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Abstract

Haemonchus contortus has evolved highly integrated and sophisticated mechanisms to promote coexistence with
hosts. The excretory-secretory (ES) products generated by this parasite contribute to the regulation of the host
immune response to facilitate immune evasion and induce chronicity, but the proteins responsible for this process
and the exact cellular mechanisms have yet to be defined. In this study, we identified 114 H. contortus ES proteins
(HCESPs) interacting with host T cells and 15T cell binding receptors via co-immunoprecipitation and shotgun liquid
chromatography-tandem mass spectrometry analysis. Based on bioinformatics analysis, we demonstrated that HcESPs
could inhibit T cell viability, induce cell apoptosis, suppress T cell proliferation and cause cell cycle arrest. Further-
more, the stimulation of HcESPs exerted critical control effects on T cell cytokine production profiles, predominantly
promoting the secretion of interleukin (IL)-10, IL-17A and transforming growth factor-31 and inhibiting IL-2, IL-4 and
interferon-y production. Collectively, these findings may provide insights into the interaction between ES proteins
and key host effector cells, enhancing our understanding of the molecular mechanism underlying parasite immune
evasion and providing new clues for novel vaccine development.

Introduction

Epidemiological data suggest that more than one billion
people worldwide, as well as numerous groups of live-
stock, are infected with at least one species of gastroin-
testinal (GI) nematode [1]. These parasitic species have
evolved sophisticated and highly integrated mechanisms
to reside in the GI tract of the hosts [2]. GI nematodes
can release certain factors, generally termed excretory-
secretory (ES) products or proteins, by actively export-
ing or passively diffusing into the host environment to
ensure survival [2, 3]. To date, the investigation of nema-
tode ES proteins has been incorporated into taxonomic
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composition analysis, immunodiagnostic applications,
and vaccine development [4]. Importantly, increasing
attention has been paid to the immunomodulatory prop-
erties of ES proteins, with multitudinous findings dem-
onstrating the selective immunosuppressive or regulatory
effects of certain nematode products on host immune
cells [5].

The barber’s pole worm, Haemonchus contortus, is
a voraciously blood-feeding and highly pathogenic GI
nematode inhabiting the abomasum of small ruminants
(mainly sheep and goats) [6]. Given its widespread occur-
rence and substantial morbidity among affected animals,
haemonecrosis is one of the most economically impor-
tant parasite diseases, representing a major constraint
on the livestock industry worldwide, especially in tropi-
cal, subtropical and warm climatic zones [7]. H. contor-
tus is transmitted via a complex life cycle involving three
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free-living larval stages and two parasitic stages. After
oral ingestion by the host in contaminated pastures, the
infective third-stage larvae (L3) moult into the parasitic
fourth-stage larvae (L4) via an exsheathment process
triggered by the gastric acidic environment and then
develop into adults, causing severe pathology and nor-
mally inducing chronicity [8].

Unlike the defined rapid and delayed rejection of L3
and IgA-induced hypobiosis toward L4 feeding, little is
known about the exact molecular basis of host protec-
tive mechanisms against adult worm-mediated damage
[9]. Due to anthelmintic resistance and the increasing
demands for drug-free animal production [10], a better
understanding of the mechanisms by which adult worms
regulate host immune responses to promote coexistence
with hosts may contribute to the exploitation of novel
control strategies against H. contortus infection. Impor-
tantly, accumulating evidence has revealed that an array
of adult H. contortus ES proteins (HcESPs), for example,
Hco-gal-m/f [11], HcSTP-1 [12], Miro-1 [13], and Hc-AK
[14], contribute to the facilitation of immune evasion by
suppressing the proliferation of host peripheral blood
mononuclear cells (PBMCs) and the production of pro-
tective cytokines.

Similar to other GI nematodes, host cellular immu-
nity against H. contortus infection is associated with the
establishment of a type 2 immune response characterized
by the secretion of interleukin (IL)-4, IL-5 and IL-13, as
well as the development of a Th1-type immune response
related to chronic infections [9]. As the regulators and
the regulated at the host-parasite interface, T cells play
pivotal roles against GI nematode infections. However,
immunosuppressed hosts cannot generate persistent
and effective anti-nematode immunity clinically due to
the impairment of T cell functions. For instance, CD4%"
Th2 responses were notably inhibited by myeloid-derived
suppressor cells induced by primary Heligmosomoides
polygyrus (HP) infection [15], and HP infection could
also block T cell activation by promoting P-glycoprotein
activity [16]. Moreover, recent studies demonstrated
that ES products derived from GI nematodes contrib-
uted to suppressing host T cell responses, as exemplified
by the inhibition of CD4" and CD8™ T cell proliferation
induced by Ancylostoma caninum and Toxocara canis
ES proteins [17]. However, the exact role of T cells as
putative key effector cells in H. contortus infection is
still poorly understood, and the exact molecular basis
of the regulation between T cells and HcESPs remains
to be elucidated. Based on the stage-specific binding of
HCcESPs to host PBMCs in vivo [18] and the immuno-
suppressive effects of HCESPs on PBMCs in vitro [19],
the aim of this study was to characterize the interactions
between HcESPs and host T cells, as well as to elucidate
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the immunomodulatory potential of HcESPs in the T
cell-mediated immune response. To our knowledge, this
is the first proteomics-guided comprehensive investiga-
tion of the relevance of HCESPs to host key effector cells.

Materials and methods

Ethics statement

All experimental protocols were reviewed and approved
by the Science and Technology Agency of Jiangsu Prov-
ince (Approval No. SYXK (SU) 2010-0005). All animal
experiments were performed in strict compliance with
the guidelines of the Animal Welfare Council of China.
All efforts were made to minimize the suffering of ani-
mals, and daily health checks were performed through-
out the experiments.

Parasite, animals and cells

The H. contortus strain was preserved in the laboratory
of veterinary parasitology at Nanjing Agricultural Uni-
versity. Worms were maintained and propagated by serial
passage in nematode-free goats (5—-6 months old). The
recovery procedures for the eggs and L3 of H. contortus
were performed as previously described [20].

Sprague—Dawley (SD) rats (body weight ~150 g) were
purchased from the Experimental Animal Center of
Jiangsu, China (quality certificate: SCXK 2008-0004) and
were raised in a sterilized room with free access to steri-
lized food and water.

Local crossbred and healthy goats (5—6 months of age)
were reared in individually ventilated cages to prevent
accidental infection with nematodes. They were fed with
hay and whole shelled corn and provided water ad libitum
in pens. Peripheral venous blood samples were obtained
by venipuncture from these goats, and the isolation of
goat PBMCs was conducted as previously described
[21]. Total T cells were sorted from goat PBMCs by a
magnetic-activated cell sorting (MACS) system (Milte-
nyi Biotech, Auburn, CA, USA) as described elsewhere
[22]. Briefly, freshly isolated PBMCs were resuspended
to a density of 1x 10° cells/mL in phosphate-buffered
saline containing 2 mM EDTA and 0.5% bovine serum
albumin (BSA, Sigma, St. Louis, MO, USA). Then, 1 x 10°
PBMCs in 100 pL of staining buffer were incubated with
10 pL of mouse anti-bovine CD2 primary antibody (Bio-
Rad Inc, Kidlington, UK), which was cross-reacted with
goat T cells at room temperature for 30 min. After two
washes, 1 x 107 total cells in 100 pL of staining buffer
were labelled with 10 pL of anti-FITC MicroBeads
(Miltenyi Biotec) at room temperature for 15 min. Sub-
sequently, the cell suspension was loaded on a MACS MS
Column (Miltenyi Biotec) placed in the magnetic field of
the MACS Separator (Miltenyi Biotec). The magnetically
labelled T cells were retained in the column, while the
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unlabelled cells passed through the column. After remov-
ing the column from the MACS Separator, T cells were
eluted as the positively selected cell fraction. The T cells
were then resuspended to a density of 1 x 10° cells/mL
in RPMI 1640 (Gibco, Grand Island, NY, USA) contain-
ing 100 U/mL penicillin and 100 mg/mL streptomycin
(Gibco) and 10% heat-inactivated foetal calf serum (FCS,
Gibco). The viability of the T cells was>95%, as assessed
by the trypan blue exclusion test. The purity of isolated
T cells was above 95%, as measured by flow cytometry.
Three biological replicates (three goats) were used in
each experiment.

Collection of HCESPs and generation of polyclonal
antibodies

HCcESP collection was performed following standard pro-
cedures as previously described [18]. Briefly, adult worms
were obtained from the abomasum of experimentally
infected goats, washed with PBS containing 1% penicil-
lin/streptomycin (Gibco) five times, seeded into 6-well
culture plates (100 worms per well), and cultured in 1%
PS/RPMI-1640 (Gibco) at 37 °C for 24 h with worm via-
bility assessment and medium exchange every 6 h. The
supernatant containing HcESPs was harvested, pooled,
centrifuged, filtered, and concentrated with an Amicon
Ultra centrifugal tube with a 3-kD molecular weight cut-
off (Merck Millipore, Bedford, MA, USA). HCESP con-
centrations were measured by the Bradford assay, and
HCcESP samples were stored at —80 °C until further anal-
ysis. Five biological replicates (five goats) were used for
HcESP collection.

To generate polyclonal antibodies against HcESPs,
300 pg of HcESPs blended with Freund’s complete adju-
vant was injected subcutaneously into SD rats for pri-
mary immunization. SD rats were later boosted four
times with the same dose of HCESPs mixed with Freund’s
incomplete adjuvant at 2-week intervals. One week after
the last injection, rat sera containing specific anti-HcESP
antibodies were collected and stored at —80 °C for later
use.

Immunoblot analysis

HcESP samples were resolved on 12% SDS-PAGE gels
and then electrotransferred onto nitrocellulose mem-
branes. Subsequently, the membranes were blocked with
5% skim (non-fat) milk in Tris-buffered saline contain-
ing 0.1% Tween-20 (TBST) for 1 h at room temperature
before probing with the primary antibodies (anti-HcESP
antibodies or normal rat IgG, 1:500 in TBST) overnight
at 4 °C. After five washes, the membranes were incubated
with horseradish peroxidase (HRP)-conjugated rab-
bit anti-goat IgG (H+L) secondary antibody (Sigma) in
TBST (1:2000) for 1 h at 37 °C. Immunoreactions were
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detected using 3,3'-diaminobenzidine (DAB, Sigma)
as a chromogenic substrate after 3-5 min of colour
development.

Immunofluorescence assay

Immunocytochemistry assays were performed to verify
the interaction of HcESPs with goat T cells as previously
described [11]. Briefly, freshly sorted T cells (1 x 10°
cells/mL) were incubated with 20 pg/mL HcESPs at
37 °C for 6 h. After five washes, the cells were fixed with
4% paraformaldehyde for 20 min at room temperature,
permeabilized by 0.5% Triton X-100 in PBS for 5 min
and blocked with 4% BSA in PBS for 30 min to mini-
mize background staining. Subsequently, the cells were
treated with rat anti-HcESP polyclonal antibody (1:100)
or normal rat IgG (control) in a humidified atmosphere
at 37 °C for 1 h, followed by staining with Cy3-coupled
secondary antibody (1:500) at room temperature for
30 min. 2-(4-Amidinophenyl)-6-indole carbamidinedihy-
drochloride (DAPI, Sigma) was used for nuclear staining.
Immunofluorescence-labelled cells were imaged at 100x
magnification using a Zeiss LSM710 laser scanning con-
focal microscope (Zeiss, Jena, Germany). Digital images
were analysed by Zen 2012 imaging software (Zeiss).
Each experiment was performed in triplicate.

Co-immunoprecipitation (co-IP) assays

Co-IP assays were performed to determine the proteins
of HcESPs that interacted with goat T cells using Protein
A/G PLUS-Agarose (Santa Cruz Biotechnology, Texas,
USA) as described elsewhere [21]. The goat T cells were
incubated with 20 pg/mL HcESPs at 37 °C with 5% CO,
for 6 h. After three washes with PBS, the cell pellets
were lysed with Pierce” IP Lysis Buffer (Thermo Fisher
Inc, Rockford, IL, USA) containing Halt protease inhibi-
tor cocktail and phosphatase inhibitor cocktail (Thermo
Fisher). The cell lysates were collected after centrifu-
gation at 12 000x rpm for 10 min at 4 °C, followed by
preclearing with 2.0 pg of normal rat IgG and 40 pL of
Protein A/G PLUS-Agarose at 4 °C for 30 min. After
pretreatment, duplicate cell lysates (1 mg) were incu-
bated overnight at 4 °C with rat anti-HcESP IgG as the
IP sample and normal rat IgG as the negative control
sample. Immune complexes were precipitated with 40 uL
of Protein A/G PLUS-Agarose at 4 °C for 4 h. After four
washes with IP lysis buffer, the immunoprecipitates were
collected and resuspended in 80 pL of 1 x SDS loading
buffer. The resulting protein samples were resolved on a
12% SDS-PAGE gel and then transferred onto nitrocellu-
lose membranes. The membranes were probed with rat
anti-HcESP IgG as the primary antibody for Western blot
analysis. Each experiment was performed in triplicate.
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Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) and bioinformatics analysis

Identification of the immunoprecipitates was performed
by in-solution trypsin digestion and LC-MS/MS analy-
sis using a Q Exactive instrument (Thermo Finnigan,
San Jose, CA, USA) at Shanghai Applied Protein Tech-
nology Co., Ltd., as previously described [18]. Based
on the corresponding UniProt database of the H. con-
tortus genome, the raw files from the LC-MS/MS tests
were analysed using Mascot 2.2 search software (v.2.2,
Matrix Science, London, UK), specifying carbamido-
methyl (C) as the fixed modification and oxidation (M)
as the dynamic modification and allowing less than two
missed cleavages. Meanwhile, all the identified peptides
were screened by false discovery rate (FDR)<0.01 and
Mascot score > 20. After the multi-analysis stated above,
proteins with > 2 unique peptides in three biological rep-
licates were thought to be the identified interacting pro-
teins. Gene Ontology (GO) annotation of parasite and
host interacting proteins was performed for functional
classification based on the categories of molecular func-
tion, cellular component and biological process using
Blast2GO based on the BLASTP results.

Cell viability

The effects of the HcESPs on the viability of goat T cells
were determined using the cell counting kit-8 (CCK-8)
assay (Dojindo, Kumamoto, Japan) as described else-
where [11]. T cells activated with concanavalin A (ConA,
5 pg/mL, Sigma) were treated with serial dilutions of
HcESPs (0, 10, 20, 40 and 80 pg/mL) at 37 °C with 5%
CO, in a humidified atmosphere. Following 24 h of incu-
bation, 10 pL of CCK-8 reagent was added for another 4 h
of incubation in the dark. The optical density at 450 nm
(OD450) was measured using a microplate reader (Bio-
Rad, Hercules, California, USA). Three independent
experiments were performed, and each experiment was
performed in triplicate.

Cell apoptosis assay

Flow cytometry analysis of apoptosis was performed as
previously described using the Annexin V-PE Kit (BD
Biosciences, San Jose, California, USA) [21]. Briefly,
freshly isolated T cells were incubated with different con-
centrations of HcESPs (0, 10, 20, 40 and 80 ug/mL) for
24 h followed by staining with Annexin V and 7-ami-
noactinomycin D (7-AAD) according to the manufactur-
er’s protocols. Unstimulated goat T cells were used as a
negative control. The apoptosis rate was calculated from
the percentage of early (AnnexinV7AAD™) and late
(AnnexinVt7AADT™) apoptotic T cells. Three individual
experiments, each consisting of three replicates, were
carried out.

Page 4 of 14

Cell proliferation assay

Cell proliferation assays were performed by directly
measuring DNA synthesis using an Alexa Fluor 647
click-iT plus EAU flow cytometry kit (Thermo Fisher)
according to the manufacturer’s instructions. 5-Ethynyl-
2’-deoxyuridine (EdU, 10 pM) was added to the culture
medium for a 12-h incubation in a humidified atmos-
phere at 37 °C with 5% CO, at the end of the 12-h coin-
cubation (0, 10, 20, 40, 80 pug/mL HcESPs with T cells)
period. Subsequently, T cells were fixed with 4% para-
formaldehyde in PBS and permeabilized with Click-iT
saponin-based permeabilization and wash reagent, fol-
lowed by Click-iT reaction to couple EAU with the Alexa
Fluor 647 dye. After two washes with 3 mL of 1% BSA in
PBS, T cells were treated with 7-AAD Staining Solution
(BD Biosciences), and standard flow cytometry methods
were used to determine the percentage of S-phase cells in
the population. Each experiment consisting of three rep-
licates was performed in triplicate.

Cell cycle analysis

Cell cycle analysis was performed following the manufac-
turer’s DNA staining protocol for flow cytometry. During
the 24-h coincubation with HcESPs (20 ug/mL) at 37 °C
in a humidified atmosphere with 5% CO,, T cells were
collected at different time points (0, 6, 12, 18 and 24 h),
washed and fixed with ice-cold 75% ethanol. After incu-
bation at —20 °C for 12 h, the cells were washed twice to
remove the ethanol and resuspended in PI/RNase stain-
ing buffer (1 x 10° cells/500 pL, BD Biosciences) for flow
cytometry analysis. Three independent experiments
were performed, and each experiment was performed in
triplicate.

Transcription analysis of candidate genes

T cells treated with various concentrations (0, 10, 20, 40
and 80 pg/mL) of HcESPs for 24 h were harvested for
cell apoptosis analysis, and T cells treated with 20 pg/
mL HcESPs for different durations (0, 6, 12, 18 and 24 h)
were collected for cell cycle analysis. Total RNA samples
were extracted, and the resulting cDNA was synthesized
by reverse transcription PCR in accordance with the
manufacturer’s specifications. Transcriptional analysis of
candidate genes was conducted by real-time PCR with a
standard procedure on a QuantStudio 3 Real Time PCR
System (Applied Biosystems, Carlsbad, CA, USA) using
published specific primers for endogenous reference
genes and target genes (Additional file 1) [21, 23-30].
The amplification efficiencies and correlation coefficients
were verified to be stable and similar, and the relative
mRNA expression levels of candidate genes were calcu-
lated by the 272" method. Each experiment was per-
formed in triplicate.
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Enzyme-linked immunosorbent assay (ELISA) for cytokine
secretion

Detection of cytokine secretion was performed using
goat IL-2, IL-4, IL-10, IL-17A, interferon (IFN)-y and
transforming growth factor (TGF)-B1 ELISA kits (Mlbio,
Shanghai, China). Fresh isolated T cells activated by
ConA were incubated with the presence of HcESPs (0,
10, 20, 40 and 80 pg/mL) for 24 h in a humidified atmos-
phere with 5% CO, at 37 °C. The supernatants were col-
lected and assayed for cytokine production according
to the manufacturer’s protocols. The limits of detection
were between 2 and 800 pg/mL depending on the ana-
lytic assay. Each experiment was performed in triplicate.

Statistical analysis
Statistical analysis by one-way ANOVA for significant
differences was performed using GraphPad Premier
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6.0 software (GraphPad Prism, San Diego, CA, USA).
P<0.05 was considered to be statistically significant. Data
are expressed as the mean =+ standard deviation (SD).

Results

HCESP collection and rat anti-HcESP IgG generation

To identify the highly concentrated HcESPs obtained via
in vitro culture, ~50 pg of HcESPs were separated by 12%
SDS-PAGE gels. The Comus bright blue stain showed
that the molecular weights of the collected HcESPs
ranged from~10 kD to~180 kD (Figure 1A, lane 1).
Western blot analysis revealed that rat anti-HcESP IgG
(Figure 1A, lane 2) recognized all the bands of natural
HcESPs distributed from ~10 kD to ~180 kD, but the con-
trol normal rat IgG (Figure 1A, lane 3) did not recognize
any band, indicating that the rat anti-HcESP IgG was spe-
cific to the HcESPs.

standard protein molecular marker.
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Figure 1 Confirmation of the interaction between HcESPs and goat T cells and identification of the immune complexes from the
interacting proteins by co-IP assays. A Collection of HcESPs and generation of rat anti-HcESP IgG. Lane 1: SDS-PAGE analysis of HCESPs; lane 2:
Immunoblot analysis of HCESPs using rat anti-HcESP IgG as the primary antibody; lane 3: Immunoblot analysis of HCESPs using normal rat IgG as the
negative control. B Goat T cell sorting by MACS. The purity of the isolated T cells was above 95%, as indicated by flow cytometry analysis. C Binding
of HcESPs to goat T cells in vitro. The immunocytochemistry assays were performed using rat anti-HcESP IgG or normal rat IgG (control). DAPI

(blue) and Cy3-conjugated secondary antibodies (red) were utilized for dual staining. T cells stimulated in the absence (a) or presence (b) of HcESPs
were incubated with rat anti-HcESP IgG as the primary antibody. T cells pretreated with HCESPs were incubated with normal rat IgG as the primary
antibody (c). Scale bars, 50 um. D The interaction between HcESPs and T cells was tested by co-IP assays. Lane 1: SDS-PAGE analysis of the cell lysates
precipitated by rat anti-HcESP IgG; lane 2: SDS-PAGE analysis of the cell lysates precipitated by normal rat IgG (control); lane 3: Western blot analysis
of the cell lysates precipitated by rat anti-HcESP IgG; lane 4: Western blot analysis of the cell lysates precipitated by normal rat IgG (control); lane M:
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T cell sorting and the binding of HcESPs to goat T cells

in vitro

Freshly sorted goat T cells with a purity of>95% were
obtained by positive selection and used for functional
and immunological studies (Figure 1B). The interactions
of HcESPs with goat T cells in vitro were investigated by
immunocytochemistry assays. The immunostaining results
showed that intense red fluorescence resulting from tag-
ging HcESP proteins with specific rat anti-HcESP IgG was
detected in HcESP-pretreated T cells (Figure 1C, panel b),
indicating the cytomembrane and cytoplasmic localization
of HcESPs. However, no red fluorescence was observed in
either unstimulated cells labelled with rat anti-HcESP IgG
(Figure 1C, panel a) or HCESP-pretreated cells labelled with
normal rat IgG (Figure 1C, panel c).

Co-IP assays and LC-MS/MS analysis

Based on the positive results of the immunostaining assay,
co-IP assays were conducted in HcESP-stimulated T cells.
The immune complexes resolved on 12% SDS-PAGE
gels were extracted from the interacting proteins using
rat anti-HcESP IgG (Figure 1D, lane 1) or normal rat IgG
(Figure 1D, lane 2) as the IP antibody. Consistent with
the observation from Coomassie brilliant blue staining,
Western blot analysis demonstrated that the interacting
proteins were present in rat anti-HcESP IgG-precipitated
immune complexes, as indicated by the multiple detected
bands ranging from~20 kD to~180 kD (Figure 1D, lane
3). However, no significant protein bands, except those for
the heavy and light chains of normal rat IgG, were detected
in normal rat IgG-precipitated immune complexes (Fig-
ure 1D, lane 4). The immunoprecipitates detected by
LC-MS/MS analysis were identified by extraction and
quantification of the peptides obtained by digestion. A total
of 114 matched ES proteins with unique peptides and 15
T cell binding partners are given in Additional file 2 and
Additional file 3, respectively. Among the interacting ES
proteins, a variety of enzymes, namely, hydrolase, pro-
teases, acyltransferase, kinases, phosphatases, and lipases,
were identified. Meanwhile, protein transporters, ion-bind-
ing proteins, conserved regulatory proteins such as ubiq-
uitin and Ras, and conserved structural proteins such as
histones, actins, collagen and actin-binding proteins were
identified. Furthermore, proteins with unknown functions,
as well as novel proteins that are yet to be annotated, were
also detected in this study (Additional file 2). Importantly,
the goat FasL protein was confirmed as being present
among the 15 T cell binding proteins (Additional file 3).
The association of FasL with its receptor Fas may trigger
the transmembrane signalling of an apoptotic pathway that
plays a vital role in cellular development and immune regu-
lation [31].
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Bioinformatics analysis

Blast2GO was used to identify the GO terms for the 114 ES
proteins and 15 T cell binding receptors. Of these 114 ES
proteins, 98 were annotated into 12 subcategories of cellular
component terms. In contrast, 35 proteins were enriched
in 14 subcategories of biological process terms, and 62 pro-
teins were assigned to 20 subcategories of molecular func-
tion terms (Figure 2A). Consistent with previous proteomic
analyses [18, 32, 33], serine-threonine/tyrosine protein
kinases and histidine/tyrosine phosphatases were enriched
in protein kinase/phosphatase activity subcategories in this
study. Both protein kinases and phosphatases are key regu-
lators of cellular functions and are particularly prominent
in signal transduction and coordination involved in the cell
cycle, cell survival, protein—protein interaction, and inflam-
mation [34, 35]. Notably, 67.5% of the identified ES proteins
(n=77) were enriched in binding activity terms, namely,
ion binding, substrate compound binding, and nucleic acid
binding. Proteins involved in these functions are normally
associated with energy metabolism, signalling, and tran-
scription [36—38]. As external stimuli, these exogenous
proteins may bind to host T cells, interfere with the intra-
cellular homoeostatic balance and disrupt multitudinous
cellular functions. Additionally, among the GO terms of T
cell binding proteins, cellular component terms were allo-
cated to the extracellular space (n=4) and integral compo-
nent of membrane (n=3) subcategories. Biological process
terms were allocated to the DNA repair (n=2), apoptotic
process (n=2) and immune response (#=2) subcategories,
and molecular function terms were grouped into the DNA
binding (n=3) and ATP binding (n=2) subcategories (Fig-
ure 2B). In particular, as GO annotation revealed that T
cell binding receptors were enriched in biological process
terms associated with cell apoptosis and immunomodula-
tion, which were mainly attributed to the functional anno-
tation of FasL, it is likely that the external stimuli of HCESPs
played a pivotal role in the regulation of T cell survival and
growth, as well as the T cell immune response.

HCcESPs affected cell viability and induced cell apoptosis

To verify the new clues from GO annotation indicating
that HCESP stimuli might affect T cell growth and sur-
vival, we further investigated the biological effects of
HcESPs on the viability of goat T cells. Consistent with
this hypothesis, our data showed that the viability of
goat T cells was significantly inhibited by treatments
with 10 pg/mL (P<0.05), 20 pg/mL (P<0.01), 40 pg/mL
(P<0.01) and 80 pg/mL (P<0.01) HcESPs (Figure 3A).
Furthermore, an Annexin V-PE/7-AAD dual staining kit
was used to test the pro-apoptotic effects of HCESPs on T
cells in this study. Flow cytometry analysis demonstrated
that treatment with HcESPs dramatically promoted T cell
apoptosis in a dose-dependent manner compared to the
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A Gene Ontology Profiling
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control group (P<0.05) (Figure 3B). Concurrently, tran- T cell apoptosis by HcESPs. Treatment with > 20 pg/mL
scriptional analysis of key genes in Fas-mediated apop- ~ HcESPs significantly upregulated the mRNA transcripts
totic signal pathways further confirmed the induction of  of FasL (P<0.05), Fas (P<0.01), FADD (P<0.05), BID
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apoptosis via the upregulation of the transcription of sev-

er, eral essential genes in the apoptosis pathway.

these data revealed that HcESP stimuli induced T cell
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HCcESPs suppressed cell proliferation and induced cell cycle
arrest

As apoptosis, proliferation and the cell cycle are inter-
connected cellular movements, we next explored the
influence of HcESP stimuli on the cell proliferation and
cell cycle of host T cells. In a dose-dependent manner,
treatment with HcESPs significantly inhibited the pro-
liferation of T cells in vitro, as indicated by the decreas-
ing percentage of cells in S phase compared with control
cells (P<0.05) (Figure 4A). Given that the treatment
with 20 pg/mL HcESPs had significant biological effects
on cell viability, apoptosis and proliferation, as well as
the transcription of certain key genes, we next treated
T cells with 20 pg/mL HcESPs for cell cycle determina-
tion. Flow cytometry analysis with PI staining revealed
that HcESP stimuli induced cell cycle arrest at G1 phase
in a time-dependent manner, as indicated by the increas-
ing percentage of cells in G1 phase (P<0.01) and the
decreasing percentage of cells in S phase (P<0.01) (Fig-
ure 4B). Consistent with the above findings, real-time
PCR analysis of key genes in G1/S checkpoints and G2/M
checkpoints showed that the transcription of CCND1
(P<0.05), CCNE1 (P<0.05), CDK4 (P<0.05), CDK6
(P<0.05) and CDK2 (P<0.05) was significantly down-
regulated, whereas no significant transcriptional changes
in CCNB1 or CDK1 were observed (Figure 4C). In addi-
tion, the transcription of essential genes in the Akt/PKB
pathway that regulate cell proliferation and cell growth
was also detected in this study. The transcripts of FoxO1
(P<0.05), p21 (P<0.05) and p27 (P<0.05) were dramati-
cally enhanced, while Akt1 transcription was significantly
suppressed (P<0.05) (Figure 4C). Collectively, HcESP
stimuli restrained T cell proliferation and caused T cell
cycle stalling at the G1 phase.

ELISA assays

To investigate the modulatory effects of HcESPs on T
cell cytokine production, the secretion of IL-2, IL-4,
IL-10, IL-17A, IFN-y, and TGF-f1 was examined by
ELISA in this study. The results showed that goat T cells
exposed to HcESPs changed their cytokine production
profile (Figure 5). The production of IL-2 was predomi-
nantly inhibited by stimulation with 10 pg/mL (P<0.05),
20 pg/mL (P<0.001), 40 pg/mL (P<0.0001) and 80 pg/
mL (P<0.0001) HcESPs. IL-17A secretion was signifi-
cantly promoted by treatment with 20 pug/mL (P<0.05),
40 pg/mL (P<0.01) and 80 pg/mL (P<0.001) HcESPs.
Meanwhile, treatment with 40 pg/mL and 80 pg/mL
HcESPs dramatically inhibited IL-4 (P<0.01 and P<0.01,
respectively) and IFN-y production (P<0.01 and P<0.05,
respectively). Importantly, a high dose of HcESPs (80 pg/
mL) promoted the secretion of IL-10 (P<0.01) and TGF-
B1 (P<0.001) (Figure 5). Taken together, the results show
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that HCESP stimuli mainly played an immunosuppres-
sive role in the T cell immune response via alteration of
cytokine secretion profiles.

Discussion

For decades, significant efforts have been made to iden-
tify the composition and structure of HcESPs from dif-
ferent developmental stages to better understand the
pathophysiology and develop novel controls. Yatsuda
et al. identified 107 adult HcESPs recognized by anti-H.
contortus serum for the first time [39], whereas Wang
et al. recently characterized 878 unique proteins in ES
products from different life-cycle stages [40]. Here, we
identified 114 adult ES proteins that interacted with goat
T cells through co-IP and LC-MS/MS analysis. Notably,
a cascade of proteolytic peptidases, including aspartic
peptidases and metallopeptidases, was identified from
these interacting ES proteins and is postulated to play
crucial roles in larval development, adult survival and
reproduction via the digestion or degradation of host
haemoglobin [41, 42]. Similarly, comparable expression
of these peptidase family members in ES products was
reported in a series of blood-feeding nematodes, such
as A. caninum [43), Necator americanus [44], and Ancy-
lostoma ceylanicum [45]. Simultaneously, other essen-
tial molecules, e.g., C-type lectins (CLECs) and venom
allergen-like proteins (VALs), were detected in the cur-
rent study. As members of the lectin superfamily, CLECs
engage in a diverse set of immune regulation processes
by glycan binding and are as indispensable to nematode
survival as the secretome [46, 47]. Given their wide dis-
tribution and potential binding with the host, CLECs
have been speculated to be immunomodulators in para-
site-host interactions or parasitic immune evasion [47].
In addition, recent studies reported abundantly secreted
VAL:s in ES products that caused severe damage to host
tissue, favouring the establishment of persistent infec-
tions during parasitism, and VALs could inhibit innate
immune responses and remodel the extracellular matrix
[48].

In this study, our preliminary bioinformatics analysis
revealed that HCESP stimuli might affect T cell growth
and survival, based on the identification of FasL, a bind-
ing ligand of Fas. Apoptosis can be induced through the
activation of death receptors, including Fas, TNFaR,
DR3, DR4, and DR5, by their respective ligands [49].
Consistent with the GO annotation, our data proved that
HcESP stimuli dramatically inhibited T cell viability and
induced cell apoptosis. Generally, death receptor ligands
initiate signalling via receptor oligomerization, which
in turn results in the recruitment of specialized adaptor
proteins and activation of caspase cascades [31]. Regard-
ing Fas-mediated signalling, Fas trimerization resulting
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from binding to FasL leads to recruitment of the initiator
Caspase-8 via the adaptor protein FADD, inducing Cas-
pase-8 oligomerization and activation via autocatalysis.
Subsequently, activated Caspase-8 stimulates apoptosis
by directly cleaving and activating Caspase-3 or alterna-
tively cleaving Bid, which is a pro-apoptotic Bcl-2 fam-
ily protein. Then, truncated Bid (tBid) translocates to
mitochondria, facilitating the release of cytochrome c
to activate Caspase-9 and Caspase-3 sequentially [50,
51]. In this study, HcESPs exerted modulatory effects
on the transcript levels of several essential genes in the
Fas-mediated death receptor pathway. The mRNA tran-
scription of FasL, Fas, FADD, Bid, Caspase-3, Caspase-8
and Caspase-9 was notably upregulated due to HcESP
stimulation, indicating a potential mechanism of HcESP-
induced intrinsic and extrinsic apoptosis of T cells.

Cell apoptosis, the cell cycle, and cell proliferation are
fundamental and ultimately linked processes. Analogous
to its pro-apoptotic effects, HCESP stimuli repressed cell
proliferation in a dose-dependent manner. In eukary-
otic cells, cell cycle progression is controlled by the G1/S
checkpoint via CDK4/6-Cyclin D and CDK2-Cyclin E
kinase complexes and the G2/M checkpoint via the Cyc-
lin B-cdc2 (CDK1) complex [52, 53]. Here, PI/RNase
staining results revealed that HcESP stimuli induced
cell cycle arrest at the G1 phase in a time-dependent

manner. Furthermore, the commitment of T cells to enter
from the G1/S phase into G2/M phase was prevented
by HcESPs through the downregulation of CCNDI,
CDK4/6, CCNE1, and CDK2 transcription. The serine/
threonine kinase Akt contributes to cell proliferation by
phosphorylating the CDK inhibitors p21 and p27, both
of which have direct inhibitory modification effects on
CDK?2 [54]. Akt also has multistep inhibitory modifying
effects on Cyclin D via GSK-3p [55]. Importantly, Akt
is a major mediator of cell survival through direct inhi-
bition of pro-apoptotic proteins such as Bad or inhibi-
tion of pro-apoptotic signals generated by transcription
factors such as FoxO [56]. Based on these associations,
we found that Aktl transcription was significantly sup-
pressed, whereas p21, p27 and FoxO1 transcription was
strongly promoted, in HCcESP-treated T cells. Given that
FoxO1 induces apoptosis by upregulating the pro-apop-
totic molecule FasL and CDK2 directly phosphorylates
FoxO1 [57], the associations among FasL, FoxO1, CDKs,
Cyclin proteins and Akt represent complex regulation by
HCcESP stimuli that can act via the alteration of mRNA
transcription of key genes in the AKT/PKB pathway to
mediate cell cycle arrest and apoptosis. Collectively, this
could be the mechanism by which HcESPs regulate cell
apoptosis, the cell cycle and the proliferation of goat T
cells. However, due to the lack of available goat immune
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reagents, we only checked the expression of several key
molecules at the transcription level in this study. Details
regarding the regulation of these molecules at the protein
level, along with the associated pathways, merit further
investigation. As there is currently no literature reveal-
ing the physiological dose range of HcESPs, we employed
serial dilutions of HcESPs (0, 10, 20, 40 and 80 pg/mL)
for functional studies and demonstrated that 20 pg/mL
was the best reference concentration that had a signifi-
cant impact on cell viability, apoptosis, proliferation and
the cell cycle. However, under the circumstance of natu-
ral infection, whether the accumulation of HcESPs in H.
contortus-infected goats could reach this relevant dose
(20 pg/mL) to induce notable suppression effects on T
cells is still unclear, and further efforts are needed to vali-
date this hypothesis.

Generally, immunomodulation by ES proteins of para-
sitic helminths has several predominant features: mediat-
ing Th2 responses as exemplified by the secretion of IL-4;
inducing the generation of anti-inflammatory cytokines,
including IL-10 and TGEF-p; inhibiting lymphocyte acti-
vation; blocking pro-inflammatory and Thl cytokines
such as IL-2 and IFN-y; and regulating Treg and Th17
responses [4, 58]. Consistent with these findings, HCESPs
significantly suppressed the secretion of IL-2, IL-4 and
IEN-y, indicating that HcESP stimuli exerted critical
control effects on Th2 and Thl responses. Although the
reduced IL-2, IL-4 and IFN-y secretion might be asso-
ciated with the inhibition of cell viability and prolifera-
tion, we could not precisely determine IL-2/IL-4/IFN-y
production on a per cell basis here, and we could not
determine the exact proportion of IL-2*/IL-4T/IFN-y* T
cells among total T cells. Thus, whether the reduction in
IL-2/IL-4/IFN-y production resulted from HcESP stimuli
causing reduced numbers of live IL-27/IL-47/IFN-y* T
cells, reduced numbers of differentiated IL-27/IL-47/
IFN-y* T cells, or increased numbers of hyporesponsive
IL-2*/IL-4*/IFN-y* T cells remains unclear, and further
efforts are needed to address this issue. In a previous
study, a Galectin-9 homologue derived from adult Toxas-
caris leonina restrained inflammatory reactions by inhib-
iting Thl and Th2 cytokine production by enhancing
TGEF-B and IL-10 production [59]. Similarly, a high dose
of HcESPs also upregulated IL-10 and TGF-P1 secretion
to inhibit the host inflammatory response. Additionally,
TGE-B induces apoptosis via death-associated protein 6
(DAXX), another binding receptor of Fas [60]. Therefore,
increased TGF-P1 secretion may exacerbate Fas-medi-
ated apoptosis via a separate apoptotic pathway. Recent
studies demonstrated the inhibition of Th17 differentia-
tion and IL-17 secretion by Echinococcus granulosus and
Acanthocheilonema viteae ES proteins [61, 62]. Instead,
the secretion of the pro-inflammatory cytokine IL-17A
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was notably promoted by HcESP stimuli in this study,
indicating that HCESPs may not induce apoptosis of the
Th17 subset. In addition, TGF-p contributes to Th17 for-
mation and IL-17 secretion [63, 64], and it is likely that
increased TGF-B1 production may function as the key
factor to facilitate IL-17A production.

As one of the most intensive research areas, a pleio-
tropic range of immunomodulatory activities of ES
proteins has been determined in numerous species of
Glhelminths, including H. polygyrus [65], Teladorsagia
circumcincta [66], A. caninum [67], and N. americanus
[68]. However, the role of individual ES components
is still being elaborated or has yet to be determined
in most instances. In our previous work, two novel ES
proteins, namely, Y75B8A.8 and HcTTR, were vali-
dated as binding partners and novel antagonists of goat
IL-2 and IL-4, respectively, and were shown to block
downstream effectors [69, 70]. Although we employed
proteomic approaches to identify a variety of potential
immunomodulators, such as kinases, hydrolases, pro-
teases, lipases, phosphatases and CLECs, in this study,
the exact molecules that regulate/interact with T cell
FasL directly/indirectly at the parasite-host interface,
along with the cascade of cellular responses, still need
to be further investigated.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513567-020-00790-0.

Additional file 1: Primer sequences for the transcription analysis of
apoptosis and cell cycle.

Additional file 2: Full List of identified ES proteins interacting with
goat T cells in vitro by Co-IP and LS-MS/MS.

Additional file 3: Full list of identified T cell binding receptors in vitro.

Abbreviations

ES: excretory-secretory; HCESPs: Haemonchus contortus ES proteins; LC-MS/
MS: liquid chromatography-tandem mass spectrometry; Fas: TNF superfam-
ily receptor 6; Akt: AKT8 virus oncogene cellular homologue; IL: interleukin;
TGF: transforming growth factor; IFN: interferon; Gl: gastrointestinal; PBMCs:
peripheral blood mononuclear cells; FCS: foetal calf serum; co-IP: coimmuno-
precipitation; GO: Gene ontology; FADD: Fas-associated protein with death
domain; BID: a BH3 domain-only death agonist protein; Caspases: cysteine
proteases with aspartate specificity; CDK: cyclin-dependent kinase; FoxO1:
forkhead box protein O1.

Acknowledgements
We thank Dr Xing-Quan Zhu for providing valuable and constructive
suggestions.

Authors’ contributions

ML performed the laboratory tests, analysed the data and drafted the
manuscript. XRL directed, coordinated and managed the project and edited
the manuscript. XT, ZY, WW and ALT contributed to the in vitro studies and
assisted with cell cultures. CL helped in the implementation of the study. RY,
XS and LX provided new analytical reagents and tools. All authors read and
approved the final manuscript.


https://doi.org/10.1186/s13567-020-00790-0
https://doi.org/10.1186/s13567-020-00790-0

Lu et al. Vet Res (2020) 51:65

Funding

This work was funded by National Key Research and Development Program
of China (grant no. 2017YFD0501200), Policy Guidance Project of Jiangsu
Province for International Scientific and Technological Cooperation (grant no.
BZ2019013), the National Key Basic Research Program (973 Program) of PR.
China (grant no. 2015CB150300) and the Priority Academic Program Develop-
ment of Jiangsu Higher Education Institutions (PAPD).

Availability of data and materials
The datasets supporting the conclusions of this article are included within
Additional file 1, Additional file 2 and Additional file 3.

Ethics approval and consent to participate

All experimental protocols were reviewed and approved by the Science and
Technology Agency of Jiangsu Province (approval no. SYXK (SU) 2010-0005).
All animal experiments were performed in strict compliance with the guide-
lines of the Animal Welfare Council of China. All efforts were made to minimize
the suffering of animals, and daily health checks were performed throughout
the experiments.

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

Author details

! MOE Joint International Research Laboratory of Animal Health and Food
Safety, College of Veterinary Medicine, Nanjing Agricultural University, Nan-
jing 210095, Jiangsu, China. 2 State Key Laboratory of Veterinary Etiological
Biology, Lanzhou Veterinary Research Institute, Chinese Academy of Agricul-
tural Sciences, Lanzhou 730046, Gansu, China. * Animal Biosciences and Bio-
technology Laboratory, Beltsville Agricultural Research Center, Agricultural
Research Service, U.S. Department of Agriculture, Beltsville, MD 20705, USA.

Received: 15 December 2019 Accepted: 25 March 2020
Published online: 13 May 2020

References

1. Grencis RK, Humphreys NE, Bancroft AJ (2014) Immunity to gastrointesti-
nal nematodes: mechanisms and myths. Immunol Rev 260:183-205

2. Sorobetea D, Svensson-Frej M, Grencis R (2018) Immunity to gastrointesti-
nal nematode infections. Mucosal Immunol 11:304

3. McSorley HJ, Hewitson JP, Maizels RM (2013) Immunomodulation by
helminth parasites: defining mechanisms and mediators. Int J Parasitol
43:301-310

4. Harnett W (2014) Secretory products of helminth parasites as immu-
nomodulators. Mol Biochem Parasitol 195:130-136

5. Harris NL (2017) Recent advances in type-2-cell-mediated immunity:
insights from helminth infection. Immunity 47:1024-1036

6. Gilleard J, Redman E (2016) Genetic diversity and population structure of
Haemonchus contortus. Adv Parasitol 93:31-68

7. Besier R, Kahn L, Sargison N, Van Wyk J (2016) The pathophysiology,
ecology and epidemiology of Haemonchus contortus infection in small
ruminants. Adv Parasitol 93:95-143

8. Gasser R, Schwarz E, Korhonen P, Young N (2016) Understanding Hae-
monchus contortus better through genomics and transcriptomics. Adv
Parasitol 93:519-567

9. Nisbet A, Meeusen E, Gonzélez J, Piedrafita D (2016) Immunity to Hae-
monchus contortus and vaccine development. Adv Parasitol 93:353-396

10. Kotze A, Prichard R (2016) Anthelmintic resistance in Haemonchus contor-
tus: history, mechanisms and diagnosis. Adv Parasitol 93:397-428

11. LuM,Tian X, Yang X, Yuan C, Ehsan M, Liu X, Yan R, Xu L, Song X, Li X
(2017) The N-and C-terminal carbohydrate recognition domains of
Haemonchus contortus galectin bind to distinct receptors of goat PBMC
and contribute differently to its immunomodulatory functions in host-
parasite interactions. Parasit Vectors 10:409

12. Ehsan M, Wang W, Gadahi JA, Waqgas Hasan M, Lu M, Wang Y, Liu X,
Haseeb M, Yan R, Xu L (2018) The serine/threonine-protein phosphatase 1

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 13 of 14

from Haemonchus contortus is actively involved in suppressive regulatory
roles on immune functions of goat PBMCs. Front Immunol 9:1627

Wen Y, Wang Y, Wang W, Lu M, Ehsan M, Tian X, Yan R, Song X, Xu L, Li X
(2017) Recombinant Miro domain-containing protein of Haemonchus
contortus (rMiro-1) activates goat peripheral blood mononuclear cells

in vitro. Vet Parasitol 243:100-104

Ehsan M, Gao W, Gadahi JA, Lu M, Liu X, Wang Y, Yan R, Xu L, Song X, Li

X (2017) Arginine kinase from Haemonchus contortus decreased the
proliferation and increased the apoptosis of goat PBMCs in vitro. Parasit
Vectors 10:311

Valanparambil R, Tam M, Jardim A, Geary T, Stevenson M (2017) Primary
Heligmosomoides polygyrus bakeri infection induces myeloid-derived
suppressor cells that suppress CD4™ Th2 responses and promote chronic
infection. Mucosal Immunol 10:238

Donskow-tysoniewska K, Krawczak K, Koztowska E, Doligalska M (2017)
The intestinal nematode inhibits T-cell reactivity by targeting P-GP activ-
ity. Parasite Immunol 39:e12497

Junginger J, Raue K, Wolf K, Janecek E, Stein VM, Tipold A, Glinzel-Apel
A-R, Strube C, Hewicker-Trautwein M (2017) Zoonotic intestinal helminths
interact with the canine immune system by modulating T cell responses
and preventing dendritic cell maturation. Sci Rep 7:10310

Gadahi JA,Wang S, Bo G, Ehsan M, Yan R, Song X, Xu L, Li X (2016) Prot-
eomic analysis of the excretory and secretory proteins of Haemonchus
contortus (HCESP) binding to goat PBMCs in vivo revealed stage-specific
binding profiles. PLoS One 11:e0159796

Gadahi JA, Yonggian B, Ehsan M, Zhang ZC, Wang S, Yan RF, Song XK,

Xu LX, Li XR (2016) Haemonchus contortus excretory and secretory
proteins (HCESPs) suppress functions of goat PBMCs in vitro. Oncotarget
7:35670-35679

Wang F, Xu L, Song X, Li X, Yan R (2016) Identification of differentially
expressed proteins between free-living and activated third-stage larvae
of Haemonchus contortus. Vet Parasitol 215:72-77

LiY,Yuan C,Wang L, Lu M, Wang Y, Wen Y, Yan R, Xu L, Song X, Li X (2016)
Transmembrane protein 147 (TMEM147): another partner protein of Hae-
monchus contortus galectin on the goat peripheral blood mononuclear
cells (PBMCQ). Parasit Vectors 9:355

Dassanayake RP, Madsen-Bouterse SA, Truscott TC, Zhuang D, Mousel MR,
Davis WC, Schneider DA (2016) Classical scrapie prions are associated
with peripheral blood monocytes and T-lymphocytes from naturally
infected sheep. BMC Vet Res 12:27

Wang W, Yuan C,Wang S, Song X, Xu L, Yan R, Hasson |, Li X (2014) Tran-
scriptional and proteomic analysis reveal recombinant galectins of Hae-
monchus contortus down-regulated functions of goat PBMC and modula-
tion of several signaling cascades in vitro. J Proteomics 98:123-137

Pang J, Han L, Liu Z, Zheng J, Zhao J, Deng K, Wang F, Zhang Y (2019)
ULK1 affects cell viability of goat Sertoli cell by modulating both
autophagy and apoptosis. Vitro Cell Dev Biol Anim 55:604-613

Chang G, Liu X, Ma N, Yan J, Dai H, Roy AC, Shen X (2018) Dietary addition
of sodium butyrate contributes to attenuated feeding-induced hepato-
cyte apoptosis in dairy goats. J Agric Food Chem 66:9995-10002

Malhi M, Gui H, Yao L, Aschenbach JR, Gabel G, Shen Z (2013) Increased
papillae growth and enhanced short-chain fatty acid absorption in

the rumen of goats are associated with transient increases in cyclin D1
expression after ruminal butyrate infusion. J Dairy Sci 96:7603-7616

Yao X, Zhang G, Guo Y, Mohamed E-S, Wang S, Wan Y, Han L, Liu Z, Wang
F, Zhang Y (2017) Vitamin D receptor expression and potential role of vita-
min D on cell proliferation and steroidogenesis in goat ovarian granulosa
cells. Theriogenology 102:162-173

Gui H, Shen Z (2016) Concentrate diet modulation of ruminal genes
involved in cell proliferation and apoptosis is related to combined

effects of short-chain fatty acid and pH in rumen of goats. J Dairy Sci
99:6627-6638

Yao X, Ei-Samahy M, Fan L, Zheng L, Jin Y, Zhang G, Liu Z, Wang F (2018) In
vitro influence of selenium on the proliferation of and steroidogenesis in
goat luteinized granulosa cells. Theriogenology 114:70-80

Zhang T, Huang J, YiY, Zhang X, Loor JJ, Cao Y, Shi H, Luo J (2018) Akt
serine/threonine kinase 1 regulates de novo fatty acid synthesis through
the mammalian target of rapamycin/sterol regulatory element binding
protein 1 axis in dairy goat mammary epithelial cells. J Agric Food Chem
66:1197-1205



Lu et al. Vet Res (2020) 51:65

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

KaufmannT, Strasser A, Jost PJ (2012) Fas death receptor signalling: roles
of Bid and XIAP. Cell Death Differ 19:42-50

Nikolaou S, Hartman D, Nisbet AJ, Presidente PJ, Gasser RB (2004)
Genomic organization and expression analysis for hcstk, a serine/threo-
nine protein kinase gene of Haemonchus contortus, and comparison with
Caenorhabditis elegans par-1. Gene 343:313-322

Breugelmans B, Jex AR, Korhonen PK, Mangiola S, Young ND, Sternberg
PW, Boag PR, Hofmann A, Gasser RB (2014) Bioinformatic exploration of
RIO protein kinases of parasitic and free-living nematodes. Int J Parasitol
44.827-836

Lemmon MA, Schlessinger J (2010) Cell signaling by receptor tyrosine
kinases. Cell 141:1117-1134

Chen MJ, Dixon JE, Manning G (2017) Genomics and evolution of protein
phosphatases. Sci Signal 10:eaag1796

Poveda J, Giudici A, Renart M, Molina M, Montoya E, Ferndndez-Carvajal
A, Fernandez-Ballester G, Encinar J, Gonzalez-Ros J (2014) Lipid modula-
tion of ion channels through specific binding sites. Biochim Biophys Acta
1838:1560-1567

Lu H, Wang W, Langlois R, Langlois M, Genchev GZ (2019) Functional site
discovery from incomplete training data: a case study with nucleic acid
binding proteins. Front Genet 10:729

Ishemgulova A, Kraeva N, Hlavacova J, Zimmer SL, Butenko A, Pode$vova
L, Lestinova T, Lukes J, Kostygov A, Votypka J (2017) A putative ATP/GTP
binding protein affects Leishmania mexicana growth in insect vectors and
vertebrate hosts. PLoS Negl Trop Dis 11:0005782

Yatsuda AP, Krijgsveld J, Cornelissen AW, Heck AJ, de Vries E (2003) Com-
prehensive analysis of the secreted proteins of the parasite Haemonchus
contortus reveals extensive sequence variation and differential immune
recognition. J Biol Chem 278:16941-16951

Wang T, Ma G, Ang C-S, Korhonen PK, Koehler AV, Young ND, Nie S,
Williamson NA, Gasser RB (2019) High throughput LC-MS/MS-based pro-
teomic analysis of excretory-secretory products from short-term in vitro
culture of Haemonchus contortus. J Proteomics 204:103375

Schwarz EM, Korhonen PK, Campbell BE, Young ND, Jex AR, Jabbar A,
Hall RS, Mondal A, Howe AC, Pell J (2013) The genome and developmen-
tal transcriptome of the strongylid nematode Haemonchus contortus.
Genome Biol 14:R89

Perner J, Gasser RB, Oliveira PL, Kopacek P (2019) Haem biology in meta-
zoan parasites—'the bright side of haem'’ Trends Parasitol 35:213-225
Mulvenna J, Hamilton B, Nagaraj SH, Smyth D, Loukas A, Gorman JJ
(2009) Proteomics analysis of the excretory/secretory component of the
blood-feeding stage of the hookworm, Ancylostoma caninum. Mol Cell
Proteomics 8:109-121

Ranjit N, Zhan B, Hamilton B, Stenzel D, Lowther J, Pearson M, Gorman

J, Hotez P, Loukas A (2009) Proteolytic degradation of hemoglobin in

the intestine of the human hookworm Necator americanus. J Infect Dis
199:904-912

Schwarz EM, Hu Y, Antoshechkin I, Miller MM, Sternberg PW, Aroian RV
(2015) The genome and transcriptome of the zoonotic hookworm Ancy-
lostoma ceylanicum identify infection-specific gene families. Nat Genet
47:416-422

Brown GD, Willment JA, Whitehead L (2018) C-type lectins in immunity
and homeostasis. Nat Rev Immunol 18:374-389

Bauters L, Naalden D, Gheysen G (2017) The distribution of lectins across
the phylum nematoda: a genome-wide search. Int J Mol Sci 18:E91
Wilbers RH, Schneiter R, Holterman MH, Drurey C, Smant G, Asojo OA,
Maizels RM, Lozano-Torres JL (2018) Secreted venom allergen-like pro-
teins of helminths: conserved modulators of host responses in animals
and plants. PLoS Pathog 14:21007300

Fuchs', Steller H (2011) Programmed cell death in animal development
and disease. Cell 147:742-758

Lavrik I, Krammer PH (2012) Regulation of CD95/Fas signaling at the DISC.
Cell Death Differ 19:36-41

Nagata S (2018) Apoptosis and clearance of apoptotic cells. Annu Rev
Immunol 36:489-517

Page 14 of 14

52. Malumbres M, Barbacid M (2009) Cell cycle, CDKs and cancer: a changing
paradigm. Nat Rev Cancer 9:153-166

53. Ciccia A, Elledge SJ (2010) The DNA damage response: making it safe to
play with knives. Mol Cell 40:179-204

54. Hers |, Vincent EE, Tavaré JM (2011) Akt signalling in health and disease.
Cell Signal 23:1515-1527

55. Manning BD, Cantley LC (2007) AKT/PKB signaling: navigating down-
stream. Cell 129:1261-1274

56. Manning BD, Toker A (2017) AKT/PKB signaling: navigating the network.
Cell 169:381-405

57. Tzivion G, Dobson M, Ramakrishnan G (2011) FoxO transcription fac-
tors; Regulation by AKT and 14-3-3 proteins. Biochim Biophys Acta
1813:1938-1945

58. Cortés A, Munoz-Antoli C, Esteban JG, Toledo R (2017) Th2 and Th1
responses: clear and hidden sides of immunity against intestinal hel-
minths. Trends Parasitol 33:678-693

59. Kim J-Y, Cho MK, Choi SH, Lee KH, Ahn SC, Kim D-H, Yu HS (2010) Inhibi-
tion of dextran sulfate sodium (DSS)-induced intestinal inflammation via
enhanced IL-10 and TGF-3 production by galectin-9 homologues isolated
from intestinal parasites. Mol Biochem Parasitol 174:53-61

60. Zhang, Alexander PB, Wang XF (2017) TGF-B family signaling in the
control of cell proliferation and survival. Cold Spring Harb Perspect Biol
9:2022145

61. PanW, Hao W-T, Shen Y-J, Li X-Y, Wang Y-J, Sun F-F, Yin J-H, Zhang J, Tang
R-X, Cao J-P (2017) The excretory-secretory products of Echinococcus
granulosus protoscoleces directly regulate the differentiation of B10,B17
and Th17 cells. Parasit Vectors 10:348

62. Pineda MA, McGrath MA, Smith PC, Al-Riyami L, Rzepecka J, Gracie JA,
Harnett W, Harnett MM (2012) The parasitic helminth product ES-62
suppresses pathogenesis in collagen-induced arthritis by targeting the
interleukin-17-producing cellular network at multiple sites. Arthritis
Rheum 64:3168-3178

63. Li MO, Flavell RA (2008) TGF-{3: a master of all T cell trades. Cell
134:392-404

64. Morishima N, Mizoguchi |, Takeda K, Mizuguchi J, Yoshimoto T (2009)
TGF-B is necessary for induction of IL-23R and Th17 differentiation by IL.-6
and IL-23. Biochem Biophys Res Commun 386:105-110

65. Valanparambil RM, Segura M, Tam M, Jardim A, Geary TG, Stevenson
MM (2014) Production and analysis of immunomodulatory excretory-
secretory products from the mouse gastrointestinal nematode Helig-
mosomoides polygyrus bakeri. Nat Protoc 9:2740-2754

66. Rehman Z, Deng Q, Umair S, Savoian M, Knight J, Pernthaner A, Simpson
H (2016) Excretory/secretory products of adult Haemonchus contortus
and Teladorsagia circumcincta which increase the permeability of Caco-2
cell monolayers are neutralised by antibodies from immune hosts. Vet
Parasitol 221:104-110

67. MoranteT, Shepherd C, Constantinoiu C, Loukas A, Sotillo J (2017) Revisit-
ing the Ancylostoma caninum secretome provides new information on
hookworm-host interactions. Proteomics 17:1700186

68. Geiger SM, Alexander NDE, Fujiwara RT, Brooker S, Cundill B, Diemert DJ,
Correa-Oliveira R, Bethony JM (2011) Necator americanus and helminth
co-infections: further down-modulation of hookworm-specific type 1
immune responses. PLoS Negl Trop Dis 5:21280

69. Wang W, Wang Y, Tian X, Lu M, Ehsan M, Yan R, Song X, Xu L, Li X (2019)
Y75B8A. 8 (HC8) protein of Haemonchus contortus: a functional inhibitor
of host IL-2. Parasite Immunol 41:e12625

70. Tian X, Lu M, Wang W, Jia C, Muhammad E, Yan R, Xu L, Song X, Li X (2019)
Hc TTR: a novel antagonist against goat interleukin 4 derived from the
excretory and secretory products of Haemonchus contortus. Vet Res 50:42

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



	Proteomic analysis revealed T cell hyporesponsiveness induced by Haemonchus contortus excretory and secretory proteins
	Abstract 
	Introduction
	Materials and methods
	Ethics statement
	Parasite, animals and cells
	Collection of HcESPs and generation of polyclonal antibodies
	Immunoblot analysis
	Immunofluorescence assay
	Co-immunoprecipitation (co-IP) assays
	Liquid chromatography–tandem mass spectrometry (LC–MSMS) and bioinformatics analysis
	Cell viability
	Cell apoptosis assay
	Cell proliferation assay
	Cell cycle analysis
	Transcription analysis of candidate genes
	Enzyme-linked immunosorbent assay (ELISA) for cytokine secretion
	Statistical analysis

	Results
	HcESP collection and rat anti-HcESP IgG generation
	T cell sorting and the binding of HcESPs to goat T cells in vitro
	Co-IP assays and LC–MSMS analysis
	Bioinformatics analysis
	HcESPs affected cell viability and induced cell apoptosis
	HcESPs suppressed cell proliferation and induced cell cycle arrest
	ELISA assays

	Discussion
	Acknowledgements
	References




