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Human monocyte-derived dendritic cells (DCs) show remarkable phenotypic changes upon direct contact
with soluble products (SPs) of Trichuris suis, a pig whipworm that is experimentally used in therapies to
ameliorate inflammation in patients with Crohn’s disease and multiple sclerosis. These changes may con-
tribute to the observed induction of a T helper 2 (Th2) response and the suppression of Toll-like receptor
(TLR)-induced Th1 and Th17 responses by human DCs primed with T. suis SPs. Here it is demonstrated
that glycans of T. suis SPs contribute significantly to the suppression of the lipopolysaccharide (LPS)-
induced expression in DCs of a broad variety of cytokines and chemokines, including important pro-
inflammatory mediators such as TNF-a, IL-6, IL-12, lymphotoxin a (LTA), C-C Motif Ligand (CCL)2, C-X-
C Motif Ligands (CXCL)9 and CXCL10. In addition, the data show that human DCs strongly bind T. suis
SP-glycans via the C-type lectin receptors (CLRs) mannose receptor (MR) and DC-specific ICAM-3-grab-
bing non-integrin (DC-SIGN). The interaction of DCs with T. suis glycans likely involves mannose-type gly-
cans, rather than fucosylated glycans, which differs from DC binding to soluble egg antigens of the human
worm parasite, Schistosoma mansoni. In addition, macrophage galactose-type lectin (MGL) recognises T.
suis SPs, which may contribute to the interaction with immature DCs or other MGL-expressing immune
cells such as macrophages. The interaction of T. suis glycans with CLRs of human DCs may be essential for
the ability of T. suis to suppress a pro-inflammatory phenotype of human DCs. The finding that the T. suis-
induced modulation of human DC function is glycan-mediated is novel and indicates that helminth gly-
cans contribute to the dampening of inflammation in a wide range of human inflammatory diseases.

� 2012 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Inflammatory disorders such as inflammatory bowel disease
(IBD) and multiple sclerosis (MS), have their origin in an overactive
immune response against harmless components or self molecules.
Remarkably, infection with parasitic helminths (worms) sup-
presses inflammation in a variety of human inflammatory disor-
ders. In the Western world, improved sanitary conditions and
vaccination programs have resulted in a diminished exposure to
microbes and parasites. It has been proposed that a lack of these
types of infections results in an imbalanced immune system, which
is more prone to react to harmless substances, leading to autoim-
mune diseases such as MS and IBD, or allergies such as allergic
asthma (Strachan, 1989; Yazdanbakhsh et al., 2002; Fleming and
Cook, 2006; Weinstock and Elliott, 2009).
sitology Inc. Published by Elsevier
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Clinical trials have shown that therapy with living eggs of the
porcine nematode, Trichuris suis, can improve active Crohn’s dis-
ease and ulcerative colitis outcomes (Summers et al., 2005; Wein-
stock and Elliott, 2009). A first clinical trial in treatment-naïve
relapsing-remitting MS patients showed that therapy with T. suis
eggs reduced the amount of newly detected MS lesions (Fleming
et al., 2012). In addition, helminth-infected MS patients show a
lower number of relapses, reduced disability scores and lower
magnetic resonance imaging (MRI) activity compared with unin-
fected MS subjects (Correale and Farez, 2011). Anti-worm treat-
ment of such patients was associated with a significant increase
in disease activity, suggesting a beneficial effect of helminth infec-
tion in MS. However, clinical trials in patients with allergic rhinitis
using T. suis infection, or patients with asthma using Necator amer-
icanus infection, did not result in suppression of disease activity
(Bager et al., 2010; Feary et al., 2010), indicating that more studies
are warranted to establish the underlying mechanisms of hel-
minth-induced immune modulation in different human diseases.
Ltd. All rights reserved.
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It is well recognised that helminths have a profound capacity to
suppress the host’s immune response (Allen and Maizels, 2011).
Helminth infections are typically characterised by attenuated T
helper 1 (Th1) responses and induction of Th2 and regulatory T cell
(Treg) populations that favour survival of worms in their host. In
chronic inflammatory disorders, pathology results from the action
of inflammatory T cells, mostly Th1 and Th17 cells (Haak et al.,
2009). Therefore, insights into the mechanisms that helminths
use to modulate host immune responses may give clues that can
be applied to develop immunotherapeutic strategies to treat
inflammatory diseases (McKay, 2009; Kuijk and van Die, 2010).
In this respect it is important to note that several studies show that
soluble products (SPs) of helminths are effective in protection
against inflammatory diseases in animal models, indicating that
infection with worms may not be necessary to induce the hel-
minth-mediated protective effects (Sewell et al., 2003; Zaccone
et al., 2003; Harnett et al., 2004; Zheng et al., 2008). We have re-
cently shown that T. suis SPs are able to suppress the development
of murine experimental autoimmune encephalitis (EAE) (Kuijk
et al., 2012), and can modulate the function of human immature
dendritic cells (DCs). However, the mechanism(s) by which T. suis
SPs act are not well understood.

The helminth-induced amelioration of inflammatory diseases is
mediated by the concerted action of a broad range of different in-
nate cell populations (Anthony et al., 2007; Allen and Maizels,
2011). DCs play a crucial role in determining the type of effector
T cell response via the recognition and sampling of antigens. Acti-
vated DCs produce pro-inflammatory cytokines including TNF-a
and IL-12 and chemokines including C-X-C Motif Ligands
(CXCL)9–11 that contribute to Th1 polarisation (Luster and Ra-
vetch, 1987; Bonecchi et al., 1998). On the other hand, low IL-12
and chemokine levels allow DCs to induce a Th2 polarisation,
which can be further enhanced through secretion of factors such
as Prostaglandin E2 (PGE2) and surface expression of OX40 ligand
(OX40L) (Kalinski et al., 1999; de Jong et al., 2005; Jenkins et al.,
2007). It is thought that helminth-induced anti-inflammatory
Th2 or Treg responses can counteract Th1/Th17 responses associ-
ated with inflammation.

The capacity of DCs to acquire the plasticity needed to direct
such a variety of specific T cell responses is in part controlled by
the actions of a broad range of pattern-recognition receptors,
including Toll-like receptors (TLRs) and C-type lectin receptors
(CLRs), that detect and recognise pathogens. The TLR-mediated
recognition of pathogens by DCs is a central event in the activation
of innate and adaptive immune responses (Akira et al., 2001). CLRs
are Ca2+ dependent receptors that can recognise glycosylated
components (Weis et al., 1998; Figdor et al., 2002; van Die and
Cummings, 2010), which are present in most helminths (van Die
and Cummings, 2010). CLRs are important for internalisation
of glycosylated antigens and in addition are able to induce intracel-
lular signaling, thereby enhancing or suppressing TLR-induced
signaling pathways (Geijtenbeek et al., 2004; Geijtenbeek and
Gringhuis, 2009).

Several studies have shown that production of pro-inflamma-
tory cytokines by DCs is markedly reduced in response to direct
contact with helminth antigens (Segura et al., 2007; van Liempt
et al., 2007; Everts et al., 2009; Hamilton et al., 2009). The presence
of helminths has also been shown to reduce chemokine production
by DCs in response to microbial invasion (Metenou et al., 2012).
Recent studies showed that T. suis SPs are able to suppress pro-
inflammatory cytokines TNF-a and IL-12 from TLR-activated hu-
man DCs. In addition, T. suis SPs are capable of inducing a strong
upregulation of OX40L on DCs, and DCs primed with T. suis SPs
can inhibit TLR-ligand-induced Th1 and Th17 responses in vitro
(Kuijk et al., 2012). Here it is shown that T. suis SPs suppress not
only the production of cytokines TNF-a and IL-12 from activated
human DCs, but also IL-6 and lymphotoxin a (LTA), and several
lipopolysaccharide (LPS)-induced pro-inflammatory chemokines,
including C-C Motif Ligand (CCL)2 and CXCL10. Importantly, intact
glycosylation on proteins is essential for T. suis SPs to suppress
these LPS-induced pro-inflammatory mediators. Additionally, gly-
cans play a role in the T. suis SP-dependent upregulation of
OX40L in LPS-activated human DCs. Finally, the data show that hu-
man DCs interact with T. suis glycans via CLRs, including the man-
nose receptor (MR), macrophage-galactose-type lectin (MGL) and
DC-specific ICAM-3-grabbing non-integrin (DC-SIGN), indicating
a possible role for these lectins in suppression of LPS-induced
inflammation.
2. Materials and methods

2.1. Reagents

Human IL-4 and recombinant human Granulocyte–Macrophage
Colony-Stimulating-Factor (GM-CSF) were purchased from Immu-
notools GmbH, Germany. Escherichia coli LPS was purchased from
Sigma (USA). Recombinant TNF-a was purchased from Invitrogen
(USA). For flow cytometric analysis, phycoerythrin (PE)-conjugated
mouse anti-human OX40L (Ik-1, BD™ Pharmingen, USA) was used.

The IgM monoclonal antibody, SmLDNF1, was used to detect
terminal GalNAcb1–4(Fuca1–3)GlcNAcb-(Fucosylated LacDiNAc,
LDNF) antigens (Nyame et al., 2000), and a monoclonal antibody
(IgM) recognising terminal Galb1–4(Fuca1–3)GlcNAc-(Lewis-X,
LeX) antigen was obtained from Calbiochem (Germany). Peroxi-
dase-conjugated lectins Concanavalin A (ConA), wheat germ agglu-
tinin (WGA), Wisteria floribunda agglutinin (WFA), Helix pomatia
agglutinin (HPA), peanut agglutinin (PNA), Ulex europaeus aggluti-
nin-I (UEA-I) and phytohaemagglutinin-E and -L (PHA-E and -L)
were purchased from EY Laboratories (USA). Blocking antibodies
against human macrophage MR (CD206, BD Pharmingen, USA),
anti-human DC-SIGN (R&D Systems, USA) and blocking MGL anti-
bodies (1G6.6 (van Vliet et al., 2006) in combination with 125A10
from Dendritics, France) were used. Dectin-1 blocking agent lami-
narin (Lam) was purchased from Sigma. Additionally, mannose
(Man) was purchased from Sigma, galactose (Gal) from Merck
(Germany), and N-acetylgalactosamine (GalNAc) from Koch Light
(UK).
2.2. Preparation of helminth SPs

Adult T. suis worms were collected from the caecum and colon
of infected pigs and washed extensively with 0.98% NaCl. All ani-
mals were kept and treated in accordance with local animal exper-
imentation guidelines. SPs, which include both proteins and
glycoproteins, were prepared by freezing whole worms in liquid
nitrogen and crushing them with a mortar and pestle into powder.
The powder was dissolved in MilliQ water and centrifuged to re-
move the insoluble fraction. After 30 min of centrifugation at
10,000g, 4 �C, supernatants were filtered (0.45 lm) and kept at
�80 �C until use. Schistosoma mansoni soluble egg antigen (SEA)
was kindly provided by Dr. Fred Lewis (Biomedical Research Insti-
tute, Rockville, MD, USA).

For the cleavage of peptide chains, T. suis SPs were denatured for
20 min at 80 �C and subsequently incubated overnight at 37 �C
with 1 mg/ml of a-chymotrypsin (CT, Sigma, USA). The CT activity
was heat inactivated for 20 min at 60 �C. To damage protein struc-
tures, T. suis SPs were heat-denatured (DN) by incubation for
20 min at 80 �C, then immediately cooled on ice and stored at
�20 �C until used.

To oxidise glycan moieties, T. suis SPs were treated with sodium
periodate (PI) (10 mM, Sigma) at pH 5.0, for 45 min at room
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temperature (RT) in the dark. The sample was subsequently treated
with the reducing agent, sodium borohydride (50 mM, Merck), for
25 min at RT in the dark. To remove PI and borohydride, the sample
was dialysed against PBS (Lonza, Switzerland, 106-fold excess) for
20 h, using 2 K MCWO Slide-A-Lyzer cassettes (Pierce, USA).

Controls were included in the assays for the T. suis SP treat-
ments by ‘‘mock’’ treatments. Samples were treated similarly, ex-
cept for the addition of the active components (PI, borohydride
and CT). In addition, the effect of inactivated CT on the DC pheno-
type was assessed. Mock treatments had no detectable effects.

Protein concentrations of all helminth SPs were determined by
BCA assays (Pierce). LPS contamination was determined in all sam-
ples by Limulus Amoebocyte Lysate (LAL) assays. Contamination
was lower than 1 ng/ml of endotoxin for all preparations.

2.3. Monocyte isolation and generation of immature DCs

Human monocytes were isolated from buffy coats of healthy
donors (Sanquin, Amsterdam, The Netherlands) or from fresh
blood of healthy volunteers. All blood donors gave informed con-
sent. Monocytes were isolated from peripheral blood mononuclear
cells (PBMCs) using CD14 microbeads (MACS, Miltenyi Biotec, Ger-
many), as previously described (van Stijn et al., 2009) and differen-
tiated into immature DCs in the presence of �250 IU/ml of IL-4 and
�120 IU/ml of GM-CSF. For all experiments, monocyte-derived DCs
were used after 4 days of differentiation. In all experiments, DCs
were incubated for 15 min with T. suis SPs before addition of
10 ng/ml of LPS or 10 ng/ml of TNF-a.

2.4. Quantitative real-time PCR

At the end of the experiment, DCs were harvested and snap-fro-
zen at �80 �C. mRNA was isolated using an mRNA Capture kit
(Roche, Switzerland), and subsequently transcribed into cDNA
using the Reverse Transcription System kit (Promega, USA), as de-
scribed previously (Garcia-Vallejo et al., 2008). PCRs were per-
formed with the SYBR Green method as previously described
(Garcia-Vallejo et al., 2006). Oligonucleotides were designed using
Primer Express 2.0 (Applied Biosystems, USA) computer software.
All oligonucleotides as shown in Table 1 were synthesised by Invit-
rogen. TNF-a primers were a kind gift of Dr. J.J. Garcia Vallejo (VU
University Medical Center, Amsterdam, The Netherlands).

2.5. Cytokine and chemokine measurements

Culture supernatants were harvested and frozen at �20 �C until
further analysis. TNF-a was routinely measured by ELISA using the
CytoSet™ ELISA kit (Biosource) according to the manufacturer’s
protocol. CCL2 secretion was measured using the human CCL2 ELI-
SA Ready-SET-Go! (eBiosience, USA). Secreted CXCL10 was mea-
sured using the IP-10 (CXCL10) Eli-pair (B-C50/BC-55 antibody,
Sanquin, The Netherlands). For the multiplex bead immunoassay,
Table 1
Oligonucleotide primers designed for human genes in quantitative real-time PCR.

Gene Forward Reverse

CCL2 aatcaccagcagcaagtgtcc tccttggccacaatggtctt
CCL3 ctactttgagacgagcagccagt tggttaggaagatgacaccgg
CCL8 tgctcatggcagccacttt gaaactgaatctggctgagcaag
CCL19 tctcatcaaggatggctgca ctcagtgtggtgaacactacagca
CXCL9 tgcaaggaaccccagtagtga tagtcccttggttggtgctga
CXCL10 gtggcattcaaggagtacctctct tgctgatgcaggtacagcgta
CXCL16 cctatgtgctgcaagaggag cacaggtatataatgaaccggcag
LTA gcctccattctgaccatttca ttggaatggccaaaggagag
GAPDH ccatgttcgtcatgggtgtg ggtgctaagcagttggtggtg

CCL, chemokine C-C Motif Ligand; CXCL, chemokine C-X-C Motif Ligand; LTA,
lymphotoxin a; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
the Human Inflammatory 5-plex panel (Invitrogen) was supple-
mented with a single-plex kit for IL-12 p70 (Invitrogen). The assay
was performed according to the Invitrogen user manual ‘Human
Inflammatory 5-Plex Panel’. Samples were measured by Luminex�

200™ (Bio-Rad, Hercules, CA, USA) and data analysis was per-
formed using Bio-plex Manager™ 6.0 software.

2.6. Flow cytometry

To measure OX40L, DCs were isolated from fresh blood in a sim-
ilar way to that described for buffy coats. Expression of OX40L on
the cell surface was determined after 48 h co-incubation of the
DCs with helminth antigens and LPS. For antibody staining, DCs
were washed with PBS supplemented with 1% BSA and incubated
for 30 min at 4 �C with PE-conjugated mouse anti-human OX40 li-
gand (OX40L) antibody. The cells were washed and analysed by
flow cytometry using a BD Facscan (Becton Dickson, San Jose, CA,
USA). Data were analysed using CellQuest™ Pro software (version
3.3, Becton Dickinson).

2.7. SDS–PAGE and Western blotting

Trichuris suis SPs (20 lg) were analysed by SDS–PAGE and wes-
tern blotting, using MGL-Fc (2 lg/ml) and DC-SIGN-Fc (6 lg/ml),
detected by peroxidase-conjugated anti-human Fc antibody
(1:1,500; Jackson ImmunoResearch, PA, USA), and peroxidase con-
jugated lectins, HPA and ConA (5 lg/ml, EY Laboratories, USA).
Antibodies were detected using SuperSignal West Pico Chemilumi-
nescent Substrate (Thermo Scientific, USA), in an EpiChemi™ II
Darkroom (UPV Laboratory Products). CT-treated and untreated
T. suis SPs (both 10 lg) were analysed using silver staining accord-
ing to the manufacturer’s protocol (Bio-Rad).

2.8. Solid-phase binding assays (ELISA)

SEA and T. suis SPs (5 lg/ml in 0.2 M NaHCO3, pH 9.2) were
coated overnight at 4 �C in a maxisorp 96-well plate (NUNC, Den-
mark). Coated proteins were blocked using 1% BSA fraction V
(Roche Diagnostics, Germany). Binding of the human recombinant
hybrid CLRs, DC-SIGN-Fc (2.5 lg/ml) (Geijtenbeek et al., 2002),
MGL-Fc (0.5 lg/ml) (van Vliet et al., 2005) and the murine MR-Fc
(1 lg/ml, a kind gift from L. Martinez-Pomares, University of
Nottingham, United Kingdom), was detected by peroxidase-
conjugated anti-human Fc antibody (1:1,000; Jackson ImmunoRe-
search). Monoclonal antibodies against the glycan antigens, LDNF
(Nyame et al., 2000) and LeX, were detected with peroxidase-
conjugated anti-mouse IgG/IgM antibody (1:2,500; Jackson
ImmunoResearch). Binding of peroxidase-conjugated antibodies
and peroxidase-conjugated lectins (5 lg/ml) was detected by
Tetramethyl Benzidine (TMB) development.

Adhesion of fluorescently-labelled DCs to T. suis SPs (10 lg/ml)
was performed as previously described (van Stijn et al., 2010).
EDTA (5 mM) was added to evaluate the calcium dependence of
DC binding. Receptor blocking was performed using monosaccha-
rides at a concentration of 100 mM. Additionally, receptor binding
was blocked using receptor-specific antibodies against MR, DC-
SIGN and MGL (20 lg/ml). Dectin-1 binding was blocked using
Lam (200 lg/ml). Fluorescence was measured at 485/520 nm with
a FLUOstar spectrofluorometer (BMG Labtech, Germany).

2.9. Statistical analyses

Results are expressed as the mean ± S.E.M. Statistical analyses
were performed using SPSS 15.0 software (IBM, USA). For paired
comparisons of two groups, a paired sample T test was performed
(Figs. 1B, C, 2 and 3). For other parametric data, a one-way ANOVA
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was performed, followed by Dunnett’s multiple comparisons test
(Figs. 1A, 4, 5 and 7).
3. Results

3.1. Trichuris suis SPs suppress production of LPS- and TNF-a-induced
pro-inflammatory chemokines in DCs

Trichuris suis SPs are able to suppress the LPS- and polyI:C-in-
duced secretion of TNF-a and IL-12 from DCs (Kuijk et al., 2012).
Here the optimal concentration of T. suis SPs for suppression of
LPS-induced TNF-a production from human DCs was determined
by co-incubation with various concentrations of T. suis SPs and
10 ng/ml of LPS for 24 h. The data show that the suppressive effect
of T. suis SPs is concentration-dependent and that 40 lg/ml is the
lowest T. suis SP concentration with maximal effect (Fig. 1A). To de-
fine the time course of TNF-a suppression, TNF-a mRNA and pro-
tein levels were measured at several time points. Both mRNA
induction (Fig. 1B) and subsequent secretion of TNF-a protein
(Fig. 1C) are suppressed at early time points, indicating that sup-
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Fig. 4. Trichuris suis soluble products (SPs) suppressive activity is reduced by damaging glycan moieties but not by protein denaturation. Trichuris suis SPs were either heat-
denatured (DN) for 20 min at 80 �C (DN), treated with chymotrypsin (CT), treated with 10 mM periodate (PI) or untreated (U), and the effects of these treatments were
verified by ELISA or SDS–PAGE. (A) Trichuris suis SPs (U, DN and PI) samples were coated at a concentration of 5 lg/ml and the efficacy of PI treatment was assessed by ELISA,
using the lectin, Concanavalin A (ConA), to detect glycan moieties. (B) Equal protein amounts of CT-treated and mock-treated (U) T. suis SPs were separated by SDS–PAGE and
silver stained to assess breakdown of T. suis SP proteins as a result of CT treatment. MW: apparent molecular weight, (C) dendritic cells (DCs) were co-incubated with U-, DN-,
CT-treated or PI-treated T. suis SPs (all at 40 lg/ml) and lipopolysaccharide (LPS) (10 ng/ml). ‘‘–’’ indicates unstimulated DCs. TNF-a secretion was measured by ELISA.
⁄⁄P < 0.01; DN, CT or PI compared with U.
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cytokines, including TNF-a, by signalling via TNF receptors
(TNFRs). To assess the chemokine expression in DCs in response
to TNF-a and the effects of co-incubation with T. suis SPs, DCs
incubated with 10 ng/ml of TNF-a were compared with DCs
co-incubated with TNF-a and T. suis SPs. The induced mRNA
levels of the chemokines tested were much lower upon TNF-a
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stimulation (4- to 8-fold induction) compared with the mRNA levels
induced by LPS stimulation (>200-fold induction). Co-incubation
with T. suis SPs suppressed the TNF-a-induced production of
chemokines CCL2 and CXL10, however suppression of CCL3 mRNA
levels could not be detected (Fig. 3). In summary, T. suis SPs are
able to suppress LPS and TNF-a-induced chemokine expression.

3.2. Glycan- and protein-mediated effects in modulation of the DC
phenotype by T. suis SPs

To discriminate between putative glycan- and protein-mediated
effects, T. suis SPs were either heat-denatured (DN) or CT-treated to
interfere with protein activities, or PI treated to damage glycan
structures, and evaluated for their capacity to modulate DC func-
tion. To confirm that PI treatment, but not DN of the T. suis antigens,
had damaged glycan structures, the binding capacity of ConA to the
T. suis SPs was evaluated by ELISA before and after treatment. The
data show that ConA strongly binds T. suis SPs. The PI treated com-
ponents show very low levels of interaction with ConA, indicating
that the glycan structures were damaged (Fig. 4A). By contrast,
DN did not affect ConA binding, indicating the presence of intact
glycans on the DN antigens. Analysis of the CT-treated T. suis SPs
by SDS–PAGE and subsequent silver staining showed the emergence
of polypeptides with reduced apparent molecular weight upon CT
treatment (Fig. 4B), indicating that the enzyme had been effective
in digestion of T. suis (glyco)proteins. The results show that neither
DN of T. suis SPs, nor treatment with CT, affected the suppression of
the LPS-induced TNF-a production from DCs. However, PI treatment
of T. suis SPs caused loss of the T. suis-induced effects, indicating a
role for T. suis glycans in inhibition of the secretion of TNF-a
(Fig. 4C). Similarly, PI treatment, but not DN, caused a decrease in
the potential of T. suis SPs to suppress selected other pro-inflamma-
tory mediators, both at the level of protein secretion (Fig. 5A) and
mRNA expression (Fig. 5B). PI treatment also interfered with the po-
tential of T. suis SPs to enhance OX40L expression in activated DCs
(Fig. 5C). These data indicate that PI-sensitive glycans of T. suis play
a crucial role in the suppression of LPS-induced pro-inflammatory
responses in human DCs.

3.3. DCs recognise glycans of T. suis SPs via C-type lectins

The involvement of T. suis glycan moieties in the modulation of
DC function raises questions as to the identity of the receptor(s) on
DCs that recognise T. suis glycans, thereby promoting intracellular
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was analysed by a cell adhesion assay. Additionally, DC blocking using monosaccharides (
to investigate the putative involvement of glycans and C-type lectin receptors (CLRs) in
donors. ⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001; Each of the others compared with U. Man, man
macrophage galactose-type lectin; DC-SIGN, DC-specific ICAM-3-grabbing non-integrin;
events that lead to suppression of pro-inflammatory responses. To
gain an initial insight into the glycosylation profile of T. suis SPs,
the binding capacity of a panel of lectins and anti-glycan antibod-
ies to T. suis SPs was analysed, in comparison with their binding to
S. mansoni SEA (Fig. 6). Trichuris suis SPs show high levels of HPA-
binding glycoproteins compared with SEA (Fig. 6A and C), suggest-
ing the presence of terminal a-GalNAc residues. Western blotting
shows that this HPA binding was mediated by a distinct group of
very high molecular weight proteins. ConA binds well to both
SEA and T. suis SPs, indicating the presence of protein-linked oli-
go-mannose and/or bi-antennary type N-glycans in both SEA and
T. suis SPs (Fig. 6A and C). In addition, WGA, which may recognise
terminal b-linked GlcNAc in helminths, shows relatively good
binding to T. suis SPs. By contrast, WFA, which recognises terminal
b-linked GalNAc, PNA, which recognises the terminal O-linked
disaccharide Galb1–3GalNAc-Ser/Thr, and antibodies recognising
the fucosylated LDNF and LeX antigens, show virtually no binding
to T. suis SPs, while they bind well to SEA (Fig. 6A). Both SEA and
T. suis SPs show low binding to UEA-I and PHA-L, and no detectable
binding to PHA-E (results not shown), indicating that terminal a2-
fucose, and N-linked glycans with a GlcNAcb6-Mana6-antenna, or
bisected GlcNAc, respectively, are not common in these helminths.
Although this analysis provides limited structural information, the
data show that the glycosylation profiles of T. suis SPs and S. man-
soni SEA differ profoundly.

Schistosoma mansoni SEA is recognised and internalised by hu-
man DCs via several CLRs, including DC-SIGN, the MR and MGL
(van Liempt et al., 2007). To determine whether these CLRs con-
tribute to the interaction of DCs with T. suis SPs, the binding capac-
ity of recombinant Fc-hybrids of these lectins was evaluated and
compared to their binding capacity to SEA. The data demonstrate
that MR-Fc and MGL-Fc recognise T. suis SPs well, whereas DC-
SIGN-Fc shows a very low binding to T. suis SPs (Fig. 6B). These data
were confirmed by Western blotting (Fig. 6C), which demonstrates
binding of DC-SIGN-Fc to a minor subset of relatively large T. suis
glycoproteins. Denaturation of T. suis SPs does not significantly af-
fect binding of the CLRs (data not shown), whereas PI treatment of
T. suis SPs (Fig. 6B) or inclusion of EDTA in the binding assays (not
shown) abolished binding of the recombinant lectins to the hel-
minth products.

To investigate the binding of human DCs to T. suis SPs, a cell
adhesion ELISA was performed, in which T. suis SPs were immobi-
lised in an ELISA plate and adhesion of DCs to the helminth prod-
ucts was measured. The data show that DCs strongly bind to T. suis
**
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SPs, and binding to DN T. suis SPs is unaltered, while PI treatment of
T. suis SPs prevented DC binding (Fig. 7). To gain insight into the T.
suis glycan moieties and DC lectins that contribute to the binding,
several blocking sugars and antibodies were incorporated in the
binding assay and subsequently DC binding to T. suis SPs was as-
sessed. The data show that Man is able to block DC binding to T.
suis SPs, while Gal and GalNAc, at a similar concentration, do not
influence DC binding capacity (Fig. 7), indicating that mannose-
type sugars may play a role in binding of T. suis SPs to DCs. Prevent-
ing the MR or DC-SIGN mediated binding by the use of blocking
antibodies resulted in decreased DC adhesion, indicating the
involvement of these CLRs in the binding of DCs to T. suis SPs. By
contrast, inclusion of a mixture of different MGL blocking antibod-
ies, or Lam, which blocks binding of the CLR Dectin-1, did not result
in reduced binding, suggesting that MGL and Dectin-1 do not sig-
nificantly contribute to the binding of DCs to T. suis SPs.

In summary, these results show that DCs bind T. suis SPs and
that the T. suis SPs contain glycans that are able to interact with
Fc-hybrids of MGL, DC-SIGN and the MR. However, in vitro binding
of DCs is mainly dependent on the lectin-activity of the MR and
DC-SIGN.
4. Discussion

In this study, the role of glycan determinants of SPs of the whip-
worm T. suis, which is currently used in therapeutic approaches for
several inflammatory diseases, in the modulation of LPS-induced
activation of human DCs was established.

To enable adequate immune responses at sites of inflammation,
the migration of immune cells to those sites and subsequent
migration to the lymph nodes is essential. This process is directed
by a family of small chemotactic proteins, chemokines, which can
be released by many cell types to attract immune cells (Luster,
2002). Remarkably, the putative modulation of chemokine expres-
sion by helminths has attracted limited attention to date. Here it is
shown that T. suis SPs modulate the LPS-induced expression of
many chemokines from human DCs. Remarkably, T. suis SPs en-
hance the expression of CXCL16, which is suggested to play a role
in attraction of T cells and prolonging the antigen presenting cell
(APC)-T cell interaction. Expression of CXCL16 is also induced by
PGE2, indicating a possible role of CXCL16 in Th2 induction (Matlo-
ubian et al., 2000; Abel et al., 2004; van Lieshout et al., 2009;
Bruckner et al., 2012), which corresponds with the Th2 inducing
capacity shown for T. suis (Kuijk et al., 2012). Moreover, expression
of the pro-inflammatory chemokines, CCL2 (MCP-1), CCL3 (MIP-
1a), CCL8 (MCP-2), CCL19 (MIP-3b), CXCL9 (MIG) and CXCL10
(IP-10), are suppressed by T. suis SPs. CCL2, CCL3 and CCL8 are po-
tent chemoattractants for monocytes, macrophages and T cells,
and elevated levels of these chemokines have been associated with
the presence of IBD and EAE (Matsushima et al., 1989; Van Damme
et al., 1992; Schall et al., 1993; Miyagishi et al., 1995; Reinecker
et al., 1995; Taub et al., 1995). CCL19 may play a role in the recruit-
ment of naive T cells towards the T cell zone of the secondary lym-
phoid organs and in inducing DC-T cell contact (Dieu et al., 1998;
Kim et al., 1998). The IFN-c-inducible genes CXCL9 and CXCL10
have the potential to attract Th1 cells, and have been shown to play
a role in IBD and EAE (Bonecchi et al., 1998; Yuan et al., 2001;
Sorensen et al., 2002; Bruckner et al., 2012). Remarkably, CCL2,
CCL19 and CXCL10 are also suppressed in mature DCs upon addi-
tion of Th2-stimulating factor PGE2 (Bruckner et al., 2012). Collec-
tively, these data suggest that the potential of T. suis SPs to
modulate the expression of these chemokines may contribute to
the mechanisms by which T. suis promotes an anti-inflammatory
signature in DCs and dampens pro-inflammatory responses in
inflammatory disease.
Upon DC stimulation with LPS, TNF-a is secreted into the envi-
ronment, which can subsequently bind to TNFRs of DCs and lead to
more TNF-a production, thus creating a positive feedback loop. In
addition, TNF-a can induce DC maturation leading, amongst other
processes, to increased chemokine production (Hohmann et al.,
1990). To investigate the possibility that the reduction in chemo-
kine production in LPS/T. suis co-incubations is an indirect effect
of the reduction of secreted TNF-a, the effects of TNF-a stimulation
of DCs on CCL2 and CXCL10 production, two chemokines for which
expression is differentially regulated, were measured (Bonecchi
et al., 1998; Yadav et al., 2010). The TNF-a-induced expression of
CCL2 and CXCL10 was suppressed by T. suis SPs, indicating a direct
suppressive effect of T. suis SPs on the production of these chemo-
kines. However, the TNF-a-induced chemokine expression levels
were up to 50 times lower than the LPS-induced expression levels,
and enhanced expression was observed at later time points than
with LPS-induced expression, especially for CXCL10. These data
suggest that, even though a positive feedback loop of TNF-a may
be present, it does not appear to be a significant contributor to che-
mokine induction in LPS-induced DC maturation, nor to its sup-
pression by T. suis SPs.

The mechanism(s) by which T. suis SPs modulate human DC
functions are not yet understood. Although a direct inhibitory ef-
fect of T. suis SPs on TLR4 function cannot be ruled out, this seems
unlikely, based on the capacity of T. suis SPs to suppress not only
LPS-induced, but also poly:IC- and TNF-a-induced production of
pro-inflammatory cytokines (Kuijk et al., 2012; this study). The
involvement of helminth glycans in induction of Th2 responses
has often been proposed and some studies have shown direct evi-
dence for an important role of helminth glycans in directing im-
mune responses. For example, modulation of DC cytokine
production by filarial nematode product ES-62 is primarily medi-
ated by phosphorylcholine-containing glycans present on ES-62
(Harnett et al., 2008; Whelan et al., 2000). In addition, it has been
shown that the glycan, LNFPIII, carrying the trisaccharide LeX, pres-
ent in S. mansoni SEA, induces the priming of Th2 responses in mice
(Okano et al., 1999, 2001). Here, an important role of glycan deter-
minants of T. suis SPs in the modulation of LPS-induced activation
of human DCs has been established. Glycans on T. suis SPs signifi-
cantly contribute to the suppression of the secretion of many
pro-inflammatory mediators, whereas interference with protein
activities did not significantly affect the suppressive properties of
T. suis SPs. In addition, T. suis glycans are involved in the strong
upregulation of OX40L, which can interact with OX40 (CD134) on
T cells to promote the differentiation of naïve CD4+ T cells into
Th2 cells (Flynn et al., 1998; Akiba et al., 2000; Salek-Ardakani
et al., 2003).

Whereas T. suis glycans regulate important properties of human
DC function, an additional role for protein components, or other
unaffected bioactive compounds such as glycolipids, cannot be ru-
led out. Although PI treatment of T. suis SPs abolished its potential
to suppress chemokine expression, suggesting that T. suis glycans
are primarily responsible for suppression, this treatment did not
completely abolish cytokine suppression and OX40L upregulation,
suggesting the contribution of other factors to the latter effects. It
should be noted that DN may not have resulted in loss of function
for all proteins, and CT treatment did not fully degrade the T. suis
(glyco)proteins. This allows the possibility that partially intact
(glyco)proteins, or other unaffected bioactive compounds, are still
present and contribute to the suppression of LPS-induced TNF-a
secretion from DCs. In this respect, it is interesting to note that
the potential of S. mansoni Omega-1 to drive DCs to a Th2 polaris-
ing phenotype has been attributed to both glycan and protein ef-
fects (Everts et al., 2012). In a series of papers it was shown that
glycan antigens on Omega-1 promote CLR-mediated internalisa-
tion of the glycoprotein in DCs, whereas subsequently its RNAse
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activity impairs protein synthesis, thereby affecting polarisation of
DCs (Everts et al., 2009, 2012; Steinfelder et al., 2009). Here it is
shown that DCs bind to untreated and DN T. suis SPs via the C-type
lectins, DC-SIGN and the MR, yet are unable to bind to PI-treated
products, establishing that glycans are essential for DC binding to
T. suis SPs, similar to what has been shown for S. mansoni SEA
(van Die et al., 2003; van Vliet et al., 2005; van Liempt et al.,
2007; Meevissen et al., 2012). However, enzymatic activities as
described for Omega-1 are unlikely to contribute to the T. suis-
mediated modulation of the DC phenotype, since a heat-treatment
for 20 min at 80 �C, expected to inactivate all enzymatic activities,
did not interfere with any of the T. suis-mediated effects. Based on
these data we therefore favour a model by which T. suis glycans
bind to CLRs to induce intracellular signalling, thereby suppressing
TLR signal transduction routes as has been shown for several other
pathogens (Geijtenbeek et al., 2004; Geijtenbeek and Gringhuis,
2009; van Stijn et al., 2010).

DCs interact with T. suis SPs via similar CLRs as S. mansoni SEA,
but the relative binding profiles differ. MR-Fc and MGL-Fc recognise
T. suis SPs well, whereas DC-SIGN-Fc shows a low level of binding,
recognising only a few discrete glycoproteins. This is in clear con-
trast to S. mansoni, where DC-SIGN is the major DC lectin that binds
S. mansoni SEA, mainly via the fucosylated glycan ligands LeX and
LDNF (van Die et al., 2003). Significant binding of anti-LeX and
anti-LDNF monoclonal antibodies to T. suis SPs could not be de-
tected, suggesting that the DC-SIGN ligands LeX and LDNF are not,
or barely, present. However, binding of DCs to T. suis SPs is clearly
dependent on the lectin activity of DC-SIGN. The discrepancy in
binding of DC-SIGN-Fc and cell-associated DC-SIGN may be due
to differences in binding affinity or avidity to the (unknown) T. suis
glycans between the divalent DC-SIGN-Fc and the cell-associated
DC-SIGN that is assembled as a tetramer. By contrast, MGL might
only play a minor role in the binding of DCs to T. suis glycans, how-
ever, this does not exclude the possibility that MGL contributes to
the interaction and may induce intracellular signalling upon con-
tact with T. suis glycans, since MGL-Fc clearly recognises specific
T. suis glycans and might signal without strong binding.

The MR may play an important role in the interaction of T. suis SPs
with DCs, based on the binding properties of MR-Fc and DC-associ-
ated MR to T. suis. It has been shown that ligation of the MR, despite
its lack of an ITIM/ITAM-motif, can lead to suppression of LPS-in-
duced TNF-a release from macrophages, and that blocking MR liga-
tion enhances pro-inflammatory cytokine production (Zhang et al.,
2005; Sancho and Reis e Sousa, 2012). Thus it may be possible that
ligation of DC-associated MR by T. suis SPs, which similarly sup-
presses TNF-a release, may influence intracellular signalling cas-
cades, leading to suppression of pro-inflammatory mediators.

In summary, T. suis SPs suppress the production of the pro-
inflammatory cytokines, IL-12, TNF-a and IL-6, as has been de-
scribed for soluble products of other helminths, but also suppress
the production of LTA and many pro-inflammatory chemokines.
These properties, in combination with upregulation of OX40L and
CXCL16 expression, which are regarded as positive signals for
Th2 polarisation (Jenkins et al., 2007; Bruckner et al., 2012;), may
allow T. suis SPs to instruct DCs to direct polarisation into an
anti-inflammatory environment and lower inflammation at sites
of T. suis infection. Trichuris suis glycans play an important role in
the capacity to suppress pro-inflammatory cytokine and chemo-
kine production of DCs and interact with DCs via the CLRs MGL,
DC-SIGN and the MR. Whereas the nature of the bioactive glycan
ligands on T. suis and their mechanisms of action have not been
established, we propose that CLR-ligation may induce signalling
pathways in DCs that interfere with TLR-induced signalling, as de-
scribed for other pathogens (Zhang et al., 2005; den Dunnen et al.,
2010). Further elucidation of the molecular mechanisms of com-
pounds derived from different helminths that exploit distinct
immunoregulatory mechanisms will be of great value in enabling
the development of novel therapeutic targets against inflammatory
diseases.
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