightCycler 480 for 38 cycles with the following parameters: denaturation at 95 °C for 10 s,
annealing at the primer-specific annealing temperature for 20 s, and extension at 72 °C for
10–15 s. Melting curve analysis was performed after the amplification phase to eliminate the
possibility of nonspecific amplification or primer-dimer formation. Specificity of the SYBR
Green-based real-time PCR for rabbit cytokines was verified by cloning and sequencing
PCR amplicons. The cytokine system was tested at least once for amplification of a single
amplicon, visualized by agarose gel electrophoresis.

2.10. The comparative CT method
Each well was screened for fluorescence every 7 s and signals were regarded as positive if
the fluorescence intensity exceeded 10 times the standard deviation of the baseline
fluorescence (threshold cycle, CT). Of the two methods for quantitation of gene transcription
(absolute quantitation by the standard curve method and relative quantitation by the
comparative CT method), the latter was selected due to its ease and speed for setup and
analysis. For relative quantitation by the comparative CT method, values are expressed
relative to a reference sample, called the calibrator, i.e. PBMC from naïve rabbits. Each test
or control sample was run in duplicate. First, the CT for the target amplicon and the CT for
the internal control (GAPDH as an endogenous housekeeping gene) were determined for
each sample. Differences in the CT for the target and the CT for the internal control, called
ΔCT, were calculated to normalize for differences in the amount of total nucleic acid added
to each reaction and the efficiency of the RT step. The ΔCT for each experimental sample
was subtracted from the ΔCT of the calibrator. This difference is called the ΔΔCT value.
Finally, the amount of target, normalized to GAPDH and relative to the calibrator, was
calculated by 2−ΔΔCT. Thus, all the experimental samples are expressed as an n-fold change
relative to the calibrator.

2.11. Statistical analysis
All antibody detections by ELISA were performed in triplicate on two different days and the
results are expressed as the mean OD492 for each determination. Values yielding an
OD492 nm ≥0.16 were considered positive. This cut-off value represents the mean OD ± 3SD
3SD of sera of naïve rabbits. The weekly differences in OD492 values between groups were
analyzed by using Student's t-test. Percentage of protection for immunized animals was
calculated by the formula (C − E)/C × 100, where C is the average number of flukes in the
control group and E is the average number of flukes in the vaccinated group of animals. The
following comparisons between the relative changes in levels of cytokines (n-fold change)
were made: (1) cytokine levels after the last FhSAP2-vaccination (Tv) relative to the
cytokine levels in the same group before vaccination and after challenge; (2) cytokine levels
in the non-vaccinated group at weeks 2, 4, 6 and 10 after the challenge infection with respect
to the levels of cytokines in the same group before infection; (3) cytokine levels of the
FhSAP2-vaccinated group with respect to the cytokine levels of the non-vaccinated group at
10 weeks after challenge; (4) the levels of IFNγ and IL-4 in both experimental groups with
respect to the number of liver flukes. The comparative analyses were done by analysis of
variance (ANOVA). When global differences were detected in this analysis, we applied a
post-ANOVA test using Fisher's protected least significant differences analysis. All the
statistical analyses were performed with the statistical software STATA, version 10.

3. Results
3.1. Fluke burden and egg output

The fluke recovery data, egg count, and results of the qualitative evaluation of liver damage
following challenge of rabbits with F. hepatica metacercariae are shown in Table 2. An
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83.3% reduction in the fluke count was found in the FhSAP2-vaccinated rabbits versus the
non-vaccinated controls. Significant differences (P < 0.001) between vaccinated and control
animals were seen in the total number of eggs found in the feces or gall bladder.

3.2. Antibody responses against ES antigens
The results of total specific antibodies to ES antigen are shown in Fig. 1. All FhSAP2-
vaccinated animals developed high levels of antibody 2 weeks after the first vaccination,
which were significantly different from the control level; absorbance values in the FhSAP2-
vaccinated animals ranged from 0.99 to 1.72, with a mean value of 1.38 ± 0.26. Antibody
levels reached their maximum values 4 weeks after the last challenge; absorbance values
ranged from 1.78 to 2.26, with a mean value of 1.96 ± 0.19. Subsequent to the challenges,
antibody levels in the vaccinated animals remained at the same level (mean OD 2.0 ± 0.22)
until necropsy. Prior to infection, absorbance values in the animals that were vaccinated with
PBS in adjuvant remained under the cut-off value. However, the values were significantly
increased 4 weeks after challenge (P < 0.001); absorbance values ranged from 1.26 to 1.43
with a mean of 1.32 ± 0.06. Antibody levels in the control group reached the maximum
value 8 weeks after challenge (mean OD 1.55 ± 0.22).

3.3. Primer validation
Samples collected from normal NZW rabbits and from mixed breeder rabbits were used as
reference samples (calibrators) and to validate the primers. Primer concentrations were
optimized to determine the minimum primer concentrations giving the lowest threshold
cycle (CT) and the maximum signal-to-noise fluorescence ratio while minimizing
nonspecific amplification (data not shown). Among the final concentrations of 50, 300, 400
and 600 nM tested for each primer, the optimal final concentration was set at 400 nM for
every primer. Melting curves were generated in each run to determine the specificity of each
primer pair. The presence of a unique peak confirms the specificity of the primer pair for the
target DNA. Fig. 2 shows typical melting peaks obtained for all cytokine systems applied to
samples collected from a rabbit at different time points during the experiment.

To address the question of whether contaminating gDNA present in the total RNA samples
could influence the cytokine cDNA quantitation, RNA preparations without prior cDNA
synthesis were subjected to PCR. None of the samples gave a signal for any of the cytokines
(results not shown). To investigate whether contaminating gDNA was co-amplified or could
have interfered with the quantitation of cytokine cDNAs, both cDNA and 100 ng of genomic
DNA were subjected to PCR. All cytokine sequences were amplified with cDNA but not
with gDNA as template. Therefore, all reactions were able to differentiate between cDNA
and gDNA, confirming the specificity of the primer combinations used for the selective
amplification of cDNA. When PCR products were examined by agarose gel electrophoresis
(4% gel), all cytokine systems produced a single band of the expected length. In addition,
the specificity of the primers was evaluated by melting-curve analysis. PCR products were
sequenced after cloning and found to have >98% identity with the expected sequences (data
not shown).

To address the question of whether the genetic background of the animals could modify the
homogeneity of the reference samples, total RNA was extracted from PBMC derived from
10 NZW rabbits and from 5 mixed breeder rabbits reared in local farms and then subjected
to the test protocol. All of the targets DNAs were amplified. Overall, no differences were
observed between CT values obtained for each cytokine in the NZW rabbit samples versus
the mixed breeder animals. However, the melting curving analysis indicated that in a few
cases the CT obtained resulted from a primer-dimer effect.
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3.4. Amplification efficiencies of GAPDH and cytokine cDNA
For the comparative CT method (ΔΔCT method) to be valid, the efficiencies of the target
amplifications must be approximately equal. To determine the amplification efficiencies of
GAPDH and the cytokine cDNAs, different dilutions of cDNA preparations were amplified,
and the resulting CT values were plotted against the dilution of input total RNA and a
regression line was calculated. Six or seven dilutions were amplified in triplicate for 38
cycles. Differences in the slopes of cytokines versus GAPDH were: IFNγ: 0.09; TNFα: 0.08;
IL-2: 0.06; IL-4: 0.09; IL-6: 0.08; and IL-10: 0.1.

3.5. Quantitation of cytokines after FhSAP2 vaccination and after F. hepatica challenge
infection

To address the question of whether vaccination with FhSAP2 could modify the levels of
cytokines, the cytokine levels after the last FhSAP2-vaccination (Tv) were compared to the
relative levels of cytokines before vaccination. It was observed that, after vaccination, the
animals expressed 2.5-fold more IFNγ, 1.8-fold more TNFα, 1.6-fold more IL-2, and 2-fold
more IL-10 than before vaccination. These changes were found to be statistically significant
(P < 0.05). Conversely, the changes in the levels of IL-6 and IL-4 were not significant. No
further changes were observed in the levels of cytokines after the challenge infection (Fig.
3A).

To ascertain how the challenge infection modifies the levels of cytokines in the non-
vaccinated group, the levels of cytokines at different points after the challenge infection
were compared to the levels of cytokines before infection. The infected rabbits showed a
progressive diminution in the levels of IFNγ, TNFα, IL-2, IL-6 and IL-10, which reached
their lowest values at 10 weeks post-infection. In contrast, the level of IL-4 progressively
increased until it reached a maximum value at 10 weeks after infection (Fig. 3B).

When both experimental groups were compared at necropsy it was found that the FhSAP2-
vaccinated group had 1.8-fold more IFNγ, 1.56-fold more TNFα, 1.47-fold more IL-2 and
2.25-fold more IL-10 than the non-vaccinated, infected group (Fig. 4). The fold changes in
the levels of these cytokines between the two groups were found to be statistically
significant (P < 0.05). Changes in the relative amounts of IL-6 and IL-4 in the vaccinated
group were only 1.16-fold and 0.8-fold more than those observed in the non-vaccinated
group, and these changes were not significantly different.

To address the question of whether the observed changes in cytokine levels are associated
with fluke burden, the levels of IFNγ and IL-4 of each experimental rabbit were compared
with the corresponding fluke recovery values. As shown in Fig. 5, rabbits that had large
number of flukes in the liver had low levels of IFNγ accompanied by high levels of IL-4,
and rabbits that had few or no flukes in the liver had relatively low levels of both IFNγ and
IL-4.

4. Discussion
We previously demonstrated that FhSAP2 emulsified in TiterMax adjuvant induced in
rabbits both anti-pathological and anti-fecundity effects as well as an 81.2% reduction in
parasite burden after challenge with F. hepatica metacercariae (Espino and Hillyer, 2004).
In the current experiment, FhSAP2 emulsified in Freund's adjuvant induced an 83.3%
reduction in liver fluke count and a significant reduction in egg output and liver damage,
confirming the protective role of FhSAP2. The presence of high levels of antibodies to F.
hepatica ES antigens in the animals that acquired immunity against infection suggests that
antibodies could have contributed to the protection. This is consistent with observations
made by other authors who, using immunogens other than FhSAP2, found associations
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between protection and the levels of antibodies (Acosta et al., 2008; Almeida et al., 2003;
Law et al., 2003; Martinez-Fernandez et al., 2004; Meeusen and Piedrafita, 2003; Ramajo et
al., 2001; Reszka et al., 2005; Sexton et al., 1994; Smooker et al., 2004; Vilar et al., 2003;
Zafra et al., 2008). Because FhSAP2 is a lytic protein, FhSAP2 could be involved in
acquiring nutrition for the liver fluke and/or its migration through the liver parenchyma
(Espino and Hillyer, 2003). Although the mechanism of protection induced by FhSAP2 is
unknown, we speculate that it may be related to the antibodies produced after vaccination,
which may act by blocking nutrient acquisition, reducing fluke migration through host
tissues, or activating cellular effector mechanisms that directly affect the parasite, or a
combination of these. Interference with any of these activities by neutralizing antibodies
would be expected to blunt the virulence of liver flukes.

Due to the lack of rabbit-specific reagents and assays, the cellular effector mechanisms
induced by FhSAP2 have not been studied. To overcome this deficiency, in the current study
we developed a qRT-PCR assay for quantifying cytokine mRNA levels, which lets us
correlate cytokine levels with protection results. The qRT-PCR protocol uses SYBR Green
as a dsDNA-binding dye together with the LightCycler 480 system, which combines rapid
thermal cycling (30–40 cycles in <30 min) in a multiwell-plate format. The system has the
further advantages of permitting viewing of the data while the PCR amplifications are still in
progress and allowing analysis of the results by calculating melting curves (Abdul-Careem
et al., 2008; Brisbin et al., 2008; Sarson et al., 2008). The greatest advantage of SYBR
Green is that it can be used with any pair of primers for any target, thus providing significant
cost savings compared to traditional protocols that use TaqMan probes. However, its major
disadvantage is that SYBR Green binds to any dsDNA, detecting not only the specific target
but also nonspecific PCR products (Giulietti et al., 2001). The way to rectify this problem is
by comparing melting curves (Ririe et al., 1997). As our results show, by comparing melting
curves we can distinguish the products that resulted from specific amplification from those
that resulted from primer-dimer formation. Therefore, it was possible to set the software to
acquire fluorescence above the melting temperature of the primer dimer but below that of
the product. As shown in Fig. 2, the specificity of each primer set was high, as judged by the
presence of a unique peak. In addition, our system was able to strictly differentiate between
gDNA and cDNA.

Accurate cytokine cDNA quantitation was made possible by normalizing the cytokine
signals using the GAPDH signals. This normalization requires that the efficiencies of both
the cytokine and GAPDH amplifications are approximately equal. A sensitive method for
comparing the amplification efficiencies of two amplicons is to determine the slope of the
CT value variation obtained from a cDNA dilution series for GAPDH and the respective
cytokine. We found that the amplification efficiencies for both GAPDH and cytokine cDNA
were approximately equal (<10% difference), thus allowing GAPDH-based normalization of
cytokine transcription.

As our results show (Fig. 3A), after vaccination, all animals developed detectable levels of
all cytokines, with significant predominance of IFNγ over IL-4. These findings indicate that
FhSAP2 induced a strong cellular immune response. The fact that the levels of all cytokines
as well as the antibodies did not increase further after the challenge infection was not
surprising; rather, it suggest that the doses and the frequency of injections used induced an
immune response of maximum intensity that was not modified by the presence of more
antigen in the form of a challenge.

The levels of IFNγ, TNFα and IL-2 cytokine mRNAs after the challenge in the non-
vaccinated group showed sequential diminution accompanied by significant increases of
IL-4 as the infection progressed (Fig. 3B). This indicates that the infection stimulated a
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switch to the Th2 immune response, which is consistent with previous observations in other
fascioliasis models (Brown et al., 1994a;Cervi et al., 2004;O'Neill et al., 2000). In well-
characterized murine and ruminant models, soon after infection with F. hepatica the
immune response is proinflammatory, lasting about 4–6 weeks. This immune response is
switched off at around the time the adult flukes begin to enter the bile duct. It is likely that
liver-fluke secretions modify macrophage-based signaling events to switch off the
proinflammatory immune response before the infection has been appropriately controlled.
This is consistent with evidence that a non-Th1 response is dominant in animals chronically
infected with F. hepatica. For example, a Th2-cytokine profile was detected in spleen cells
and in draining lymph node cells during experimental fascioliasis in rats (Cervi et al.,
2004,2001), and high levels of IgE (a Th2-dependent isotype) to Fasciola antigens was
identified in infected cattle (Pfister et al., 1984). Moreover, systemic eosinophilia was
observed for 3–13 weeks after primary infection of sheep with F. hepatica (Chauvin et al.,
1995) and F. gigantica (Roberts et al., 1997a,b). These results suggest an inverse correlation
between F. hepatica infection and induction of parasite-specific Th1 cells, and are consistent
with the hypothesis that Th2 responses are promoted in chronic fascioliasis.

The results show that the vaccinated rabbits which had the lowest numbers of flukes in the
liver combined with smaller gross-pathological lesions and the lowest parasite egg outputs
(Table 2) expressed the highest levels of IFNγ, IL-2 and TNFα and the lowest levels of IL-4
and IL-6 (Fig. 5). IL-6 is a multifunctional Th2 cytokine produced by a variety of cell types,
including macrophages, dendritic cells, T cells, endothelial cells, and hepatocytes (Akira et
al., 1993;Silvennoinen et al., 1996). IL-6 has been shown to be involved in Th2
differentiation by promoting IL-4 production by precursor T helper cells (Rincon et al.,
1997). Therefore, it was not surprising that IL-6 was present at relatively low levels in those
animals that developed a stronger Th1 immune response. FhSAP2 possesses two Th1
epitopes and three Th0 epitopes (Espino et al., 2007), all of which overlap with two
dominant B cell epitopes (Torres and Espino, 2006). Apparently, the Th1 epitopes are
dominant over the B cell and Th0 epitopes, influencing the repertoire and specificity of the
cytokine- and antibody-producing cells toward a Th1 phenotype that is able to curtail
progression of the infection. An interesting finding from this work is that the high levels of
IFNγ, IL-2 and TNFα were accompanied by high levels of IL-10 (Fig. 4). Given that IL-10
is a regulatory cytokine that typically down-regulates the expression of Th1 cytokines, MHC
class II antigens, and costimulatory molecules on macrophages (Moore et al., 2001), the
finding of IL-10 at levels similar to those of IFNγ, TNFα and IL-2 in the group of animals
that developed protection could seem contradictory. However, it is likely that FhSAP2 it
able to induce differentiated T cell clones to secrete simultaneously IL-10 and IFNγ, as has
been described to occur in bovines and humans (Brown et al., 1994b;Windhagen et al.,
1996). This could indicate that FhSAP2 stimulates an immune response that do not fit into
reciprocal Th1- and Th2-cell subsets. In support of this possibility, studies in vitro with
PBMC from cattle that had been stimulated with F. hepatica antigens demonstrated the
simultaneous presence of IL-4 and IFNγ in bulk cultures (Brown et al., 1994a). Moreover,
we previously found a mix of IgG2a and IgG1 in mice vaccinated with FhSAP2 (Espino et
al., 2005), which indicates a mixed Th1/Th2 immune response.

Although the presence of IFNγ, TNFα and IL-2 in rabbits that developed protection clearly
indicates that FhSAP2 elicited an effective cellular immune response, it is not obvious how a
cellular mechanism could exert a protective effect against an extracelular parasite like F.
hepatica. One possible mechanism of action could involve effective stimulation of innate
immunity through activation of appropriate Toll-like receptors (TLRs). Indeed, the potency
of Freund's adjuvants to elicit an immune response has been reported to lie in their ability to
induce expression of TLR2, brought on by the active ingredient in FCA, killed
Mycobacterium tuberculosis bacilli (Mtb) (Sai-Kiang, 2003). Because FCA is essentially
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made of Mtb dissolved in Freund's incomplete adjuvant, it is the solvent in FCA that induces
increased TLR2 expression, leading to enhanced recognition of killed Mtb by host cells.
Therefore, a probable explanation for the levels of protection induced by FhSAP2-FCA
achieved in this work could be related to effective stimulation of TLR2, which is important
for the production of inflammatory cytokines and interferon-stimulated genes (Vanhoutte et
al., 2008). Supporting this hypothesis, differences in the sizes of spleen and lymph nodes
were observed in immunized animals. Rabbits immunized with FhSAP2-FCA showed
marked hyperplasia of the spleen and lymph nodes compared to non-vaccinated rabbits.
Furthermore, it has been demonstrated that components of innate immunity participate in the
resistance to F. hepatica infection (Baeza et al., 1994). For example, Piedrafita et al. (2001)
reported that monocytes/macrophages and nitric oxide are involved in the killing of
migrating juvenile flukes in the rat peritoneal cavity.

On the other hand, it has been suggested that the mechanism of action of repository
adjuvants such as TiterMax and Freund's adjuvants is primarily the slow release of antigen
into draining lymph nodes (likely to the dendritic cells), which stimulates continued
antibody production by follicular B cells (Brewer and Alexander, 1997). Therefore, based on
this model, the success of immunization with FhSAP2-FCA could be related to the
persistence of a specific immune response against the parasite.

The cytokine profile described herein could be quite different depending on whether FA is
substituted by other, less inflammatory adjuvants. FCA is an acceptable adjuvant for
experimental purposes but it is not permitted for commercial vaccine formulations for
human or veterinary use. For this reason it will be necessary to test the effectiveness of
FhSAP2 emulsified in safer, commercially acceptable adjuvants like aluminium salts,
Montanide™ or immunostimulating (ISCOM) particles supplemented with
immunostimulatory molecules. It is well known that aluminium salts, which are highly
immunomodulatory and form short-term depots, induce very strong Th2-type responses
(Cox and Coulter, 1999). It is likely that FhSAP2 in Alumin will stimulate the production of
high levels of IL-4; but if our hypothesis is correct, that the Th1 immune response is
determinant for inducing protection against F. hepatica infection, then vaccination with
FhSAP2 in Alum could fail to induce protection. However, it is likely that FhSAP2
emulsified in water in an oil-based adjuvant like Montanide™ or into ISCOMs
supplemented with monophosphoril lipid A (MPL) or oligodeoxynucleotides (ODN)
containing the CpG motif characteristic of bacterial DNA could mimic the Th1-polarizing
properties of FCA and induce protective immunity. In those hypothetical scenarios the
possible immune mechanism of action could be diverse. For formulations containing CpG-
ODN, the immune mechanism could be related to efficient stimulation of TLR-9 (Hemmi et
al., 2000), which is required for monocytes and dendritic cells to produce IL-12. This
cytokine is involved in activating Th1 cells which are needed for protection against
numerous pathogens (Hemmi et al., 2000). For formulations containing MPL, the immune
mechanism could be through activation of TLR-4, as occurs with lipopolysaccharide (LPS)
and its derivates (Thompson et al., 2005). Studies of these different adjuvant formulations
for FhSAP2 are in progress and will be expedited in the rabbit model now thanks to the
optimized quantitative real-time RT-PCR protocol described herein.

In conclusion, this paper reproduced the protection results previously achieved with FhSAP2
in rabbits against the extracellular parasite F. hepatica and described and validated a new
real-time RT-PCR protocol for examining cytokine responses in the rabbit. The use of this
technique led us to determine that protection induced by FhSAP2 is associated with high
levels of IFNγ, TNFα, IL-2 and IL-10, which suggests a mixed Th1/Th2 mechanism with
dominance of Th1-cytokines. Because FhSAP2 was emulsified with FCA, it is likely that the
protection was achieved via an effective stimulation of TLR2, which is important for the
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production of inflammatory cytokines and interferon-stimulated genes. Further studies are in
progress in which the innate immune response elicited by FhSAP2 is being investigated. The
quantitative real-time RT-PCR approach described herein will enable studies of basic
immune function in the rabbit model of fascioliasis as well as of human diseases for which
the rabbit is an important experimental model.
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Fig. 1.
Kinetics of total antibody to F. hepatica ES antigens during the course of the experiment.
The starts indicate the vaccination times and arrow indicates the time of challenge infection.
The dashed line indicates the cut off value (OD ≥ 0.16), which was calculated as the mean
OD ± 3 SD of the negative sera. (A) Representation of the kinetic of production of anti-ES
antibodies for rabbits vaccinated with FhSAP2 (rabbits 1–4). (B) Representation of the
kinetics of production of anti-ES antibodies for the non-vaccinated, infected rabbits (rabbits
6–10).
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Fig. 2.
Typical melting peaks obtained for each cytokine system aplied to samples collected from
rabbit #-1 at different points during the experiment. Each set of curves represents
amplifications in duplicate of samples collected before vaccination (To), after completing
the vaccination protocol (Tv), and at 2 weeks (T2), 4 weeks (T4), 6 weeks (T6) and 10
weeks (T10) after the challenge infection.
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Fig. 3.
Comparison of the levels of rabbit cytokines as determined by SYBR-Green qRT-PCR. (A)
Histograms representing the fold-changes (2−ΔΔCT) in the quantitation of cytokines in the
FhSAP2-vaccinated group compared to the negative controls (samples collected before
immunization). Light gray bar: samples collected 4 weeks after the last vaccination (Tv).
Dark gray bar: samples collected 10 weeks after the challenge (T10). (B) Histograms
representing the fold-changes (2−ΔΔCT) in the quantitation of cytokines in the non-
vaccinated, infected rabbits at 2 weeks (T2), 4 weeks (T4), 6 weeks (T6) and 10 weeks
(T10) after the challenge infection.
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Fig. 4.
Fold-changes in the quantitation of rabbit cytokines determined by SYBR-Green qRT-PCR
between group of rabbits vaccinated with FhSAP2 and the non-vaccinated group 10 weeks
after the challenge infection. An asterisk over the bar indicates a significant differences (P <
0.05).
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Fig. 5.
Differences in the CT for the target cytokines (IFNγ and IL-4) and the CT for GAPDH as the
internal control (ΔCT) obtained for each experimental rabbit in relation to their
corresponding liver fluke burden. Rabbits #-1 to #-4 were vaccinated with FhSAP2 in
Freund's adjuvant. Rabbits #-6 to #-10 were vaccinated with PBS in adjuvant. All animals
were challenged with 30 F. hepatica metacercariae and necropsied 10 weeks after the
challenge.
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Table 1

Primers for PCR amplification of specific rabbit cytokines.

Cytokine Accession no. Amplicon size (bp) Sense primer 5′–3′ Anti-sense primer 5′–3′

IL-2 AF068057 138 GGAAACACAGGAACAACTGGA TTCAATTCTGTGACCTTCTTGG

IL-4 DQ852343 140 AGAGCTCGGTGACCTCAGAC CTTGCATGGCGGTCTTTAG

IL-6 AF169176 153 GAAAACACCAGGGTCAGCAT CAGCCACTGGTTTTTCTGCT

IL-10 AF0680058 145 GAACTCCCTGGGGGAAAAC GGCTTTGTAGACGCCTTCCT

IFN( AB010386 160 TTCCCAAGGATAGCAGTGGT TGAAGCCAGAAGTCCTCAAAA

TNFα M12845 138 CTCCTACCCGAACAAGGTCA CGGTCACCCTTCTCCAACT

GAPDH L23961 160 GAATCCACTGGCGTCTTCAC CGTTGCTGACAATCTTGAGAGA
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