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The Trematode Fasciola hepatica is an important cause of disease in livestock and in
man. Modulation of immunity is a critical strategy used by this parasite to facilitate its
long-term survival in the host. Understanding the underlying mechanisms at a system
level is important for the development of novel control strategies, such as vaccination,
as well as for increasing general understanding of helminth-mediated immunoregulation
and its consequences. Our previous RNA sequencing work identified a large number
of differentially expressed genes (DEG) from ovine peripheral blood mononuclear cells
(PBMCs) at acute and chronic stages of F. hepatica infection, and yielded important
information on host—parasite interaction, with particular reference to the immune
response. To extend our understanding of the immunoregulatory effects of this parasite,
we employed InnateDB to further analyze the DEG dataset and identified 2,458 and
224 molecular interactions in the context of innate immunity from the acute and chronic
stages of infection, respectively. Notably, 458 interactions at the acute stage of infection
were manually curated from studies involving PBMC-related cell-types, which guaranteed
confident hypothesis generation. NetworkAnalyst was subsequently used to construct
and visualize molecular networks. Two complementary strategies (function-first and
connection-first) were conducted to interpret the networks. The function-first approach
highlighted subnetworks implicated in regulation of Toll-like receptor 3/4 signaling in
both acute and chronic infections. The connection-first approach highlighted regulation
of intrinsic apoptosis and B-cell receptor-signaling during acute and chronic infections,
respectively. To the best of our knowledge, this study is the first system level analysis of
the regulation of host innate immunity during £ hepatica infection. It provides insights
into the profound changes induced by F. hepatica infection that not only favors parasite
survival into chronic infection but also impedes the host’s immune response to other
pathogens, and render vaccination against fasciolosis a difficult challenge. The infor-
mation provided will be useful in the design of specific vaccine protocols to overcome
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parasite-mediated immunoregulation and in furthering general understanding of the
interplay between helminth infection and host immune systems.

Keywords: Fasciola hepatica, peripheral blood mononuclear cells, innate immunity, toll-like receptor, apoptosis,

B-cell receptor

INTRODUCTION

Fasciola hepatica is not only an important helminth parasite of
economically important animals, such as cattle and sheep (1), but
also a major food-borne zoonosis worldwide (2-4). As chemo-
therapy is the major control mechanism available currently, with
the most frequently used drug being triclabendazole, intensive
use of this compound has directly resulted in development of
drug resistance in the endemic areas across Europe, Australia,
and some parts of South America (5-8). In addition, drug-based
control also raises problems of chemical residues in food and
in the environment, which has generated increasing consumer
concern. Therefore, the development of novel control strategies,
and particularly vaccination, is urgently needed. A better under-
standing of host-parasite interactions is expected to further
refine development of vaccines and may lead to novel therapeutic
approaches against F hepatica infection.

As the first, and perhaps, the most critical line of defense
against invading pathogens, the innate immune response plays
a crucial role in the initiation of and interplay with the adaptive
immune response (9). E hepatica interacts with various host
innate immune cells [e.g., dendritic cells (DC), macrophages,
and mast cells] as soon as infection commences with excysta-
tion of the juvenile flukes which cross the gut wall within hours
(10). Innate effector mechanisms, such as alternative activation
of macrophages, play an important role in early host responses
against E hepatica infection as well as in regulating and shaping
the Th2-biased adaptive immune response (11). Previous studies
have also suggested that E hepatica infection can modify the
maturation and function of host DC through a number of differ-
ent mechanisms, which could further mediate the stimulation of
naive T cells (12-14).

We have previously reported the transcriptomic changes of
peripheral blood mononuclear cells (PBMCs) from eight lambs
in response to F hepatica infection using RNA sequencing
(RNA-seq) (NCBI GEO accession number: GSE71431) (15).
Two datasets, including 5,409 and 2,364 differentially expressed
genes (DEG), respectively, were generated from eight biological
replicates by comparisons between preinfection and week one
postinfection (wpi), and between 1 and 14 wpi, representing
transcript expression changes induced by acute and chronic
infections, respectively. Further examination using ingenuity
pathway analysis (IPA) revealed important insights into host-
parasite interactions, such as regulation of fibrosis, nitric oxide
production, apoptosis, and toll-like receptor (TLR) regulation.

InnateDB  (http://www.innatedb.com/) is an integrated
analysis tool that has been specifically designed to facilitate
analysis of innate immunity gene interactions and networks (16).
Network construction is useful for visualization and analysis of
interactomes, by creating unbiased mechanistic hypotheses based

on both node connectivity and expression changes observed in
datasets (17, 18). Here, we extend our previous work by further
analyzing RNA-seq data using InnateDB and NetworkAnalyst,
which provided system-level understanding of the ovine innate
immune response to E hepatica infection. We generated 2,458
and 224 molecular interactions in the context of innate immunity
from acute and chronic stages of infection, respectively. Notably,
there were 458 interactions at the acute stage of infection gener-
ated from studies involving PBMC-related cell types.

MATERIALS AND METHODS

Molecular interactome analysis was carried out on the 5,409 and
2,364 DEG (FDR < 5%) detected in ovine PBMC during the acute
and chronic stages of F. hepatica infection, respectively (15), using
InnateDB (16). For mapping with the InnateDB interaction data-
base, the option “Return InnateDB-curated interactions only”
was chosen. Since the sheep is not currently a supported species
in InnateDB, human orthologs for the relevant sheep genes were
used. The human ortholog information was downloaded from
biomaRt and merged with the significant genes. In cases where
a single sheep gene was annotated to multiple human genes, just
one human ortholog was retained for the purposes of pathway
analysis.

DEG involved in immune/fibrosis-associated molecular
interactions were manually picked out according to the InnateDB-
recorded interaction evidence that refers to the experimental pro-
cedures and conditions (16). The selected DEG were subsequently
used for network construction using NetworkAnalyst (19), which
was also used for functional analysis on these networks. To reduce
network complexity while keeping the most interesting func-
tions and connections, we employed two heuristic approaches,
function-first and connection-first (19), to interpret our data. In
the first approach, we enriched the biological functions within the
network followed by extracting subnetworks containing nodes
that were involved in functions of interest, thereby guaranteeing
that the resulting subnetworks are interpretable in the context of
corresponding biological function. Subsequently, we performed
module exploration analysis on the subnetwork of interest. The
nodes within each module are likely to work together to perform
a biological function (18). In the latter approach, we first used
the module generation function built-in NetworkAnalyst to
deconstruct the current network into smaller densely connected
modules, which are considered as tight clusters of molecules
with more internal connections than expected randomly in the
network as a whole (18). Subsequently, each module was subject
to functional enrichment analysis. This approach was used to
guarantee high connectivity of the resulting modules. For both
approaches, functional enrichment was performed by using the
“Reactome” database. Reactome is an open-source, curated, and
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peer-reviewed pathway database of human biological processes
(20), which has been integrated into the “Function Explorer” sec-
tion of NetworkAnalyst.

The Wilcoxon rank-sum test was performed to calculate the
significance of each module by testing the difference between
the number of edges (edges represent interactions between
two connecting nodes) within a module and the edges con-
necting the nodes of a module with the rest of the network
(18). A hypergeometric test was used to compute enrichment
P-values (18).

RESULTS

Innate Immunity Interactome Analysis
Using InnateDB

In order to build, visualize, and analyze the DEG interaction
networks in the context of innate immunity, we mapped our data
to the InnateDB Network Analysis. Table 1 shows an example
of InnateDB-curated molecular interactions generated from our
data. In total, 2,458 InnateDB-curated interactions were generated
from the 5,409 DEG at the acute stage of infection (FDR < 0.05).
A smaller set comprising 224 InnateDB-curated interactions were
generated from the 2,364 DEG at the chronic stage of infection
(FDR < 0.05). The full molecular interactions from both DEG
datasets are listed in Tables S1 and S2 in Supplementary Material,
respectively.

Although curated interactions in InnateDB are annotated in a
wide range of cell and tissue types, the majority of these interac-
tions are from studies involving cell lines rather than primary
cells (21). This is reflected in our results with 1,622 interactions
from the acute stage and 159 interactions from the chronic stage
of infection predicted from at least one source based on cell lines.
Since the interactome is very much dependent on the context
of a particular cell type under investigation (21), we focused
on the interactions from studies involving PBMC-related cell
types including B cells, T cells, NK cells, and monocytes. From
samples representing the acute stage of infection, 458 PBMC-
related interactions were identified from 2,458 InnateDB-curated
interactions and 336 distinct DEG involved in these interactions

(Table S1 in Supplementary Material). For the chronic stage of
infection, 47 PBMC-related interactions were identified from
224 InnateDB-curated interactions, in which 55 distinct DEG
were involved (Table S2 in Supplementary Material).

Among the 2,458 InnateDB-curated interactions representing
the acute stage of infection, 92 interactions were identified, which
were associated with evidence from fibrosis-associated cell types
including fibroblast and stellate cell lines (the major cells involved
in hepatic fibrosis) (Table S1 in Supplementary Material).

Network Construction of Molecular
Interactions Representing Acute/Chronic

Stage of F. hepatica Infection

In order to gain a systems-level understanding of interactions of
immunologicalinterest, we used Network Analyst to constructand
visualize the molecular interaction networks (18). We first input
the 336 DEG from the acute stage of infection that are involved in
the PBMC-associated interactome with the corresponding fold-
change values and generated a default network with 7,549 nodes
and 24,354 edges (first-order interactors, including all identified
proteins that directly interact with the input proteins, also known
as seed nodes). It is notable that, apart from the seed nodes, there
were a large number of directly interacting proteins identified,
which made the default network too large and would lead to a
“hairball” effect that rarely produces any informative outcome.
For practical (visual, biological, and computational) reasons, a
“Reduce” function was used to prune the network down to a more
manageable size (200-2000 nodes) as recommended by Xia et al.
(18), and a refined network with 331 nodes and 1,769 edges was
retained for further analysis (zero-order interactions that refer
to connections between two input seed nodes). The “Reduce”
function retained only the seed nodes and the direct connections
(edges) among them. Two widely used topological measures—
“degree of connectivity” and “between centrality” were used to
help identification of importance of nodes within the network
(Figure S1 in Supplementary Material) (18). Degree of connectiv-
ity refers to the number of connections the node has to other
nodes. Betweenness centrality refers to the number of shortest
paths going through the node (22). In the current network

TABLE 1 | Examples of InnateDB-curated molecular interactions generated from DEG demonstrated during the acute stage of ovine F. hepatica

infection (week 1 postinfection).

Query Xref Query Interactions Full name
name

ENSG00000141510  TP53 TLR10:TP53 TLR10 interacts with TP53

ENSG00000141510  TP53 TLR6:TP53 TLR6 interacts with TP53

ENSG00000184216  IRAKT  NLRP12:IRAK1  NLRP12 physically interacts
with IRAK1

ENSG00000184216  IRAKT  ITGAM:IRAK1 ITGAM physically interacts
with IRAKT

ENSG00000141968  VAV1 IL6ST:VAV1 IL6ST interacts with VAV

ENSG00000136634  IL10 IRF5:IL10 IRF5 interacts with IL70

Physical association

Transcriptional
regulation

Interaction type Tissue Cell type PMID? Source
database ID

Transcriptional Peripheral blood T cell 21483755 |IDB-224139

regulation

Transcriptional Peripheral blood T cell 21483755 |DB-224137

regulation

Physical interaction  Peripheral blood, =~ Monocyte 16203735 IDB-113695;
kidney cell line IDB-114001

Physical interaction ~ Peripheral blood, Monocyte 11701612 IDB-113998;
kidney cell line IDB-113999

Plasmacytoma B-cell 9013873 IDB-156849

cell line
Peripheral blood

Macrophage 21240265 |IDB-223555

2PMID refers to the publication that reported the interaction evidence that refers to the experimental procedures and conditions to support the interactions.
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(Figure S2 in Supplementary Material), the top five nodes with
the highest node degree values are “reticuloendotheliosis viral
oncogene homolog A” (RELA; degree value = 66), “tumor protein
p53” (TP53; 65), “transcription factor Sp1” (SP1; 63), “amyloid
precursor protein” (APP; 56), and “tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein” { (YWHAZ;
51). The top five nodes with the highest betweenness values are
TP53 (betweenness value = 2,264.97), RELA (2,164.28), SP1
(1,505.93), “C-terminal Src kinase” (SRC; 1,271.48), and “breast
cancer 17 (BRCA1; 1,269.96).

In the chronic stage of infection, 47 interactions are confirmed
to stem from studies involving PBMC-related cell types, in which
only 55 distinct DEG were involved. This figure was much lower
than the recommended number of seed nodes (200-2,000) for
network construction (18). Hence, we also performed network
construction on the 186 distinct DEG involved in the 224
InnateDB-curated interactions using the same method for the
dataset of the acute stage of infection. A preliminary network with
5,035 nodes and 11,422 edges was generated. After processing
by the “Reduce” function built-in to NetworkAnalyst, a refined
network with 158 nodes and 305 edges was retained for further
analysis (only zero-order interactions among the input seed
nodes were kept). Figure S3 in Supplementary Material shows the
topology of the network generated. The top five nodes ranked by
node degree are COPS5 (COP9 constitutive photomorphogenic
homolog subunit 5), IKBKB (inhibitor of nuclear factor kappa-B
kinase subunit ), YWHAE (14-3-3 protein epsilon, tyrosine
3-monooxygenase/tryptophan  5-monooxygenase activation
protein epsilon), BRCA1, and JUN (Jun proto-oncogene, AP-1
transcription factor subunit) with their node degree values 21, 18,
17,16, and 15 respectively. The top five nodes ranked by between-
ness values are BRCA1, COPS5, LYL1 (lymphoblastic leukemia-
associated hematopoiesis regulator 1), S-phase kinase-associated
protein 2 (SKP2), and CSNK2B (Casein kinase 2, f polypeptide)
with their betweenness values 271.25, 148.23, 139.17, 120.4, and
103.67, respectively.

Function-First Approach Analysis

We first performed function-first approach analysis on the net-
works representing acute and chronic stages of infection using
the Reactome database.

In total, 121 and 63 Reactome functional pathways were
enriched (P < 0.001) in networks representing acute and chronic
stages of infection, respectively. Tables 2 and 3 show the list of the
top 25 pathways enriched in both stages of infection, respectively.

In the network representing the acute stage of infection, five
pathways associated with TLR3/TLR4 signaling were ranked in
the top 10 overlapping pathways identified, including “TLR4 cas-
cade,” “activated TLR4 signaling,” “TRIF-mediated TLR3/TLR4
signaling,” “MyD88-independent cascade,” and “TLR3 cascade”
(Table 2). Since TLR3 and TLR4 share a specific TRIF (TIR-
domain-containing adapter-inducing interferon-f)-dependent
pathway (unlike other TLRs) (23, 24), we extracted a subnetwork
that contained all nodes involved in these five pathways (Table S3
in Supplementary Material). Subsequent module exploration
analysis generated four significantly overlapping modules within
this subnetwork (Figure 1). Then, functional enrichment analysis

TABLE 2 | The top 25 enriched Reactome pathways within the network at
the acute stage of infection.

Pathway Total Hits P-value

Immune system 1,140 114 1.62E-37
Innate immune system 521 69 1.00E-27
Toll-like receptors cascades 128 36 2.09E-26
Toll-like receptor 4 (TLR4) cascade 108 31 83.27E-23
Activated TLR4 signaling 100 29 3.03E-21
TRIF-mediated TLR3/TLR4 signaling 87 24 3.62E-17
MyD88-independent cascade 88 24 4.85E-17
Toll-like receptor 3 (TLR3) cascade 88 24 4.85E-17
MyD88:Mal cascade initiated on plasma membrane 81 23 8.42E-17
Toll-like receptor TLR1:TLR2 cascade 81 23  8.42E-17
Toll-like receptor TLR6:TLR2 cascade 81 23 8.42E-17
Toll-like receptor 2 (TLR2) cascade 81 23 8.42E-17
Toll-like receptor 10 (TLR10) cascade 74 20 2.74E-14
Toll-like receptor 5 (TLR5) cascade 74 20 2.74E-14
MyD88 cascade initiated on plasma membrane 74 20 2.74E-14
Cytokine signaling in immune system 286 37 2.78E-14
Signaling by interleukins 116 24  4.31E-14
Toll-like receptor 7/8 (TLR7/8) cascade 77 19 7.62E-13
MyD88 dependent cascade initiated on endosome 77 19 7.62E-13
Toll-like receptor 9 (TLR9) cascade 79 19 1.26E-12
TRAF6-mediated induction of NFKB and MAP 76 18 6.71E-12
kinases upon TLR7/8 or 9 activation

Hemostasis 511 46 1.02E-11
Adaptive immune system 654 53 1.15E-11
TRAF6-mediated induction of proinflammatory 62 16 2.54E-11
cytokines

Nucleotide-binding domain, leucine rich repeat 55 15 4.58E-11

containing receptor signaling pathways

The pathways are ranked by their raw P values from functional enrichment analysis
based on hypergeometric tests. (Note that multiple testing adjustments such as FDR
are inappropriate here owing to the overlap and interdependence of genes within the
pathways.)

was repeated on these modules. Among them, Module 1 contains
six nodes [NOD2, mitogen-activated protein kinase (MAPK)
14, MAPK1, MAPK3, interleukin-1 receptor-associated kinase
(IRAK1), and IRAK4], which are involved in a range of TLR cas-
cades, including TLR3/4/7/8/10, indicating a cross talk between
TLR pathways. Module 3 contains five nodes mainly involved in
My88-independent TRIF-dependent TLR signaling, including
interferon regulatory factor 7 (IRF7), interferon regulatory factor
3 (IRF3), conserved helix-loop-helix ubiquitous kinase (CHUK),
mitogen-activated protein kinase kinase kinase 7 (MAP3K7), and
Fas-associated protein with death domain (FADD).

Similar to the findings for the acute stage of infection, the
five pathways related to TLR4/TLR3 also presented in the top 10
enriched pathways in the chronic stage of infection, including
“TLR4 cascade,” “activated TLR4 signaling,” “TRIF-mediated
TLR3/TLR4signaling,”“MyD88-independentcascade,”and “TLR3
cascade” We extracted a subnetwork that contained all nodes that
are involved in these five pathways (Table S3 in Supplementary
Material; Figure 2). There were no significant overlapping mod-
ules found within this subnetwork, which may be due to the small
size of the subnetwork.

Connection-First Approach Analysis
Almost all the top ranked pathways enriched by the function-
first approach in both networks are associated with immune
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TABLE 3 | The top 25 enriched Reactome pathways within the network at
the chronic stage of ovine F. hepatica infection.

Pathway Total Hits P-value

MyD88:Mal cascade initiated on plasma membrane 81 13 5.45E-11
Toll-like receptor TLR1:TLR2 cascade 81 18  5.45E-11
Toll-like receptor TLR6:TLR2 cascade 81 183  5.45E-11
Toll-like receptor 2 (TLR2) cascade 81 13  5.45E-11
Activated TLR4 signaling 100 14 6.33E-11
Toll-like receptors cascades 123 15  9.39E-11
Toll-like receptor 4 (TLR4) cascade 103 14 9.53E-11
TRIF-mediated TLR3/TLR4 signaling 87 13 1.39E-10
MyD88-independent cascade 88 13 1.61E-10
Toll-like receptor 3 (TLR3) cascade 88 13 1.61E-10
Toll-like receptor 10 (TLR10) cascade 74 11 4.26E-09
Toll-like receptor 5 (TLR5) cascade 74 11 4.26E-09
MyD88 cascade initiated on plasma membrane 74 11 4.26E-09
Innate immune system 521 26  4.73E-09
TRAF6 (TNF receptor associated factor 6)-mediated 62 10 9.96E-09
induction of proinflammatory cytokines

TRAF6-mediated induction of NFKB and MAP kinases 76 10 7.54E-08
upon TLR7/8 or 9 activation

Toll-like receptor 7/8 (TLR7/8) cascade 77 10 8.57E-08
MyD88 dependent cascade initiated on endosome 77 10 8.57E-08
Toll-like receptor 9 (TLR9) cascade 79 10  1.10E-07
Immune system 1140 37 1.40E-07
TAKT1 (also known as MAP3K?7) activates NFKB by 22 6 3.87E-07
phosphorylation and activation of IKKs complex

MAP kinase activation in TLR cascade 55 8 7.44E-07
TRAF6-mediated induction of TAK1 complex 16 5 1.82E-06
JNK (c-Jun kinases) phosphorylation and activation 20 5 6.18E-06
mediated by activated human TAK1

Activation of the AP-1 family of transcription factors 10 4 6.95E-06

The pathways are ranked by their raw P-values from functional enrichment analysis
based on hypergeometric tests.

responses. It is, thus, clear that the pre-enrichment of DEG from
the immune-related interactome (which have been confirmed in
the context of PBMC-related cell types) is a reliable and effective
way to extract immune-related networks and refine the network
size for further analysis. In order to obtain tightly clustered mod-
ules, we conducted a complementary approach (connection-first)
to re-analyze the two networks separately.

Connection-First Approach Analysis on Networks
Representing the Acute Stage of F. hepatica Infection
In total, 18 individual modules were generated from the network
representing the acute stage of infection. Among them there were
nine modules that showed module significance (P < 0.05). The
expression patterns of these modules are shown in Figure S4 in
Supplementary Material. Some of the modules showed general
trends in expression pattern. For instance, Modules 2, 3, and 7
were likely to show decreased expression, while Module 6 was
likely to show increased expression (Figure 3).

Then, we conducted function enrichment analysis on each
module mainly based on Reactome databases [in some cases, if
only a very low ratio of nodes within a module hit any Reactome
pathways, KEGG, or GO-Biological Process (GO-BP) terms were
alternatively used to interpret the module]. Only the pathways/
functions with P-value <0.001 were retained for further analysis.

Modules 1 and 2, which contain the most nodes (52 and
44, respectively), are mainly associated with immune-system

pathways. The most significant Reactome pathways enriched
in Module 1 are “Immune System” (16 hits) and “Cytokine
signaling in immune system” (8 hits). The most significant
Reactome pathway enriched in Module 2 is “Immune System”
(24 hits), followed by the pathway “Innate immune system” (16
hits). Module 4, which contains 18 nodes, is similar to Module
2, in which the most significant pathways are also “Immune
system” (12 hits) and “Innate immune system” (9 hits). These
results indicate that the three top-ranked modules are likely to
perform independent functions in the immune system during
E hepatica infection. In general, this result is consistent with the
result of the function-first approach, in that the top two enriched
pathways are “Immune system” and “Innate immune system.”

The most significant Reactome pathways enriched in Module
3 (containing 22 nodes) are all associated with TLR signaling,
such as “Activated TLR4 signaling” (eight hits), “TLR 4 cascade”
(eight hits), “TLRs cascades” (eight hits), “TLR 7/8 cascade”
(seven hits), and “MyD88-independent cascade” (seven hits),
etc. There are eight key nodes (DEG) from Module 3 consistently
enriched in these pathways, including NOD2, MAPK14, IRAK1,
IRF7, FADD, activating transcription factor 2 (ATF2), MAP3K1,
and NF-kappa-B inhibitor p (NFKBIB). It is thus possible that
Module 3 plays a fundamental role in regulation of various TLR
signaling/cascades during F. hepatica infection.

Module 6 (containing 12 nodes) was the only one to show an
obvious increased expression pattern among the nine modules
(Figure 3). Further functional enrichment revealed that the top
four Reactome pathways enriched in this module are all involved
in apoptosis, particularly in the intrinsic apoptosis pathway/
mitochondrial pathway, including “activation of BAD and trans-
location to mitochondria,” “activation of BH3-only proteins,’
“intrinsic pathway for apoptosis,” and “apoptosis.”

Functional analysis based on Reactome, KEGG, and GO-BP
suggests that Module 7 (containing 11 nodes) is related to cytokine
signaling. There are two nodes [colony-stimulating factor 2 recep-
tor p (CSF2RB) and colony-stimulating factor 2 (CSF2)] that hit
the Reactome pathways “interleukin receptor SHC signaling;”
“IL2 signaling;” and “IL3,IL5, and GM-CSF signaling” Four nodes
[CSF2RB, CSF2, IL10, and chemokine (C-X3-C motif) receptor
1 (CX3CR1)] hit the KEGG pathway “cytokine-cytokine recep-
tor interaction.” Five nodes [IL10, NFATC2 (nuclear factor of
activated T-cells, cytoplasmic, calcineurin-dependent 2), FOXP3,
CSF2, and TIA1 (TIA1 cytotoxic granule-associated RNA bind-
ing protein)] hit the GO-BP term “Cytokine production”

There were a very low number of nodes within Module 5, 8,
and 9 associated with any pathways of either Reactome or KEGG.
However, the majority of nodes from Module 5 (nine nodes, 69%)
significantly hit the GO-BP term “defense response.” Five nodes
(55%) from Module 8 are involved in the GO-BP term “regulation of
cytokine production?” All five nodes within Module 9 significantly
hit the GO-BP term “regulation of protein metabolic process”

Connection-First Approach Analysis on Networks
Representing the Chronic Stage of F. hepatica
Infection

In total, 11 individual modules were generated from the network
representing the chronic stage of infection. Among them there
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MAP3K7

FIGURE 1 | Four significantly overlapped modules are extracted from the toll-like receptor 3/4-associated subnetwork from data representing acute
stage of Fasciola hepatica infection. (A) Module 1, (B) Module 2, (C) Module 3, and (D) Module 4. Red and green nodes represent genes showing increased
and decreased expression, respectively. The size of nodes is proportional to their betweenness centrality values.
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were four modules with significance (P < 0.05). The expression
patterns and the node labels of the four modules are shown in
Figure S5 in Supplementary Material.

Module 1 appears to be activated since most of the involved
nodes showed increased expression in the chronic stage of
infection (Figure 4). Further function enrichment analysis
showed that three B-cell receptor (BCR) related pathways were
significantly enriched (ranked top 3 functions) in this module
including “TAK1 activates NFkB by phosphorylation and activa-
tion of IKKs complex,” “Downstream signaling events of B-cell
receptor;” and “Signaling by the B-cell receptor”

Functional analysis showed that there were no dominant
pathways enriched in Modules 2, 3, and 4 neither in Reactome

nor in KEGG. However, there were several GO-BP terms
associated with lymphocyte activation significantly enriched
in Module 2 (P < 0.001), and five nodes within Module 2 were
involved in those terms, including interleukin-20 receptor f
chain (IL20RB), STAT6, IFNG, IRF4, and TNFRSF13B. This
indicates that Module 2 may be involved in the regulation of
lymphocyte activation during the chronic stage of E hepatica
infection.

DISCUSSION

In this study, we re-analyzed our previous RNA-seq data to
generate a refined molecular interactome in the context of innate
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infection, respectively) are highlighted with blue cycle.

FIGURE 2 | Expression patterns of the toll-like receptor (TLR) 3/4-associated subnetwork extracted from data representing chronic stage of Fasciola
hepatica infection. Red and green nodes represent genes showing increased and decreased expression, respectively. The size of nodes is proportional to their
betweenness centrality values. Several nodes that consistently presented in the TLR3/TLR4-associated subnetworks (generated from acute and chronic stages of

immune responses to F. hepatica infection in sheep. To visualize
this interactome, we constructed networks based on the relevant
DEG by using NetworkAnalyst and employed two heuristic
approaches (function-first and connection-first) to interpret
the networks (Figure 5). For the acute stage of infection, the
results from the two approaches were partially overlapping. For
instance, the top two pathways highlighted in the function-first
approach were “Immune system” and “Innate Immune System,”
whereas the two largest modules observed in the connection-first
approach were also related to the general function, “Immune
System” and “Innate Immune System.” In addition, TLR-related
pathways were top-ranked in the function-first approach. This
was consistent with the third largest module (Module 3) gener-
ated from the connection-first approach that mainly enriched

TLR signaling. However, the two approaches also enriched
different functions, for example, “Signaling by Interleukins” in the
function-first approach and “Activation of BH3-only proteins” in
Module 6 from the connection-first approach. In the dataset from
the chronic stage of infection, the top functions observed in the
function-first approach were TLR-associated pathways. However,
there was no module from the connection-first approach related
to TLR signaling. These inconsistencies, resulting from the dif-
ferent priorities for function and connectivity, respectively, may
reflect the inherent biases of each approach. However, investiga-
tion of the network from different angles provides us with a more
comprehensive interpretation of the whole network and a better
understanding of the innate immune response to E hepatica
infection.
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FIGURE 3 | Expression pattern of Module 6 extracted from the network representing acute stage of Fasciola hepatica infection. Red and green nodes
represent genes showing increased and decreased expression, respectively. The size of nodes is proportional to their betweenness centrality values. The sequence
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Fibrosis-Associated Interactions in the

Acute Stage of F. hepatica Infection
Ninety-two InnateDB-curated interactions from the acute stage
of infection were identified, which included evidence from
fibrosis-associated cell types including fibroblast and stellate
cell lines. Some genes related to the TGFp-mediated fibrogenic
progresses (such as SMAD3, SMAD4, COL1A1, and TGFB1)
were involved in the 92 interactions. In our previous IPA analysis
on this dataset, we hypothesized that the increased expression of
these genes may be possibly associated with the fibrosis in the
ovine liver during F. hepatica infection (15). A previous study
using hepatic lymph nodes has also proposed that TGFp1 plays
a central role in fibrosis during ovine E hepatica infection (25).
It is well known generally that persistent TGFp signaling leads to
excessive fibrosis and ultimately scarring of internal organs (26).
TGEp induces the transcription of the gene COL1A1, encoding
collagen type I, which is the major fibrous collagen and plays a
central role in wound-healing (26). Another study demonstrated
that the transcript expression levels of TGFB1 and COL1Al
were significantly increased in ovine liver tissue at eight wpi of
E hepatica (27). Notably, the cells being analyzed in this study
are PBMC, and it is, therefore, notable that 92 interactions also
have been demonstrated in fibrosis-associated cell types that
may directly interact with E hepatica during the local infec-
tion in the liver. These data may indicate that in response to
F. hepatica infection, blood mononuclear cells could migrate into
the infected liver parenchyma and release TGFB1 and COLIA1
to activate fibrosis-associated cell types (e.g., stellate cells) and
facilitate hepatic fibrosis. Or perhaps the ovine PBMC and
fibrosis-associated cell types might perform same gene expres-
sion changes associated with TGFf—collagen pathway in the
context of E hepatica infection. Further investigations into links
between the systemic immune system and local infection in the
liver will be valuable.

Hub and Bottleneck Molecules Play
Potential Roles in Immune Regulation

during F. hepatica Infection

Node importance in network analysis can be estimated as degree
of connectivity (the number of connections the node has to
other nodes) and betweenness centrality (the number of shortest
paths going through the node) (22). Nodes with a high degree
of centrality are referred to as “hub nodes,” whereas nodes with
a high betweenness centrality are referred as “bottleneck nodes”
(28). Notably, in our analysis, some molecules performed as both
hub and bottleneck nodes in the network, indicating their crucial
roles in regulating the innate immune response to E hepatica
infection. For instance, RELA and SP1 are in the top of both hub
and bottleneck nodes in the network representing the acute stage
of infection. RELA encodes the transcription factor NF-kBp65,
one of the active subunits of the NF-Kb complex involved in
NF-Kb binding to DNA. Previous studies have suggested that
NF-kBp65 participates in adaptive immunity and responses to
invading pathogens via NF-kB activation (29). One study has
demonstrated that F hepatica tegument can target NF-kBp65
and suppress its protein expression in DC, which subsequently
resulted in decreased production of pro-inflammatory cytokines
in DC (14). It has also been shown that the recombinant form
of a major E hepatica-secreted molecule, sigma class glutathione
transferase (rFhGST-si) could induce partial maturation of DC
in vitro by enhancing the protein production of NF-kBp65 and
signaling through it (12). These studies suggest that different
components of E hepatica can affect DC maturation and func-
tion through regulating RELA expression in different ways. SP1
is a zinc finger transcription factor that is a central mediator
of IL-10 induction (30, 31). Previous studies proposed that a
helminth immune modulator (cystatin from Acanthocheilonema
viteae) can bind to macrophages and activate SP1 via p38 signal-
ing pathway to initiate transcript expression of IL10 (32). Since
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FIGURE 4 | Expression pattern of Module 1 extracted from the network representing chronic stage of Fasciola hepatica infection. Red and green
nodes represent genes showing increased and decreased expression, respectively. The size of nodes is proportional to their betweenness centrality values.

/
/
[

[

e ADH4

|

CDC25A
P
//// \\

\ T ePHF8

“e CHEK2

IL10 is an important regulatory cytokine induced by E hepatica
infection (33), the high importance of SP1 within the network
may indicate its potential role in regulating IL10 during the acute
stage of E hepatica infection.

Breast cancer 1 is one of the top five bottleneck nodes in both
networks at the acute and chronic stages of infection. Much
current research on BRCA1 focuses on its role in DNA damage
repair (34), but its role in the context of immunology/infection
is rarely characterized. One study suggested that BRCA1 can
activate IFN-vy signaling to induce target gene IRF-7 expression
and to subsequently stimulate the innate immune response
and elicit apoptosis (35). In our DEG data, BRCA1 showed a
significantly decreased transcript expression at the acute stage
of E hepatica infection (Table S1 in Supplementary Material),
which dropped down to an even lower level at the chronic stage
of infection (Table S2 in Supplementary Material). This provides
a potential mechanism for the decreased transcription of IFNG
in our DEG dataset (Table S1 in Supplementary Material) and

for the downregulation of Th1l immune responsiveness seen in
E hepatica infection. The high betweenness value of BRCA1 in
both networks indicates that E hepatica infection may block IFN-
y signaling and further attenuate Th1 immune responses through
suppressing the expression of BRCAL.

The Function-First Approach Revealed
New Features of TLR3/TLR4 Signaling in

the Context of F. hepatica Infection

The initiation of TLR3/TLR4 signaling by E hepatica infection
and its downstream effects are not fully understood. The ligand
of TLR3 is double-stranded RNA (dsRNA), which has been
well-studied in the field of viral infection. One study has demon-
strated that dsRNA from Schistosoma mansoni eggs is a natural
ligand for TLR3, and this egg-derived dsRNA was capable of
activating DC through a fully TLR3-dependent pathway (36).
Hence, regulation of TLR3-dependent cellular pathways could

Frontiers in Immunology | www.frontiersin.org

April 2017 | Volume 8 | Article 485


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Fu et al. Innate Immunity in Ovine Fasciolosis

F. hepatica infection _
Acute stage Chronic stage

5409 DEG 2364 DEG

e———— InnateDB ———

224 Innate-curated

2458 Innate-curated

molecular interaction molecular interaction

458 PBMC-related
interactions
—— NetworkAnalyst ————

Network Co-bottleneck node Network

331 nodes + 1796 edges BRCAT | | 158 nodes + 305 edges

(A) —
Block of IFN-y signaling
Suppression of
responses

Function-first
approach

Connection-
first approach

Function-first
approach

Connection-
first approach

TLR3/TLR4 TLR3/TLR4
associated LY96 TLR1, associated

TLR4, IRAK,
subnetwork e subnetwork
BRCA1, NFKBIB,
COPS5and JUN

Activated Module 6 Activated Module 1

1
1 1
: ' F. hepatica
4 . E excretory-secretary MAP3K7 ||
1 (©) i [ product ,'
1 SN 1 (F)! 1
1 1
! @: | EneLD Qyeonjugated  EnGST-sD

Impairment of
inducing antibody Amplification of
— production and Ig BCR-induced
getition ol class-switching signaling
TLR4-JNK-
AP-1 signaling

Suppression
Activation of of TLR3-IRF3
BH3-only protein signaling

Activation of
intrinsic pathway
of apoptosis in
PBMC

P ———————

Modification of B cell
function and humoral
immune responses

Suppression of
DC maturation
and function

Y
Promotion of Th2
immune responses

FIGURE 5 | Flow diagram showing data process and how the main findings lead to a better understanding of immune responses to Fasciola
hepatica infection. The blue tabs and solid arrows refer to the pipeline of data mining and main results. The green tabs and dotted arrows refer to hypothesis
generation: (A) F. hepatica infection may block IFN-y signaling through consistently suppressing the transcript expression of breast cancer 1. (B) LY96 may play a
role in recognition of fluke-derived glycan residues by Toll-like receptor 4 (TLR4) in macrophages. (C) F. hepatica cathepsin L1 (FhCL1) induces M2 macrophage
phenotypes through blocking TLR3-IRF3 pathway, possibly by decreasing transcript expression of IRF3. (D) £ hepatica sigma class glutathione transferase
(FhGST-si) suppresses dendritic cells maturation through activating TLR4-JNK-AP-1 pathway, possibly by increasing transcript expression of JUN, MAPKS, and
FOS. (E) £ hepatica may induce apoptosis of peripheral blood mononuclear cells through intrinsic pathway, possibly by increasing transcript expression of BIK,
BCL2L11, and BNIP1. (F) £ hepatica infection may modulate humoral immune responses through regulating transcript expression of MAP3KY?. (G) F. hepatica
infection may modulate B-cell receptor signaling through activating growth factor receptor-bound protein 2 transcript expression.

be used by helminth parasites to modulate host innate immune ~ In TLR3 gene-deficient mice, the absence of TLR3 resulted
responses. TLR3 suppression has been demonstrated to play a  in significantly decreased Thl-associated factors (e.g., IL12)
role in promoting Th2 immune responses to S. mansoni infection. ~ and significantly increased Th2 cytokines and chemokines in

Frontiers in Immunology | www.frontiersin.org 10 April 2017 | Volume 8 | Article 485


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Fuetal.

Innate Immunity in Ovine Fasciolosis

response to S. mansoni infection (37). In addition, macrophages
from TLR3 deficient mice were alternatively activated (37). These
data suggest that the absence of TLR3 leads to a strongly skewed
Th2 response during S. mansoni infection. During the early stage
of infection, the penetration and migration of E hepatica can
cause severe injury of liver tissue. To avoid massive immunopa-
thology, E hepatica migrating juveniles have to prevent cells of
the innate immune system promoting a Th1l-adaptive response,
thus making them more likely to drive the development of Th2
immune responses (38). Regulation of TLR3 signaling has been
considered to be involved in this polarization process. Previous
studies have demonstrated that E hepatica cathepsin L1 (FhCL1,
a major component of the excretory-secretory proteins) could
suppress the production of proinflammatory mediators from
LPS-stimulated macrophages by inhibiting TLR3 signaling (38).
In this study, Module 3 extracted from the TLR3/TLR4-associated
subnetwork at the acute stage of infection contains five nodes
that play crucial roles in My88-independent TRIF-dependent
TLR signaling (Figure 1). Among them, IRF3 is an important
transcription factor involved in the downstream regulation of
TLR3-TRIF (39), which regulates type 1 IFNs (e.g., IFN-f), lead-
ing to subsequent induction of iNOS (inducible nitric oxide syn-
thase, encoded by gene NOS2) expression (38, 39). IRF3 showed
significantly decreased expression at the acute stage of infection
(logFC = —7.07) (Table S1 in Supplementary Material), with
similarly low expression levels until the chronic stage of infection
(15). The decreased expression of IRF3 and the related Module 3
might bridge the suppression of TRIF-dependent TLR3 signaling
to the extremely decreased transcript expression of NOS2 during
F hepatica infection observed in our previous study (15). iNOS
catalyzes the conversion of arginine into citrulline and nitric oxide
(NO), which is a defense mechanism in response to pathogen
invasion (40). The suppression of NOS2 transcript expression in
macrophages is an important characteristic of F hepatica infec-
tion (41), which could be one mechanism of immune evasion by
the parasite to avoid damage from host-generated nitric oxide.
Previous studies have shown that FhCL1 can suppress murine
macrophage activation by the degradation of TLR3 protein within
endosomes, rather than downregulation of TRIF and TLR3 tran-
script expression (38). This is consistent with the fact that TRIF
and TLR3 are absent in our DEG datasets. It would be useful to
investigate the effect of FhCL1 on downstream TLR3 signaling,
such as transcript expression of IRF3. Our study also highlighted
an interaction between TLR3 and TLR4 TRIF-dependent path-
ways, which may be affected by FhCL1 (38). However, other as
yet unidentified mechanisms may be involved in the blocking of
TRIF-dependent TLR3/TLR4 pathways induced by E hepatica at
the transcription regulation level.

Toll-like receptor 4 is well known as the receptor for bacterial
endotoxins, several viral proteins, and polysaccharide and plays
a pivotal role in the induction of inflammatory responses (42). In
comparison to TLR3, there are more studies on the association
between TLR4 and E hepatica infection. One previous study
suggested that FhES was capable of inhibiting the activation of
bovine macrophages by TLR4 antagonists, indicating F. hepatica
may modulate the host innate immune response through either
altering the expression of TLR4 or interfering with its subsequent

signaling (43). A recent study suggested that TLR4 may be involved
in E hepatica fatty acid-binding protein (FhFABP) induced
alternative-activation of human macrophages (44). Another
study suggested that FhFABP can inhibit TLR4 activation in
macrophages and suppresses the inflammatory cytokines induced
following incubation of LPS (45). It has also been suggested that
TLR4 plays a crucial role in mediating the activation of a suppres-
sive DC phenotype by two major components of FhES, FhCL1
and FhGST-si (12). However, TLR4 does not always account for
the modulation of host DC. One study has demonstrated that
FhTeg suppresses DC maturation and function independently of
the TLR4 pathway, since it still functioned in DC generated from
TLR4-deficient mice (14). Hence, it can be concluded that dif-
ferent components of E hepatica have diverse influence on TLR4
transcript expression and related signaling, and TLR4 may play
various roles in different cell types during F. hepatica infection.
In the TLR3/TLR4-associated subnetwork from the chronic stage
of infection (Figure 2), JUN has the highest node degree and
betweenness values. JUN encodes the transcription factor c-Jun,
which can be activated and phosphorylated by c-Jun N-terminal
kinases (JNK) (46). Previous studies suggested that JNK was
implicated in the TLR4-mediated intracellular signaling pathway
through which rFhGST-si (the recombinant form of one major
E hepatica secreted protein) signaled to suppress DC maturation
and function (12). Downstream of the JNK signaling pathway, acti-
vated c-Jun, and c-Fos function as subunits of a group of dimeric
transcription factors were collectively referred to as activating
protein (AP-1) that regulate transcript expression of target genes
(47). It has been proposed that AP-1 complexes containing c-Fos
might repress genes that are implicated in DC maturation, since
continued expression of c-Fos was detrimental for DC maturation
(48). In our analysis, genes coding JNK (MAPKS), c-Jun (JUN),
and c-Fos (FOS) were all implicated in the subnetwork from the
chronic stage of infection (Figure 2), and all showed significantly
increased transcript expression levels at this stage (Table S2 in
Supplementary Material). Hence, we hypothesize that activation
of the TLR4-JNK-AP-1 signaling pathway could be a potential
mechanism used by F. hepatica to modulate maturation and func-
tion of host DC during chronic infection.

By comparing the TLR3/TLR4-related subnetworks gener-
ated from acute and chronic stages of infection, we found several
nodes (including LY96, TLR1, TLR4, IRAK1, MAPK3, MAP3K7,
BRCA1, NFKBIB, COPS5, and JUN) that were consistently
involved in both subnetworks (Figure 2), suggesting that these
DEG may play a consistent role in regulation of TLR3/TLR4 func-
tion during E hepatica infection. Among them, LY96 encodes a
protein named lymphocyte antigen 96 (also known as MD?2),
which has been shown to play a role in the binding between LPS
and TLR4 (49). Our group previously proposed that the ability of
FhES to produce M2 macrophages may be partially dependent
on parasite glycan residues, and the interaction between FhES
and TLR4 is possibly involved in this mechanism (43). Given
the consistent expression regulation of LY96 in this study and its
role in TLR4 function, we propose that LY96 is critical in TLR4
recognition of fluke-derived glycan residues and may play a role
in induction of M2 macrophages in the presence of E hepatica
secretory glycoproteins.
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In summary, we provide here the first investigation of gene
networks associated with TLR3/TLR4 signaling/cascade within
PBMC during E hepatica infection, which provides useful infor-
mation for further investigating the roles of TLR3/TLR4 in single
cell types, during helminth infection.

The Connection-First Approach Revealed
a Novel Module Implicated in Intrinsic
Apoptosis in Early Stage of F. hepatica

Infection

Module 6 extracted from the network representing the acute
stage of infection significantly enriched four Reactome pathways
associated with intrinsic apoptosis and shows a general trend of
increased gene expression (Figure 3). This may indicate an acti-
vated intrinsic pathway of apoptosis in PBMC at early stage of E
hepatica infection, which is in agreement with our previous obser-
vations from the IPA pathway “Death Receptor Signaling” and
“Apoptosis Signaling” (15). BH3-only proteins, structurally char-
acterized by the BH3 domain [Bcl-2 homology (BH) domain 3],
are a main pro-apoptotic subgroup in the BCL-2 (B-cell CLL/
lymphoma 2) family that are crucial regulators of apoptosis
during the intrinsic pathway (50). To date, several BH3-only
proteins have been discovered in human and mouse (51). In our
DEG data, there were three BH3-only member genes showing
significantly increased expression during the acute stage of
infection, including BIK (BCL-2-interacting killer; also known
as NBK; logFC = 5.04), BNIP1 (BCL2/adenovirus E1B 19 kDa
interacting protein 1; logFC = 1.69), and BCL2L11 (Bcl-2-like
protein 11; also known as BIM; logFC = 1.43). In addition, one
gene encoding another BH3-only protein, PMAIP1 (phorbol-
12-myristate-13-acetate-induced protein 1; also known as NOXA;
logFC = 3.89), also showed an increased expression in chronic
stage of infection (15). Previous studies have shown that BIM is
likely to be involved in apoptosis of lymphocytes [summarized
from Strasser (50)], and also has a crucial role in the termina-
tion of T-cell immune responses (52, 53). We hypothesize that
these four BH3-only proteins may be associated with previously
observed apoptosis of peripheral blood immune cells during
E hepatica infection (54, 55). Since the top three enriched path-
ways in Module 6 were associated with BH3-only proteins, the
increased expression of these BH3-only genes in the DEG dataset
could be potentially attributed to the activation of Module 6.

The Connection-First Approach
Uncovered a BCR-Associated Module in
the Chronic Stage of F. hepatica Infection

Module 1 extracted from the network representing the chronic
stage of infection shows a general trend of activation and enriched
three BCR-related pathways (Figure 4). Several nodes involved in
all the three pathways were UBA52 (ubiquitin A-52 residue ribo-
somal protein fusion product 1), growth factor receptor-bound
protein 2 (GRB2), IRS2 (insulin receptor substrate 2), MAP3K7
(also known as TAK1), IKBKB, and NFKBIB. BCR plays a critical
role in initiation of B-cell responses and guides cell maturation,
survival, energy, and the production of antibodies in plasma
B-cells (summarized from Dal Porto et al. (56) and Liu et al. (57).

As shown in Figure 4, GRB2 is the most important node in this
module, which has the highest degree and betweenness values.
GRB2 encodes an adapter protein that plays a role in recruiting
and assembling the BCR signalosome and the amplification of its
signal (58, 59). In another RNA-seq study on ovine PBMC fol-
lowing E hepatica infection, the authors suggested that F. hepatica
infection might induce activation of BCR through downregulat-
ing CD22, a negative modulator of BCR (60). Although CD22
was not detected in our DEG dataset, our data do suggest that
the increased transcript expression of GRB2 and the associated
module might be involved in activation of downstream signaling
of BCR during F. hepatica infection. Another highlighted DEG of
interest is MAP3K7, encoding an enzyme that is critical for B-cell
maturation and BCR-mediated B-cell proliferation (61, 62).
It has previously been demonstrated that mice with B-cell-
specific MAP3K7 deficiency have a significantly reduced basal
titers of IgG1, IgG2a/b, IgG3, and IgA in serum compared with
those of control mice (61). In addition, the production of antigen-
specific IgM and IgG1 in response to a T cell-dependent antigen
(nitrophenol-chicken g-globulin) was considerably impaired in
MAP3K7-deficient mice compared with that of controls. This
study indicated that MAP3K?7 is indispensable for in vivo induc-
tion of humoral immune responses as well as isotype switching
(61). Notably, transcript expression levels of MAP3K?7 in our study
consistently decreased from the acute through to the chronic
stage of E hepatica infection (Tables S1 and S2 in Supplementary
Material). It is well known that E hepatica influences IgG1/I1gG2
class-switching and antibody affinity maturation (63-65). Hence,
we propose that the consistent suppression of MAP3K7 and its
role in this module could be implicated in the E hepatica-induced
modulation of BCR signaling and humoral immune responses.

Summary Findings

This study for the first time investigates the global gene expression
changes associated with innate immunity to E hepatica infection
at a systems level. Our findings revealed novel insights into
E hepatica-mediated modulation of host immune responses,
which facilitate parasite survival and chronic infection. The
data from this study will benefit the rational design of vaccines
which to be effective, will need to overcome the extreme parasite-
mediated immunoregulation seen in fasciolosis. As well as their
direct applicability in the design of vaccines for the control of this
major disease of livestock, these insights also contribute to the
general understanding of helminth-mediated immunoregulation
[reviewed in Ref. (66)]. A substantial body of evidence now points
to the multiple layers of immunoregulation and immunodiver-
sion employed by helminths to limit immunopathology and sur-
vive long-term in their hosts. However, a complete mechanistic
understanding of how such profound effects of the host’s immune
system are orchestrated is still developing. Furthering this under-
standing is important not only for advancing helminth vaccinol-
ogy, but also for harnessing similar immunoregulatory strategies
for the treatment of autoimmune and immunopathological states.
Our data were obtained using a complex PBMC population, and
it is, therefore, not surprising that a complex pattern of gene
expression changes was observed. Further verification of specific
pathway changes in individual cell types is an obvious next step.
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FIGURE S1 | Network schematic. The network is presented as an undirected
graph with nodes as protein/DEG (circle) and edges (line) indicating interactions
between two connecting nodes. Node importance is estimated as degree
centrality (the number of connections the node has to other nodes) and
betweenness centrality (the number of shortest paths going through the node).
Green represents nodes with both high degree and betweenness values. Blue
represents nodes with a low degree but high betweenness value. Yellow

REFERENCES

1. Mulcahy G, Dalton JP. Cathepsin L proteinases as vaccines against infection
with Fasciola hepatica (liver fluke) in ruminants. Res Vet Sci (2001) 70(1):83-6.
doi:10.1053/rvsc.2000.0425

2. Keiser J, Utzinger J. Emerging foodborne trematodiasis. Emerg Infect Dis
(2005) 11(10):1507-14. doi:10.3201/eid1110.050614

3. Gonzales Santana B, Dalton JP, Vasquez Camargo F, Parkinson M, Ndao M.
The diagnosis of human fascioliasis by enzyme-linked immunosorbent assay
(ELISA) using recombinant cathepsin L protease. PLoS Negl Trop Dis (2013)
7(9):e2414. doi:10.1371/journal.pntd.0002414

4. Hotez PJ, Savioli L, Fenwick A. Neglected tropical diseases of the Middle East
and North Africa: review of their prevalence, distribution, and opportunities
for control. PLoS Negl Trop Dis (2012) 6(2):e1475. doi:10.1371/journal.
pntd.0001475

5. Brennan G, Fairweather I, Trudgett A, Hoey E, McConville M, Meaney M,
et al. Understanding triclabendazole resistance. Exp Mol Pathol (2007)
82(2):104-9. doi:10.1016/j.yexmp.2007.01.009

6. Overend D, Bowen E Resistance of Fasciola hepatica to triclabendazole. Aust
Vet ] (1995) 72(7):275-6. doi:10.1111/§.1751-0813.1995.tb03546.x

7. Olaechea F, Lovera V, Larroza M, Raffo F, Cabrera R. Resistance of Fasciola
hepatica against triclabendazole in cattle in Patagonia (Argentina). Vet
Parasitol (2011) 178(3-4):364-6. doi:10.1016/j.vetpar.2010.12.047

8. Oliveira DR, Ferreira DM, Stival CC, Romero F, Cavagnolli E Kloss A, et al.
Triclabendazole resistance involving Fasciola hepatica in sheep and goats
during an outbreak in Almirante Tamandare, Parana, Brazil. Rev Bras Parasitol
Vet (2008) 17(Suppl 1):149-53.

9. MacLeod H, Wetzler LM. T cell activation by TLRs: a role for TLRs in the
adaptive immune response. Sci STKE (2007) 2007(402):e48. doi:10.1126/
stke.4022007pe48

represents nodes with a high degree but low betweenness value. Red represents
nodes with a low degree and betweenness value.

FIGURE S2 | Topology of the peripheral blood mononuclear

cell- associated Interactome (336 DEG, acute stage of infection). The
network is presented as an undirected graph with nodes as protein/DEG (green
arrows) and edges (blue arrows) indicating interactions between two connecting
proteins. Node importance was estimated as degree centrality (the number of
connections the node has to other nodes) and betweenness centrality (the
number of shortest paths going through the node). Nodes with higher degree and
betweenness values are darker red and larger, respectively. The top five nodes
with the highest degree or betweenness values are highlighted with blue circles.

FIGURE S3 | A topologic view of the network (186 DEG, Chronic stage of
infection). Red and green nodes represent genes showing increased and
decreased expression, respectively. The top five hub nodes with highest degree
or betweenness values are highlighted with blue circles.

FIGURE S4 | Expression pattern of nine modules extracted from the
network representing acute stage of Fasciola hepatica infection. Red and
green nodes represent genes showing increased/decreased expression,
respectively. The size of nodes is proportional to their betweenness centrality
values. The sequence number is ranked by module size.

FIGURE S5 | Expression patterns of four modules extracted from the
network representing chronic stage of Fasciola hepatica infection. Red
nodes are upregulated and green nodes are downregulated. The size of nodes is
proportional to their betweenness centrality values.

TABLE S1 | InnateDB-curated molecular interactions and associated DEG
from acute stage of Fasciola hepatica infection.

TABLE S2 | InnateDB-curated molecular interactions and associated DEG
from chronic stage of Fasciola hepatica infection.

TABLE S3 | DEG information of TLR3/TLR4 associated subnetwork
extracted from network of acute and chronic stages of Fasciola hepatica
infection.

10. Dalton JP, Robinson MW, Mulcahy G, O'Neill SM, Donnelly S.
Immunomodulatory molecules of Fasciola hepatica: candidates for both
vaccine and immunotherapeutic development. Vet Parasitol (2013) 195
(3-4):272-85. d0i:10.1016/j.vetpar.2013.04.008

Flynn RJ, Mulcahy G, Elsheikha HM. Coordinating innate and adaptive
immunity in Fasciola hepatica infection: implications for control. Vet Parasitol
(2010) 169(3-4):235-40. doi:10.1016/j.vetpar.2010.02.015

Dowling DJ, Hamilton CM, Donnelly S, La Course ], Brophy PM, Dalton J,
et al. Major secretory antigens of the helminth Fasciola hepatica activate a
suppressive dendritic cell phenotype that attenuates Th17 cells but fails to acti-
vate Th2 immune responses. Infect Immun (2010) 78(2):793-801. doi:10.1128/
iai.00573-09

Falcon C, Carranza F, Martinez FF, Knubel CP, Masih DT, Motran CC, et al.
Excretory-secretory products (ESP) from Fasciola hepatica induce tolerogenic
properties in myeloid dendritic cells. Vet Immunol Immunopathol (2010)
137(1-2):36-46. doi:10.1016/j.vetimm.2010.04.007

Hamilton CM, Dowling DJ, Loscher CE, Morphew RM, Brophy PM,
O'Neill SM. The Fasciola hepatica tegumental antigen suppresses dendritic cell
maturation and function. Infect Immun (2009) 77(6):2488-98. doi:10.1128/
1ai.00919-08

Fu Y, Chryssafidis AL, Browne JA, O’Sullivan J, McGettigan PA, Mulcahy G.
Transcriptomic study on ovineimmune responses to Fasciola hepatica infection.
PLoS Negl Trop Dis (2016) 10(9):e0005015. doi:10.1371/journal.pntd.0005015
Breuer K, Foroushani AK, Laird MR, Chen C, Sribnaia A, Lo R, et al. InnateDB:
systems biology of innate immunity and beyond - recent updates and
continuing curation. Nucleic Acids Res (2013) 41(Database issue):D1228-33.
doi:10.1093/nar/gks1147

Kramer A, Green J, Pollard J Jr, Tugendreich S. Causal analysis approaches in
ingenuity pathway analysis. Bioinformatics (2014) 30(4):523-30. doi:10.1093/
bioinformatics/btt703

11.

12.

13.

14.

15.

16.

17.

Frontiers in Immunology | www.frontiersin.org

April 2017 | Volume 8 | Article 485


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://paravac.eu/
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00485/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00485/full#supplementary-material
https://doi.org/10.1053/rvsc.2000.0425
https://doi.org/10.3201/eid1110.050614
https://doi.org/10.1371/journal.pntd.0002414
https://doi.org/10.1371/journal.pntd.0001475
https://doi.org/10.1371/journal.pntd.0001475
https://doi.org/10.1016/j.yexmp.2007.01.009
https://doi.org/10.1111/j.1751-0813.1995.tb03546.x
https://doi.org/10.1016/j.vetpar.2010.12.047
https://doi.org/10.1126/stke.4022007pe48
https://doi.org/10.1126/stke.4022007pe48
https://doi.org/10.1016/j.vetpar.2013.04.008
https://doi.org/10.1016/j.vetpar.2010.02.015
https://doi.org/10.1128/iai.00573-09
https://doi.org/10.1128/iai.00573-09
https://doi.org/10.1016/j.vetimm.2010.04.007
https://doi.org/10.1128/iai.00919-08
https://doi.org/10.1128/iai.00919-08
https://doi.org/10.1371/journal.pntd.0005015
https://doi.org/10.1093/nar/gks1147
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1093/bioinformatics/btt703

Fuetal.

Innate Immunity in Ovine Fasciolosis

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

Xia J, Benner MJ, Hancock RE. NetworkAnalyst - integrative approaches for
protein-protein interaction network analysis and visual exploration. Nucleic
Acids Res (2014) 42(Web Server issue):W167-74. doi:10.1093/nar/gku443
Xia ], Gill EE, Hancock RE. NetworkAnalyst for statistical, visual and
network-based meta-analysis of gene expression data. Nat Protoc (2015)
10(6):823-44. d0i:10.1038/nprot.2015.052

Croft D, Mundo AF, Haw R, Milacic M, Weiser ], Wu G, et al. The reactome
pathway knowledgebase. Nucleic Acids Res (2014) 42(Database issue):D472-7.
doi:10.1093/nar/gkt1102

Lynn DJ, Chan C, Naseer M, Yau M, Lo R, Sribnaia A, et al. Curating the
innate immunity interactome. BMC Syst Biol (2010) 4:117. doi:10.1186/
1752-0509-4-117

Han JD, Bertin N, Hao T, Goldberg DS, Berriz GE, Zhang LV, et al. Evidence
for dynamically organized modularity in the yeast protein-protein interaction
network. Nature (2004) 430(6995):88-93. d0i:10.1038/nature02555

Akira S, Takeda K, Kaisho T. Toll-like receptors: critical proteins linking innate
and acquired immunity. Nat Immunol (2001) 2(8):675-80. doi:10.1038/90609
Takeda K, Akira S. Toll-like receptors. Curr Protoc Immunol (2007) Chapter
14:Unit 14.12. do0i:10.1002/0471142735.im 1412577

Hacariz O, Sayers G, Flynn RJ, Lejeune A, Mulcahy G. IL-10 and TGF-
betal are associated with variations in fluke burdens following exper-
imental fasciolosis in sheep. Parasite Immunol (2009) 31(10):613-22.
doi:10.1111/.1365-3024.2009.01135.x

Cutroneo KR. TGF-beta-induced fibrosis and SMAD signaling: oligo decoys as
natural therapeutics for inhibition of tissue fibrosis and scarring. Wound Repair
Regen (2007) 15(Suppl 1):S54-60. doi:10.1111/j.1524-475X.2007.00226.x
Alvarez Rojas CA, Ansell BR, Hall RS, Gasser RB, Young ND, Jex AR, et al.
Transcriptional analysis identifies key genes involved in metabolism, fibrosis/
tissue repair and the immune response against Fasciola hepatica in sheep liver.
Parasit Vectors (2015) 8:124. doi:10.1186/s13071-015-0715-7

Yu H, Kim PM, Sprecher E, Trifonov V, Gerstein M. The importance of
bottlenecks in protein networks: correlation with gene essentiality and
expression dynamics. PLoS Comput Biol (2007) 3(4):e59. doi:10.1371/journal.
pcbi.0030059

Li Q Verma IM. NF-kappaB regulation in the immune system. Nat Rev
Immunol (2002) 2(10):725-34. d0i:10.1038/nri910

Tone M, Powell M]J, Tone Y, Thompson SA, Waldmann H. IL-10 gene expres-
sion is controlled by the transcription factors Sp1 and Sp3. ] Immunol (2000)
165(1):286-91. doi:10.4049/jimmunol.165.1.286

Brightbill HD, Plevy SE, Modlin RL, Smale ST. A prominent role for Sp1 during
lipopolysaccharide-mediated induction of the IL-10 promoter in macro-
phages. ] Immunol (2000) 164(4):1940-51. doi:10.4049/jimmunol.164.4.1940
Figueiredo AS, Hofer T, Klotz C, Sers C, Hartmann S, Lucius R, et al. Modelling
and simulating interleukin-10 production and regulation by macrophages
after stimulation with an immunomodulator of parasitic nematodes. FEBS |
(2009) 276(13):3454-69. doi:10.1111/j.1742-4658.2009.07068.x

Flynn RJ, Mulcahy G. The roles of IL-10 and TGF-beta in controlling IL-4 and
IFN-gamma production during experimental Fasciola hepatica infection. Int
] Parasitol (2008) 38(14):1673-80. doi:10.1016/j.ijpara.2008.05.008

Rosell R, Skrzypski M, Jassem E, Taron M, Bartolucci R, Sanchez JJ, et al.
BRCA1: a novel prognostic factor in resected non-small-cell lung cancer. PLoS
One (2007) 2(11):€1129. doi:10.1371/journal.pone.0001129

Buckley NE, Hosey AM, Gorski JJ, Purcell JW, Mulligan JM, Harkin DP, et al.
BRCAI regulates IFN-gamma signaling through a mechanism involving the
type I IFNs. Mol Cancer Res (2007) 5(3):261-70. doi:10.1158/1541-7786.
mcr-06-0250

Aksoy E, Zouain CS, Vanhoutte F, Fontaine ], Pavelka N, Thieblemont N,
et al. Double-stranded RNAs from the helminth parasite Schistosoma activate
TLR3 in dendritic cells. J Biol Chem (2005) 280(1):277-83. doi:10.1074/jbc.
M411223200

Joshi AD, Schaller MA, Lukacs NW, Kunkel SL, Hogaboam CM. TLR3
modulates immunopathology during a Schistosoma mansoni egg-driven Th2
response in the lung. Eur ] Immunol (2008) 38(12):3436-49. doi:10.1002/
€ji.200838629

Donnelly S, O'Neill SM, Stack CM, Robinson MW, Turnbull L, Whitchurch C,
et al. Helminth cysteine proteases inhibit TRIF-dependent activation of
macrophages via degradation of TLR3. ] Biol Chem (2010) 285(5):3383-92.
doi:10.1074/jbc.M109.060368

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Sen GC, Sarkar SN. Transcriptional signaling by double-stranded RNA:
role of TLR3. Cytokine Growth Factor Rev (2005) 16(1):1-14. doi:10.1016/j.
cytogfr.2005.01.006
Bogdan C. Nitric oxide synthase in innate and adaptive immunity: an update.
Trends Immunol (2015) 36(3):161-78. doi:10.1016/}.it.2015.01.003
Flynn R], Irwin JA, Olivier M, Sekiya M, Dalton JP, Mulcahy G. Alternative
activation of ruminant macrophages by Fasciola hepatica. Vet Immunol
Immunopathol (2007) 120(1-2):31-40. doi:10.1016/j.vetimm.2007.07.003
Brubaker SW, Bonham KS, Zanoni I, Kagan JC. Innate immune pattern rec-
ognition: a cell biological perspective. Annu Rev Immunol (2015) 33:257-90.
doi:10.1146/annurev-immunol-032414-112240
Flynn RJ, Mulcahy G. Possible role for toll-like receptors in interaction of
Fasciola hepatica excretory/secretory products with bovine macrophages.
Infect Immun (2008) 76(2):678-84. doi:10.1128/iai.00732-07
Figueroa-Santiago O, Espino AM. Fasciola hepatica fatty acid binding protein
induces the alternative activation of human macrophages. Infect Immun
(2014) 82:5005-12. d0i:10.1128/iai.02541-14
Martin I, Caban-Hernandez K, Figueroa-Santiago O, Espino AM. Fasciola
hepatica fatty acid binding protein inhibits TLR4 activation and suppresses the
inflammatory cytokines induced by lipopolysaccharide in vitro and in vivo.
J Immunol (2015) 194(8):3924-36. doi:10.4049/jimmunol. 1401182
Behrens A, Sibilia M, Wagner EF. Amino-terminal phosphorylation of ¢-Jun
regulates stress-induced apoptosis and cellular proliferation. Nat Genet (1999)
21(3):326-9. doi:10.1038/6854
Hess J, Angel P, Schorpp-Kistner M. AP-1 subunits: quarrel and harmony
among siblings. J Cell Sci (2004) 117(Pt 25):5965-73. d0i:10.1242/jcs.01589
Dunand-Sauthier I, Santiago-Raber ML, Capponi L, Vejnar CE, Schaad O,
Irla M, et al. Silencing of c-Fos expression by microRNA-155 is critical for
dendritic cell maturation and function. Blood (2011) 117(17):4490-500.
doi:10.1182/blood-2010-09-308064
Shimazu R, Akashi S, Ogata H, Nagai Y, Fukudome K, Miyake K, et al. MD-2,
a molecule that confers lipopolysaccharide responsiveness on Toll-like
receptor 4. ] Exp Med (1999) 189(11):1777-82. d0i:10.1084/jem.189.11.1777
Strasser A. The role of BH3-only proteins in the immune system. Nat Rev
Immunol (2005) 5(3):189-200. doi:10.1038/nri1568
Lomonosova E, Chinnadurai G. BH3-only proteins in apoptosis and beyond:
an overview. Oncogene (2008) 27(Suppl 1):52-19. doi:10.1038/0nc.2009.39
Pellegrini M, Belz G, Bouillet P, Strasser A. Shutdown of an acute T cellimmune
response to viral infection is mediated by the proapoptotic Bcl-2 homology
3-only protein Bim. Proc Natl Acad Sci U S A (2003) 100(24):14175-80.
doi:10.1073/pnas.2336198100
Hildeman DA, Zhu Y, Mitchell TC, Bouillet P, Strasser A, Kappler J, et al.
Activated T cell death in vivo mediated by proapoptotic bcl-2 family member
Bim. Immunity (2002) 16(6):759-67. doi:10.1016/S1074-7613(02)00322-9
Serradell MC, Guasconi L, Masih DT. Involvement of a mitochondrial path-
way and key role of hydrogen peroxide during eosinophil apoptosis induced
by excretory-secretory products from Fasciola hepatica. Mol Biochem Parasitol
(2009) 163(2):95-106. doi:10.1016/j.molbiopara.2008.10.005
Guasconi L, Serradell MC, Masih DT. Fasciola hepatica products induce
apoptosis of peritoneal macrophages. Vet Immunol Immunopathol (2012)
148(3-4):359-63. doi:10.1016/j.vetimm.2012.06.022
Dal Porto JM, Gauld SB, Merrell KT, Mills D, Pugh-Bernard AE, Cambier J.
B cell antigen receptor signaling 101. Mol Immunol (2004) 41(6-7):599-613.
doi:10.1016/j.molimm.2004.04.008
Liu W, Sohn HW, Tolar P, Pierce SK. It’s all about change: the antigen-driven
initiation of B-cell receptor signaling. Cold Spring Harb Perspect Biol (2010)
2(7):a002295. doi:10.1101/cshperspect.a002295
Engels N, Konig LM, Heemann C, Lutz ], Tsubata T, Griep S, et al. Recruitment
of the cytoplasmic adaptor Grb2 to surface IgG and IgE provides antigen
receptor-intrinsic costimulation to class-switched B cells. Nat Immunol (2009)
10(9):1018-25. doi:10.1038/ni.1764
Seda V, Mraz M. B-cell receptor signalling and its crosstalk with other path-
ways in normal and malignant cells. Eur ] Haematol (2015) 94(3):193-205.
doi:10.1111/ejh.12427
Alvarez Rojas CA, Scheerlinck JP, Ansell BR, Hall RS, Gasser RB, Jex AR.
Time-course study of the transcriptome of peripheral blood mononuclear
cells (PBMCs) from sheep infected with Fasciola hepatica. PLoS One (2016)
11(7):€0159194. doi:10.1371/journal.pone.0159194

Frontiers in Immunology | www.frontiersin.org

April 2017 | Volume 8 | Article 485


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1093/nar/gku443
https://doi.org/10.1038/nprot.2015.052
https://doi.org/10.1093/nar/gkt1102
https://doi.org/10.1186/1752-0509-4-117
https://doi.org/10.1186/1752-0509-4-117
https://doi.org/10.1038/nature02555
https://doi.org/10.1038/90609
https://doi.org/10.1002/0471142735.im1412s77
https://doi.org/10.1111/j.1365-3024.2009.01135.x
https://doi.org/10.1111/j.1524-475X.2007.00226.x
https://doi.org/10.1186/s13071-015-0715-7
https://doi.org/10.1371/journal.pcbi.0030059
https://doi.org/10.1371/journal.pcbi.0030059
https://doi.org/10.1038/nri910
https://doi.org/10.4049/jimmunol.165.1.286
https://doi.org/10.4049/jimmunol.164.4.1940
https://doi.org/10.1111/j.1742-4658.2009.07068.x
https://doi.org/10.1016/j.ijpara.2008.05.008
https://doi.org/10.1371/journal.pone.0001129
https://doi.org/10.1158/1541-7786.mcr-06-0250
https://doi.org/10.1158/1541-7786.mcr-06-0250
https://doi.org/10.1074/jbc.M411223200
https://doi.org/10.1074/jbc.M411223200
https://doi.org/10.1002/eji.200838629
https://doi.org/10.1002/eji.200838629
https://doi.org/10.1074/jbc.M109.060368
https://doi.org/10.1016/j.cytogfr.2005.01.006
https://doi.org/10.1016/j.cytogfr.2005.01.006
https://doi.org/10.1016/j.it.2015.01.003
https://doi.org/10.1016/j.vetimm.2007.07.003
https://doi.org/10.1146/annurev-immunol-032414-112240
https://doi.org/10.1128/iai.00732-07
https://doi.org/10.1128/iai.02541-14
https://doi.org/10.4049/jimmunol.1401182
https://doi.org/10.1038/6854
https://doi.org/10.1242/jcs.01589
https://doi.org/10.1182/blood-2010-09-308064
https://doi.org/10.1084/jem.189.11.1777
https://doi.org/10.1038/nri1568
https://doi.org/10.1038/onc.2009.39
https://doi.org/10.1073/pnas.2336198100
https://doi.org/10.1016/S1074-7613(02)00322-9
https://doi.org/10.1016/j.molbiopara.2008.10.005
https://doi.org/10.1016/j.vetimm.2012.06.022
https://doi.org/10.1016/j.molimm.2004.04.008
https://doi.org/10.1101/cshperspect.a002295
https://doi.org/10.1038/ni.1764
https://doi.org/10.1111/ejh.12427
https://doi.org/10.1371/journal.pone.0159194

Fuetal.

Innate Immunity in Ovine Fasciolosis

61.

62.

63.

64.

65.

Sato S, Sanjo H, Takeda K, Ninomiya-Tsuji J, Yamamoto M, Kawai T,
et al. Essential function for the kinase TAK1 in innate and adaptive
immune responses. Nat Immunol (2005) 6(11):1087-95. doi:10.1038/
nil255

Schuman J, Chen Y, Podd A, Yu M, Liu HH, Wen R, et al. A critical role of
TAKI1 in B-cell receptor-mediated nuclear factor kappaB activation. Blood
(2009) 113(19):4566-74. doi:10.1182/blood-2008-08-176057

Clery D, Torgerson P, Mulcahy G. Immune responses of chronically
infected adult cattle to Fasciola hepatica. Vet Parasitol (1996) 62(1-2):71-82.
doi:10.1016/0304-4017(95)00858-6

Phiri IK, Phiri AM, Harrison L]. Serum antibody isotype responses of Fasciola-
infected sheep and cattle to excretory and secretory products of Fasciola
species. Vet Parasitol (2006) 141(3-4):234-42. doi:10.1016/j.vetpar.2006.
05.019

Mulcahy G, O’Connor F, McGonigle S, Dowd A, Clery DG, Andrews SJ,
et al. Correlation of specific antibody titre and avidity with protection in

66.

cattle immunized against Fasciola hepatica. Vaccine (1998) 16(9-10):932-9.
doi:10.1016/S0264-410X(97)00289-2

Maizels RM, McSorley HJ. Regulation of the host immune system by hel-
minth parasites. ] Allergy Clin Immunol (2016) 138(3):666-75. d0i:10.1016/j.
jaci.2016.07.007

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Fu, Browne, Killick and Mulcahy. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
Jjournal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

15

April 2017 | Volume 8 | Article 485


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/
ni1255
https://doi.org/10.1038/
ni1255
https://doi.org/10.1182/blood-2008-08-176057
https://doi.org/10.1016/0304-4017(95)00858-6
https://doi.org/10.1016/j.vetpar.2006.
05.019
https://doi.org/10.1016/j.vetpar.2006.
05.019
https://doi.org/10.1016/S0264-410X(97)00289-2
https://doi.org/10.1016/j.jaci.2016.07.007
https://doi.org/10.1016/j.jaci.2016.07.007
http://creativecommons.org/licenses/by/4.0/

	Network Analysis of the Systemic Response to Fasciola hepatica Infection in Sheep Reveals Changes in Fibrosis, Apoptosis, Toll-Like Receptors 3/4, and B Cell Function
	Introduction
	Materials and Methods
	Results
	Innate Immunity Interactome Analysis Using InnateDB
	Network Construction of Molecular Interactions Representing Acute/Chronic Stage of F. hepatica Infection
	Function-First Approach Analysis
	Connection-First Approach Analysis
	Connection-First Approach Analysis on Networks Representing the Acute Stage of F. hepatica Infection
	Connection-First Approach Analysis on Networks Representing the Chronic Stage of F. hepatica Infection


	Discussion
	Fibrosis-Associated Interactions in the Acute Stage of F. hepatica Infection
	Hub and Bottleneck Molecules Play Potential Roles in Immune Regulation during F. hepatica Infection
	The Function-First Approach Revealed New Features of TLR3/TLR4 Signaling in the Context of F. hepatica Infection
	The Connection-First Approach Revealed a Novel Module Implicated in Intrinsic Apoptosis in Early Stage of F. hepatica Infection
	The Connection-First Approach Uncovered a BCR-Associated Module in the Chronic Stage of F. hepatica Infection
	Summary Findings

	Author Contributions
	Funding
	Supplementary Material
	References


