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General Introduction

1. Schistosoma mansoni infection

Schistosomiasis is a chronic, debilitating and poverty-related disease, common in many
countries in the tropics and subtropics. Humans can become infected with several species of the
parasitic schistosomes, of which Schistosoma mansoni, S. haematobium and S. japonicum are
most prevalent. These schistosome species are endemic in different, sometimes overlapping
areas in the world and show slightly different pathological and epidemiological characteristics .
Like all schistosomes, the most intensely studied species S. mansoni has a complex life
cycle that involves sexual reproduction in a definitive mammalian host as well as asexual
reproduction in an intermediate host (Figure 1). During the early, acute stages of S. mansoni
infection in humans, the dominant immune response against the parasite is T helper 1 (Th1)-
mediated, hallmarked by high levels of interleukin (IL)-1, IL-6 and interferon (IFN)-y in
peripheral-blood mononuclear cells (PBMCs), as well as upregulation of serum levels of tumor-
necrosis factor (TNF)-a % In some instances, the acute immune responses result in a disabling
fever called “Katayama fever”, which is mostly observed in travelers infected by schistosomes for
the first time *. Upon deposition of eggs by adult female worms, the immune response drastically
alters. Egg-derived molecules downregulate the initial Th1 response and initiate a marked Th2-
skewed response *°. In addition, eggs trapped in the liver and other organs induce periovular,
Th2-mediated, granulomatous responses, characterized by the presence of alternatively activated
macrophages, CD4+ T cells, eosinophils and collagen fibers. In the course of time, a regulatory
response develops which downregulates the strong Th2 response, and granulomas around newly

'. The egg-induced tissue granulomas and most notably the

deposited eggs decrease in size
associated fibrosis are the main cause of morbidity in S. mansoni-infected individuals, as these
reactions can lead to severe hepatic, splenic and intestinal damage.

Despite the strong immune responses elicited by schistosomal molecules, generally
clearance of schistosomes cannot be achieved by the host, resulting in an ongoing chronic
infestation that can last up to several decades. Therefore, treatment with anti-helminthics is
required to resolve the infection. Today, the treatment of choice for schistosomiasis is
praziquantel °. This drug induces severe muscle spasms and paralysis in male adult worms,
presumably by increasing the permeability of cell membranes for calcium ions leading to
dislodgement and death of worms ”. The major disadvantage of this and other currently available
drugs is that they do not protect individuals from re-infection. Moreover, the drug does not
directly reverse damage caused by the host immune reaction against tissue-trapped eggs, and life
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stages other than mature worms remain unaffected by the drug ° Further research on

schistosome biology and immunology is vital to develop new drugs and find other more long-




term solutions, such as an effective vaccine. Due to their specific immunological characteristics,
schistosomes and schistosome molecules make excellent model systems for studying the
development and function of Th2 and regulatory responses. Potentially, these molecules could
provide a basis for the development of Th2- and/or Treg-polarizing therapies for the prevention
of Thl-mediated autoimmune diseases.
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Figure 1 Life cycle of schistosomes infecting humans. Cercariae, released from infested water snails, penetrate
through the skin of human individuals and shed their tails. The developing schistosomula migrate through the tissue
and enter blood vessels via which they are transported to the portal veins, where they mature into adults worms.
Upon maturation, female and male worms form pairs and migrate to their final location. The female worms start to
produce eggs, part of which enter the lumen wall of the intestine (S. mansoni and japonicum) or bladder (S.
haematobium), after which they leave the body via the faeces or urine, respectively. Eggs hatch on contact with fresh
water and release miracidia. These motile larvae can infect snails, in which they asexually reproduce into sporocysts
and eventually cercariae. (adapted from: http://www.dpd.cdc.gov/DPDx/HTML/Schistosomiasis.htm)

2. Schistosoma mansoni glycoconjugates

Schistosomal glycoconjugates have been acknowledged to play a major role in the activation and
modulation of the immune system during S. mansoni infection. Glycosylation is a common
feature of proteins and lipids that pass through the rough endoplasmatic reticulum (RER) and
the Golgi-complex, and follow the secretory pathway to the cell surface. Proteins can be

decorated with N- and O-glycans linked to asparagine and serine/threonine, respectively, which
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are formed via a highly regulated cell- and schistosome life stage-specific process involving the
concerted actions of glycosyltransferases and other glycosylation-modifying enzyme activities °.
As is also the case in many other organisms including humans, a S. mansoni N-glycan consists of
a Mans;GlcNAc, core that can be decorated with specific core-elements (Table 1) . The N-
glycans can be divided in three major classes, based on different diversifications of N-glycan
core; the high-mannose-type, the complex-type and the hybrid-type (Table 1). S. mansoni O-
glycosylation can consist of short mono- or disaccharides, but also of more complex structures
consisting of conventional mucin-type core 1 and 2 structures, as well as of a S. mansoni specific
novel core (Table 1) decorated with complex antenna structures '*'*'. Glycolipids can carry
typical simple galactose or glucose-linked ceramides, but also larger, more extended glycolipids
based on a so called “schisto-core” occur (Table 1) 7. The non-reducing termini of complex
glycan structures on schistosomal glycoproteins and glycolipids are typically made up of
(repetitive) GalP1-4GlcNAc (LacNAc, LN) and GalNAcP1-4GlcNAc (LacdiNAc, LDN)
structures, which can be decorated with one or more fucoses '*'>. Notably, sialic acids, common
terminal monosaccharides of mammalian antennae motifs, are not found on S. mansoni glycans.

The precise structural features of schistosome glycans are highly dependent on the life
stage and cell type in which they are expressed, as well as on the protein backbone by which they
are carried. In the next paragraphs, the general characteristics of the glycoconjugates observed in
cercariae and schistosomula (paragraph 2.1), adult worms (paragraph 2.2) and eggs and
miracidia (paragraph 2.3), are described, as well as the current knowledge on the immune
responses elicited by these structures. Finally, paragraph 2.4 will focus on the glycan-directed

antibody responses observed during S. mansoni infection.

2.1 Glycoconjugates of cercariae and schistosomula

A clear feature of both protein- and lipid-linked glycans in cercariae is the abundance of LN-
backbones, of which the immunogenic glycan motif Galp1-4(Fucal-3)GlcNAc (Lewis X, LeX) is
most observed. LDN-based structures are present as part of the cercarial glycocalyx O-glycans,
but in glycolipids and N-glycans they occur only in minor amounts '****!, The majority of
cercarial N-glycans are decorated with a core f2-xylose as well as an a6-fucose, while no core a3-
fucosylated glycans are detected in this life stage '. Interestingly, the cercarial glycocalyx has
been reported to carry complex O-glycans with repeating units of unique multi-fucosylated
(Fucal-2Fucal-3, DF) LDN motifs '°. The cercarial glycolipids in addition to LeX express the
Fucal-3Galp1-4(Fucal-3)GlcNAc (pseudo-LeY) motif ', which to date has not been observed

in other S. mansoni life stages.
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A N-glycan core B N-glycan types

aNg'06 a 6 06
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Asn Asn Asn
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specific core @ Mannose
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Glycolipid core B GicNAc
4 O GalNAc
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Cer Cer Cer % Xylose
Simple Schisto
glycolipids core

Table 1. S. mansoni glycan structures (A) Core structures as present on S. mansoni N-glycans, O-glycans and
glycolipids (B) N-glycans can be divided into three classes based on the antenna structures. The high-mannose
type glycans carry multiple mannose residues. The complex type glycans carry up to four antenna structures
consisting of a wide array of glycan motifs, including the ones displayed in table 2. The hybrid type carries one
high-mannose antenna and one complex glycan antenna.

The glycosylation of the schistosomula, which develop after transformation of the
penetrating cercariae, is less thoroughly studied. While O-linked and lipid glycosylation have
never been analyzed, one mass spectrometric analysis of N-glycosylation of in vitro transformed
3-day old schistosomula has been published ". In comparison to cercariae, the expression of LN
and LeX-containing glycans is reduced, and truncated glycans are more prevalent. Xylosylation
of complex glycans is nearly absent, but a major fraction of truncated glycans still carries this
motif. Monoclonal antibody (mAb) studies have indicated the presence of LeX, LDN and
GalNAcP1-4(Fucal-3)GlcNAc (LDN-F) on the surface of schistosomula ***'. As LDN and LDN-
F motifs are not clearly detectable on N-glycans of schistosomula, these might be expressed by
O-glycans and/or glycolipids.

Many studies have indicated that in vitro killing of cercariae and schistosomula can be

initiated by host complement complexes *%***

and antibody-dependent cell mediated
cytotoxicity (ADCC) ***. In some instances, the recognition of parasite glycans has been
demonstrated to be involved in these immune processes ****?. The glycocalyx of cercariae seems
to activate the alternative pathway of complement binding, leading to efficient killing of a
majority of cercariae *. Schistosomula on the other hand are less susceptible to killing via this

complement pathway %, but instead can be targeted via the classical pathway, which requires
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antigen-specific antibodies for its initiation *****. It was demonstrated that antibodies against
LDN in the presence of complement could mediate in vitro lysis of schistosomula, indicating
that glycan epitopes on the surface of schistosomula could be targets for antibody-mediated
complement killing . Killing of schistosomula, at least in vitro, can also be mediated by ADCC
mechanisms, which involve eosinophils, macrophages or platelets that bind to antigen-specific
IgE bound on the surface of the schistosomula *?*. In this respect, eosinophil-mediated killing
was shown to be dependent on the interaction between LeX structures and selectins, both of
which are expressed on eosinophils as well as schistosomula %.

Despite the clear evidence that the human immune system has the tools to kill the
larval life stages of S. mansoni, infected individuals are generally unable to eradicate the parasite.
Schistosomes appear to be masters of immune evasion but the exact mechanisms behind this,
which involve shedding of the glycocalyx, membrane turnover, acquisition of host molecules
and the induction of anti-inflammatory and regulatory immune responses by later life stages, are

still elusive.

2.2 Glycoconjugates of adult worms

Upon maturation of the larvae into adult worms, xylosylation and a3-core fucosylation of N-
glycans totally disappears, and LeX structures become less abundant. Instead, N-glycosylation of
adult worms is mainly characterized by a6-core fucosylated, mono- and di-antennary glycans
terminating with LDN »". Minor glycan subsets on adult worms include diantennary glycans
with mixed LDN, LN and LeX termini as well as linear repeats of these structures '>. Although
male and female glycans in general display a similar N-glycosylation profile, subtle differences in
the minor glycan subsets are observed, with females expressing more LN/LeX-type glycans,
whereas LDN/LDN-F-type glycans are more prevalent in males **. MADb stainings revealed that
these gender-specific glycans were at least in part found on the tegument, which might have
consequences for the type of immune responses elicited by the two sexes. O-glycans could not be
directly detected within the adult worm extract also used to characterize the N-glycans *,
however worms were shown to excrete the highly antigenic circulating anodic antigen (CCA)
and circulating cathodic antigen (CAA) from the gut that carry long O-linked carbohydrate
chains containing repeats of LeX units and a GlcA-substituted GalNAc polymer, respectively >,
Worm glycolipids have to date been poorly defined in terms of glycosylation. However, using
defined anti-glycan antibodies, the presence of (multi-)fucosylated LDN structures including
LDN-F and LDN-DF was demonstrated on worm glycolipids *, as well as the presence of LeX *.

Interestingly, worm glycolipids were demonstrated to induce Thl responses via

modulation of dendritic cells (DCs) in vitro, a process which was shown to be dependent on
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fucosylated glycan motifs on the glycolipids as well as DC-specific ICAM-3-grabbing
nonintegrin (DC-SIGN) and TLR4 on DCs **. It was hypothesized that DC-SIGN binds the
fucosylated structures on glycolipids, thereby facilitating the binding of the lipid entity to TLR4
and the induction of DC maturation via intracellular signaling cascades. This might provide a
mechanism via which parasite glycans induce the initial Th1 responses as observed in infected
humans and in animal models.

CCA and CAA are excreted in such high levels by the worms that they are detectable in
the serum and urine of infected individuals **. They are widely used as diagnostic targets in

epidemiological studies using specific mAbs that recognize glycan epitopes on these antigens *.

2.3 Glycoconjugates of eggs and miracidia
The glycan profile of eggs evidently differs from that of adult worms. Within the N-glycan pool,
B2-core xylosylation as observed in the cercarial stage re-appears, and a set of a3-core
fucosylated glycans can be detected. As in most other life stages, antenna structures on N-, O-
and lipid glycans for a large part consist of fucosylated LN and LDN motifs, including LeX and
LDN-F structures '*7. Another characteristic feature of egg glycans is the occurrence of multi-
fucosylated antenna structures containing the Fucal-2Fucal-3 motif '*'#". On glycolipids, these
motifs are expressed in the form of repeating -4(Fucal-2Fucal-3)GlcNAcP1-units terminating
with (Fucal-2)onFucal-3GalNAcP1- at the non-reducing end.

The N-glycans of miracidia seem to be very similar to the ones found on eggs ">, which
is not surprising as the miracidium constitutes a major part of the mature egg (Figure 2).
However, eggs contain certain additional, minor glycan structures which are most likely to be
expressed on glycoproteins from the subshell area within the egg, and possibly the egg shell itself
", The glycan structures of miracidial O-glycans and glycolipids have not been analyzed yet, but,
as observed for N-glycans, are expected to be largely similar to the respective egg glycans.

Schistosome egg glycoconjugates and most notably the secreted egg (glyco)proteins
(ES) contain potent immunomodulatory agents. In part 3 of the general introduction, we will

focus on S. mansoni egg glycoproteins and their interactions with the host immune system.

2.4 Anti-glycan antibody responses during S. mansoni infection

It has long been acknowledged that schistosome glycans are important targets of the strong
antibody responses observed during natural and experimental infections ***. Antibody
responses against many schistosomal motifs including LeX, LDN, F-LDN, LDN-F and LDN-DF
and F-GlcNAc % have been found. The most intense antibody responses in humans and

primates observed so far are directed against LDN-DF carrying the Fucal-2Fucal-3 element and

14



General Introduction

41-44

against Fucal-3GalNAc motifs *"*, structures which are abundantly expressed on schistosome
glycoconjugates but are uncommon in mammals. However, it should be noticed that the
knowledge on antigenic glycans is far from complete due to the limited amount of glycan
elements that have been studied. New technologies such as glycan arrays are expected to provide
information on antibody responses in schistosomiasis cohorts to a much more complete set of
antigenic glycans *.

Despite the differential antibody responses observed during S. mansoni infection
against many parasite glycans, it remains to be established whether these antibodies could
generate protective immune responses. In fact, it has been suggested that these high anti-glycan
responses may even function as a “smokescreen”, preventing the generation of an effective
humoral response *. However, certain antibodies against parasite glycans have been reported to

46;47

confer protection in animal models **¥, as well as induce protective responses in vitro *.

3. Schistosoma mansoni eggs and the host immune system

There is increasing evidence that the interplay between egg glycoproteins and C-type lectin
receptors (CLRs) on host immune cells plays an important role in shaping immune responses
during schistosomiasis. Paragraph 3.1 gives an overview of the molecular aspects of S. mansoni
egg glycoproteins. Most experiments investigating the immunomodulatory properties of eggs so
far have been performed using the complex (glyco)protein preparation SEA (Soluble Egg
Antigens), as summarized in paragraph 3.2. The studies in addition indicated that a significant
part of the immunological activity associated with these preparations seems to be mediated by
the glycans present on SEA glycoproteins (paragraph 3.3). These glycans are thought to dictate
interactions with CLRs and mediate antigen uptake by antigen presenting cells (APCs).
Paragraph 3.4 gives an overview of the CLRs putatively involved in SEA glycan recognition,
while paragraph 3.5 discusses SEA glycans which form possible ligands for these receptors.
Importantly, it is still largely unclear which individual glycoproteins within SEA are

immunologically active, as discussed in paragraph 3.6.

3.1 Structural aspects of the Schistosoma mansoni egg and SEA

S. mansoni eggs are released by female worms in an immature form consisting of an egg shell of
cross-linked proteins containing an ovum and vitelline cells. While still in the host, the egg
matures during 5-6 days by the development of the ovum to a miracidium, and the formation of
the Von Lichtenberg’s envelope on the inside of the egg shell from which proteins are secreted

into the environment through pores (Figure 2) ***. Many of the eggs traverse the gut tissue and
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are excreted with the feces, but a significant number get lodged downstream in the liver where
they eventually die. The host reacts to eggs and egg products by inducing a Th2-mediated
immune response which may lead to granulomatous inflammation and pathological tissue
remodeling and fibrosis *. It is not clear if particular egg components are critical for the
extravasation of the eggs from the blood vessels. Since freshly laid immature eggs are not yet

48;49

believed to secrete proteins ***, one could hypothesize that the egg shell is involved in this

process. More clearly however, the eggs’ secretory proteins which are formed in the sub-shell

area upon maturation and secreted into the egg’s environment *

, induce a major immune
response of the host that appears to be leading to Th2 polarization. To other components of the
egg, such as the hatching fluid and most of the soluble SEA glycoproteins, the host will most
likely be exposed only when eggs die and fall apart in host tissues.

While a number of recent studies have identified single components of SEA and ES
with immunomodulatory properties **°, the vast majority of all molecular studies into the
immune mechanisms induced by schistosome eggs have been performed using SEA. SEA is a
complex mixture of proteins of a potentially variable composition depending on the
developmental stage of the eggs and the solubilisation procedure used. The properties of such

54;56-59
>

preparations have been studied in vitro, e.g. in DC/T-cell skewing and signaling assays and

in vivo, e.g. by injections into an array of wild type, transgenic and knock-out mice %',

Egg shell

Lateral spine

@ [PSE/ol

O Omega-1
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@ Other glycoproteins

f8.d Free oligosaccharides

Figure 2. Schematic overview of the mature S. mansoni egg and egg components.
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Proteomics studies using 2D-gel electrophoresis and mass spectrometry have shown that over a
thousand proteins can be detected in SEA, with a broad range of functions on target cells. These
can be exerted either inside (e.g. cytosolic and nuclear proteins) or outside (e.g. membrane
proteins, secretory proteins) a cell > Although few studies have been conducted on individual
SEA glycoproteins, it is clear that many SEA components are glycosylated "*. Structural studies
on preparations of N- and O-glycans released from the peptide backbones have shown that SEA
glycoproteins collectively display a very complex set of glycans, comprising specific schistosome
glycans, as well as glycans expressed in the mammalian host (Table 2) '*'. Each type of glycan or
glycan element can be present on a larger subset of SEA glycoproteins **. SEA includes the
excretory/secretory (ES) (glyco)proteins, but it does not contain water insoluble glycoconjugates,
including membrane glycoproteins and hydrophobic glycolipids, unless specific solubilisation

procedures were followed.

3.2 Immunomodulatory properties of SEA

SEA consistently is an inducer of Th2 responses in different types of experiments either in vitro
or in vivo and both in humans and in animal models. A central role in the initiation and
modulation of these responses is played by APCs such as DCs and macrophages. APCs
continuously sample their environment for “danger” signals derived from invading pathogens,
upon which they migrate to lymph nodes to instruct T cells to polarize.

Studies of DCs have been instrumental in understanding the polarization of immune
responses towards Th2 by SEA %%, While DCs fail to show classic signs of maturation when
stimulated with SEA **%, in vitro experiments show that SEA-primed monocyte-derived human
and murine DCs are very potent in polarizing naive Th cells towards a Th2 type ***%. In
accordance with the in vitro data, eggs injected into the footpad * as well as SEA-primed bone
marrow-derived DCs injected intraperitoneally ® can induce Th2 responses in mice. Apart from
inducing Th2 responses, SEA is also able to interfere with Toll-like receptor (TLR)-mediated DC
activation ***. SEA can suppress maturation and cytokine production of human and murine
DCs induced by the TLR4 ligand LPS and the TLR3 ligand poly-I:C **. Recently, a single ES
glycoprotein omega-1 has been shown to exert similar Th2-inducing and TLR-modulating
effects on DCs as does SEA ***, as discussed in paragraph 3.6.

Components of SEA are also suggested to play a role in the initiation and modulation
of periovular granulomatous responses observed in host tissues. When eggs lodge into organs
such as the liver, host APCs initiate a granulomatous response which is thought to protect the
host from overt reactions to egg molecules. In hepatic as well as pulmonary mouse models using

antigen-coated Sepharose beads as artificial eggs, SEA has been shown to be a potent inducer of
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a granulomatous response ***, giving rise to granulomas with a comparable cellular composition

to those around schistosome eggs “%.

3.3 Glycan-mediated activities of SEA

Several studies show that the observed immunomodulatory properties of SEA are at least in part
dependent on the interaction of glycosylated egg proteins with glycan receptors on APCs. In a
mouse model of intranasal sensitization, SEA but not SEA pretreated with metaperiodate could
induce Th2-type responses including antigen-specific IgE production and induction of IL-4 .
Metaperiodate treatment destroys glycan integrity and functionality by disrupting the ring
structure of monosaccharides such as mannose, galactose and fucose, abundant constituents of
SEA glycans. Cells from lymph nodes of mice injected with DCs conditioned with SEA produced
significantly more IL-4 and IL-5 upon in vitro restimulation than lymph node cells from mice

6!

that received metaperiodate-treated SEA-pulsed DCs ¢. Production of IFN-y was similar

however, indicating that APC-induced Th2 responses require intact glycosylation. Although

Table 2. Typical glycans and glycan elements on S. mansoni SEA and ES
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metaperiodate treatment could theoretically also have a destabilizing effect on the protein
backbone and therefore disrupt the integrity of the glycoproteins, support for a role of glycans in
Th2-skewing comes from studies using HSA-conjugated LNFPIIL. It has been shown that this
conjugate of LNFPIII, a pentasaccharide terminating with the LeX epitope, has Th2-skewing
properties mimicking those of SEA in the murine model of intranasal sensitization .
Furthermore, a Dextran-LNFPIII conjugate shows similar DC-modulating effects as SEA , and
at least one glycoprotein carrying glycans terminating with LeX has been found in SEA ”°.

SEA glycans may also play a role in the initiation and modulation of periovular
granulomatous responses observed in host tissues. In the hepatic mouse model, it was
demonstrated that beads that carry SEA with glycans destroyed by metaperiodate treatment were
no longer able to induce granulomas, but elicited only a monolayer of cells comparable to
uncoated or albumin-coated beads . A set of model glycoconjugates carrying various synthetic
oligosaccharides characteristic for schistosome eggs was tested in the same mouse model. From
this set, only LDN- and LN-terminating glycoconjugates were able to induce granuloma
formation. In contrast, glycoconjugates with terminal LeX, fucosylated LDN or GlcNAcg, elicited

only a monolayer of macrophages ”".

3.4 C-type lectin receptors for SEA
Distinctive glycan elements abundantly present on SEA and ES glycoconjugates are recognized
by pattern recognition receptors (PRRs) 7>, APC are equipped with an array of PRRs, including
CLRs and TLRs, in order to recognize and differentiate between pathogens by binding pathogen-
associated molecular patterns (PAMPs) and instruct the immune system to mount a dedicated
response. Although TLR4-mediated signaling by the LeX-containing glycoconjugate Dextran-
LNFPIII has been reported 7, and LDN, a terminal disaccharide element of SEA glycans, is a
ligand for the S-type lectin galectin-3 on macrophages ”°, the CLRs appear to be the most
relevant PRRs for schistosome egg glycans. All CLRs carry one or more carbohydrate
recognition domains (CRD), which determine the specificity of a CLR for specific pathogen-
derived molecules such as polysaccharides, glycolipids and glycoproteins. Binding of such
molecules to CLRs typically leads to internalization, processing and antigen-presentation on
MHC class I and II molecules. In addition, it was shown that binding of microbial ligands to
CLRs can trigger induction of signaling cascades which lead to immune modulation, either by
modulating TLR-induced signaling, or by direct induction of gene expression (as reviewed in °).
Many glycan structures found in SEA, including LeX, LDN and (multi-) fucosylated
LDN, interact with CLRs (Table 3) *7>7778 It has been shown in an in vitro model that DC-

SIGN, mannose receptor (MR) and macrophage galactose-type lectin (MGL) are the primary
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recognition and uptake receptors on human monocyte-derived immature DCs for SEA *. In the

same system it was shown that exposure of DCs to SEA leads to Th2 skewing, but it was not

demonstrated which SEA glycoproteins and which receptors were precisely involved *.
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General Introduction

By biochemical binding assays such as ELISA and glycan arrays is has been shown that
DC-SIGN binds to many fucosylated motifs including (non-sialylated) Lewis antigens and LDN-
F 7. Guo et al. showed that recognition of LeX by DC-SIGN is conferred by binding of the al-3
fucose in a primary binding site of DC-SIGN, while the terminal galactose binds a secondary
binding site . This implicates the necessity for a specific presentation and glycosidic linkage of
the fucose residue as part of an oligosaccharide to be able to fit the binding sites of DC-SIGN.
Indeed, a3- and a6-linked core fucoses * as well as LDN-DF 7 do not seem to be recognized by
DC-SIGN. In addition to fucose-containing glycan motifs, DC-SIGN also binds N-linked high
mannose-type glycans, as the binding pocket of DC-SIGN is able to bind multiple mannose
residues %, Interestingly, the type of ligand binding to DC-SIGN affects the immunological
outcome, as recognition of respectively mannose- or fucose-containing glycans leads to distinct
signaling pathways *.

L-SIGN, also named DC-SIGNR, is a DC-SIGN homologue that binds multi-
fucosylated motifs as well as mannosylated motifs ">”®. Interestingly, L-SIGN is expressed on
liver sinusoidal endothelial cells (LSECs), but not on DCs and macrophages *. In the liver,
LSECs are part of the internal lining of blood vessels and they express high levels of adhesion
receptors and lectins including MR and L-SIGN ®. LSECs are suggested to mediate the clearance
of antigens from the circulation in a similar manner as DCs do **.

In mice, seven homologues of human DC-SIGN are found that closely resemble DC-
SIGN in terms of protein sequence and structure of the CRD domain **. However, glycan array
screening revealed that only SIGNRI and SIGNR3 share with DC-SIGN the ability to bind both
high mannose and fucose-containing glycans **. SIGNRI is expressed on murine macrophages
and has been shown to bind SEA ¥. Unlike DC-SIGN, SIGNRI1 binds sialylated Lewis antigens in
addition to unmodified Lewis antigens ¥. Notably, SIGNR1 does not play a critical role during
infection, as S. mansoni-infected SIGNR1-/- mice show an unaltered phenotype in terms of
granulomatous responses and pathology ¥. Moreover, in a pulmonary mouse model, the
granuloma volume around in jected eggs as well as levels of IL-4, IL-10 and IFN-y in lung tissue
did not significantly differ between normal and SIGNR1-/- mice ¥. SIGNR3 is reported to more
closely resemble the glycan specificity of DC-SIGN * and it has been shown to mediate
endocytosis and signaling ***. However, while DC-SIGN is abundantly expressed on human
DCs *', SIGNR3 in mice is expressed on small subsets of DCs, macrophages and monocytes in
the skin, lungs and lymphoid organs only . Taken together, to date no murine receptor has
been found which resembles human DC-SIGN in terms of binding and signaling properties as
well as expression on APCs, which may have implications when studying the glycan-dependent

immunomodulatory properties of SEA in mice.
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Human MR has a slightly overlapping specificity with DC-SIGN and binds glycans
terminating in mannose, fucose and GIcNAc residues **. The binding motifs for MR have not
been reported in detail; however it has been shown that MR is unable to effectively bind LeX
residues, which may be caused by the steric hindrance of the galactose residue in the LeX
structure *. Furthermore, although MR can bind single mannose residues, it binds more
complex mannose structures with higher affinity ***. In mice, one clear MR homologue exists
which exhibits binding properties comparable to human MR *. The expression of MR on
macrophages and DCs, as well as the amino acid sequence of the eight CRD domains are well
conserved among humans and mice ***°.

Finally, MGL is a CLR expressed by immature human DCs and macrophages. In
contrast to DC-SIGN, MR and in fact most other CLR, MGL is unable to bind fucose and
mannose residues. Instead, MGL has a narrow specificity for non-substituted, terminal a- and p-
linked GalNAc 7. In mice, two MGL homologues are found, named mMGL1 and mMGL2 **".
Like human MGL, mMGLI1 and mMGL2 are expressed by immature DCs and macrophages.
However, only mMGL2 shares its narrow glycan specificity for GaINAc with human MGL,

whereas mMGLI1 primarily binds unsubstituted terminal galactose %,

3.5 Molecularly defined CLR ligands in SEA

It is yet unknown which egg glycans and CLRs are responsible for the modulatory effects of SEA
via APCs. The reported importance of DC-SIGN, MR and MGL in the recognition and uptake of
SEA * would suggest a role for these receptors and specific subsets of SEA as ligands. Many of
the glycan motifs recognized by these CLRs have indeed been found to be abundantly present in
SEA by chemical structural studies (Table 2). LeX and LDN-F have been shown to be involved in
DC-SIGN-SEA binding ”. Moreover, LDN and LDN-F have been shown to be binding ligands
for MGL in SEA 7, while MR could potentially bind fucosylated LDN motifs. In addition, SEA
glycosylation also contains high-mannose N-glycans, which are potential ligands for DC-SIGN,
L-SIGN and MR.

The glycosylation of an important immunomodulatory subfraction of SEA, the ES
glycoproteins, has also been extensively studied . The major complex N-glycan structures and
the O-glycans are rather similar for ES and SEA-released glycans, although high-mannose and
truncated N-glycan structures were found to be less abundant in ES glycoproteins than in SEA.
While many other helminths also carry potential CLR ligands such as the LDN-F motifs and
other fucosylated HexNAc motifs, only Dictyocaulus viviparus and schistosomes have been

reported to carry LeX motifs %!,
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3.6 Which individual glycoproteins in SEA are immunomodulatory via CLR?

Although it would be fair to hypothesize that SEA glycoproteins that carry LeX and other CLR
ligands are the natural molecules responsible for glycan-induced Th2 induction that has been
observed with other LeX-containing glycoconjugates, this has not been proven so far. Most
structural information about SEA glycans has been obtained by releasing the glycans from the
protein mixtures, SEA or ES, thereby losing all information about which individual proteins and
glycans actually combine. To date, only one glycoprotein from S. mansoni eggs has been studied
in detail in terms of glycosylation. IPSE/al '** (also named SmEP25 '*® / SmCKBP '*) is a major
constituent of ES ' and for the most part carries diantennary N-glycans of the complex-type
7. The antennae are mainly composed of LeX and LN structures, with a minority composed of
(fucosylated) LDN structures. In addition, the innermost core GIcNAc is typically decorated
with a3/a6 difucosylation. IPSE/al has been shown to exhibit Th2-regulatory properties, as it is

52;102

capable of inducing IgE-dependent IL-4 in human basophils and an innate IL-4 production
by murine basophils '*. However, non-glycosylated recombinant IPSE/al induced similar effects
on basophils as native IPSE/al ', indicating that the LeX glycans of IPSE/al are in this case not
playing a critical role. IPSE/al also seems to play an anti-inflammatory role during
granulomogenesis by reducing cellular infiltration into granulomas '*. This effect is likely to be
explained by the chemokine binding properties of IPSE/al, as Smith et al. showed that IPSE/al
can block interaction of chemokines with their host chemokine receptors and inhibit their
biological activity in vivo ', indicating that glycans are probably also not involved in the effects
of IPSE/al on downregulation of granuloma formation.

Another ES glycoprotein, omega-1 '”, harbors potent Th2 skewing activities via
modulation of DCs ***. Omega-1-treated DCs are capable of generating Th2 responses in in

vitro studies ***

as well as when transferred into naive mice *. Furthermore, omega-1 is a major
factor in SEA and ES that conditions DCs for Th2 priming **%, although SEA depleted from
omega-1 still harbors Th2-inducing capacities, both in vitro and in vivo **. RNAse inhibition
experiments indicate that the RNase activity of omega-1 might be involved in Th2 skewing *°.

A third major S. mansoni egg glycoprotein is kappa-5 **. The function of kappa-5 is
unknown, but it is present in high amounts in SEA, and although not produced in the sub shell
envelope but by the miracidium, it appears to be a constituent of the hatching fluid.
Interestingly, S. mansoni infected individuals often mount pronounced IgE responses against
this glycoprotein '®. As opposed to natural kappa-5, recombinant kappa-5 expressed in human
embryonic kidney (HEK) cells does not reveal any IgE reactivity. Since mammalian-derived

HEK cells have a different glycosylation repertoire from schistosomes, this may point to a role of

specific glycans as the IgE target '®. It has been demonstrated that kappa-5 is the primary S.
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mansoni SEA constituent that binds to soybean agglutinin (SBA), a lectin specific for terminal
a/B-D-GalNAc '®. This indicates that kappa-5 carries LDN, which is a common S. mansoni
glycan epitope to which several immunogenic properties have been attributed ***%77>,

In addition to glycoproteins, S. mansoni eggs also excrete a series of multi-fucosylated
free glycans ', which structurally resemble egg glycolipid glycans *. Although this has not been
tested so far, it would not be surprising if these oligosaccharides could bind to the same CLRs as
the multi-fucosylated glycolipids or glycoproteins. Meyer et al. showed that glycosphingolipids
from schistosome eggs were bound by L-SIGN as present on LSECs, presumably via Fucal-
3GalNAcP1-4(Fucal-3)GlcNAc (F-LDN-F) motifs, and these may have a function in the initial
immune recognition of schistosome eggs when they enter the liver 7. In in vitro experiments
using PBMCs of donors unexposed to schistosomes, egg glycolipids carrying difucosylated (DF)
HexNAc motifs could trigger cytokine responses, whereas worm glycolipids, in which those
motifs are absent, could not '°. The functional consequences of the interaction with CLRs of
these glycans and glycolipids may differ from that of (multivalent) protein-conjugated variants.
Finally, it might be relevant that the insoluble egg shell also appears to be glycosylated "', but it
is not yet clear if egg shell-associated glycans could exhibit immunoregulatory properties and

what the exact structure of these glycans is.

4. Multivalency and molecular presentation of CLR ligands

Conclusions about the immunomodulatory potential of the SEA glycoprotein ligands for CLRs
cannot easily be drawn from primary structural data and binding assays. The involvement of
DC-SIGN, MR and MGL on DCs in SEA binding and uptake was discovered initially using a
system where SEA was covalently coupled to fluorescent beads *. Such a system may not be
entirely representative for secreted/excreted glycoproteins, such as those that are present in ES,
which are not bound to a solid surface, particle or pathogen. Multivalency is an important aspect
of CLR binding and subsequent signaling since the spatial presentation of glycans as well as the
degree of multimerisation of receptors is of importance to generate stable interactions. The MR
for instance is able to recognize oligomannose structures more efficiently than single mannose
monosaccharides. This specificity has been shown to be dependent on the presence of multiple
CLR domains within a single MR molecule **'>. In contrast to MR, most other CLRs contain
only one CRD domain, however receptors have been reported to oligomerize, often resulting in
enhanced affinity for multivalent ligands **'"*''. In vitro, soluble DC-SIGN molecules can form
tetramers stabilized via an a-helical stalk, which has been demonstrated to amplify the specificity

for high-mannose type glycans on host molecules '”. In addition, van Liempt et al. studied DC-

24



General Introduction

SIGN specificity in a glycan array using a bivalent DC-SIGN-Fc molecule . In this assay they
found a 4-fold increase in binding affinity of bivalent DC-SIGN-Fc towards N-glycans carrying
diantennary LeX or diantennary LDN-F, compared to the respective monovalent trisaccharide
determinants. Indeed, for DC-SIGN the manner of presentation of a ligand might influence its
affinity due to clustering of this receptor on the cell surface. Immature DCs have been reported
to express DC-SIGN in nanometric microdomains, whereas on intermediate DCs, which
represents an earlier stage of DC development, DC-SIGN is randomly distributed along the cell
surface """, This clustering of receptors on the cell membrane of immature DCs significantly
enhanced binding and internalization of virus particles, while recognition of larger particles
remained similar '°. Due to this DC-SIGN clustering on immature DCs, soluble molecules
would be recognized differentially as molecules presented on a solid surface of particles or beads,
or at the surface of a cell or on a pathogenic organism. Similarly, multivalency or clustering
density will be an important parameter when using synthetic model glycoconjugates to study the
immunological aspects of S. mansoni glycans, as small carrier-coupled glycans will not

necessarily mimic their natural counterparts from schistosome eggs.

5. Glycosylation analysis of S. mansoni egg glycoproteins

In depth structural information on the glycans of S. mansoni egg glycoproteins is commonly
generated using mass spectrometry (MS)-based methods. A thorough sample preparation, as
described in paragraph 5.1, is an essential part of these methods. A mass spectrometer generally
consists of an ionization source, a mass analyzer and an ion detector. The ionization source
converts the sample molecules into positively or negatively charged ions. These ions are then
directed into a mass analyzer where they are separated according to their mass over charge (m/z)
ratio and detected to generate a mass spectrum. First choice MS set-ups for the structural
analysis of glycan and glycopeptides mixtures are matrix-assisted laser desorption ionization-
time of flight (MALDI-TOF)-MS (paragraph 5.2) and electrospray-ionisation (ESI)-ion-trap MS,
(paragraph 5.3), the latter of which is typically on-line coupled to a liquid chromatography (LC)
system in order to separate the sample prior to analysis. Tandem mass analysis (MS/MS) is
generally used to further determine the composition and sequence of glycan structures
(paragraph 5.4).

Although these MS-based techniques can provide a wealth of structural information,
the identity (e.g. galactose vs mannose) and linkage position of the constituting
monosaccharides in a glycan can usually not be directly deduced. Additional techniques can be

exploited to complement and extend the MS data, which might include the use of specific exo-
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glycosidases, permethylation and anti-glycan antibodies. To generate an overview of the
techniques used for the in depth analysis of S. mansoni egg glycans, current studies on the glycan
analysis of complex egg glycoprotein preparations are summarized in paragraph 5.5, whereas

paragraph 5.6 describes a study on the glycosylation of a single egg glycoprotein.

5.1 Sample preparation

The majority of S. mansoni glycan data is obtained from glycans released from complex total life
stage preparations by enzymatic or chemical treatments '*'%'S. N-glycans are commonly released
using PNGase F and/or PNGase A, as these enzymes provide fast and reliable results '". PNGase
F releases all N-glycans except those containing a fucose a3-linked to the innermost GIcNAc of
the N-glycan core, while PNGase N cleaves off all N-glycans irrespective of their nature, in each
case provided that the glycosylation sites have been made accessible by denaturation or
proteolytic digestion of the protein. As the a3-core fucose is a common modification in
schistosome glycoproteins, sequential treatment with the two enzymes can already provide
useful information on the type of glycans present. To facilitate detection and analysis of released
glycans, the reducing end of the glycans can be labeled with a fluorescent tag, such as 2-
aminobenzoic acid (2-AA) and 2-aminobenzamide (2-AB). For the release of O-glycans, no
enzyme is presently available due to the diversity of O-glycan core structures (Table 1). A
common and reliable chemical method to release O-glycans from their protein backbone is
reductive p-elimination "5,

The analysis of released glycans is an easy and fast way to assess a diversity of glycan
structures in complex mixtures. However, crucial information is lost about how individual
proteins are glycosylated. Therefore, the direct analysis of glycans still attached to peptides of
isolated, native glycoproteins is a recently-emerging technique. Glycoproteins are treated with
an appropriate protease (e.g. trypsine) to generate peptides containing a single glycosylation site,
and the resulting glycopeptides are analyzed directly by MS. Up till now, such an in-depth
glycosylation analysis been carried out for only one schistosome glycoprotein, the ES egg

170

glycoprotein IPSE/al 7, as discussed in paragraph 5.6.

5.2 MALDI-TOF-MS

In MALDI-TOF-MS, a sample is generally co-crystallized with an ultraviolet-absorbing matrix
on a target plate, and ionised by a laser pulse. The resulting molecular ions, which are normally
singly charged due to the soft ionization method, are then accelerated in an electric field and
detected by a TOF mass analyzer. This analyzer detects the time that each ion needs to travel

from the source to the detector through a high vacuum tube (time of flight), which can be
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directly correlated to their m/z ratio. Although the exact ionization mechanisms are unclear, it is
thought that the matrix absorbs the laser energy and transfers part of the energy to the sample,
resulting in the ionization and transfer of the sample to the gas phase %',

MALDI-TOF-MS is very suitable for the analysis of small amounts of glycans or
glycopeptides, as it can detect ions in the femtomole to picomole range. A decent sample clean-
up is essential though, as salts or other impurities in the sample can hamper analysis. Low
abundant molecules in complex mixtures can however easily be missed due to limitations in the

dynamic range of detection. Separation of the mixture (e.g. by using chromatography) prior to

measuring can overcome this problem.

5.3 ESI-MS

In a standard ESI-MS setting, a solution containing the sample is dispersed via a metal-tipped
glass capillary into a fine spray of highly charged droplets. The droplets are accelerated by high
voltage and evaporate under a drying gas at atmospheric pressure, creating (multiply) charged
molecular ions that can be analyzed by a mass analyzer. Nano-ESI-MS is a variation on ESI-MS
for which only very small amounts of sample are required. This technique is more sensitive
compared to standard ESI-MS and is more tolerant of salts and impurities '*'%*.

As ESI-MS involves the continuous flow of liquids, it is very suitable for the online
coupling to a LC system. This allows easy purification and/or separation of the sample prior to
mass analysis. Separation of glycans and glycopeptides is dependent on their retention time on
the stationary phase of a LC column. LC methods commonly used for the separation of glycans
and glycopeptides are Hydrophilic Interaction Llquid Chromatography (HILIC) and Reverse
Phase (RP) chromatography. In HILIC, glycans are retained by hydrogen bonding, ionic
interactions and dipole-dipole interactions. These HILIC features enable separation of glycans
and glycopeptides on the basis of size, presence of glycan modifications and sometimes even
allow separation of isomeric structures. For RP chromatography, retention is primarily based on
the hydrophobic properties of the peptide moiety (glycopeptides) or an added fluorescent tag
(released glycans). Therefore, glycan variation on a certain glycosylation site, the so-called
microheterogeneity, can be easily picked up as glycopeptides with the same peptide moiety but
different masses elute at similar time points. Notably, certain monosaccharide moieties slightly
influence the retention time, causing small shifts for some glycan variants. By coupling an LC
system with (nano-)ESI-MS, low quantity molecules in a complex mixture are more effectively

detected, and information based on the LC-separation can be coupled to the ESI-MS results

124,125
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5.4 Tandem mass spectrometry

Many MS instruments have the capacity to determine the composition of glycans by the
fragmentation of selected precursor ions, a process which is called tandem MS or MS/MS. The
order in which monosaccharides are lost from the parent structure is indicative of the sequence
of monosaccharides and the branching pattern within a selected glycan or glycopeptide. Often,
amino acid sequence information of the peptide part of glycopeptides can be additionally
obtained.

In this thesis, laser-induced dissociation (LID) (for MALDI-TOF) as well as collision-
induced dissociation (CID) (for ESI-ion-trap MS) have been employed. In the MALDI-TOF
used, the laser-induced tandem MS is based on post-source decay induced by the laser and is
usually indicated as MALDI-TOF/TOF "'. CID-induced fragmentation is performed by
colliding a selected ion with inert gas molecules *. Various other tandem MS techniques have

also been developed to elucidate the composition of glycans and glycoproteins, as reviewed in

1205127

5.5 Glycosylation analysis of complex S. mansoni egg preparations
The first MS-based glycosylation analysis of S. mansoni egg glycoproteins was performed by
Khoo et al. on the complex SEA mixture using fast atom bombardment (FAB)-MS '°. N-glycans
were released from tryptic glycopeptides via sequential digestion with PNGase F and PNGase A,
and subsequent reductive elimination released the O-glycans. The released glycan preparations
were permethylated to facilitate the determination of branching and glycosidic linkages, and
were analyzed with FAB-MS. Using this technique, a sample is mixed with a matrix and
bombarded under vacuum with a high energy beam of atoms, generating glycans as well as
glycan fragments at the same time. The generated data, combined with accepted models of
eukaryotic N-glycan structures, revealed important structural features of SEA glycans, as
described in paragraphs 2.3 and 3.5. However, FAB-MS lacks the high sensitivity observed for
MALDI-TOF-MS and ESI-MS techniques and is not compatible with tandem MS analysis. Due
to these drawbacks, minor glycan structures in complex mixtures can remain undetected, and
the complete structural characterization of glycans is not possible. More recently, a pilot study
on egg N-glycans, using a MALDI-TOF-MS-based method, validated many of the glycan
structures found earlier by Khoo et al. '°, but in addition found previously unidentified, PNGase
A sensitive glycans containing unusual triantennary LDN motifs .

The glycosylation of the secretory ES glycoproteins, a major immunogenic subset of
SEA, was extensively analyzed by Jang-Lee et al. *. Initial analysis of released, permethylated N-
and O-glycans was performed with MALDI-TOF-MS to obtain an overview of glycans within
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the released glycan pools. To generate more in-depth, structural information on the observed
glycans, the majority of molecular ions were fragmented by MALDI-TOF/TOF as well as ESI-
MS/MS. In addition, monosaccharide compositions and glycosidic bond positions were defined
using gas chromatography (GC)-MS. Together, this study provides an in-depth overview of

major and minor, N- and O-linked glycans present on ES glycoproteins.

5.6 Glycosylation analysis of the S. mansoni egg glycoprotein IPSE/«a1

The reported role of individual glycoproteins and their glycans in the immunoregulatory effects
of S. mansoni eggs, as outlined in part 3 of the introduction, stresses the need for detailed
protein-specific glycosylation analysis. Up to now, only the egg glycoprotein IPSE/al has been
subjected to such an analysis ”°. For this, IPSE/al was trypsinized and resulting glycopeptides
were initially analyzed by MALDI-TOF-MS in the positive-ion reflectron mode. Two
glycopeptides clusters were found, representing the “microheterogeneity” (glycan variation) of
the two N-glycosylation sites of IPSE/al. Additional analysis demonstrated that within each
cluster, mass differences of 146, 162 and 203 Da were present, indicating that the IPSE/al
glycans differed in the presence of fucose (F), hexose (H) and HexNAc (N) residues, respectively.
Based on the deduced masses from MALDI-TOF-MS, the mass of the peptide parts, as well as
already existing knowledge on the general structures of S. mansoni N-glycans, tentative glycan
compositions were generated.

An extensive analysis of the exact glycopeptide structures was generated using tandem
MS fragmentation as well as exo-glycosidase treatments. To confirm the characteristics of the
peptide part of the glycopeptides, glycopeptides were deglycosylated with PNGase A, after which
the amino acid sequence and glycan attachment site was revealed using nano-LC-MS/MS.
Tandem mass spectrometry was also used to deduce the antenna composition and core
substitutions of the glycan part. However, during fragmentation, fucose rearrangements within
the antenna fucoses have been reported for protonated glycoconjugates, potentially leading to
misleading fragmentation ions. To validate the fucose localization at the antennae, glycopeptides
were treated with B-galactosidase. This enzyme can differentiate between fucosylated and non-
fucosylated LN antennae, as it cleaves terminal galactose from LN but not from fucosylated
variants such as LeX.

For example, on the basis of the MALDI-TOF data and previous knowledge on S.
mansoni N-glycans, the major glycan structure HiNsF. on site N80 of IPSE/al was suggested to
consist of a difucosylated N-glycan core carrying two LeX antennae. The presence of peptide
fragments containing a HexNAc with two fucoses (pep-NiF.) indicated that the core structure

indeed was di-fucosylated. 3-galactosidase treatment clearly demonstrated that each of the LN
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antennae carry one fucose, as the enzyme was not able to cleave off any galactoses, in line with
the presence of two LeX units.

Conclusively, the MS and tandem MS studies on tryptic glycopeptides of IPSE/al
combined with the enzymatic treatment provided a detailed, site-specific glycosylation analysis

that is also applicable to other S. mansoni glycoproteins.

6. Scope of this thesis

Three major, immunogenic egg glycoproteins have been identified; omega-1, IPSE/al and
kappa-5. The studies in this thesis aim to unravel structural and molecular details of the
interaction between these three glycoproteins and innate immune cells of the host, with an
emphasisis on the role of the glycoprotein glycans in the induction of Th2 responses and
granulomogenesis.

To generate a better understanding of the interactions between the host and the
parasite, it is essential to unravel the structural details of native glycosylation of omega-1,
IPSE/al and kappa-5. The glycans of IPSE/al have been already described in detail, as outlined
in paragraphs 3.6 and 5.6 of this introduction In chapter 2 and 3, we describe the glycosylation
of omega-1 and kappa-5 respectively, using an approach combining mass spectrometric
techniques and enzymatic treatments.

To induce or modulate immune responses, egg glycoproteins interact with CLRs on
APCs such as DCs and macrophages. It was previously shown that SEA glycoproteins interact
with the CLRs DC-SIGN, MGL and MR on immature DCs, leading to internalization of
glycoproteins. The involvement of these receptors in the recognition of single, native
glycoproteins are described in chapter 4 (kappa-5 and IPSE/al) and chapter 5 (omega-1). It is
shown that specific glycan motifs on the egg glycoproteins determine differential binding to the
CLRs.

The importance of glycans in the induction of S. mansoni egg-induced Th2 responses
and periovular granuloma formation has been acknowledged for years; however the exact native
glycoproteins involved in this process remained unknown. Recently, omega-1 has been
identified as the major component of the secretory egg glycoproteins that induces Th2 responses
via the conditioning of DCs. In chapter 5, the underlying characteristics of omega-1 that drive
this immunomodulatory effect are identified. Omega-1 glycosylation as well as its RNase activity
are both demonstrated to play critical roles. Chapter 6 describes the identification of kappa-5 as

a granulomogenic compound in SEA. Its extraordinary antenna motifs are shown to mediate in
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part this immunogenic effect. Chapter 3 in addition shows that the glycans of kappa-5 are

targets of the IgE response observed in S. mansoni-infected individuals.
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