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and reinfections in sheep drive distinct Th1/
Th2/Treg immune responses in liver and hepatic
lymph node at early and late stages
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Rafael Zafra®, Leandro Buffoni?, Alvaro Martinez-Moreno?, Francisco Javier Martinez-Moreno® and
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Abstract

The expression of proinflammatory (IL-13, IFN-y, TNF-a) and regulatory (IL-10, TGF-B, IL-4) cytokines, as well as the
transcription factor FoxP3, was quantified in the liver and hepatic lymph node (HLN) of sheep primoinfected and rein-
fected with Fasciola hepatica at early (4, 8 and 16 days post-infection [dpi]) and late (100 dpi) stages. The liver exerted
a Th2 immune response at very early stages after the primoinfection with £. hepatica that induced the downregulation
of IFN-y, followed by a Th1/Th2/Treg response although the late stages were characterised by the expression of Th1/
Th2 immune mediators. Contrarily, in reinfected sheep a robust mixed Th1/Th2/Treg immune response was found

at very early stages meanwhile at late stages we observed a Th2/Treg immune response overcoming the expres-

sion of Th1 immune mediators. However, the HLN displayed a completely different Th1/Th2/Treg expression profile
compared to the liver. Primoinfections with F. hepatica in HLN induced a mixed Th1/Th2/Treg environment from early
stages, establishing a Th2 immune response at a late stage. However, the reinfected sheep exerted a Th2 immune
response at early stages led by the IL-4 expression in opposition to the Th1/Th2/Treg found in the liver, meanwhile at
late stages the HLN of reinfected sheep exerted a mixed Th1/Th2/Treg immune response. This is the first work publish-
ing the expression of immune mediators in the liver and HLN from reinfected sheep with F. hepatica. The study of the
immune responses exerted by the natural host in the target organs directly implied in the development of £. hepatica
are crucial to better understand the immunopathogenesis of the fasciolosis being a key factor to develop effective
vaccines.

Keywords Fasciola hepatica, primoinfections, reinfections, immune response, liver, hepatic lymph nodes, Th1, Th2,
Treg, vaccine
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Introduction

Fasciolosis, also known as liver fluke disease, is caused by
trematodes of the genus Fasciola. Fasciola hepatica has
one of the greatest geographical distributions for para-
sites infecting livestock and causes high annual economic
losses in many countries [1-3]. In addition, fasciolosis
constitutes a zoonosis with a significant economic public
health importance all over the world and it is considered
by the WHO as a re-emerging neglected tropical disease.
Foodborne trematodiasis are most prevalent in Asia and
Latin America areas in which basic hygiene measures are
not always followed and humans consume raw vegetables
or water contaminated with metacercariae [4, 5]. Treat-
ment of fasciolosis is based on the use of chemical drugs
with triclabendazole the most commonly used. Never-
theless, its continued and frequent use for livestock treat-
ment has resulted in the emergence of resistance against
this drug in E hepatica [6, 7]. In addition, public concern
about the presence of drug metabolites in foodstuff is
increasing in numerous countries [8]. In this worrying
scenario, the search for new formulations, new com-
pounds and re-purposing of drugs as effective treatments
of fasciolosis should be strongly considered. In the future
vaccines may be an effective therapy against E hepatica.
They have been highlighted as the most suitable option
since, apart from being sufficient for fluke control, do not
show the drawbacks of drug therapy [9-11].

Since the 1990’s numerous vaccination assays against E
hepatica have been described in the literature, although
only a few of them have been performed in ruminants
[5]. The vaccine candidates used in these formulations,
either as single molecules or in combination, have shown
variable protection levels in ruminants, ranging from 0
to 89.6% [11]. To date, vaccination based on the use of
several recombinated antigens (polyvalent vaccines) is
showing promising results and good levels of protection
[12-15]. Vaccination against E hepatica seems to be suit-
able, but levels of protection and reliability of the vaccine
should be improved. This is related to two main aspects:
the characterization of the immune response of the
definitive host against the parasite, and the identification
of the parasite molecules that could confer a high level of
protection in vaccinated animals [5]. Lately, -omics stud-
ies in E hepatica have been crucial to discovering mol-
ecules as potential vaccine candidates that are implied in
the main biological and developmental processes in the
parasite, and important to host-parasite interactions.
Moreover, a deeper knowledge of the immunopatho-
genesis of this liver fluke and the molecular interactions
between host-parasites in early and late stages of infec-
tion might be determinant in developing effective formu-
lations [5, 7].
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The ability of E hepatica to establish successful infec-
tions is related to the great diversity of molecules with
immune regulatory properties that it possesses. This
makes chronicity one of the consequences of the regu-
lated milieu induced by the parasite, and the main obsta-
cle in producing an effective vaccine [16, 17]. The capacity
of E hepatica to downregulate the Thl proinflammatory
immune response and upregulate the Th2 anti-inflamma-
tory immune response beginning at early stages of infec-
tion in sheep has been previously described [18—22]. This
scenario implies the downregulation of IFN-y expres-
sion and the upregulation of IL-4 expression, leading to
the suppression of the Thl pro-inflammatory immune
response and promoting a Th2 non-protective immune
response. This imbalance towards a Th2 immune profile
is mediated through regulatory cytokines and cells that
modulate and/or suppress inflammatory responses. The
induction of a regulatory environment by the expression
of cytokines such as IL-10 and TGEF-p has been shown as
a common strategy used by parasites and microorgan-
isms to extend their survival [23-25]. The expression
of FoxP3 regulatory cells is increased as a consequence
of this regulatory environment. The expansion in the
infected host of FoxP3 facilitating both parasite survival
and modulation of tissue damage has been described pre-
viously [20, 26-28].

The aim of this study was to evaluate the quantification
by qRT-PCR of the expression of pro-inflammatory (IL-
1B, IFN-y, TNF-a) and regulatory (IL-10, TGE-B, IL-4)
cytokines, as well as the transcription factor and FoxP3,
in the liver and hepatic lymph node (HLN) of sheep pri-
moinfected and reinfected with E hepatica during early
and late stages of infection. The quantification of gene
expression for proinflammatory and regulatory media-
tors is essential to understand the molecular, genetic
and functional mechanisms of fasciolosis. Thus, a recent
study published by our group has established a relation-
ship of reference genes in sheep suitable for infections
with E hepatica in the liver and HLN and, in addition,
validates other genes related to proinflammatory media-
tors such as IL-1f and TNF-«, and regulators such as
IL-10, TGF-PB and FoxP3 [29]. To date, the studies pub-
lished on gene expression of immunological mediators
in fasciolosis include primary infections in ruminants
apart from others including reinfections in murine mod-
els [30]. Thus, this is the first work including the profile
of the immune response in the liver and HLN in sheep
reinfected with E hepatica, including early and late
stages, which can mimic in some way the natural infec-
tion occurring to livestock in the field in comparison to
primoinfections.
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Materials and methods

Experimental design

Fourty-four nine-month old Merino-breed sheep,
obtained from a liver fluke-free farm, were used for this
study. Animals were tested monthly by parasite egg count
technique by faecal sedimentation, with negative results
in all cases. The absence of clinical signs for other infec-
tious and/or parasitic diseases was also considered. Four
sheep were used as the uninfected control (UC). Fourty
sheep were orally infected with a single dose of 200
metacercariae of the Italian strain of E hepatica (Ridge-
way Research Ltd, UK) and, subsequently, were divided
into two groups (n=20). The reinfected group consisted
of twenty sheep that after 9 weeks of administration of
a primary oral infection with 200 metacercaries received
orally a second dose equal to the first dose. The primo-
infected group consisted of twenty orally infected sheep
receiving a primary dose with 200 metacercaries in paral-
lell to the second dose of the reinfected group. After the
administration of the second dose to the reinfected group
and primary dose to the primoinfected group, sheep
from both groups were euthanized in batches of 5 ani-
mals at 4, 8 and 16 days post-infection (dpi) (early stages)
and at 100 dpi (late stage). The size of the groups was
calculated according to the magnitude of effect sizes in
cytokine expression seen previously [20]. In all animals,
the euthanasia was conducted by intravenous injection of
7 mL of Embutramide (200 mg) and Mebezonium iodide
(50 mg). No adverse reactions or clinical signs were noted
during the experiments. The experiment was approved
by the Bioethics Committee of the University of Cordoba
(code No. 1118) and conducted in accordance with Euro-
pean (2010/63/UE, Decision 2020/569/UE) and Spanish
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(L32/2007 and RD 1386/2018) directives on animal
experimentation.

Sample collection and processing

Immediately after euthanasia, sheep were subjected to
necropsy and samples from hepatic lymph node (HLN)
and left liver lobe were taken. These were washed with
diethyl pyrocarbonate (DEPC- Applichem, Panreac,
Gatersleben-Germany) biomolecular water, snap fro-
zen in liquid nitrogen and individually disrupted with
a mortar and pestle in liquid nitrogen and stored at
—80 °C.

RNA extraction and cDNA synthesis

Total RNA was isolated from 300 mg of grounded tis-
sue (liver or HLN) homogenized in 1.5 mL of TRIzol®
reagent (Ambion, life technologies, Carlsbad, CA, USA)
using a sterilized IKA®T10 basic homogenizer and
RNA was extracted with the RNeasy® mini kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s
guidelines. The protocol included a 15 min incubation
with RNase-free DNase (Qiagen, Hilden, Germany),
and a final 10 min incubation at 65 °C to denature the
RNA. RNA purity and concentrations were determined
by spectrophotometry. The Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) was used
to determine the RNA integrity number (RIN, whose
values range from 0 for degraded RNA to 10 for intact
RNA. Only RNA with RIN values>8.5, ratios A,q,/
Ay, about 2 and free of gDNA were used in gqRT-PCR
experiments.

Table 1 Description and sequences of the oligonucleotides designed to quantify specific ovine genes using real-time PCR.

Genes Sequences Amplicon size (bp) Accession number

HSPO0AAT F 5'-GCCGCCCCTGGAAGGAGACGACGACACG-3’ 130 XM_004017995.3
R 5/-GCCAGGCGAGCCTCGGCAGCGCTCA-3/

=18 F 5'-GAAGCTGAGGAGCCGTGCCTACGAACA -3/ 185 NM_001009465.2
R 5-CCAGCACCAGGGA GCTCTCTGTCC -3/

-4 F 5-CATGTGCTTGAACAAATTCCTGGGCGGAC-3! 124 NM_001009313.2
R 5/-TAGCCTTTCCAAGAGGTCTCTCAGCGTAC-3’

IFN-y F 5/-ACCGATTTCAACTACTCCGGCCTAACTC-3/ 97 NM_001009803.1
R 5/-CAGAAAAACCCAAAAGCACACAGAGCAG-3!

FoxP3 F 5'-GCCCATCTGGCTGGGAAGATGGCCCAAACC-3! 166 NM_001144947.1"
R 5/- AGAGGTGCCTCCGCACGGCAAACAGG-3!

IL-10 F 5’-TCAGCCGTGCTCTGTTGCCTGGTCTTCC-3! 124 NM_001009327.1
R 5’- GGACGTCCCGCAGCATGTGGGGCAG-3/

TGF-B F 5- GGGCTTTCGCCTCAGTGCCCACTGTTC-3! 151 NM_001009400.1
R 5/- CAGAGGGGTGGCCATGAGGAGCAGG-3/

TNF-a F 5’-CCACGCTCTTCTGCCTGCTGCACTTCGG -3/ 146 NM_001024860.1

R 5"-AACGTGGGCTACCGGCTTGTTATTTGAGGC -3
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The cDNA were generated from the 1 pg of total RNA
from each sample individually using the iScript " cDNA
Synthesis kit (BioRad, Hercules, CA, USA).

Primer design

Primers previously designed by our group were used
for the quantification of the expression of transcript of
the following genes: HSP90, IL-1p, IL-4, IEN-y, FoxP3,
IL-10, TGF-B and TNF-a [20, 29]. All primer pairs pro-
duced amplicons of the predicted size (Table 1).

Absolute quantification of cytokine transcript by real-time

PCR

Real-time PCR reactions were performed in triplicate by
using 50 ng of cDNA template, 0.3 uM of each primer
and the SsoAdvanced™ Universal SYBR® Green Supmer-
mix (BioRad, Hercules, CA, USA) kit, according to the
manufacturer’s guidelines. A MyiQ" 2 Two Color Real-
Time PCR Detection System (BioRad, Hercules, CA,
USA) was used. Cycling conditions consisted of 2 min at
95 °C for Platinum Taq activation followed by 40 cycles
for melting (15 s, 95 °C), annealing and extension (30 s,
68 °C). After 40 cycles, a melting curve analysis was per-
formed (60-95 °C) to verify the specificity of amplicons.
Replicate PCR reactions generated highly reproducible
results with SEM <10% of the mean (<1% for threshold
cycle data). All targets amplified with the same optimal
PCR efficiency (100%) and high linearity (r>0.99) in the
range of 20 —2 x 10° pg of total RNA input. An inter-
run calibrator (IRC) RNA sample, with a known amount
of transcripts of the A170 gene, was introduced in each
experiment to guarantee the quality of the retro-tran-
scription and to detect and remove inter-run variation.
An absolute calibration curve was constructed, and the
number of transcript molecules was calculated from the
linear regression of the standard curve.

Statistical analysis

The software IBM®SPSS® statistics version 21.0. was
used for the statistical study. The number of mRNA mol-
ecules per pg total RNA are shown with averages and
standard error of the mean (SEM). Kolmogorov—Smirnov
and Saphiro-Will tests were carried out to check whether
data distribution is subjected to normal distribution. As
data did not show a normal distribution, the non-para-
metric Mann—Whitney U test was used. A comparison
between each infected group (primoinfected or rein-
fected) and the UC group was carried out. Moreover, a
comparison between both primoinfected and reinfected
groups in each timepoint was performed. P values<0.01
were considered very statistically significant and P val-
ues < 0.05 were considered statistically significant.
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Results

Cytokine gene expression in the liver

The expression in the liver of pro-inflammatory cytokines
(IL-1B, IEN-y, TNF-a) is shown in Figure 1. The sig-
nificant increases or decreases of cytokine expression
between groups are summarized in Table 2. In primo-
infected animals, the expression of IL-1f increased sig-
nificantly (P<0.01) at 16 dpi and 100 dpi in comparison
with the UC. In the reinfected group, this cytokine pre-
sents overexpression from 4 to 16 dpi (P<0.01) and at
100 dpi (P<0.05) compared to the UC. In addition, sig-
nificant differences (P<0.01) were observed between
primoinfected and reinfected groups at 4, 8 and 16 dpi.
The IFN-y expression in the primoinfected group shows
a significant downregulation (P<0.01) at 4 dpi compared
to the UC and no changes were observed in the following
timepoints nor early nor late stages. However, the expres-
sion of this cytokine in the reinfected group increased
significantly (P<0.01) at 4, 8 and 16 dpi with respect to
the UC and primoinfected groups. Regarding the TNF-a
expression, a significant increase (P<0.01) was observed
in the primoinfected group from 8 dpi up to 100 dpi in
comparison with the UC, meanwhile in the reinfected
group an overexpression (P<0.01) was observed from 4
to 16 dpi with respect to the UC group. Significant dif-
ferences (P<0.01) between primoinfected and reinfected
groups are displayed only at 4 dpi.

The expression of regulatory cytokines (IL-10, TGE-
B, IL-4 and FoxP3) in the liver is shown in Figure 2. The
expression of IL-10 increased significantly (P<0.01) at 8
and 16 dpi in the primoinfected group when compared to
the UC and no significant differences were found at 100
dpi in comparison with the UC. In the reinfected group,
the IL-10 increases significantly (P<0.01) at all time-
points peaking at 16 dpi. However, even when a decrease
in IL-10 value at 100 dpi was observed, this remained
significantly higher when compared to the UC. The rein-
fected group also shows a significant increase (P<0.01)
with respect to the primoinfected group at 4 and 100 dpi.
Regarding the expression of TGEF-f, in primoinfected
sheep, a significant increase (P<0.01) was observed at 8,
16 and 100 dpi compared to the UC. In reinfected ani-
mals, the expression of this cytokine was significantly
increased (P<0.01) at all timepoints compared to the
UC. In both primoinfected and reinfected groups the
gene expression of TGF-B decreased at 100 dpi com-
pared to the rest of the timepoints. However, these val-
ues remained significantly higher in comparison with
the UC. TGF-p expression was significantly higher in
reinfected animals at 4 and 8 dpi (P<0.01) and at 16 dpi
(P<0.05) when compared with the primoinfected group.
In the primoinfected group, IL-4 increased significantly
and gradually from 4 dpi (P<0.05) to 16 dpi peaking at
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Figure 1 Gene expression levels in th liver of proinflammatory cytokines (IL-1, IFN-y, TNF-a). Each bar represents the mean £ SEM

of the mRNA molecules/pg of total RNA quantified individually in each of the 5 animals per experimental condition and sampling time after
three real-time PCR reactions per individual. The non-parametric Mann-Whitney U test was used. A comparison between each infected group
(primoinfected and reinfected) and the UC group was carried out showing significant differences: a P <0.01 or b P <0.05. A comparison between
the primoinfected and reinfected groups in each timepoint was performed showing significant differences: ¢ P <0.01 or d P <0.05. White bars:

primoinfected group; grey bars: reinfected group.

this timepoint, and despite an abrupt decrease displayed
at 100 dpi the values remained significatively higher
(P<0.01) in comparison with the UC. In the reinfected
group, IL-4 showed a significant (P<0.01) overexpression
at 4, 8 and 16 dpi compared to the UC. Again, there was
a marked decrease at 100 dpi, but still with values signifi-
cantly higher (P<0.01) compared to the UC. Comparing
IL-4 expression between the primoinfected and rein-
fected groups, at 4 dpi was significantly higher (P<0.01)
in the latter, but at 16 dpi IL-4 expression was signifi-
cantly higher (P<0.01) in the former. The overexpres-
sion of FoxP3 in the liver was displayed in primoinfected
animals at 8 and 16 dpi (P<0.01), meanwhile at 4 dpi,
FoxP3 shows a slight downregulation (P<0.05). In rein-
fected animals, there was a FoxP3 significant (P<0.01)

overexpression in the liver at all timepoints at the early
stage. At 100 dpi, only the reinfected group shows signifi-
cantly higher values compared to the UC. The reinfected
group shows significant FoxP3 overexpression compared
to the primoinfected one at 4 dpi (P<0.01) and at 8 dpi
(P<0.05).

Cytokine gene expression in hepatic lymph nodes (HLN)

Gene expression levels for pro-inflammatory cytokines
(IL-1B, IEN-y, TNF-a) in HLN are shown in Figure 3.
The significant increases or decreases of cytokine expres-
sion between groups are summarized in Table 2. On
the contrary to the liver results, the HLN primoinfected
sheep presented a significant (P<0.01) overexpression
of IL-1P at 4, 8 and 16 dpi not showing changes at 100
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Table 2 Significant increases and decreases of cytokine expression between groups at different time-points.

Early stages Late stage
4 dpi 8 dpi 16 dpi 100 dpi
Liver PlvsUC ]| IFN-y 1 TNF-q; IL-10; TGF-B3; IL-4; M IL-163; TNF-a; M IL-1B3; TNF-a;
14 FoxP3 IL-10; TGF-B; IL-4; FoxP3 IL-4
| FoxP3
Rlvs UC 11 IL-16; IFN-y; TNF-a; IL-10; TGF- 11 IL-1(3; IFN-y; TNF-0; IL-10; TGF- 11 IL-1(; IFN-y; TNF-0; IL-10; TGF- 11 IL-10; TGF-B; IL-4; FoxP3
(3; IL-4; FoxP3 (3; IL.-4; FoxP3 {3; IL-4; FoxP3 MR
Rivs Pl 1 IL-16; IFN-y; TNF-c; IL-10; TGF- 11 IL-1(; IFN-y; TGF-B 1 IFN-y; IL-4 11 IL-10; TGF-B
B3; IL-4; FoxP3 1 FoxP3 1+ TGF-B
WIL1B
HLN  Plvs UC 11 IL-13; TNF-o; FoxP3 1 IL-16; TNF-o; 1 IL-16; IL-4; FoxP3 1mIL-4
L4 IL-4; FoxP3 JIFN-y; IL-10; TGF-B L IFN-y; TNF-q;
1 IFN-y +TGF-B IL-10; TGF-{3; FoxP3
I IL-10
4 IFN-y
Rlvs UC 1114 1 IL-4 M IL-16; 14 1 IL-163; TNF-o; TGF-3; FoxP3
1l IFN-y; TNF-a I IFN-y; IL-10; TGF-B U IFN-y; TNF-a; IL-10; TGF-83; L IFN-y
IL-10; TGF-3 FoxP3
J FoxP3
Rlivs Pl 1114 W IL-1B; IFN-y; TNF-; IL-10; 1 IFN-y; TNF-c; TGF-3; FoxP3 1 IL-16; IFN-y; TNF-a; IL-10; TGF-(3;
U IFN-y; TNF-a TGF-B; FoxP3 114 FoxP3
IL-10; TGF-{3; FoxP3; WIL-4
LIL1B

PI: primoinfected group, UC: uninfected group, RI: reinfected group.
11 Expression upregulated (P<0.01);

1 Expression upregulated (P<0.05);

1| Expression downregulated (P<0.01);

| Expression downregulated (P<0.05).

dpi in comparison with the UC. In reinfected animals,
IL-1p was significantly (?<0.01) overexpressed at 16 and
100 dpi compared to the UC. The comparison between
primoinfected and reinfected groups reveal a signifi-
cantly higher expression in primoinfected groups at 4
dpi (P<0.05) and 8 dpi (P<0.01), whereas the reinfected
groups show higher values at 100 dpi (P<0.01). All pri-
moinfected and reinfected animals at all timepoints show
a downregulation of IFN-y with respect to the UC. This
downregulation was particularly severe at 4, 8 and 16
dpi (P<0.01) in the reinfected group, in opposition to
the IFN-y expression displayed in the liver, and at 100
dpi (P<0.01) in the primonfected group. There were sta-
tistical differences (P<0.01) between primoinfected and
reinfected groups at all timepoints. Regarding TNF-a
expression in HLN, a significant overexpression (P<0.01)
occurred in primoinfected sheep at 4 and 8 dpi with
respect to the UC group. However, at 100 dpi a marked
significant downregulation (P <0.01) was observed in the
primoinfected group with respect to the UC group. Con-
versely, reinfected animals show a significant decrease
(P<0.01) at 4 and 16 dpi and a significant overexpression
(P<0.01) at 100 dpi compared to the UC. These results
are contrary to the TNF-a expression in the liver. A com-
parison between primoinfected and reinfected groups

revealed an overexpression in primoinfected sheep at 4,
8 and 16 dpi (P<0.01), whereas at 100 dpi the expression
was significantly higher (2 <0.01) in the reinfected group.

The expression in HLN of regulatory cytokines (IL-10,
TGE-B, IL-4 and FoxP3) is shown in Figure 4. In the pri-
moinfected group IL-10 levels show a gradual and sig-
nificant downregulation (P<0.01) from 8 dpi onwards,
whereas reinfected sheep presented a significant reduc-
tion (P<0.01) with respect to UC at 4, 8 and 16 dpi.
The primoinfected group shows a significant reduction
(P<0.01) at 100 dpi with respect to the reinfected ones,
meanwhile the reinfected group shows a significant
reduction (P<0.01) in the expression of this cytokine
at 4 and 8 dpi with respect to the primoinfected sheep.
Regarding TGF-f, despite the fact that an overexpres-
sion (P<0.05) occurred in the primoinfected group at 8
dpi, a significant decrease (P<0.01) was observed at 16
and 100 dpi with respect to the UC, in opposition to the
results found in the liver. Moreover, a significant down-
regulation (P<0.01) of this cytokine was recorded in
reinfected sheep from 4 to 16 dpi on the contrary to the
results in the liver, meanwhile a significant overexpres-
sion (P<0.01) was found at 100 dpi with respect to UC
animals. The comparison between primoinfected and
reinfected groups revealed a significantly higher (?<0.01)
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Figure 2 Gene expression levels in liver of regulatory mediators (IL-10, TGF-B, IL-4 and FoxP3). Each bar represents the mean = SEM

of the mRNA molecules/pg of total RNA quantified individually in each of the 5 animals per experimental condition and sampling time after
three real-time PCR reactions per individual. The non-parametric Mann-Whitney U test was used. A comparison between each infected group
(primoinfected and reinfected) and the UC group was carried out showing significant differences: a P <0.01 or b P <0.05. A comparison between
the primoinfected and reinfected groups in each timepoint was performed showing significant differences: ¢ P <0.01 or d P <0.05. White bars:

primoinfected group; grey bars: reinfected group.

expression of TGF-f at 4, 8 and 16 dpi in primoinfected
animals with respect to reinfected ones, while at 100 dpi
the expression of this cytokine was significantly higher
(P<0.01) in the reinfected group with respect to the pri-
moinfected one. The expression of IL-4 shows a gradual
and significant increase during early stages of infection
(4, 8 and 16 dpi) both in the primoinfected and rein-
fected groups with respect to the UC group similarly to
the liver, while at 100 dpi only the primoinfected animals
maintained the overexpression (P<0.01) of this cytokine
with respect to the UC ones. A comparison between the
primoinfected and reinfected groups revealed higher
IL-4 expression at 4 dpi (P<0.01) in the reinfected group
while overexpression was recorded in the primoinfected
group at 16 dpi (P<0.05) and 100 dpi (P<0.01). FoxP3

expression significantly increased (P<0.01) at 4, 8 and
16 dpi in primoinfected animals with respect to the
UC ones, however, a significant decrease (P<0.01) was
found at 100 dpi in comparison with the UC. In rein-
fected animals, a significant reduction in FoxP3 values
was recorded at 4 dpi (P<0.05) and at 16 dpi (P<0.01) on
the contrary to the liver results, but a significant increase
(P<0.01) was reported at 100 dpi with respect to the UC
animals. A comparison between the primoinfected and
reinfected groups revealed overexpression (P<0.01) of
this cytokine during early stages of infection (4, 8 and 16
dpi) in primoinfected animals, while at 100 dpi overex-
pression (P<0.01) occurred in reinfected animals.
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Figure 3 Gene expression levels in hepatic lymph node of proinflammatory cytokines (IL-1p, IFN-y, TNF-a). Each bar represents the

mean = SEM of the mRNA molecules/pg of total RNA quantified individually in each of the 5 animals per experimental condition and sampling time
after three real-time PCR reactions per individual. The non-parametric Mann-Whitney U test was used. A comparison between each infected group
(primoinfected and reinfected) and the UC group was carried out showing significant differences: a P <0.01 or b P <0.05. A comparison between
the primoinfected and reinfected groups in each timepoint was performed showing significant differences: ¢ P <0.01 or d P <0.05. White bars:

primoinfected group; grey bars: reinfected group.

Discussion

This work aimed at quantifying Thl, Th2 and Treg
cytokines expressed after primoinfections and reinfec-
tions with E hepatica in sheep focusing on the liver
as the target organ in the development of juvenile and
adult stages, and the hepatic lymph nodes (HLN) as
the regional lymphatic organ directly implicated in the
hepatic immune response. Other studies have evalu-
ated the expression of proinflammatory and regulatory
cytokines in sheep primoinfected with F hepatica [18, 20,
28] and analysed the immune profile through the gene
expression of Th1/Th2/Th17/Treg cytokines in reinfected
rats [30]. This is the first study, however, quantifying the

gene expression profile of Th1/Th2/Treg cytokines of
reinfected sheep in both liver and HLN.

The primoinfection in the liver drove the establishment
of a Th2 immune response by the expression of IL-4 at
4 dpi, meanwhile FoxP3 was downregulated at this ear-
lier stage. Moreover, a lack of Thl immune response
against E hepatica infection was observed at this time-
point associated with the IFN-y downregulation induced
by E hepatica. Many studies indicate that the immuno-
suppression exerted by E hepatica in in vivo and in vitro
models is by due to the downregulation of the Thl
immune response by the suppression of IFN-y expression
[31-34]. However, few of them have focused on the very
early stages of E hepatica infection in sheep [18, 20] and
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primoinfected group; grey bars: reinfected group.

Pacheco et al. reported no significant changes in the gene
expression of IFN-y in the livers of sheep infected with
E hepatica until 18 dpi. The early immunomodulation
towards a Th2 immune response induced by E hepatica
overcoming a Thl response seems to be the point of no
return to allow the entry and migration of the parasite
within the liver parenchyma causing severe liver damage.
Moreover, it has been claimed as a mechanism of survival
of the parasite within the host in contrast to the proin-
flammatory environment which results in parasite clear-
ance [9, 21, 35, 36]. From 8 dpi, a mixed Th1/Th2/Treg
response was predominantly induced by the parasite in
primoinfected sheep highlighting the absence of IFN-y
expression changes, meanwhile the rest of proinflam-
matory and regulatory cytokines and the transcription

factor FoxP3 were upregulated during the early stage of
infection. This Th1/Th2/Treg environment has been pre-
viously reported by other authors at early stages of infec-
tions with E hepatica [20, 28, 37, 38]. The increase of
FoxP3 expression associated with the expansion of Tregs
at early stages are consistent with the results found in
goats and sheep infected with E hepatica or Teladorsagia
circumcincta [20, 28, 39, 40].

However, the immune response in the liver at late
stages of the primary infection exerted a mixed Th1/Th2
response including the participation of cytokines such as
IL-1p, TNF-a, TGF-B and IL-4 as it has been reported
during acute and chronic stages in ruminants and other
species [18, 31, 41, 42]. The absence of the Tregs, as well
as IL-10 at this later stage could be responsible for the
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severe hepatic damage caused by E hepatica. On the
contrary to the early Th2 E hepatica-induced immune
response in the liver after primary infections, in rein-
fected sheep, a robust mixed Th1l/Th2/Treg immune
response was observed from 4 dpi and established along
the early stage of infection being characterised by the
expression of proinflammatory cytokines (IL-1p, IFN-y
and TNF-a) and regulatory mediators (IL-10, TGE-
B, IL-4 and FoxP3). The mixed Th1l/Th2/Treg immune
response exerted in the very early stages of reinfections
can be the result of a previous exposure to E hepatica
inducing an earlier proinflammatory and regulatory
immune response. Interestingly, IFN-y was upregulated
along the early stage of reinfection in contrast to the
results found after primoinfections. It has been suggested
that the increase of IFN-y in the liver of sheep after F
hepatica infections may reflect a response to tissue dam-
age and granuloma formation rather than a response
to the parasitic larvae [18]. Since in reinfections, adult
worms cause hepatic damage during feeding, it is possi-
ble that the higher levels of IFN-y observed in reinfected
groups may be a response to tissue damage caused by
both adult and migrating flukes. Previous works have
suggested that reinfections with E hepatica or F. gigantica
fail to stimulate any resistance or sensitization in sheep
on the contrary to other species such as cattle and rats
although the results were based on parasitological and
haematological parameters, hepatic enzymatic assays,
and proliferative and antibody responses [43, 44]. In this
study, we show a robust mixed Th1/Th2/Treg immune
response in reinfections by quantifying the expression
of proinflammatory and regulatory cytokines, as well as
the transcription factor FoxP3. Despite the promotion of
a regulatory response, the parasite induces a proinflam-
matory immune response to avoid an exacerbated Th2
response that could be deleterious for the parasite [14,
45]. Similarly, the intestinal parasite Heligmosomoides
polygyrusbakeri induces the IL-1B secretion which in
turn inhibits IL-33 and IL-25, resulting in the control
of an excessive Th2 response [46]. Thus, the presence of
Tregs associated to the upregulation of IL-10 in reinfec-
tions with E hepatica confirms the ability of the parasite
to modulate immune responses facilitating its survival. It
is therefore an important cell type with immunomodu-
lator effect in helminth infections [27, 47]. The overex-
pression of TGF-p in reinfected sheep at early stages of
infection compared to the primoinfected ones could be
related to the fibrosis process that takes part in the liver
with chronic lesions [20, 38, 48].

However, at late stages of reinfection, the Th2/Treg
immune response orchestrated by the parasite was more
robust, overcoming the Th1 immune response, displaying
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only upregulation of the IL-1p in contrast to the over-
expression exerted by all the regulatory mediators stud-
ied. These results were consistent with those found in
reinfections at chronic stages in rodent models [30, 49],
although in our study the expansion of Tregs and expres-
sion of IL-10 are dependent on the secondary infection in
the liver of sheep at chronic stages.

The expression of proinflammatory and regulatory
cytokines in the HLN displayed a different profile with
respect to that exerted in the liver. A study carried out by
Meeusen and Brandon, 1994 [50] in rats showed that the
antibody secreting cells only recognize antigens from the
parasite stage present in the organ drained by the lymph
node highlighting the importance of the study of the
immune response developed in the HLN of sheep after
E hepatica infection in early and late stages of primo-
and re-infections. In the HLN of primoinfected sheep,
Th1 related cytokines (IL-1p and TNF-a) were overex-
pressed at early stages of infection, while in reinfected
sheep these two cytokines were highly expressed in late
stages. The overexpression of these two cytokines in rein-
fected sheep at late stages could be related to the induc-
tion of a proinflammatory immune response to prevent
the establishment of an exacerbated Th2 response that
could be deleterious for the parasite. IFN-y was down-
regulated along the study at early and late stages. The
IFN-y downregulation in HLN was previously reported
at early and late stages of E hepatica infections [18, 51].
The suppression of IFN-y levels in both the liver and
HLN indicate the ability of E hepatica to modulate the
secretion of this cytokine. This downregulation was also
observed in IL-10 in early stages in primo- and reinfected
sheep and in TGF-p in reinfected sheep. However, there
is an upregulation of TGEF-f at late stages in reinfected
sheep. Regulatory mediators IL-4 and the transcription
factor FoxP3 were expressed from 4 dpi onwards, provid-
ing the primoinfections in HLN with a mixed Th1/Th2/
Treg environment from 4 dpi onwards. However, on the
contrary to the liver results, IL-4 played a predominant
role establishing a Th2 immune response at late stages of
the primoinfections with F hepatica in the HLN coincid-
ing with the results of Pacheco et al. [18]. At this location,
regulatory immune mediators such as IL-10, TGF-f and
FoxP3 were downregulated at late stages by the primary
infection with E hepatica. These results confirm in sheep
the same chronic pattern published previously in bovine
fasciolosis by Sachdev et al. [47] whereby Th2 cytokine
responses were diminished by week 13 post-infection
despite the parasites residing in the liver, being induced
by IL-4 in HLN of chronic primoinfected sheep.

Moreover, the HLN in the reinfected sheep exerted
a Th2 immune response at early stages led by the IL-4
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expression in opposition to the Th1/Th2/Treg found in
the liver. Even IFN-y was downregulated in both the pri-
moinfected and reinfected groups in contrast with the
overexpression found in the liver of the reinfected sheep.
This result is consistent with the decrease observed
in IFN-y gene expression levels from 1 dpi in HLN
described by Pacheco et al. [18].

Conversely to the liver and the results obtained from
HLN in primoinfected sheep, in the reinfected group
the early stages arweree characterised by a Th2 immune
response with the participation exclusively of IL-4. The
other proinflammatory and regulatory cytokines studied,
as well as transcription factor FoxP3, were downregu-
lated. In the late stages of reinfected sheep, the HLN pre-
sented a mixed Th1/Th2/Treg immune response led by
the expression of TGF-f, FoxP3, TNF-a and IL-1p. This
is the first work published on the immune response in
the HLN of sheep reinfected with E hepatica at acute and
chronic stages.

In conclusion, the results of the present study revealed
several relevant differences in cytokine expression in
primoinfected and reinfected sheep, such as the more
rapid and severe increase of IL-4 and FoxP3 in the liver
and more severe decrease of IFN-y in HLN of reinfected
versus primoinfected sheep. These changes in reinfected
sheep should be considered as mechanisms of immu-
nomodulation that may facilitate parasite survival and it
may be a reason why the development of protective vac-
cines for fasciolosis is so difficult. The greater number
of metacercariae administered in two doses to the rein-
fected sheep could, however, play a role in the differential
immune response at very early stages of infection in com-
parison to the primoinfections. Since natural E hepatica
infection occurs in small repetitive doses during grazing
(trickle infection) the use of reinfected animals may be
more useful for the study of immunological responses to
E hepatica than primoinfected animals that have been
used in the majority of studies to date.
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Th1 T helper Type 1

Th2 T helper Type 2

Treg regulatory T cells

RIN RNA integrity number

uc uninfected control

Page 11 of 13

Acknowledgements
We thank Paula V. Huertas-Abril for her technical assistance.

Authors’ contributions

Conceived and designed the experiment: AMM, JP and VMH. Performed the
experiment: MTR, VMH, RZ, FJMM, LB, AMM, JP. Laboratory work: MTR, DMBT,
NA. Analysed statistics data: NA, VMH. Wrote and revised the paper: MTR,
DMBT, JP,NA, VMH, RZ, FIMM, LB, AMM. All authors read and approved the
final manuscript.

Funding

This work has been financed by the Spanish Ministry of Science and Innova-
tion (projects AGL2015-67023-C2-2-R and PID2019-108782RB-C21). The
present work and VMH benefited from the financial fundings of the Regional
Government of Andalusia-FEDER (project P18-RTJ-1956).

Availability of data and materials
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 (No.1118) and conducted in accordance with European (2010/63/UE,
Decision 2020/569/UE) and Spanish (L32/2007 and RD 1386/2018) directives
on animal experimentation.

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

Author details

'Departamento de Anatomia y Anatomfa Patolégica Comparadas y Toxi-
cologfa, Facultad de Veterinaria, UIC Zoonosis y Enfermedades Emergentes
ENZOEM, Universidad de Cérdoba, Edificio de Sanidad Animal, Campus de
Rabanales, Ctra. Madrid-Cadiz Km 396, 14014 Cérdoba, Spain. 2Departamento
de Bioquimica y Biologfa Molecular, Universidad de Cérdoba, Edificio Severo
Ochoa, Campus de Rabanales, Ctra. Madrid-Cadiz Km 396, 14014 Cordoba,
Spain. *Departamento de Sanidad Animal (Parasitologia), Facultad de
Veterinaria, UIC Zoonosis y Enfermedades Emergentes ENZOEM, Universi-
dad de Cérdoba, Edificio de Sanidad Animal, Campus de Rabanales, Ctra.
Madrid-Cadiz Km 396, 14014 Cérdoba, Spain.

Received: 25 May 2022 Accepted: 24 October 2022
Published online: 10 January 2023

References

1. Mehmood K, Zhang H, Sabir AJ, Abbas RZ, ljaz M, Durrani AZ, Saleem MH,
Ur Rehman M, Igbal 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. Charlier J, Rinaldi L, Musella V, Ploeger HW, Chartier C, Vineer HR, Hinney
B, von Samson-Himmelstjerna G, Bacescu B, Mickiewicz M, Mateus
TL, Martinez-Valladares M, Quealy S, Azaizeh H, Sekovska B, Akkari H,
Petkevicius S, Hektoen L, Hoglund J, Morgan ER, Bartley DJ, Claerebout
E (2020) Initial assessment of the economic burden of major parasitic
helminth infections to the ruminant livestock industry in Europe. Prev Vet
Med 182:105103

3. Odeniran PO, Omolabi KF, Ademola 10 (2021) Economic impact assess-
ment of small ruminant fasciolosis in Nigeria using pooled prevalence
obtained from literature and field epidemiological data. Vet Parasitol Reg
Stud Reports 24:100548

4. Mas-Coma S, Valero MA, Bargues MD (2019) Facioliasis. Adv Exp Med Biol
1154:71-103

5. Siles-Lucas M, Becerro-Recio D, Serrat J, Gonzalez-Miguel J (2021) Fascio-
liasis and fasciolopsiasis: current knowledge and future trends. Res Vet Sci
134:27-35



Ruiz-Campillo et al. Veterinary Research

20.

21

22.

23.
24.

25.

(2023) 54:2

Ceballos L, Canton C, Pruzzo C, Sanabria R, Moreno L, Sanchis J, Suarez G,
Ortiz P, Fairweather |, Lanusse C, Alvarez L, Valladares M (2019) The egg
hatch test: a useful tool for albendazole resistance diagnosis in Fasciola
hepatica. Vet Parasitol 271:7-13

Fairweather |, Brennan GP, Hanna REB, Robinson MW, Skuce PJ (2020)
Drug resistance in liver flukes. Int J Parasitol Drugs Drug Resist 12:39-59
Fairweather | (2009) Triclabendazole progress report, 2005-2009: an
advancement of learning? J Helminthol 83:139-150

Molina-Hernandez V, Mulcahy G, Pérez J, Martinez-Moreno A, Donnelly
S, O'Neill SM, Dalton JP, Cwiklinski K (2015) Fasciola hepatica vaccine:
we may not be there yet but we're on the right road. Vet Parasitol
208:101-111

Beesley NJ, Caminade C, Charlier J, Flynn RJ, Hodgkinson JE, Martinez-
Moreno A, Martinez-Valladares M, Perez J, Rinaldi L, Williams DJL (2018)
Fasciola and fasciolosis in ruminants in Europe: identifying research
needs. Transbound Emer Dis 65:199-216

. Dominguez MF, Gonzalez-Miguel J, Carmona C, Dalton JP, Cwiklinski K,

Tort J, Siles-Lucas M (2018) Low allelic diversity in vaccine candidates
genes from different locations sustain hope for Fasciola hepatica immuni-
zation. Vet Parasitol 258:46-52

Wesolowska A, Basalaj K, Norbury L, Sielicka A, Wedrychowicz H,
Zawistowska-Deniziak A (2018) Vaccination against Fasciola hepatica
using cathepsin L3 and B3 proteases delivered alone or in combination.
Vet Parasitol 250:15-21

Kueakhai P, Changklungmoa N, Cheukamud W, Osotprasit S, Chantree

P, Preyavichyapugdee N, Sobhon P, Meemon K (2021) The combined
recombinant cathepsin L1H and cathepsin B3 vaccine against Fasciola
gigantica infection. Parasitol Int 8:102353

Molina-Hernandez V, Ruiz-Campillo MT, Martinez-Moreno FJ, Buffoni L,
Martinez-Moreno A, 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 (Basel) 11:2869

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

Corral-Ruiz G, Sdnchez Torres LE (2020) Fasciola hepatica-derived mol-
ecules as potential immunomodulators. Acta Trop 210:105548

Ryan S, Shiels J, Taggart CC, Dalton JP, Weldon S (2020) Fasciola hepatica-
derived molecules as regulators of the host immune response. Front
Immunol 11:2182

Pacheco IL, Abril N, Morales-Prieto N, Bautista MJ, Zafra R, Escamilla A,
Ruiz MT, Martinez-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
Escamilla A, Pérez-Caballero R, Zafra R, Bautista MJ, Pacheco IL, Ruiz MT,
Martinez-Cruz MS, Martinez-Moreno A, Molina-Hernandez V, Pérez J
(2017) Apoptosis of peritoneal leucocytes during early stages of Fasciola
hepatica infection in sheep. Vet Parasitol 238:49-53

Pacheco IL, Abril N, Zafra R, Molina-Herndndez V, Morales-Prieto N, Bau-
tista MJ, Ruiz-Campillo MT, Pérez-Caballero R, Martinez-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

Ruiz-Campillo MT, Molina-Herndndez V, Pérez J, Pacheco IL, Pérez R,
Escamilla A, Martinez-Moreno FJ, Martinez-Moreno A, Zafra R (2018) Study
of peritoneal macrophage immunophenotype in sheep experimentally
infected with Fasciola hepatica. Vet Parasitol 257:34-39

Ruiz-Campillo MT, Molina-Herndndez V, Bautista MJ, Pacheco IL, Zafra R,
Buffoni L, Martinez-Moreno FJ, Martinez-Moreno A, Pérez J (2020) Char-
acterization of dendritic cells and follicular dendritic cells in the hepatic
lymph nodes and liver of sheep experimentally infected with Fasciola
hepatica. Vet Res 51:33

Hori S, Nomura T, Sakaguchi S (2003) Control of regulatory T cell develop-
ment by the transcription factor Foxp3. Science 299:1057-1061
Hawrylowicz CM, O'Garra A (2005) Potential role of interleukin-10-secret-
ing regulatory T cells in allergy and asthma. Nat Rev Immunol 5:271-283
Curotto de Lafaille MA, Lafaille JJ (2008) Natural and adaptive FoxP3+
regulatory cells: more of the same or a division of labor? Immunity
29:114-126

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 12 of 13

Taylor MD, Van Der Werf N, Maizels RM (2012) T cells in helminth infection:
the regulators and the regulated. Trends Immunol 33:181-189
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

Escamilla A, Zafra R, Pérez J, McNeilly TN, Pacheco IL, Buffoni L, Martinez-
Moreno FJ, Molina-Hernédndez V, Martinez-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

Pacheco IL, Abril N, Zafra R, Morales-Prieto N, Molina-Hernandez V, Ruiz
MT, Pérez-Caballero R, Martinez-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
Valero MA, Pérez-Crespo |, Chillén-Marinas C, Khoubbane M, Quesada C,
Reguera-Gémez M-C, Fresno M, Girones N (2017) Fasciola hepatica rein-
fection potentiates a mixed Th1/Th2/Th17/Treg response and correlates
with the clinical phenotypes of anemia. PLoS One 12:e017456

Brady MT, O'Neill SM, Dalton JP, Mills KH (1999) Fasciola hepatica sup-
presses a protective Th1 response against Bordetella pertussis. Infect
Immun 67:5372-5378

O'Neill SM, Brady MT, Callanan JJ, Mulcahy G, Joyce P, Mills KH, Dalton JP
(2000) Fasciola hepatica infection downregulates Th1 responses in mice.
Parasite Immunol 22:147-145

O'Neill SM, Mills KH, Dalton JP (2001) Fasciola hepatica cathepsin L
cysteine proteinase suppresses Bordetella pertussis-specific interferon-
gamma production in vivo. Parasite Immunol 23:541-547

Girones N, Valero MA, Garcia-Bodelén MA, Chico-Calero MI, Punzén

C, Fresno M, Mas-Coma S (2007) Immune suppression in advanced
chronic fascioliasis: an experimental study in a rat model. J Infect Dis
195:1504-1512

Golden O, Flynn RJ, Read 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 (fFhCL1).
Vaccine 28:5551-5557

Pleasance J, Wiedosari E, Raadsma HW, Meeusen E, Piedrafita D (2011)
Resistance to liver fluke infection in the natural sheep host is correlated
with a type-1 cytokine response. Parasite Immunol 33:495-505
Garcia-Campos A, Correia CN, Naranjo-Lucena A, Garza-Cuartero L, Farries
G, Browne JA, MacHugh DE, Mulcahy G (2019) Fasciola hepatica infection
in cattle: analyzing responses of peripheral blood mononuclear cells
(PBMC) using a transcriptomics approach. Front Immunol 10:2081

FuY, 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

McNeilly TN, Mara R, Bartley Y, Brown JK, Frew D, Longhi C, McLean L,
Mclntyre 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

White MPJ, McManus CM, Maizels RM (2020) Regulatory T-cells in hel-
minth infection: induction, function and therapeutic potential. Immunol-
ogy 160:248-260

Cervi L, Cejas H, Masih DT (2001) Cytokines involved in the immuno-
suppressor period in experimental fasciolosis in rats. Int J Parasitol
31:1467-1473

Dalton JP, Robinson MW, Mulcahy G, O'Neill SM, Donnelly S (2013)
Immunomodulatory molecules of Fasciola hepatica: candidates for both
vaccine and immunotherapeutic development. Vet Parasitol 195:272-285
Haroun ET, Hillyer GV (1986) Resistance to fascioliasis—a review. Vet
Parasitol 20:63-93

Chauvin A, Bouvet G, Boulard C (1995) Humoral and cellular immune
responses to Fasciola hepatica experimental primary and secondary
infection in sheep. Int J Parasitol 25:1227-1241

Moreau E, Chauvin A (2010) Immunity against helminths: interactions
with the host and the intercurrent infections. J Biomed Biotechnol
2010:428593

Zaiss MM, Maslowski KM, Mosconi |, Guenat N, Marsland BJ, Harrins NL
(2013) IL-1B suppresses innate IL-25 and IL-33 production and maintains
helminth chronicity. PLoS Pathog 9:e1003531



Ruiz-Campillo et al. Veterinary Research

47.

48.

49.

50.

(2023) 54:2

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

Hacariz O, Sayers G, Flynn RJ, Lejeune A, Mulcahy G (2009) IL-10 and
TGF-betal are associated with variations in fluke burdens following
experimental fasciolosis in sheep. Parasite Immunol 31:613-622

Valero MA, Girones N, Regura-Gomez M, Pérez-Crespo |, Lépez-Garcia MP,
Quesada C, Bargues MD, Fresno M, Mas-Coma S (2020) Impact of fascio-
liasis reinfection on Fasciola hepatica egg shedding: relationship with the
immune-regulatory response. Acta Trop 209:105518

Meeusen E, Brandon M (1994) The use of antibody-secreting cell probes
to reveal tissue-restricted immune responses during infection. Eur J
Immunol 24:469-474

51. Clery DG, Torgerson P, Mulcahy G (1996) Immune responses of chronically
infected adult cattle to Fasciola hepatica Vet. Prasitol 62:71-82
Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Fasciola hepatica primoinfections and reinfections in sheep drive distinct Th1Th2Treg immune responses in liver and hepatic lymph node at early and late stages
	Abstract 
	Introduction
	Materials and methods
	Experimental design
	Sample collection and processing
	RNA extraction and cDNA synthesis
	Primer design
	Absolute quantification of cytokine transcript by real-time PCR
	Statistical analysis

	Results
	Cytokine gene expression in the liver
	Cytokine gene expression in hepatic lymph nodes (HLN)

	Discussion
	Acknowledgements
	References




