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Abstract 

Gene expression for Th1/Th2 cytokines (IL-4 and IFN-ɣ), regulatory cytokines (TGF-β and IL-10) and the transcriptional 
factor FoxP3 was analyzed in the liver and hepatic lymph nodes (HLN) from sheep immunized with partially protec‑
tive and non-protective vaccine candidates and challenged with Fasciola hepatica. FoxP3 T cells were also evalu‑
ated by immunohistochemistry (IHQ). The most remarkable difference between the partially protected vaccinated 
(V1) group and the non-protected vaccinated (V2) group was a more severe expansion of FoxP3 T cells recorded 
by IHQ in both the liver and HLN of the V2 group as compared to the V1 group, whereas no differences were found 
between the V2 group and the infected control (IC) group. Similar results were recorded for FoxP3 gene expression 
although significant differences among V1 and V2 groups were only significant in the HLN, while FoxP3 gene expres‑
sion was very similar in the V2 and IC groups both in the liver and HLN. No significant differences for the remaining 
cytokines were recorded between the V1 and V2 groups, but in the liver the V2 group shows significant increases 
of IFN-ɣ and IL-10 as compared to the uninfected control (UC) group whereas the V1 group did not. The lower expan‑
sion of FoxP3 T cells and lower increase of IFN-ɣ and IL-10 in the partially protected vaccinated group may be related 
with lower hepatic lesions and fluke burdens recorded in this group as compared to the other two infected groups. 
The most relevant change in regulatory cytokine gene expression was the significant increase of TGF-β in the liver 
of IC, V1 and V2 groups as compared to the UC group, which could be related to hepatic lesions.
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Introduction
The helminth parasite Fasciola hepatica is the causa-
tive agent of fasciolosis, affecting a wide range of mam-
mals but particularly sheep and cattle producing high 
economic losses to the livestock industry worldwide [1]. 
The disease has been recognized as an important zoono-
sis in Africa, Asia, Europa, America and Oceania due to 
the ingestion of freshwater wild plants [2]. Anthelmintic 
drugs have been used to control the disease but develop-
ment of resistance and the presence of drug metabolites 
in meat and milk [3] have triggered a major interest in the 
development of an immunological method to control the 
disease [4]. The parasite F. hepatica uses different mecha-
nisms to modulate the host immune response ensur-
ing its survival and making the host immune response 
ineffective in killing the parasite. This modulation is a 
serious obstacle in creating protective vaccines for rumi-
nants [5]. FoxP3 regulatory T cells have been considered 
to play a key role in modulation of immune responses 
during infections as well as the expression of regula-
tory cytokines TGF-β and IL-10. During early stages of 
F. hepatica infection in sheep, the expansion of FoxP3 
coincides with an increase in IL-10 gene expression [6], 
a finding also reported in Teladorsagia circumcincta 
chronic infections in sheep [7]. Recently, studies found 
the expression of FoxP3 in HLN and liver of goats and 
sheep in early stages of the disease [6, 8].

On the contrary, some studies have evaluated the 
downregulation of Th1 response by F. hepatica and the 
mechanism by which the parasite polarizes the immune 
response to a non-protective Th2 response in early 
stages in sheep [9] and chronic stages in cattle [10–12]. 
The imbalance towards a Th2 immune profile is medi-
ated through regulatory cytokines [13]. In rats, chronic 
F. hepatica infections induce mixed Th1/Th2/Treg 
responses [14].

Despite important international efforts none of the 
vaccine candidates against Fasciola spp. has reached a 
commercial or precommercial stage of development, 
however, several recombinant candidates have shown 
promising results in cattle and sheep trials. Thus, the 
recombinant cathepsin L1 (CL1) reduced fluke burden by 
48% in cattle [15] and recombinant leucine aminopepti-
dase-LAP reduced fluke burden by 74–86% in sheep 
when using AdjuVac® and alum as the adjuvants, respec-
tively [16]. More recently, a cocktail of four recombinant 
antigens from F. hepatica (CL1, LAP, peroxiredoxin-Prx 
and helminth defense molecules-HDM) induced a 44% 
fluke burden reduction in sheep using Montanide® ISA 
61 VG as the adjuvant, but it did not induce protection 
using alum as the adjuvant [17]. A 67% fluke reduc-
tion in sheep vaccinated with phage particles encoding 
a CL1 peptide was reported [18]. Deep knowledge of 

mechanisms of the immune response in animals receiv-
ing protective vaccines versus infected controls and in 
animals receiving non-protective vaccines are required 
for further development of efficient vaccine candidates. 
The aim of the present study was to analyze the gene 
expression of Th1/Th2 cytokines (IFN-ɣ and IL-4), reg-
ulatory cytokines (TGF-β and IL-10) and the transcrip-
tional factor FoxP3 in liver and hepatic lymph nodes from 
sheep immunized with the protective and non-protective 
vaccine candidates in infected and non-infected sheep.

Materials and methods
Experimental design
The experimental design is described in detail by [17]. 
Briefly, thirty-one 8-month-old female Merino sheep 
were obtained from a liver fluke-free farm and main-
tained in the experimental farm at the University of Cor-
doba for six months. Animals were tested monthly to 
confirm the absence of F. hepatica infection. The experi-
ment was approved by the Bioethics Committee of the 
University of Cordoba (approval number 2015PI//038) 
and General Directorate for Agricultural and Livestock 
Production of the Andalucian Government (approval 
number 01/02/2016/012) conducted in accordance with 
European (2010/63/UE, Decision 2020/569/UE) and 
Spanish (L32/2007 and RD 1386/2018) directives on ani-
mal experimentation.

Thirty-one sheep were distributed into four groups: 
the Vaccine 1 (V1) group (n = 9) was composed of ani-
mals immunized subcutaneously with two doses, 4 weeks 
apart, of a vaccine made with 100 μg of each of the 4 dif-
ferent recombinant antigens from F. hepatica: cathepsin 
L1 (CL1), helminth defense molecules (HDM), peroxire-
doxin (Prx) and leucine aminopeptidase (LAP) in 2  mL 
excipient (1.2  mL of adjuvant Montanide® ISA 61 VG 
and 0.8 mL sterilized PBS). Four weeks later booster ani-
mals were orally infected with 150 metacercaries (mc) in 
a single dose. The Vaccine 2 (V2) group (n = 9) was com-
posed of animals immunized subcutaneously with two 
doses, 4  weeks apart, of a vaccine made with 100  μg of 
each of the same four different antigens plus 2 mL of Alu-
minum (Alhydrogel® adjuvant 2%, Invivogen, CA, USA) 
and infected with 150 mc in a single dose. The IC Group 
(n = 9) was orally infected with 150 mc in a single dose, in 
parallel to the V1 and V2 groups, and used as the infected 
control. The UC group (n = 4) was the uninfected con-
trol group. Animals were sedated after 16  weeks after 
infection by intravenous injection 0.75  mL of xylazine 
(Xilagesic, Calier Laboratories, Spain) and sacrificed by 
intravenous injection of 6  mL of T61® (Intervet, Spain) 
containing embutramide, mebezonium iodide and tet-
racaine hydrochloride.
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Immunohistochemical analysis
In order to assess FoxP3 expression in the liver and HLN 
tissues, an immunohistochemical study was carried out 
using the avidin–biotin-peroxidase method described 
before [6, 8]. Briefly, slides were incubated in citric acid 
(pH 6.0) followed by heating in an autoclave for 10 min 
at 121  °C for antigen retrieval. An incubation with 0.3% 
hydrogen peroxide (Panreac, Barcelona, Spain) in PBS-
Tween 80 was done to block endogenous peroxidase 
activity. Then, the samples were incubated with 25% 
normal goat serum (Vector Laboratories, Burlingame, 
California, USA) for 1  h at room temperature and after 
that an anti-mouse/rat FoxP3 monoclonal antibody-mAb 
(clone FJK-16  s, rat IgG2a, eBioscience Inc. San Diego, 
CA, USA) was diluted 1:100 in PBS containing 10% nor-
mal goat serum and applied to the slides overnight as the 
primary antibody. An anti-rat immunoglobulin serum 
(Vector Laboratories, Burlingame, California, USA) 
diluted 1:100 was applied for 30  min. Later an avidin–
biotin-peroxidase complex (Vector Laboratories, Burl-
ingame, California, USA) diluted 1:50 was applied for 1 h. 
Tissue sections were then washed three times in Tris-
buffered-saline (TBS, pH 7.2) and incubated with the 
vector NovaRED® peroxidase substrate kit (Vector Labo-
ratories, Burlingame, California, USA) for 5 min. Finally, 
samples were rinsed in tap water, lightly counterstained 
with Mayer hematoxylin and mounted with Eukitt® 
(Freiburg, Germany).

The number of FoxP3 + cells were carried out using 
three liver slides per animal and five random micro-
photographs at 200X magnification. It was necessary 
to develop specific macros to calibrate the appropriate 
immunostaining intensity and cell size in the biomedi-
cal software Image J v.1.51d. The results are expressed as 
mean ± SD.

RNA extraction and cDNA synthesis
Sample collection and cDNA synthesis were carried 
out as described before [6, 8, 20]. Concisely, after wash-
ing samples collected from the left liver lobe and HLN 
in diethylpyrocarbonate (DEPC) biomolecular water, 
it was immediately snap frozen in liquid nitrogen, indi-
vidually disrupted in liquid nitrogen, and finally stored 
at −80 °C. Then samples were homogenized in 1.5 mL of 
TRIzol® reagent (Ambion Life Technologies, Carlsbad, 
CA, USA) using a sterilized IKA®T10 basic disperser 
and then cleaned with the RNeasy® Mini Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s guide-
lines. An incubation with RNase-free DNase I (Qiagen, 
Hilden, Germany) for 15 min was included. Isolated total 
RNA was finally incubated at 65 °C for 10 min and kept at 
−80  °C until use. A Nanodrop 2000 spectrophotometer 

was used to determine the concentration and purity of 
RNA. In order to determine the RNA integrity number 
(RIN), an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA, USA) was used. RIN has values 
ranging from 0 for degraded RNA to 10 for intact RNA 
[21]. The quality criteria to use RNA samples in the qRT-
PCR experiment were the following: (1) RIN values ≥ 8.5; 
(2) ratios 260/280 about 2; and (3) absence of gDNA. The 
absence of a gDNA contaminant in RNA samples was 
evaluated by conducting a PCR reaction directly with the 
RNA sample, without retrotranscription, and an intraex-
onic primer pair. Under these conditions, amplification 
was obtained only from samples in which gDNA was pre-
sent. The iScript™ cDNA Synthesis Kit (BioRad, Hercu-
les, CA, USA) was used to generate cDNA from 1 μg of 
total RNA from each sample individually.

Primer design and absolute quantification of cytokine 
expression by real‑time PCR
The primer pairs for gene expression analysis of the tar-
gets IL-4, IFN-ɣ, IL-10, TGF-β and FoxP3 in the liver 
and HLN tissue were previously designed [6, 9, 22] with 
Oligo 7 software (Colorado Springs, USA) over specific 
sequences obtained from the GenBank database. How-
ever, primers devoid of hairpin and duplex structure were 
required to have a high temperature (≥ 68–70  °C) and 
optimal 3’-∆G (≤  −6 kcal/mol) values for use in two-step 
94/68  °C PCR reactions. All PCR products were further 
verified by nucleotide sequencing. The products (500–
800 bp) of several amplification reactions per gene, of a 
cDNA synthesized from pooled RNA, were mixed and 
analyzed by gel electrophoresis. The desired (and unique) 
DNA band was excised from the gel, and the excised 
product was purified (Wizard® SV Gel and PCR Clean-
Up System Protocol, Promega) and sequenced (ABI 
PRISM® 310, Applied Biosystems). The identity of the 
sequences was confirmed using the tBLASTx algorithm 
on the BLAST server at the NCBI databank. The acces-
sion numbers of the gene sequences used to obtain the 
primer sequences and to assess the amplification speci-
ficity are indicated in Table 1.

The SsoAdvanced™ Universal SYBR® Green Supmer-
mix (BioRad, Hercules, CA, USA) Kit was used in real-
time PCR reactions according to the manufacturer’s 
guidelines. Three technical replicates using 50  ng of 
cDNA from each animal and 0.3  µM of each primer in 
a MyiQ™2 Two Color Real-Time PCR Detection System 
(BioRad, Hercules, CA, USA) were used. Cycling condi-
tions consisted of 2 min at 95  °C for Platinum Taq acti-
vation followed by 40 two-step cycles for melting (15  s, 
95  °C), and annealing/extension (30  s, 70  °C). After 40 
cycles, a melting curve analysis was performed (60‒95 °C) 
to verify the specificity of amplicons. The amplification 
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for all targets was with the same optimal PCR efficiency 
(100%) and high linearity (r > 0.99) in the range of 20 to 
2 × 105 pg of retrotranscribed total RNA input. To guar-
antee the quality of the retro-transcription and to detect 
and remove inter-run variation, an inter-run calibrator 
(IRC) RNA sample, with a known number of transcripts 
of the A170 gene was introduced in each experiment 
and reverse transcribed along with the sheep samples. 
An absolute calibration curve was generated with an 
in vitro transcribed RNA, conveniently retrotranscribed, 
that contained a known number of copies as previously 
described [23, 24]. The number of transcript molecules 
corresponding to each experimental gene was calculated 
from the linear regression of the calibration curve.

Statistical analysis
For immunohistochemical studies and gene expression 
the results were expressed as mean ± standard devia-
tion (SD) and mean ± standard error of the mean (SEM), 
respectively. The Kolmogorov–Smirnov test was applied 
to evaluate if data were normally distributed. Data were 
analyzed with the Kruskal–Wallis test. P values < 0.001 (a) 
were considered extremely significant, P values < 0.01 (b) 
very significant and P values < 0.05 (c) were considered 
statistically significant. The statistics software Graph-
Pad Prism 7.0 (GraphPad Software, Inc., San Diego, CA, 
USA) was used.

Results
Fluke burdens and hepatic lesions
The results of the vaccine trial in groups V1 and V2, in 
terms of fluke burden and gross hepatic lesions, were 
described previously [17]. Fluke burden of (P = 0.002) 
37.2% was significantly lower in the V1 group than the 
IC group. However, no differences were found between 
the V2 and the IC group [17]. Gross hepatic lesions have 
also been reported previously and they were signifi-
cantly lower in group V1 than in group IC [17], without 

significant differences between V2 and IC groups. His-
topathological hepatic lesions were also significantly less 
severe in group V1 than in group IC, without significant 
differences between V2 and IC groups [19]. These results 
suggest that vaccine 1 (V1 group) was partially protective 
in terms of fluke burdens and hepatic lesions [17].

Immunohistochemistry (IHC)
In the liver, the anti-FoxP3 mAb yielded a nuclear 
and cytoplasmic immunostaining in lymphocytes 
mainly located in portal areas (Figure  1). The results 
of the immunohistochemical study of FoxP3 either in 
the liver or HLN are summarized in Figure  2. In the 
liver, FoxP3 + cells in the infected groups (IC, V1 and 
V2) increased significantly as compared to the UC 
group (Figure  2). Among the three infected groups, 
the V1 group shows lower expression of FoxP3 + cells 
(2.8 ± 0.8) whereas in the IC and V2 it was 11.2 ± 2.6 
and 8.4 ± 1.4, respectively with significant differ-
ences between the V1 and IC and V1 and V2 groups 
(P < 0.001). In the HLN, the increase of FoxP3 + cells in 
the three infected groups was significant compared to 
the UC control, and again this increase was more pro-
nounced in the IC and V2 groups than in V1 (Figure 2). 

Cytokine gene expression
Liver
Gene expression levels in the liver for IL-4 and IFN-
ɣ, TGF-β, IL-10 and FoxP3 are shown in Figure  3  and 
Table  2. Gene expression for IL-4 shows a significant 
increase in the IC group (P < 0.001), and in groups V1 
(P < 0.01) and V2 (P < 0.01) as compared to the UC group 
(Figure  3). No significant differences were recorded 
among the three infected groups. Gene expression for 
IFN-ɣ significantly increased (P < 0.05) in the IC and V2 
groups as compared to the UC group, whereas the V1 
group shows a non-significant increase of IFN-ɣ gene 
expression as compared to the UC group and a non-sig-
nificant lower expression as compared to the V2 and IC 

Table 1  Sequences of the primers used to quantify specific ovine genes by real-time PCR 

Genes Sequences Amplicon size (bp) Accession number

IL-4 F 5′-CAT​GTG​CTT​GAA​CAA​ATT​CCT​GGG​CGGAC-3′
R 5′-TAG​CCT​TTC​CAA​GAG​GTC​TCT​CAG​CGTAC-3′

124 NM_001009313.2

IFN-γ F 5′-ACC​GAT​TTC​AAC​TAC​TCC​GGC​CTA​ACTC-3′
R 5′-CAG​AAA​AAC​CCA​AAA​GCA​CAC​AGA​GCAG-3′

97 NM_001009803.1

IL-10 F 5′-TCA​GCC​GTG​CTC​TGT​TGC​CTG​GTC​TTCC-3′
R 5′- GGA​CGT​CCC​GCA​GCA​TGT​GGG​GCA​G-3′

124 NM_001009327.1

TGF-β F 5′- GGG​CTT​TCG​CCT​CAG​TGC​CCA​CTG​TTC-3′
R 5′- CAG​AGG​GGT​GGC​CAT​GAG​GAG​CAG​G-3′

151 NM_001009400.1

FoxP3 F 5′-GCC​CAT​CTG​GCT​GGG​AAG​ATG​GCC​CAA​ACC​-3′
R 5′- AGA​GGT​GCC​TCC​GCA​CGG​CAA​ACA​GG-3′

166 NM_001144947.1
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groups (Figure  3). Expression of TGF-β shows a signifi-
cant increase (P < 0.001) as compared to the UC group, 
whereas no significant differences were recorded among 
the three infected groups (Figure 3). Gene expression for 

IL-10 shows a significant rise (P < 0.05) in the V2 group 
as compared to the UC group, without significant differ-
ences among the three infected groups (Figure 3). FoxP3 
gene expression shows a significant increase (P < 0.001) in 

Figure 1  Photomicrographs of the liver showing FoxP3 + cells (arrows) in the inflammatory infiltrates (I) of portal spaces in the 
uninfected control (A), infected control (B), vaccine 1 (C) and vaccine 2 (D) groups. ABC method, haematoxylin counterstain.

Figure 2  Quantification of FoxP3 + cells in the liver and hepatic lymph nodes of uninfected control (UC), infected control (IC) and 
vaccinated groups (V1 and V2) of sheep challenged with F. hepatica. Data is represented as mean ± standard deviation (SD). Statistical 
significance is indicated as A P values < 0.001, B P values < 0.01 and C P values < 0.05.
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the three infected groups as compared to the UC group 
(Figure 3) without significant differences among the three 
infected groups.

Hepatic lymph nodes
Gene expression levels in HLN for IL-4 and IFN-ɣ, TGF-
β, IL-10 and FoxP3 are shown in Figure  4  and Table  2. 
Gene expression for IL-4 shows a significant increase 
(P < 0.01) in the IC group as compared to the UC group, 
while no significant differences were recorded in the V1 

and V2 groups as compared to the UC and UI groups 
(Figure 4). IFN-ɣ gene expression in the HLN shows a sig-
nificant decrease in the V1 and V2 groups as compared to 
the UC group (P < 0.001) and the IC group (P < 0.01). No 
significant differences were recorded between the IC and 
UC groups and between the V1 and V2 groups (Figure 4). 
TFG- β gene expression shows no significant differences 
among the four groups (Figure 4). IL-10 gene expression 
shows a significant decrease in the V2 group as compared 
to the IC group, without significant differences among 

Figure 3  Gene expression levels in the liver of Th1/Th2 cytokines (IFN-ɣ and IL-4), regulatory cytokines (TGF-β and IL-10) and the 
transcriptional factor FoxP3 of uninfected control (UC), infected control (IC) and vaccinated groups (V1 and V2) of sheep challenged with 
F. hepatica. Each bar represents the mean ± SEM of the mRNA molecules/pg of total RNA quantified individually in each of the animals per group 
after three real-time PCR reactions per individual. Statistical significance is indicated as A P values < 0.001, B P values < 0.01 and C P values < 0.05.
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the remaining groups (Figure 4). Finally, the expression of 
FoxP3 in HLN was significantly higher in the IC (P < 0.01) 
and the V2 group (P < 0.001) as compared to the V1group 
(Figure  4). The V1 group shows a moderate decrease 
of Foxp3 gene expression compared to the UC group 
although no significant differences were recorded. Simi-
larly, there were no significant differences for Foxp3 gene 
expression among the V2, IC and UC groups (Figure 4).

Discussion
The expansion of FoxP3 + cells detected in the liver both 
by gene expression and by immunohistochemistry in 
the three infected groups as compared to the UC group 
agreed with the expansion of this cell type reported in F. 
hepatica infected sheep [8, 9, 20, 22] and goats [8] as well 
as in lymph nodes of F. hepatica infected cattle [25] and 
in other helminth infections [7]. In F. hepatica infected 
sheep and goats, this expansion of FoxP3 + T cells has 
been related with parasite survival and tissue repair [7, 
22], which agrees with the results of the present study 
since in the V1 group the lower FoxP3 + cell expansion 
coincides with a lower fluke burden and hepatic damage 
as compared to the other infected groups.

The increase of gene expression for INF-ɣ in the liver 
of the IC and V2 groups as compared to the UC groups 
agrees with the increase of this cytokine in the liver 
of buffaloes chronically infected with F. gigantica [26] 
and the liver of F. hepatica infected sheep during early 
stages of infection [20, 22], but it contrasts with the 
lack of significant gene expression increase in the liver 
of chronically F. hepatica infected sheep [22] and with 
the significant decrease of IFN-ɣ expression in the liver 
of cattle with chronic natural fasciolosis [27]. Spleno-
cytes from mice protected with a Kunitz vaccine also 
showed increased IFN-ɣ expression [28]. The increased 
INF-ɣ liver expression during early stages of F. hepatica 

infection in sheep has been attributed to a response to 
hepatic injuries caused by the parasite such as necrosis 
and granuloma formation [9]. This hypothesis matches 
with the results of the present study in which the V1 
group shows no significant differences in liver IFN-ɣ 
gene expression as compared to the UC, whereas the 
V2 and IC, both with higher hepatic lesions than the V1 
group, presented a significant increase of liver IFN-ɣ 
gene expression as compared with the UC group. By con-
trast, the decreased IFN-ɣ gene expression in HLN in the 
present study agreed with the results reported in HLN in 
previous studies in F. hepatica infected sheep [9, 22] and 
in PBMC of F. hepatica infected sheep [29] and cattle [30] 
and it suggests a downregulation of the Th1 response that 
may facilitate parasite survival.

In the liver, the three infected groups show significant 
increases in IL-4 gene expression, whereas in the HLN 
IL-4 the increase was only significant in the IC group as 
compared to the UC group. These results matched the 
increase of IL-4 gene expression during early stages of 
F. hepatica infection in sheep [9, 22] as well as with late 
stages of F. hepatica infection in sheep [18, 22, 31] and 
cattle [12]. Moreover, reduced serum production of IL-4 
was recorded in vaccinated and partially protected sheep 
using a CL1 phage vaccine prototype [18] which agrees 
with the lower but not significant reduction of IL-4 gene 
expression in the partially protected V1group as com-
pared to the non-protected vaccinated group (V2) and 
infected control group (IC) of the present study.

The decreased IFN-ɣ/IL-4 ratio in the liver and HLN 
of the infected groups (UC, V1 and V2) with respect to 
the UC group suggests that F. hepatica infection induces 
a Th2 polarization, which agrees with the results in the 
liver and HLN [22] and in the serum [18] of chronically 
F. hepatica infected sheep. In the liver, Th2 polariza-
tion was less severe in the partially protected vaccinated 

Table 2  Cytokine gene expression expressed as mean ± SEM of the mRNA molecules/pg of total RNA in the liver and hepatic 
lymph nodes (HLN) of uninfected control (UC), infected control (IC), vaccine 1 (V1) and vaccine 2 (V2) 

Liver

Group IL-4 IFN-ɣ TGF-β IL-10 FoxP3 IFN-ɣ/IL-4

UC 0.02 ± 0.01 0.03 ± 0.01 2.83 ± 0.61 0.07 ± 0.01 0.02 ± 0.01 1.85 ± 1.47

IC 0.06 ± 0.03 0.04 ± 0.01 6.28 ± 1.38 0.09 ± 0.03 0.07 ± 0.04 0.80 ± 0.41

V1 0.04 ± 0.02 0.04 ± 0.02 7.05 ± 1.92 0.09 ± 0.04 0.06 ± 0.02 1.21 ± 1.10

V2 0.11 ± 0.12 0.05 ± 0.02 7.16 ± 2.11 0.13 ± 0.07 0.08 ± 0.06 0.90 ± 0.46

HLN

UC 0.44 ± 0.12 0.38 ± 0.15 33.09 ± 2.18 0.63 ± 0.32 1.09 ± 0.17 0.95 ± 0.56

IC 0.61 ± 0.12 0.26 ± 0.15 33.68 ± 9.10 0.63 ± 0.13 1.23 ± 0.55 0.42 ± 0.19

V1 0.47 ± 0.18 0.16 ± 0.08 32.20 ± 3.44 0.55 ± 0.08 0.86 ± 0.20 0.35 ± 0.42

V2 0.55 ± 0.13 0.16 ± 0.03 37.18 ± 8.27 0.49 ± 0.14 1.28 ± 0.29 0.31 ± 0.11
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group (V1) as compared to the non-protected vaccinated 
group (V2) and the UC group, a finding also reported 
in partially protected vaccinated sheep serum [18], sup-
porting the hypothesis that a Th2 polarization of the host 
immune response facilitates parasite survival in F. hepat-
ica infections [32].

The increase of TGF-β gene expression in the liver of 
the three infected groups as compared to the UC group 
matched with previous results reported in the liver of 
primarily and secondarily infected sheep at late stages 
of infection [22] and it contrasted with the absence of 

increase of this cytokine in the liver of buffaloes chroni-
cally infected with F. gigantica [27]. However, in the 
HLN, TGF-β gene expression was not increased in the 
three infected groups as compared to the UC group, 
a finding also reported in primarily infected sheep at 
chronic stages of infection [22], supporting the fact that 
the expression pattern of this cytokine was different in 
the liver and HLN during chronic F. hepatica infection. 
TGF-β plays an important role in fibrogenesis [33] which 
may be related with the increased gene expression in 
the liver of chronically infected sheep in which hepatic 

Figure 4  Gene expression levels in hepatic lymph nodes of Th1/Th2 cytokines (IFN-ɣ and IL-4), regulatory cytokines (TGF-β and IL-10) 
and the transcriptional factor FoxP3 of uninfected control (UC), infected control (IC) and vaccinated groups (V1 and V2) of sheep 
challenged with F. hepatica. Each bar represents the mean ± SEM of the mRNA molecules/pg of total RNA quantified individually in each 
of the animals per group after three real-time PCR reactions per individual. Statistical significance is indicated as A P values < 0.001, B P values < 0.01 
and C P values < 0.05.
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fibrosis is a common lesion [9, 34], whereas in the HLN 
fibrosis an increase of TGF-β does not occur.

The similar gene expression for IL-10 in the liver of 
UC and IC groups in the present study agreed with the 
expression of this cytokine in the liver of sheep chroni-
cally infected with F. hepatica [22], but it contrasted with 
the higher levels of IL-10 expression in the livers of buf-
faloes infected with F. gigantica [27], suggesting that the 
different expression of this cytokine may be due either 
to the different host species which has been described 
previously in PBMC of sheep and cattle infected with F. 
hepatica [35] or parasite species. In the livers of sheep 
during acute stages of F. hepatica infection (9 and 18 dpi), 
a marked increase of IL-10 gene expression was recorded 
in infected and vaccinated groups with respect to the 
uninfected control group [9] which suggests a different 
expression pattern of IL-10 during the migratory and bil-
iary stages of the infection. In the HLN, the absence of 
differential IL-10 expression among the UC group and 
the three infected groups agreed with the results of a pre-
vious study in sheep primoinfected with F. hepatica but 
contrasted with the increased IL-10 expression in rein-
fected sheep [22], and also contrasted with the higher 
expression of this cytokine in the HLN of buffaloes 
infected with F. gigantica during both acute and chronic 
states of infection [36].

Summarizing, the partially protected vaccinated 
group (V1) shows a lower FoxP3 T cell expansion in the 
liver and HLN than the infected control group (IC) and 
non-protected vaccine group (V2) which may be related 
with the lower fluke burdens and hepatic lesions in the 
V1 group. The V2 group shows significant increases in 
IFN-ɣ and IL-10 as compared to the uninfected control 
(UC) group in the liver, which was not observed in the V1 
group. The lower expansion of FoxP3 T cells and lower 
increases of IFN-ɣ and IL-10 in the partially protected 
vaccinated group may be related with the lower hepatic 
lesions and fluke burdens recorded in this group as com-
pared to the other two infected groups.

Abbreviations
F. hepatica	� Fasciola hepatica
FoxP3	� fork head box P3 transcription factor
IL-10	� interleukin 10
TGF-β	� transforming growth factor beta
IL-4	� interleukin 4
IFN-ɣ	� interferon gamma
HLN	� hepatic lymph nodes
RNA	� ribonucleic acid
cDNA	� complementary deoxyribonucleic acid
Th1	� T helper type 1
Th2	� T helper type 2
Treg	� regulatory T cells
qRT-PCR	� real time polymerase chain reaction
DEPC	� diethylpyrocarbonate
bp	� base pair
RIN	� RNA integrity number
IHC	� immunohistochemistry

UC	� uninfected control
IC	� infected control
V1	� vaccine 1 group
V2	� vaccine 2 group

Acknowledgements
This work was supported by EU grant (H2020-635408-PARAGONE) and 
National grant (AGL2015-67023-C2-1-R). VMH is supported by the financial 
support of the Regional Government of Andalusia-FEDER (project P18-
RTJ-1956). Sequencing analysis and quality analysis of RNA were carried out by 
the Central Services for Research of the University of Córdoba (SCAI).

 Authors’ contributions
Conceived and designed the experiment: AMM and JP. Performed the 
experiment: ILP, MTRC, MJB, RZ, FJMM, LB. Analyzed the data of qRT-PCR: NA. 
Performed laboratory work: ILP. Analyzed statistics data: VMH, RZ. Wrote and 
revised the paper: ILP, JP, AMM, NA, VMH. All authors read and approved the 
final manuscript.

Data availability
The data presented in this study are available on request from the correspond‑
ing author.

Declarations

Ethics approval and consent to participate
The experiment was approved by the Bioethics Committee of the University 
of Cordoba (Approval Number 2015PI//038) and General Directorate for Agri‑
cultural and Livestock Production of the Andalucian Government (Approval 
Number 01/02/2016/012) conducted in accordance with European (2010/63/
UE, Decision 2020/569/UE) and Spanish (L32/2007 and RD 1386/2018) direc‑
tives on animal experimentation.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Departamento de Anatomía y Anatomía Patológica Comparadas y Toxi‑
cología, Facultad de Veterinaria, UIC Zoonosis y Enfermedades Emergentes 
ENZOEM, Universidad de Córdoba, Edificio de Sanidad Animal, Campus de 
Rabanales, Ctra. Madrid‐Cádiz Km 396, 14014 Córdoba, Spain. 2 Departamento 
de Bioquímica y Biología Molecular, Universidad de Córdoba, Edificio Severo 
Ochoa, Campus de Rabanales, Ctra. Madrid‐Cádiz Km 396, 14014 Córdoba, 
Spain. 3 Departamento de Sanidad Animal (Parasitología), Facultad de 
Veterinaria, UIC Zoonosis y Enfermedades Emergentes ENZOEM, Universidad 
de Córdoba, Edificio de Sanidad Animal, Campus de Rabanales, Ctra. Madrid‐
Cádiz Km 396, 14014 Córdoba, Spain. 

Received: 15 June 2023   Accepted: 17 March 2024

References
	1.	 Mehmood K, Zhang H, Sabir AJ, Abbas RZ, Ijaz M, Durrani AZ, Saleem MH, 

Ur Rehman M, Iqbal MK, Wang Y, Ahmad HI, Abbas T, Hussain R, Ghori MT, 
Ali S, Khan AU, Li J (2017) A review on epidemiology, global prevalence 
and economical losses of fasciolosis in ruminants. Microb Pathog 
109:253–262

	2.	 Mas-Coma S, Bargues MD, Valero MA (2018) Human fascioliasis infection 
sources, their diversity, incidence factor, analytical methods and preven‑
tion measures. Parasitology 11:1665–1699

	3.	 Fairweather I, Brennan GP, Hanna REB, Robinson MW, Skuce PJ (2020) 
Drug resistance in liver flukes. Int J Parasitol Drug Drug Resist 12:39-59

	4.	 Spithill TW, Toet H, Rathinasamy V, Zerna G, Swan J, Cameron T, Smooker 
PM, Piedrafita DM, Dempster R, Bebdoe T (2022) Vaccines for fasciola: new 
thinking for and old problem. In: Dalton JP (ed) Fasciolosis, 2nd edn. CABI 
Publishing, Oxfordshereon, pp 379–410

	5.	 Molina-Hernández V, Mulcahy G, Pérez J, Martínez-Moreno Á, Donnelly 
S, O’Neill SM, Dalton JP, Cwiklinski K (2015) Fasciola hepatica vaccine: 



Page 10 of 10Ruiz‑Campillo et al. Veterinary Research           (2024) 55:53 

we may not be there yet but we’re on the right road. Vet Parasitol 
208:101–111

	6.	 Pacheco IL, Abril N, Zafra R, Molina-Hernández V, Morales-Prieto N, Bau‑
tista MJ, Ruiz-Campillo MT, Pérez-Caballero R, Martínez-Moreno A, Pérez 
J (2018) Fasciola hepatica induces Foxp3 T cell, proinflammatory and 
regulatory cytokine overexpression in liver from infected sheep during 
early stages of infection. Vet Res 49:56

	7.	 McNeilly TN, Rocchi M, Bartley Y, Brown JK, Frew D, Longhi C, McLean 
L, McIntyre J, Nisbet AJ, Wattegedera S, Huntley JF, Matthews JB (2013) 
Suppression of ovine lymphocyte activation by Teladorsagia circumcincta 
larval excretory–secretory products. Vet Res 44:70

	8.	 Escamilla A, Zafra R, Pérez J, McNeilly TN, Pacheco IL, Buffoni L, Martínez-
Moreno FJ, Molina-Hernández V, Martínez-Moreno A (2016) Distribu‑
tion of Foxp3+ T cells in the liver and hepatic lymph nodes of goats 
and sheep experimentally infected with Fasciola hepatica. Vet Parasitol 
230:14–19

	9.	 Pacheco IL, Abril N, Morales-Prieto N, Bautista MJ, Zafra R, Escamilla A, 
Ruiz MT, Martínez-Moreno A, Pérez J (2017) Th1/Th2 balance in the liver 
and hepatic lymph nodes of vaccinated and unvaccinated sheep during 
acute stages of infection with Fasciola hepatica. Vet Parasitol 238:61–65

	10.	 Ingale SL, Singh P, Raina OK, Mehra UR, Verma AK, Gupta SC, Mulik SV 
(2008) Interferon–gamma and interleukin–4 expression during Fasciola 
gigantica primary infection in crossbred bovine calves as determined by 
real–time PCR. Vet Parasitol 152:158–161

	11.	 Graham-Brown J, Hartley C, Clough H, Kadioglu A, Baylis M, Williams DJL 
(2017) Dairy heifers naturally exposed to Fasciola hepatica develop a type 
2 immune response and concomitant suppression of leukocyte prolifera‑
tion. Infect Immun 86:e00607-17

	12.	 Corrêa F, Hidalgo C, Stoore C, Jiménez M, Hernández M, Paredes R (2020) 
Cattle co-infection of Echinococcus granulosus and Fasciola hepatica 
results in a different systemic cytokine profile than single parasite infec‑
tion. PLoS One 15:e0238909

	13.	 Chung JY, Bae YA, Yun DH, Yang HJ, Kong Y (2012) Experimental murine 
fascioliasis derives early immune suppression with increased levels of 
TGFβ and IL–4. Korean J Parasitol 50:301–308

	14.	 Valero MA, Perez-Crespo I, Chillón-Marinas C, Khoubbane M, Quesada 
C, Reguera-Gomez M, Mas-Coma S, Fresno M, Gironès N (2017) Fasciola 
hepatica reinfection potentiates a mixed Th1/Th2/Th17/Treg response 
and correlates with the clinical phenotypes of anemia. PLoS One 
12:e0173456

	15.	 Golden O, Flynn RJ, Rea C, Sekiya M, Donnelly SM, Stack C, Dalton JP, 
Mulcahy G (2010) Protection of cattle against a natural infection of 
Fasciola hepatica by vaccination with recombinant cathepsin L1 (rFhCL1). 
Vaccine 28:5551–5557

	16.	 Maggioli G, Acosta D, Silveira F, Rossi S, Giacaman S, Basika T, Gayo V, Rosa‑
dilla D, Roche L, Tort J, Carmona C (2011) The recombinant gut-associated 
M17 leucine aminopeptidase in combination with different adjuvants 
confers a high level of protection against Fasciola hepatica infection in 
sheep. Vaccine 29:9057–9063

	17.	 Zafra R, Buffoni L, Pérez-Caballero R, Molina-Hernández V, Ruiz-Campillo 
MT, Pérez J, Martínez-Moreno Á, Martínez Moreno FJ (2021) Efficacy of a 
multivalent vaccine against Fasciola hepatica infection in sheep. Vet Res 
52:13

	18.	 Villa-Mancera A, Olivares-Pérez J, Olmedo-Juárez A, Reynoso-Palomar 
A (2021) Phage display-based vaccine with cathepsin L and excretory-
secretory products mimotopes of Fasciola hepatica induces protec‑
tive cellular and humoral immune responses in sheep. Vet Parasitol 
289:109340

	19.	 Molina-Hernández V, Ruiz-Campillo MT, Martínez-Moreno FJ, Buffoni L, 
Martínez-Moreno Á, Zafra R, Bautista MJ, Escamilla A, Pérez-Caballero R, 
Pérez J (2021) A partially protective vaccine for Fasciola hepatica induced 
degeneration of adult flukes associated to a severe granulomatous reac‑
tion in sheep. Animals 11:2869

	20.	 Ruiz-Campillo MT, Barrero-Torres DM, Abril N, Pérez J, Zafra R, Buffoni L, 
Martínez-Moreno Á, Martínez-Moreno FJ, Molina-Hernández V (2023) 
Fasciola hepatica primoinfections and reinfections in sheep drive distinct 
Th1/Th2/Treg immune responses in liver and hepatic lymph node at 
early and late stages. Vet Res 54:2

	21.	 Schroeder A, Mueller O, Stocker S, Salowsky R, Leiber M, Gassman M, 
Lightfoot S, Menzel W, Granzow M, Ragg T (2006) The RIN: an RNA 

integrity number for assigning integrity values to RNA measurements. 
BMC Mol Biol 7:3

	22.	 Pacheco IL, Abril N, Zafra R, Morales-Prieto N, Molina-Hernández V, Ruiz 
MT, Pérez-Caballero R, Martínez-Moreno A, Pérez J (2019) Identification 
of reference genes for real-time PCR cytokine gene expression studies in 
sheep experimentally infected with Fasciola hepatica. Sci Rep 9:1485

	23.	 Prieto-Alamo MJ, Cabrera-Luque JM, Pueyo C (2003) Absolute quantita‑
tion of normal and ROS-induced patterns of gene expression: an in vivo 
real-time PCR study in mice. Gene Expr 11:23–34

	24.	 Jurado J, Fuentes-Almagro CA, Prieto-Alamo MJ, Pueyo C (2007) Alterna‑
tive splicing of c-fos pre-mRNA: contribution of the rates of synthesis and 
degradation to the copy number of each transcript isoform and detec‑
tion of a truncated c-Fos immunoreactive species. BMC Mol Biol 8:83

	25.	 Sachdev D, Gough KC, Flynn RJ (2017) The chronic stages of bovine 
Fasciola hepatica are dominated by CD4 T-cell exhaustion. Front Immunol 
8:1002

	26.	 Shi W, Wei ZY, Elsheikha HM, Zhang FK, Sheng ZA, Lu KJ, Wang DY, Huang 
WY, Zhu XQ (2017) Dynamic expression of cytokine and transcription fac‑
tor genes during experimental Fasciola gigantica infection in buffaloes. 
Parasit Vector 10:602

	27.	 Mendes EA, Mendes TA, dos Santos SL, Menezes-Souza D, Bartholomeu 
DC, Martins IV, Silva LM, dos Santos LW (2013) Expression of IL-4, IL-10 and 
IFN-γ in the liver tissue of cattle that are naturally infected with Fasciola 
hepatica. Vet Parasitol 195:177–182

	28.	 Silvane L, Celias DP, Romagnoli PA, Maletto BA, Sanchez Vallecillo MF, 
Chiapello LS, Palma SD, Allemandi DA, Sanabria REF, Pruzzo CI, Motrán CC, 
Cervi L (2020) A vaccine based on Kunitz-type molecule confers protec‑
tion against Fasciola hepatica challenge by inducing IFN-γ and antibody 
immune responses through IL-17A production. Front Immunol 11:2087

	29.	 Fu Y, Chryssafidis AL, Browne JA, O’Sullivan J, McGettigan PA, Mulcahy 
G (2016) Transcriptomic study on ovine immune responses to Fasciola 
hepatica infection. PLoS Negl Trop Dis 10:e0005015

	30.	 Waldvogel AS, Lepage MF, Zakher A, Reichel MP, Eicher R, Heussler 
VT (2004) Expression of interleukin 4, interleukin 4 splice variants and 
interferon gamma mRNA in calves experimentally infected with Fasciola 
hepatica. Vet Immunol Immunopathol 97:53–63

	31.	 Naranjo-Lucena A, Correia CN, Molina-Hernández V, Martínez-Moreno 
Á, Browne JA, Pérez J, MacHugh DE, Mulcahy G (2021) Transcriptomic 
analysis of ovine hepatic lymph node following Fasciola hepatica infec‑
tion—inhibition of NK cell and IgE-mediated signaling. Front Immunol 
12:687579

	32.	 Flynn RJ, Mulcahy G (2008) The roles of IL-10 and TGF-beta in controlling 
IL-4 and IFN-gamma production during experimental Fasciola hepatica 
infection. Int J Parasitol 38:1673–1680

	33.	 Cutroneo KR (2007) TGF-β induced fibrosis and SMAD signaling: oligo 
decoys as natural therapeutics for inhibition of tissue fibrosis and scar‑
ring. Wound Rep Reg 15:54–60

	34.	 Pérez J, Ortega J, Moreno T, Morrondo P, López-Sández C, Martínez-
Moreno A (2002) Pathological and immunohistochemical study of the 
liver and hepatic lymph nodes of sheep chronically reinfected with Fas-
ciola hepatica, with or without triclabendazole treatment. J Comp Pathol 
127:30–36

	35.	 Niedziela DA, Naranjo-Lucena A, Molina-Hernández V, Browne JA, 
Martínez-Moreno Á, Pérez J, MacHugh DE, Mulcahy G (2021) Timing of 
transcriptomic peripheral blood mononuclear cell responses of sheep to 
Fasciola hepatica infection differs from those of cattle, reflecting different 
disease phenotypes. Front Immunol 12:729217

	36.	 Sheng ZA, Li J, Wang DY, Kang YQ, Wei ZY, Zhang FK, Zhu XQ, Luo HL, 
Huang WY (2019) Th2-related cytokines are associated with Fasciola 
gigantica infection and evasion in the natural host, swamp buffalo. Vet 
Parasitol 268:73–80

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Evaluation of Th1Th2, regulatory cytokines and transcriptional factor FoxP3 in sheep immunized with a partially protective and non-protective vaccine and challenged with Fasciola hepatica
	Abstract 
	Introduction
	Materials and methods
	Experimental design
	Immunohistochemical analysis
	RNA extraction and cDNA synthesis
	Primer design and absolute quantification of cytokine expression by real-time PCR
	Statistical analysis

	Results
	Fluke burdens and hepatic lesions
	Immunohistochemistry (IHC)
	Cytokine gene expression
	Liver
	Hepatic lymph nodes


	Discussion
	Acknowledgements
	References


