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Outline of this thesis

The experiments described in this thesis have been performed in order to gain more
information about the recognition of Schistosoma mansoni glycans of
glycosphingolipids or glycoproteins by the C-type lectins DC-SIGN and L-SIGN.

In chapter 1 an introduction in the topic concerning schistosomes, their manifold
glycoconjugates, expressed as glycoproteins and glycosphingolipids, as well as the
immunobiology of schistosome infection is presented. Moreover, the C-type lectins
DC-SIGN and L-SIGN are introduced and the multiple roles of carbohydrates during
the immune response to schistosome infection are addressed.

In chapter 2 the original publications resulting from this work are displayed. In the
first publication (Meyer ef al. JBC 2005) we demonstrated that besides the Lewis X
epitope also the pseudo-Lewis Y motif, both of which are expressed on cercarial
glycosphingolipids of schistosomes, are ligands of DC-SIGN. The pseudo-Lewis Y
moiety is the first parasite-specific ligand described for this lectin.

In the second publication, a quick method for biotinylation of oligosaccharides is
presented allowing a fast analysis of carbohydrate-lectin interactions.

In the third publication (Meyer et al. Glycobiology 2007) we demonstrated that the
C-type lectin L-SIGN has a broad ligand specificity recognizing high-mannose
structures on SEA as well as fucosylated glycolipids of schistosome eggs carrying
the F-LDN-F epitope.

In chapter 3 the results presented in this thesis are integrated in a general discussion
including a future outlook concerning this topic of research.

Finally, in chapter 4 and 5 a summary of this work is given in English and German.
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1 Introduction and literature overview

1.1 The parasite Schistosoma mansoni

1.1.1 Zoological classification of schistosomes

Within the helminths, i.e. parasitic metazoans classified in the clades plathelminthes,
nematodes and acanthocephala, schistosomes belong to the first named clade and to
the class of trematodes. They are summarized to the family of schistosomatidae
which consists of 12 genuses, all of which live parasitically in the blood vessels of
vertebrates (121). Humans are mainly infected by S. mansoni, S. haematobium,

S. japonicum, S. mekongi and S. intercalatum.

1.1.2 Life cycle of Schistosoma mansoni

The life cycle of schistosomes alternates between an asexual phase in the
invertebrate host, a freshwater snail, and a sexual generation in the vertebrate host.
Due to these switches between hosts and the way of reproduction, the life cycle of
schistosomes belongs to the most complex ones in the whole animality. An overview
of the life cycle of S. mansoni is depicted in Figure 1. A schistosome egg hatches in
fresh water, releasing a motile larva, the miracidium. Within eight to twelve hours
the miracidium has to find its intermediate host, in the case of S. mansoni a
freshwater snail of the genus Biomphalaria. After invasion of the snail the
miracidium develops into the mother sporocyst and, via the open circulation system,
daughter sporocysts reach the mid-gut-gland and continue the further development
resulting in the release of cercariae. Four to six weeks after snail infection, the
cercariae hatch in response to light attraction. These human pathogenic larvae, being
equipped with a bifurcated tail, actively search for their definitive host, penetrate his
skin, release their tails and transform to schistosomula. This transformation is
accompanied by profound changes in their metabolism and antigenic structures at
their surface (59; 60; 86). Schistosomula dwell in the human skin for two to three
days and migrate afterwards in the blood vessels und reach the lungs. After several
days they continue their way via the blood stream to the mesenterial veins and into
the liver. After maturation to adult worms, male and female worms pair and migrate
against the blood stream into the intestinal venules of the portal drainage, where they
permanently settle using their oral sucker. Four to five weeks post infection female

worms start with egg production (135). Schistosomal couples produce up to three
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hundreds of eggs per day and their intended fate is to pass from their intravascular
site of deposition to the intestinal lumen, from where they can leave the body. The
eggs reaching fresh water release miracidia, which can find and invade the aquatic
snail host (Figure 1). An alternative dead-end street for the eggs is that they are
caught by the bloodstream and brought to distal tissue sites in which they become
trapped. The tissue in which half or even more of the eggs of S. mansoni are captured
is the liver, as the sinusoids of which are of insufficient diameter to allow the eggs to

pass. Eggs lodged in the liver, as well as in the intestine, induce strong granuloma

formation (114).
Adult
male
Portal vein
Intestine

Cercariae 9‘)\@

Miracidia

Intermediate
host

Figure 1: The life cycle of Schistosoma mansoni (modified after (35)).

Infection of humans is initiated by cercariae which penetrate the skin, transform into
schistosomula, enter the vasculature and migrate to the portal system, where they
mature to adult worms. The eggs produced are released within the vasculature, cross
the endothelium of the veins and transverse to the epithelium of the intestine. After the
eggs have reached fresh water, free swimming larvae, called miracidia hatch, which
actively seek their intermediate host Biomphalaria glabrata. Asexual reproduction
steps lead to production of infective cercariae.
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1.2 The disease Schistosomiasis

Many publications on schistosome research begin with the phrase “Schistosomiasis
is a parasitic disease affecting over 200 million people in 74 countries of the
developing world”. Perhaps the frequent use of this quotation has made us
thoughtless about the fact, that among human parasitic diseases, schistosomiasis
ranks second behind malaria in terms of socio-economic and public health
importance in tropical and subtropical areas. Of the 200 million people infected, 20
million suffer from severe consequences of the disease. An estimated number of 500
to 600 million people worldwide are at risk to get infected. Nowadays, the treatment
of schistosomiasis depends primarily on chemotherapy using praziquantel ((RS)-2-
(Cyclohexylcarbonyl)-2,3,4,6,7,11b-hexahydro-1H-pyrazino[2,1] isochino-lin-4-on),
an isoquinoline-pyrazine derivative with a wide antiparasitic effect. The exact
mechanism of action of praziquantel is still not known, but it leads to an opening of
calcium channels at the surface of the adult worm, resulting in a paralysis of the
parasites. Unfortunately, there is increasing evidence for an emerging drug
resistance. Due to rather unspecific symptoms, the diagnosis of schistosomiasis is
still not easy. Therefore, direct and indirect methods have to be employed. One easy
way is the identification of species-specific parasitic eggs in the stool. A further
direct diagnostic tool is the detection of circulating cathodic antigen (CCA) and
circulating anodic antigen (CAA) (see paragraph 1.3 for details) (1; 6; 29-31).
Indirect methods to diagnose schistosomiasis are, e.g., the detection of hemoglobin in
the urine (26) or the verification of schistosome-specific antibodies in the serum
(169).

The main pathology of a schistosome infection resides in a pronounced
hepatosplenomegaly (enlargement of spleen and liver), caused by schistosome eggs.
The female worms deposit several hundreds of eggs per day for up to 30 years (50).
As outlined above, about up to two third of the eggs fail to adhere to the endothelium
and become trapped in the hepatic capillary bed. Embolized eggs die within 20 days,
initiate a local immunpathological reaction and lead to granuloma formation. The
dieing eggs secrete large amounts of proteins, glycoproteins and glycolipids, which
are highly antigenic and stimulate the immune response. Before reviewing the
immunology of schistosomes in more detail (see paragraph 1.4), the major

glycoconjugates of schistosomes will be described.
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1.3 Glycoconjugates of schistosomes

Schistosome glycoconjugates play an eminent role in the parasite’s biology, in
particular, in the interaction with and the survival within the host. It has been shown
that carbohydrate determinants are major targets of the immune response (38).
Furthermore, surface-expressed glycans provide the basis for direct diagnostic
methods (29). An enormous amount of structural data regarding the glycosylation of
different schistosomal life stages has been collected in the last decades. It became
evident that the parasites express a great variety of carbohydrate structures, including
both host-like structural elements and highly antigenic, parasite-specific

determinants.

1.3.1 N-glycans of S. mansoni

Schistosomal glycoproteins contain complex glycan moieties linked via N- or O-
glycosidic linkage to the polypeptide backbone (32; 166). The major structural
features of these glycoprotein-glycans can be summarized as follows: Glycoproteins
of S. mansoni adult worms contain typical N-linked oligomannose structures also
occurring in many eukaryotes (111). In addition, diantennary complex-type
N-glycans from adult worms carry terminal GalNAcB1-4GlcNAc (LDN) and
GalNAcPB1-4(Fucal-3)GIcNAc (LDN-F) elements (112; 129). Moreover, adult worm
glycoproteins may carry repeating units of Galp1-4(Fucal-3)GlcNAc (Lewis X, Le™)
on multi-antennary N-glycans. Finally, a large proportion of N-glycans of S. mansoni
adult worms has been shown to represent non-fucosylated, or core-(al-6)-
fucosylated paucimannosidic structures (79; 110). In particular complex-type glycans
have been ascribed a vast structural variety (77). Complex-type species may contain
two LDN antennae, both of which can be fucosylated (129). Alternatively, N-glycans
may consist of 2-4 N-acetyllactosamine antennae with additional oligomeric Lewis X
epitopes (128).

Glycoproteins from S. mansoni eggs contain high-mannose type glycans similar to
those from adult worms and complex type glycans with Galf1-4GIcNAc (LN) as
well as LDN elements. Egg glycoproteins further express truncated N-glycan core
structures carrying [2-linked xylose and a3-linked fucose residues, which are also
described for other helminths, insects and even plants (62; 130). In addition, terminal
(HexNAc); epitopes were found in the egg N-glycans with oligofucosyl-units
attached to the terminal HexNAc residue (78).
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While the glycosylation of soluble egg antigens (SEA) is thought to play an
important role in schistosome immunology, data regarding the precise structures of
the respective glycoprotein-glycans expressed are still incomplete (43; 166). Until
now three glycoproteins were purified from SEA, named a-1, Q-1 and k-5 (34; 36).
Q-1 is a secreted, cytotoxic ribonuclease (46), whereas a-1 is identical to a highly
immunogenic, secreted egg glycoprotein termed IPSE (=interleukin-4-inducing
principle from S. mansoni eggs) (122). IPSE is a general activator of human
basophiles triggering the release of IL-4, IL-13 and histamine. Monomeric IPSE
carries core-difucosylated, diantennary N-glycans with one or more Lewis X motifs
(161).

N-glycans of S. mansoni cercariae are mainly hybrid-type or diantennary structures
with Lewis X trisaccharide units in terminal positions (166). They are core-(al1-6)-
fucosylated throughout and carry often a (B1-2)-core bound xylose (79).

An overview of typical carbohydrate epitopes present on N-glycans of S. mansoni

glycoproteins of eggs, cercariae and adult worms is given in Figure 2.



6 Introduction
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Figure 2. Glycoprotein-N-glycans of S. mansoni cercariae, adults and eggs.

In the egg stage the pentasaccharid-core can be up to twofold fucosylated and can be
modified with p1-2-linked Xylose. Terminal Lewis X and LDN-F units are boxed and
circled, respectively.
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1.3.2 O-glycans of S. mansoni

Schistosome O-glycans range from single O-linked GlcNAc residues or short Galp1-
3GalNAca mucin-type disaccharides on glycoproteins from schistosomula or adult
worms (111) to complex multiply fucosylated glycans from the highly immunogenic
cercarial glycocalyx (80). These complex O-glycans contain specific epitopes of
repeating GalNAcB1-4GlcNAcB1-3Galal-3 units carrying oligofucosyl chains
(Fucal-2)¢ Fucal-2Fucal-3 motifs linked to the internal GIcNAc, as well as
terminal (Fucal-2). Fucal-3GalNAc structures (Figure 3). These multimeric
glycans have been shown to be based on conventional type 1 and 2 core structures
(66; 80). A second group of cercarial O-glycans is based on a novel core-structure
comprising an O-linked GalNAc with B-linked Gal residues in both 3- and 6-
positions (67). Studies on O-glycosylation in adult worms revealed the presence of
O-linked Tn-antigens (GalNAcal-Ser/Thr), T-antigen (Galf1-3GalNAcal-Ser/Thr),
and O-linked GIcNAc (23; 109). So far, only a few publications describe
carbohydrate structures of purified glycoproteins from adult worms. Well-
characterized examples are the two major gut-associated excreted antigens CCA
(circulating cathodic antigen) and CAA (circulating anodic antigen) (12; 140). CCA
carries mainly long, linear multimers of Lewis X trisaccharides and the highly
negatively charged O-glycans of CAA comprise a polymeric (f1-6)-linked GalNAc
backbone which is substituted by (B1-3)-linked glucuronic acid (GlcA) residues
(140). The structures of S. mansoni O-glycans from CAA and CCA are given in
Figure 3.

An overview of characteristic glycan epitopes of schistosome glycoproteins and their

stage-specific occurrence is listed in Table 1.
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Figure 3. O-glycans of CAA and CCA from S. mansoni adult worms and

O-glycans of cercariae.

O-glycans of CAA express poly-Lewis X motifs and the O-glycans of CAA carry (p1-3)-
bound glucuronic acid (GlcA). Present Lewis X motifs are boxed.
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Table 1. Common glycan antigens of S. mansoni and their distribution in the different life-
cycle stages cercariae (C), adults (A) and eggs (E). Glycan epitopes occurring also in
humans (H) are marked for comparison. Structure plots were generated in the notation of the
Consortium for Functional Glycomics (http://www.functionalglycomics.org) using the visual
editor of "GlycoWorkbench". This software application is developed and available as part of
the EUROCarbDB project (http://www.eurocarbdb.org/applications/ms-tools). Symbols used
are: light square, GalNAc; dark square, GIcNAc; triangle, Fuc; light circle, Gal.
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1.3.3 Glycosphingolipids of S. mansoni

While mammalian glycosphingolipids are based on lactosylceramide (Galp1-4Glcp1-
1-ceramide) schistosomal glycolipids carry the so-called “schisto-core” (GalNAcB1-
4Glc-ceramide) (Figure 4) (98; 165).

1-4 1-1 Cer

GalNAc(B1-4)Glc(@1-1)Cer

Figure 4. The “schisto-core”.

Graphic representation of sugar moieties with symbols as in Table 1.

Besides simple glucosyl- and galactosylceramides, this schisto-specific
glycosphingolipid seems to be expressed in all life-cycle stages, nevertheless
exhibiting strong variations in the ceramide part (164). Elongation of this
schisto-core leads to very complex glycans including either structural elements
occurring also in N- or O-glycans, or specific modifications which are found so far
only on glycolipids. In the context of these more complex S. mansoni glycolipids,
epitope-typing, using mAb and infection sera, revealed a marked antigenicity and a
stage-specific expression of individual classes of glycolipid species (160). A
summary of S. mansoni glycolipids and their occurrence in different life-cycle stages

is depicted in Figure 5.
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Gal(p1-4)GleNAc(B1-3)CleNAc(B1-2)GalNA (B 1-4)Gle(p1-1)Cer Ce
Fucf{o1-3)

. Gal(1-4)GleNAc(p]-3)GalNAC(31-4)Glo(p1-1)Cer Ce
Fuc(e1-3) Fue{a1-3)
I _G_amﬁl(m -4)GleNACc(B1-3)GalNAC(3 1-4)Gle(p1-1)Cer Egg
et gt
o _G_aﬂpq(m -4)GIcNAC(B1-3)GleNAC(3 1-3)GalNAC(5 1-4)Gle(p1-1)Cer Egg
st o)
tFuc{a1-2)
Fuc(e1-2)
IF a _e_alﬁA (B1- [4)G|c|NAc(m ] ;l)flclzNAc(m—3)GalNAc([31—4)GIc(p1 -1)Cer Egg

IFue(a1-3) Fuc{a1-3)  *Fuc({n1-3)
o |
- | I

+Fuc{n1-2) Fucial-2)  +Fuc(a1-2)

Figure 5. Summary of S. mansoni glycolipids and their reported stage-specific
occurrence (modified after (166)).

The three fucose-containing carbohydrate-motifs Lewis X (box), Pseudo-Lewis Y
(dotted box) and M2D3H (dashed box) are indicated. The occurrence in each life-cycle
stage is listed. Ad, adult worms; Ce, cercariae; Egg, eggs.

Cerecarial glycolipids were shown to be based on the schisto-core GaINAcB1-4Glc-
ceramide and to carry mainly terminal Lewis X trisaccharide units (165). Some of
these glycolipids carry an additional fucose residue which is a1-3-linked to galactose
thereby forming the so-called “pseudo-Lewis Y” motif Fucal-3Galfl-
4[Fuca3]GIcNAcB- (165). The pseudo-Lewis Y motif has been, so far, neither
detected in the adult nor in egg stages (165). Both glycan motifs are presented in
Figure 6. In addition to the aforementioned glycolipids, cercariae express also
glycolipids species that are highly antigenic and share antigenic motifs with the large
glycolipids of the egg stage (160; 162). The role of Lewis X for the immune response

to and the survival of the parasite is described in paragraph 1.3.4.
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Gal(p1 -4)G|(|3NAC([31 -3) Glal([31 -4)G|(|3NAC([3‘| -3)
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Figure 6. The Lewis X and pseudo-Lewis Y motifs.

Graphic representation of sugar moieties as in Table 1.

Size, complexity and antigenicity are increased in the egg glycolipids, being
characterized by a backbone of N-acetylhexosamine residues decorated with
oligofucosyl side chains, like Fucal-3GalNAcP1-4[xFucal-2tFucol-2Fucal-
3]GlcNAcB-. Analyses of egg glycosphingolipids demonstrated the preponderant
presence of the repeating unit -4(Fucal-2Fucal-3)GIcNAcB1- terminating in the
case of S. mansoni in (Fucal-2)o,Fucal-3GalNAcfB1- at the non-reducing end. In
this context a panel of distinct carbohydrate epitopes can be defined: GalNAcB1-
4GlcNAc- (LDN), Fucal-3GalNAcB1-4GlcNAc (F-LDN), GalNAcB1-4(Fucal-
3)GIcNAc (LDN-F), Fucal-3GalNAcB1-4(Fucal-3)GIcNAc (F-LDN-F) and
GalNAcPB1-4(Fucal-2Fucal-3)GIcNAc (LDN-DF) (cf. Table 1). The major antigenic
determinant found in egg glycosphingolipids was Fucal-3GalNAcp- as recognized
by the monoclonal antibody (mAb) M2D3H (167). S. mansoni egg glycolipids
exhibit strong biological activities as they were shown to induce cytokine production,
thus leading to elevated interleukin-10 (IL-10), interleukin-6 (IL-6) and tumor
necrosis factor alpha (TNF a) levels (146).

Stage-specific expression pattern have not only been described for the glycan
elements, but also for the ceramide part of schistosome mono- or dihexosides (164).
In addition, the structural basis for the serological cross-reactivity between
schistosome infection sera, schistosome glycolipid glycans and keyhole limpet
hemocyanine (KLH) can be explained in terms of the N-linked glycan epitope
Fucal-3GalNAcPB1-4[Fucal-3]GIcNAcB-, i.e., F-LDN-F (55; 56). This cross-
reactivity might be of biological relevance, as hemolymph glycoproteins of the

S. mansoni intermediate host, Biomphalaria glabrata, also show cross-reactivity with
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parasite glycoproteins and glycolipids (33; 89; 163). This sharing of carbohydrate
motifs between parasite and host could be interpreted as an attempt of the parasite to

camouflage itself and fits into the concept of “molecular mimicry” (25).

1.3.4 The Lewis X motif in host-parasite relationship

A number of recent studies have indicated a major role for Lewis X-containing
glycoconjugates in the interaction of host and parasite. In this context, the most
striking feature of this carbohydrate epitope is its shared occurrence in both the
parasite and its host, as Lewis X is expressed in a wide range of human tissue (47)
including glycolipids and glycoproteins of human granulocytes (49; 127; 132).
Secondly, the temporal and spatial expression of Lewis X in schistosomes is of high
interest. It has been observed that the cercariae express Lewis X only around gland
openings (153), whereas this expression pattern changes completely when the
parasite enters the mammalian host. During the transformation from cercariae to
schistosomula the highly antigenic glycocalyx is stripped off, the tail is lost, the
Lewis X epitope can be now multiply detected and on the entire, newly-formed
surface of the schistosomulum by monoclonal antibodies (83; 85; 153). After
developing to adult worms Lewis X remains to be constantly exposed at the site of
parasite/host interaction, but is weakly expressed in the parasitic tegument. On the
other hand, Lewis X-containing gut antigens like CCA are constantly secreted.
Likewise, the shell of schistosomal eggs is decorated with Lewis X motifs, thus
verifying again the continuous expression of Lewis X by the parasite (153). It could
be further demonstrated that the Lewis X epitope is a target of the host’s immune
response in schistosomiasis causing autoimmunity (107; 108). These auto-anti-
Lewis X antibodies have been shown to induce complement-dependent cytolysis of
Lewis X-presenting host cells (108; 141). Furthermore, glycoconjugates carrying
Lewis X moieties have an immunomodulatory effect as could be demonstrated by the
induction of secretion of interleukin-10 in vitro (155; 156). Finally, which is a main
topic of this thesis, parasitic Lewis X units can also target the innate immune system
through binding to the C-type lectins, such as DC-SIGN, and might thereby be

involved in the early cellular immune reaction to schistosomula.
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1.4 Immune response to schistosomes

During infection with schistosomes and most other helminths, the dominant immune
response can be classified as Th2-like (95). Simplistically, Th responses can be
considered to diverse into those dominated by IFN-y producing Thl cells, or
IL-4/IL-5/IL-13-producing Th2 cells. Two main clinical conditions are distinguished

during schistosome infection: acute and chronic schistosomiasis.

1.4.1 Acute schistosomiasis- a Th1 response

During acute illness, i.e., during the first 6 to 8 weeks post infection before eggs are
deposited, often unspecific syndromes like fever occur (“Katayama syndrome”).
When the parasite enters the host, prostaglandin D, (PGD,), produced by the skin
stage of S. mansoni, inhibits the migration of Langerhans cells to the draining lymph
nodes, thereby delaying the immune response (4). These first weeks of infection
represent a classical T helper 1 (Thl) type of response which is characterized by an
increase of measurable levels of tumor-necrosis factor (TNF) in the plasma. In
addition, peripheral-blood mononuclear cells (PBMCs) produce large amounts of
IL-1 and IL-6 (27). The early phase of schistosome infection is less well investigated,
but several mechanisms of immune regulation during the migration of schistosome

have been described so far and are summarized in Figure 7.
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Events during parasite penetration through the skin:

* Shedding of glycocalyx at cercarial transformation
* Release of proteolytic enzymes

* Release of excretory/secretory (E/S) products

cercaria
* Binding of schistosomal PAMPs to host PRRs (TLRs, CLRs)
Epidermis |"‘I ‘ schistosomulum
v Inhibition of Langerhans cell migration
Dermis v
Mast cell activation due to E/S products
Degranulation: IL-4 and histamine release
— blocked IL-12 release leads to increase of I-10 levels
Requlatory
mediators:

.“I Lymphocyte apoptosis
_ _ “S. mansoni apoptosis factor” (SMAF)
IL-10, IL-1ra, —*  CD4+ T-cell apoptosis

TNFa, PGE,,
PGD
2 APC skewing

Altered APC activation states and
priming of macrophages and DCs

""‘ . sdLN Skin-draining lymph node lymphocytes (sdLN):

~__ Hyporesponsiveness/down-regulation

v

of the parasite to the lungs

Figure 7. Schematic diagram showing the possible mechanisms of immune
regulation during the acute phase of schistosome infection whilst the parasite
migrates through the human skin (modified after (70)).

The abbreviations used are: APC, antigen-presenting cell; CLRs, C-type lectin
receptors; DCs, dendritic cells; IL, interleukin; IL-1ra, interleukin-1 receptor
antagonist; PAMPs, pathogen-associated molecular patterns; PGD2, prostaglandin D2;
PGE2, prostaglandin E2; PRRs, pattern recognition receptors; sdLN, skin-draining
lymph node lymphocyte; SMAF, S. mansoni apoptosis factor; TLRs, Toll-like
receptors; TNFo, tumor necrosis factor alpha.
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1.4.2 Chronic schistosomiasis - a Th2 response

During infection with schistosome species, a chronic disease is the result of the
ongoing host response to accumulating eggs trapped in the tissue. In the progression
of the disease the egg-driven, developing Th2 response down regulates the
production of the aforementioned pro-inflammatory cytokines. The switch from a

Th1 to a Th2 response at the point of egg deposition is illustrated in Figure 8.
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Figure 8. Schistosome eggs induce a switch in the immune response from Thl1 to
Th2 (modified after (35)).

The intensity of immune response during the time post infection is depicted for Thl
cells (orange line), Th2 cells (blue line) and regulatory T-cells (T reg, black line). After
infection with schistosomes the first immune response is a Thl cell response. As the
worms develop and egg production starts, natural Kkiller (NKT) cells are activated,
dendritic cells produce more IL-10 and less IL-12, and a Th2 cell response develops. In
addition, B cells produce IL-10 in response to egg-derived antigens. Furthermore,
populations of alternatively activated macrophages and regulatory T-cells are formed.
IFN-y interferon-y; NO nitric oxide; TGF-p transforming growth factor beta; TNF
tumor necrosis factor.

In S. mansoni infection the liver is the mainly affected organ. As the sinusoids of the
liver are too small for the eggs, they get stuck and die in the liver tissue. The CD4"
T-cell response that is induced by the trapped eggs orchestrates the development of a

strong granuloma formation, composed of collagen fibers, macrophages and
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eosinophiles, thus causing severe hepatosplenomegaly and increased liver portal
blood pressure, as the liver becomes increasingly fibrotic. The main Th2 cytokine
responsible for liver fibrosis is IL-13 (21). The fibrotic role of IL-13, together with
IL-4, seems to be based on its ability to induce the expression of arginase in
macrophages (64). Mediators that are associated with a Thl response, like IFN-y,
IL-12, TNF or NO can prevent the IL-13 mediated fibrosis in mice (64). But IL-13
itself is obviously not necessary for the Th2 development per se (41).

S. mansoni egg-induced granuloma formation and the composition of a granuloma in

the liver are outlined in Figure 9.

granuloma

H 6 0 & & —

Hepatocytes Othercells CD4+ T cell Macrophage Eosinophil Collagen

Figure 9. Formation of liver granuloma due to dieing parasitic eggs (modified after
(117)).

The CD4+ T-cell response that is induced by trapped eggs, mainly in the liver, leads to the
development of granulomatous lesions. Granulomes are composed of collagen fibers and
different cell types, including macrophages, eosinophiles and CD4+ T-cells.
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Several cytokines other than IL-4 have been implicated in the Th2 development, but
have been found to be of minimal importance for the expression of this type of
immune response (117). IL-6, for example, does not play a main role during Th2
phase, although it might be involved at some level in the regulation of IFN-y and
IL-12 production (87).

The function of B cells during schistosomiasis is still under investigation. One study
showed that effector B cells can induce a Th2 response through the production of
polarizing cytokines (61). The finding that CD40-CD154 interactions are important
for the development of a Th2 type of response during schistosome infection also
implicates that B cells might be involved in this process, since B cell responses are
markedly impaired in the absence of CD40 signaling (100; 149). In addition, it has
been demonstrated that CD40”" DCs are incapable of inducing egg-antigen-specific
Th2 responses (97).

Several studies underline that it is the egg stage of the schistosome that is responsible
for the induction of a Th2 response (57; 116). In contrast, the worms themselves
seem to be poor inducers of a Th2 answer. The Th2 phase is characterized by
increased numbers of eosinophiles, basophiles and mast cells as well as high levels
of circulating IgE. Hence, schistosomes, as well as, other parasitic helminths
inducing Th2 responses, may be used as model organisms for studying the
development and function of this type of immune response.

The induction of a Th2 response by schistosomes is summarized in Figure 10.
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Figure 10. Induction of a Th2 response (modified after (117)).

S. mansoni alive helminths and excreted/secreted antigens modify cells of the innate
immune system by interaction with TLRs and CLRs to stop the production of
inflammatory mediators and to elicit the output of immunoregulatory cytokines like
IL-10. This results in the generation of suppressive regulatory T-cells (Treg) and a shift
towards a Th2 response. Abbreviations used are: aaM®, alternatively activated
macrophage; B7-1/B7-2, protein on the surface of antigen-presenting cells (2nd signal);
CD, cluster of differentiation; CLR, C-type lectin receptor; CD40L, CD40 ligand;
CTLA-4, cytotoxic T-lymphocyte antigen 4; DC, dendritic cell; MHC, major
histocompatibility complex; NKT, natural killer cell; NFkB, nuclear factor kappa B;
NO, nitric oxide; S. mansoni Ags, S. mansoni antigens; TCR, T-cell receptor; TLR,
Toll-like receptor.
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1.5 Immunevasion of the pathogen

At least three early findings arouse the interest of immunologists in schistosomiasis:
the immune response is clearly involved in the development of many of the
pathological changes accompanying infection, the patients can exhibit resistance to
superinfection, and schistosomes may survive for years in the host despite a strong
immune response (117). To this end parasites have evolved an intricate series of
adaptations enabling them to survive for decades in the host without causing host
mortality. They manage to escape or suppress the immune response while and
simultaneously avoid overwhelming their hosts. In this context, schistosomes have
developed an impressive array of immune evasion mechanisms including the ability
to coat themselves with host antigens (molecular mimicry), to enzymatically cleave
antibodies and to rapidly release distinct surface layers with unique double
membranes, using pre-formed membrane vesicles (118). Apart from employing
immune evasion strategies, schistosomes also subvert and thereby utilize the host’s
immune response to facilitate their own development and transmission. The
production of eggs by female worms is, for example, dependent on host-derived TNF
(3). Adult worms may also use host-derived TGF-f3 as a regulator of their own
growth (10). Furthermore, schistosomes are adapted to and might promote genetic
changes in both the intermediate and the definitive human host. So far, only in snails
evidence for this conclusion is provided by the fact that snail strains can be selected

dependent on their susceptibility towards schistosomal infection (158).
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1.6 Glycans and their role in schistosomiasis

A wide range of both parasite- and host-derived glycoconjugates have been
investigated for their role in the induction of a Th2 response by schistosomes in order
to correlate defined carbohydrate structures with their biological properties in
schistosome immunology.

Glycosylated components of schistosomal eggs have been shown to affect the
production of cytokines by DCs (171). Furthermore, DCs stimulated by egg-derived
antigens in vitro are able to promote a Th2 cell response in vivo (96). Egg
glycoproteins can also bind to macrophage mannose receptor (63). Recent studies
have shown that carbohydrates off egg antigens are of integral importance for the
induction of a Th2 response. Likewise, related model compounds like Lacto-N-
Fucopentaose III (LNFP, containing the Lewis X motif) induce a strong Th2
response (113), whereas the non-fucosylated form lacks this ability. It could be
further demonstrated that the activation of TLR4 via LNFP III leads to an activation
of the ERK (Extracellular-signal regulated kinase) pathway only, whereas after
LPS-induced stimulation 3 different pathways (ERK, P23, JNK) are addressed (138).
Natural killer T (NKT) cells are similarly activated and stimulated by glycolipids of
eggs and adult worms (171). NKT-cells as well as eosinophiles and mast cells are
potent sources of IL-4; however, the absence of these cell types does not prevent the
establishment of Th2 cell responses in infected mice (15; 119). It could be
demonstrated that schistosome-specific phosphatidylserine activates TLR2 at the cell
surface of DCs. This results in mature DCs (mDCs) with the capacity to promote the
development of IL-10 secreting regulatory T-cells (Tregs) (145). Tregs induced by
helminths have the potential to suppress the Thl cell response to helminths-derived
antigens, thereby ensuring Th2 cell polarization (102). The described induction of
Tregs seems to be an essential control mechanism preventing an over-vigorous
immune response during chronic infection.

One of the most fascinating features in parasite immunology is how the host detects
the pathogen and gets rid of the invader without destroying self-antigens/-tissues.
Recent work underlines that glycoconjugates, that are expressed through all life-
cycle stages of the parasite, play an important role in the escape mechanisms of the
pathogen. The first cells that come into contact with invading schistosomula are
dendritic cells. They recognize pathogens and, via interaction with T-cells, an

immune response is activated. The emerging role of carbohydrates in the
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immunology of schistosomiasis opens up the possibility that innate patter-recognition
receptors, that recognize parasitic glycans, may have a crucial role in the induction of
a Th2 response. In the next paragraph pattern recognition receptors, dendritic cells

and their role in immune responses to schistosomes will be discussed.

1.7 Dendritic cells

Beside macrophages, dendritic cells (DCs) are the major antigen presenting cells
(APCs). In 1868 Paul Langerhans observed a subpopulation of DCs - the so-called
Langerhans cells- in the skin, but he misclassified them as nerve cells (88). It took
more than 100 years until the function of dendritic cells could be defined, in more
detail, as Ralph Steinman and Zanvil Cohn reported in 1973 a new cell type in
murine lymphoid organs, which they named dendritic cells in accordance to their
tree-like cytoplasmic extensions (131). DCs represent a special type of leukocytes
which is able to alert the immune system to the presence of infectious agents and is
responsible for activation and control of both innate and adaptive immune responses.
DCs are especially distributed in tissues that interface the external environment like
the skin, the gut and the lungs. DCs have a unique capacity to sample sites of
pathogen entry, respond to pathogenic signals and potently activate naive T-cells to
proliferate and differentiate into Th1, Th2 or Treg cells. Three signals are necessarily
delivered by APCs to determine the fate of the naive T-cells (106). Signal 1 is
induced by the T-cell receptor (TCR), when binding an appropriate peptide-MHC
complex. Signal 1 alone is thought to promote naive T-cells into anergy or deletion,
thereby promoting tolerance. Co-stimulatory signals in combination with signal 1
induce immunity, mirrored in T-cell clonal expansion and differentiation into
effector cells. Signal 2 is the co-stimulatory signal mediated by triggering of CD28
by CD80 and CD86. Signal 3 is the polarizing signal mediated by soluble or
membrane bound factors like IL-12 (Th1) or CC-chemokine ligand 2 (CCL2) (Th2)
(72).

Following antigen uptake, DCs efficiently process antigens for their presentation in
association with major histocompatibility complex (MHC) molecules. As a
prerequisite for being able to prime the adaptive immune response, however, DCs
have to mature. Maturation of DCs is characterized by a decreased antigen-uptake
capacity and an increased cell surface expression of MHC and co-stimulatory

molecules (8; 19). In addition, rearrangements of cytoskeleton, adhesion molecules



Introduction 23

and cytokine receptors occur during maturation and allow DCs to migrate from
peripheral tissues to secondary lymphoid organs (120).

In summary, the interaction with pathogens results in activated DCs which migrate to
the T-cell area of the lymph nodes, where antigen-specific cells of the adaptive
immune response can be primed. Therefore dendritic cells are often called “sensors
of the immune system*.

Interest in the function of DCs during schistosomiasis was strongly increased, when
MacDonald and coworkers discovered that DCs pulsed in vitro with SEA induced a
SEA-specific Th2 response, when reinjected in mice (96). Furthermore, SEA could
condition human DCs to polarize Th responses in a Th2 direction in vitro (28).

The adaptive immune response to a pathogen develops after the initiation of innate
immune reactions that requires the recognition of pathogenic antigens. Pathogen-
expressed molecules that stimulate the innate immune response are termed pathogen-
associated molecular patterns (PAMPs). Prominent examples are lipopolysaccharid
(LPS) of gram-negative bacteria and peptidoglycans of gram-positive bacteria, as
well as polysaccharides of fungal cell walls (136). The recognition of PAMPs is
mediated by pattern-recognition receptors (PRRs) that consist of the large families of

toll-like receptors (TLRs) and C-type lectins (CLRs).
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1.8 C-type lectins

Recognition of carbohydrates is mediated by a specialized family of host receptors,
named lectins, which bind glycans via one or more so- called carbohydrate
recognition domains (CRDs). There are different classes of animal lectins, such as
siglecs, galectins or the C-type lectin receptors (CLRs), which can be distinguished,
on the basis of conserved regions in their amino acid sequence. The CLRs bind
carbohydrates in a calcium-dependent manner, and the Ca*"-ions are directly
involved in the binding of the ligand as well as in maintaining the structural integrity
of the lectin. The high affinity binding of some lectins is achieved through high
avidity by multivalency of the ligand, by multiple CRDs within one lectin or via
clustering of lectins containing one single CRD. The C-type lectins comprise a
prototypic lectin fold, consisting of two anti-parallel B-strands and two a-Helices
(159). The CLRs are either transmembrane proteins or secreted as soluble proteins,
like members of the collectins family and the mannose-binding protein (MBP) (76;
93). The transmembrane CLRs are divided into two subfamilies, type I or type II C-
type lectins depending on their N-terminus pointing outwards or inwards the
cytoplasm. Examples of transmembrane C-type lectins are the selectins, the mannose
receptor (MMR) family and DC-SIGN (37; 53; 90). A summary of type I and type II
C-type lectins that are present on dendritic cells or Langerhans cells is given in

Figure 11.
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Figure 11. Classification of C-type lectins (modified after (45)).

Type I C-type lectins (MMR and DEC-205) contain an aminoterminal cysteine rich
repeat, a fibronectin type II repeat and 8 to 10 carbohydrate recognition domains
(CRD). Type II C-type lectins contain only one CRD at their carboxyterminal
extracellular domain.

Despite the fact that several CLRs share a common CRD the different assembly
architecture and spacing of these domains create unique sets of carbohydrate
recognition profiles for each receptor. A good example is the different recognition of
Lewis blood-group antigens by completely different CLRs. While DC-SIGN
recognizes unsialylated Lewis X and Lewis A units, P- and E-selectin express high
affinity towards sialylated Lewis X and Lewis A moieties (5; 48).

The main function of CLRs is the binding and subsequent internalization of antigens
for direct elimination by macrophages. At the same time lysosomal degradation
produces antigenic fragments which stimulate the adaptive immune system after their

presentation by DCs and macrophages via MHC molecules at the cell surface (45).
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1.8.1 DC-SIGN

The dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin
(DC-SIGN, CD209) was first characterized as a receptor interacting with
intercellular adhesion molecule 3 (ICAM-3) (53). It was subsequently shown to bind
also ICAM-2 on vascular endothelial cells, thereby regulating DC migration (51).
Both of these interactions are mediated by N-linked high-mannose structures
(typically consisting of 5-9 mannose units). Mannose-dependent recognition
processes are also responsible for the interaction of DC-SIGN with different
pathogens. DC-SIGN was primarily described as HIV-1 receptor that enhances
infection of T lymphocytes in trans (52). Ever since, increasing evidence has been
accumulated that, besides HIV, a multitude of pathogens uses DC-SIGN as entry
gate, as already described for severe acute respiratory syndrome coronavirus (SARS)
(168), filoviruses (101), Hepatitis C virus (94), the fungus Candida albicans (17) as
well as the bacterium Mycobacterium tuberculosis (133). Biochemical studies have
shown that a significant proportion of DC-SIGN is located in detergent-resistant
membrane fractions, where lipid rafts can also be found. However, disruption of lipid
rafts by cholesterol extraction did not change the integrity of DC-SIGN
microdomains, suggesting the existence of additional molecular determinants
regulating the association of transmembrane protein, like DC-SIGN, with lipid rafts
(16). Nevertheless, the localization of DC-SIGN in these lipid microdomains may
create a scaffold that favors pathogen binding and may simultaneously allow the
interplay of DC-SIGN with signaling molecules that are located in the same
membrane domains.

As outlined above, DC-SIGN is a type Il membrane C-type lectin with a short N-
terminal cytoplasmic tail and a single C-terminal CRD (53). This CRD recognizes
equally well internal branched mannose units as well as terminal di-mannosyl motifs
(44; 105). In addition, DC-SIGN binds fucosylated epitopes, preferentially al-3
and/or al-4 fucosylated tri- or tetrasaccharides including Lewis antigens and LDNF
(5; 148). The cytoplasmic tail contains three internalization motifs, as one main role
of C-type lectins is to internalize pathogen specific antigens for processing and
antigen presentation, thereby inducing the specific immune response (150). The
internalization motifs of DC-SIGN are composed of a di-leucine motif, a tyrosine-
based motif with the sequence YKSL, and a triacidic amino acid cluster EEE, the
first two of which are involved in antigen internalization (40). A schematic structure

of DC-SIGN is given in Figure 12.
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Figure 12. Schematic overview of the structure of DC-SIGN (modified after
(150)).

One of the two Ca’" is shown and interacts with four amino acids (Glu347, Asn349,
Glu354, Asn365). Val351 has been shown to be involved in the recognition of some
ligands. The CRD (red) of DC-SIGN is separated from the transmembrane (TM, green)
region by a neck domain that consists of seven complete and one incomplete tandem
repeats (light blue). The cytoplasmic tail (dark blue) contains internalization motifs
such as the di-leucine (LL) motif and the tri-acidic (EEE) cluster and an incomplete
immunoreceptor tyrosine (Y)-based activation motif (ITAM).

DC-SIGN delivers antigens to intracellular vesicles, which are comparable with late
endosomes/lysosomes. As shown for HCV, resulting antigen fragments are
subsequently presented to T-cells in vitro (40; 94). Some pathogens, however, may
selectively use the method of DC-SIGN-mediated antigen uptake to escape from the
host’s immune defence (150).

DC-SIGN interacts with S. mansoni SEA. Using anti-glycan antibodies it could be
demonstrated that this binding is mediated by high-mannose type glycans as well as
Lewis X and LDNF motifs (148). Glycan array studies verified that DC-SIGN
recognizes besides glycans with terminal Manal-2Man units also fucosylated

glycans with Fucal-3GIlcNAc and Fucal-4GlcNAc moieties (58).
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In chapter 2 of this thesis we demonstrate that DC-SIGN interacts not only with the
Lewis X motif present in cercarial glycolipids, but also with the pseudo-Lewis Y

epitope, thus representing the first parasite-specific ligand for DC-SIGN.

1.8.2 L-SIGN

Liver/lymph node specific ICAM-3-grabbing nonintegrin (L-SIGN, CD209L,
DC-SIGN-R) is a homologue of DC-SIGN (9; 123). L-SIGN shares 77% amino acid
sequence identity with DC-SIGN. L-SIGN is not expressed on human dendritic cells,
but occurs on liver sinusoidal endothelial cells (LSECs) (9). These liver-resident
cells function as antigen presenting cells and may therefore have the capacity for
antigen clearance (81). Moreover, L-SIGN mediates LSEC-leukocyte adhesion (82).
The crystal structures of the CRDs of L-SIGN and DC-SIGN revealed that both
receptors recognize high-mannose type glycans (44; 105). Additional binding studies
demonstrated that L-SIGN has a higher affinity for mannose than DC-SIGN (58).
L-SIGN is able to bind to ICAM-2 and ICAM-3 similar to DC-SIGN and may
establish cellular interactions with ICAM-3 expressing T-cells (9). Furthermore, both
C-type lectins recognize carbohydrate structures on pathogens, such as ManLAM of
M. tuberculosis and high-mannose type glycan moieties of viruses like HIV-1, HCV
and Ebola (84). The question as to whether L-SIGN is also able to incorporate
antigens, is under current discussion. Ludwig ef al. demonstrated that L-SIGN
transfected cells internalize hepatitis C virus particles. The subsequent degradation of
these particles, however, is prevented, since they escape into non-lysosomal vesicles
(94). In contrast to these findings Guo and co-workers showed that L-SIGN
expressed on fibroblasts did not release the ligand, even at low pH and did not
mediate endocytosis, which underlines that L-SIGN functions more as adhesion than
as internalization receptor (58). Nonetheless, L-SIGN displays considerable
homology to DC-SIGN in the cytoplasmic tail and shares potential internalization
motifs such as the triacidic cluster (EED) and the di-leucine motif, whereas the
tyrosine based motif is lacking (84). The schematic structures of L-SIGN and
DC-SIGN are displayed in Figure 13 for comparison.
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Figure 13. Schematic overview of the structure of DC-SIGN and L-SIGN.
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DC-SIGN contains seven complete and one incomplete tandem repeats. The amount of
repeats in L-SIGN is variable between three and nine (indicated with arrows). Within
the cytoplasmic tails several internalization motifs are present, though L-SIGN lacks
the tyrosine-based motif.

As the di-leucine motif has been shown to be essential for internalization in the case
of DC-SIGN (125), and as this motif is conserved in L-SIGN, it is still possible that
L-SIGN might function as an internalization receptor as well. Like DC-SIGN,
L-SIGN binds to several Lewis antigens, except Lewis X (151). It has been also
described that L-SIGN binds soluble egg antigens (SEA) from S. mansoni (151). A
further specification of the ligands involved in these binding processes is presented

in the publication Meyer et al. (2007) in chapter 2 of this thesis.
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1.9 Interaction of C-type lectins with other receptors

In the past few years evidence has been accumulated illustrating the importance of
CLRs for proper function of the immune system. From these data, a picture emerged
suggesting that the recognition of pathogens is based on a complex network between
CLRs and other recognition receptors of the innate immune system. One family of
such receptors includes the so-called Toll-like receptors (TLRs) (134; 145). Besides
CLRs, TLRs present, in particular, on DCs and macrophages are also involved in the
direct recognition of specific PAMPs (134). While the main function of CLRs is to
internalize antigens for degradation in order to enhance antigen processing and
presentation (45), TLRs recognize foreign macromolecules and trigger intracellular
signaling cascades, thus leading to the production of proinflammatory cytokines and
T-cell activation (134). The interaction of TLRs and CLRs and their crosstalk is
important for the balance between immune tolerance and immune activation. C-type
lectin stimulation can either enhance or inhibit TLR signaling. This has been in detail
described for Mycobacterium tuberculosis, showing that the binding of ManLAM to
DC-SIGN inhibits the production of IL-12 and promotes the production of IL-10
elicited by the TLR4 ligand Escherichia coli LPS. TLRs control the switch between
tolerogenic and activating immune responses. Recently, TLR-2 and TLR-4 have also
been shown to be recruited into lipid rafts (126; 139), which favors the
communication between neighbored CLRs and TLRs. Hence, pathogen recognition
is not the result of an interaction of one compound of a pathogen with a single
receptor, but requires a complex network of interacting receptors and ligands. The
outcome of this recognition can be totally different, depending on the type of
receptors involved and their cellular localization. It can result in the clearance of the
pathogen, but may also lead to a strong adaptive immune response or to the induction
of tolerance.

Studies on the effect of SEA on DCs revealed that SEA exhibits suppressive effects
on the signaling initiated by classical inflammatory TLR ligands. Evidence for this
assumption has been provided by co-pulsing DCs with SEA plus E. coli LPS or
Toxoplasma gondii antigen (69; 171). In both cases, the activation by the
inflammatory stimuli has been substantially inhibited by SEA. Pearce and coworkers
reported, that this reduced responsiveness to TLR-ligands reflects, in part, the fact
that SEA augments TLR ligand-induced production of IL-10 (73). However,

analyses in IL-10" DCs revealed that distinct IL-10-indepedent mechanisms are
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responsible for the suppressive effects of SEA. The question, how SEA is able to
suppress TLR-initiated signaling, is the focus of ongoing research.

Besides TLRs and C-type lectins, Galectin-3, a well characterized member of the
galectin family, recognizing galactose and GalNAc epitopes via its C-terminal CRD
has been similarly described to bind to schistosomal glycans (144). Recent data
revealed that galectin-3 recognizes LDN epitopes containing terminal B-GalNAc
residues and interacts with LDN units in SEA (144). In agreement with this finding,
a co-localization of LDN motifs on the parasitic egg shell and galectin-3 during
granuloma formation has been observed in liver granuloma of infected hamsters. As
galectin-3 is synthesized and secreted by many cell types including dendritic cells,
the interaction of C-type lectins and galectins is of high interest in view of the
immunology of helminth infection.

The collaborative recognition of, e.g., pathogen-derived glycoconjugates by different
types of receptors is crucial for the regulation of an appropriate immune response to
schistosome infection. As a prerequisite for further cell biological/immunological
studies, however, detailed structural characterization of the ligands bound to the
lectin has to be performed. Therefore different methods to define the precise

carbohydrate recognition profile have to be applied.
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1.10 Methods to study the interaction of lectins and ligands

Therapeutic manipulation of carbohydrate-lectin interactions needs- not only in the
case of parasitic infections- detailed knowledge of the specific set of carbohydrates
being recognized by the lectin of interest. In recent years different methods have
been established to facilitate a systematic and high-throughput analysis of protein-
carbohydrate interplay. In chapter 2 of this thesis a collaborative study with C.H.
Griin is presented, describing the development of a simple and fast procedure for the
biotinylation of carbohydrates based on reductive amination. The method allows
complete and stable biotinylation of small quantities of oligosaccharides and includes
a rapid and simple procedure to remove excess labeling reagent. Such glycan
derivatives can be subsequently used for binding studies. Undoubtedly, however, the
use of high-throughput glycan arrays is the method of choice to discriminate between
high- and low affinity carbohydrate ligands. This technique could be successfully
used in studies demonstrating that L-SIGN and DC-SIGN differ in their
carbohydrate-binding profile (58). Release of the glycan moieties from parasitic
glycolipids, purification of the glycan epitopes and subsequent attachment to a
synthetic lipid-anchor was used as method of choice in the first manuscript presented
in chapter 2 of this thesis (Meyer et al; 2005; JBC). Formation of such
neoglycolipids could be of general interest not only in the context of released
glycolipid-glycans, but also with regard to carbohydrates originating from
glycoproteins, proteoglycans and whole organs of the parasite. It could be, therefore,
of great interest to combine the neoglycolipid technology with array techniques using
different lectins. Two main drawbacks circumvent this goal currently: it is often
almost impossible or at least very time-consuming to achieve parasitic material in the
required amounts, and isolation of pure compounds to be used in arrays is usually
very difficult. Therefore, the use of chemically synthesized oligosaccharides could be
a promising strategy to test glycans with known parasitic glycan motifs in lectin
binding studies. A further challenging but promising technique is X-ray
crystallography which enables the analysis of covalent and non-covalent interactions
in three dimensions, thus providing the basis for the understanding of binding of
ligands to proteins. Drickamer and coworker were able to crystallize DC-SIGN and
DC-SIGNR (= L-SIGN) together with different ligands (44). These crystal structures
of the carbohydrate-recognition domains bound to the respective oligosaccharides, in

combination with binding studies, revealed that these receptors selectively recognize
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endogenous high-mannose type oligosaccharides. The same group was able to
crystallize DC-SIGN together with the fucosylated ligand LNFP III showing the
affinity of DC-SIGN to fucose-moieties (58). Besides crystallization and subsequent
X-ray studies molecular modeling is a further strong technique to gain more insights
in ligand-binding. Molecular modeling is a collective term that refers to theoretical
methods and computational techniques to model or mimic the behavior of molecules.
Thereby the interactions between neighboring atoms may be described and binding
modes resulting in the lowest steric energetic state are calculated. A more molecular
genetic tool is to induce mutations at specific positions in the CRD to investigate the
role of different amino acids in ligand binding. Taken together, all these techniques

will draw a clearer picture of ligand/lectin interactions.
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During schistosomiasis, parasite-derived glycoconjugates play a
key role in manipulation of the host immune response, associated
with persistence of the parasite. Among the candidate host recep-
tors that are triggered by glycoconjugates are C-type lectins {CLRs)
on dendritic cells (DCs), which in concerted action with Toll-like
receptors determine the balance in DCs between induction of
immunity versus tolerance. Here we report that the CLR DC-SIGN
mediates adhesion of DCs to authentic glycolipids derived from
Scdiistesoma mansoni cercariae and their excretory/secretory prod-
ucts. Structural characterization of the glycolipids, in combination
with solid phase and cellular binding siudies revealed that
DC-SIGN binds to the carbohydrate moieties of both glycosphingo-
lipid species with Galp1— 4{Fucal-3)GlcNAc (Lewis™) and Fucarl—
3Galpl- 4{Fucal-3)GlcNAc (pseudo-Lewis’) determinants.
Importantly, these data indicate that surveying DCs in the skin may
encounter schistosome-derived glycolipids immediately after infec-
tion. Recent analysis of crystals of the carbohydrate binding domain
of DC-SIGN bound to Lewis™ provided insight into the ability of
DC-SIGN to bind fucosylated ligands. Using molecular modeling
we showed that the observed binding of the schistosome-specific
pseudo-Lewis* to DC-SIGN is not directly compatible with the
model described. To fit pseudo-Lewis” into the model, the orienta-
tion of the side chain of Phe®? in the secondary binding site of
DC-SIGN was slightly changed, which results in a perfect stacking
of Phe®'? with the hydrophobic side of the galactose-linked fucose
of pseudo-LewisY. We propose that pathogens such as 8. mansoni
may use the observed flexibility in the secondary binding site of
DC-SIGN to target DCs, which may contribute to immune escape.

Schistosomiasis is a human parasitic disease caused by helminths of
the genus Seliistosomia that affect more than 200 million people world-
wide (1). One of the most striking features of schistosomiasis is thatthe
worms are experts in modulation and evasion of the host immune
response, to enable their survival, migration, and development in differ-
ent host tissues. Schistosomes have a complicated life cycle, requiring
both a vertebrate and a snail host. Infection starts when cercariae
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released by the snail penetrate the host via the skin and transform into
schistosomula. Schistosomula migrate to the portal system and develop
to mature adult worms that mate and produce eggs. The eggs that
become lodged within host tissues are primarily responsible for the
development of a strong anti-inflammatory Th2 response that enables
parasite survival and induces granuloma formation around the eggs,
which is a major cause of pathology (1).

During infection the immune system is continuously challenged with
an array of molecules associated with parasite metabolism and repro-
duction. However, little is known about the molecular mechanism
behind this challenging of host immune responses, nor which cellular
receptors are involved. Schistosomal glycoconjugates (glycoproteins
and glycolipids) are shown to play important roles in host parasite inter-
actions (2), which may include evasion mechanisms exploited by the
parasites. These glycoconjugates are often developmentally regulated
antigens that are expressed during differentlife cycle stages. Proteins of
different schistosoma life cycle stages carry both N-and O-glycans (2, 3).
In addition, schistosomes synthesize highly immunogenic glycosphin-
golipids, especially in the egg and cercarial stage (4, 5). The stage-asso-
ciated synthesis of carbohydrate structures on these glycolipids is par-
alleled by changes in the ceramide structures during the life cycle (6 — 8).
Schistosome glycosphingolipids have a typical core structure that differs
from that in vertebrates. Remarkably, the glucocerebroside is not galac-
tosylated to make lactosylceramide as in vertebrates, butis instead mod-
ified by addition of a GalNAc residue to generate GalNAcp1-4GlcB1-
ceramide, the so-called “schisto-core” (4). Both protein-linked glycans
and glycosphingolipids contain a variety of terminal glycan epitopes,
many of which are highly fucosylated and include glycan antigens such
as GalNAcB1-4GlcNAc ({LacdiNac, LDN),> Fucel-3GalNAcB1-
4GleNAc  (F-LDN), GalNAcB1-4{Fucel-3)GleNAce  (LDN-L),
GalNAcB1-4{Fucal -2Fucal -3)GlcNAc  (LDN-DF), and Galgl-
4(Fucal -3)CleNAc (Lewis™ Le™) (2, 9-14).

Several findings indicate important roles for Le™ antigens in host-
schistosome interactions. Le™ antigens have been found in glycoconju-

2The abbreviations used are: LDN, GalNAcS1-4GIcNAc DC, dendritic cell; CLR, C-type
lectin; CD, cluster of differentiation; CRD, carbohydraterecognitiondomain; DC-SIGN,
dendritic cell-spedific ICAM-3 grabbing nonintegrin; dHex, deoxyhexase; DPFE, 1,2-
sn-dipalmitaylphosphatidyl-ethanolamine; ES products, excretory/secretory prod-
ucts; ELISA, enzyme-linked immunosorbent assay; Hex, hexose; HexNAC, N-acetylhex-
osamine, ICAM, intercellular adhesion molecule; iDC immature dendritic cell; LDN-F,
GalNACS1-4(Fuca1-3)GlcNAC) Le® or Lewis®, Galg1-3(Fucal-4)GIcNAG Le® or
Lewis®, Fucal-2Gal f1-3(Fucerl - AGIcNAG Le™ or Lewis™, Gal 51— 4Fuce 1-3)GlcNAG
Le¥ or Lewis", Fuca1-2GalA1- 4Fuca1-3)GIANAG LNFPII, lacto-M-fucopentaase l;
MALDI-TOF, matrix-assisted laser desorptionfionization time-of-flight; MS, mass
spectrometry; pseudu—LewisV ar pseud&LeV, Fuce1-3Gal §1- HFuce1-3)GIcNAG
SEA, soluble egg antigen; TLR, toll-like receptor; mAb, menodonal antibody.
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gates of all life cycle stages, such as membrane-bound glycoproteins of
adult schistosomes, secreted egg and gut glycoproteins (15), and cer-
carial glycolipids (5). Interestingly, Le*-containing glycoconjugates are
shown to induce proliferation of B-cells from infected animals, which
secrete interleukin-10 (IL-10) and prostaglandin E, (PGE,), and to
induce the production of IL-10 by peripheral blood mononuclear cells
from schistosome-infected individuals (16, 17). In a murine schisto-
some model, Le* is an effective adjuvant for induction of a Th2 response
(18).

Recognition of an invading pathogen by cells of the immune system is
mediated by receptors on antigen-presenting cells. On dendritic cells
(DCs) two receptor families are involved in the recognition of patho-
gens, Toll-like receptors (TLRs) that recognize common pathogen-as-
sociated molecular patterns, and C-type lectins (CLRs) that bind to
glycan antigens (19). DCs express several TLRs, depending on their
developmental stage and lineage (20). Several studies have shown that
bacterial products induce maturation of DCs via TLRs (21-23).
Recently it was shown that the schistosome-specific phosphatidylserine
(PS) activates TLR2 and induces mature DCs to activate IL-10-produc-
ing regulatory T cells (24). DCs also express a variety of CLRs that
recognize glycan antigens in a Ca”*-dependent manner using highly
conserved carbohydrate recognition domains (19, 25). Several CLRs
have been implicated to play a role in the recognition of pathogens. An
important question still remaining is whether the principal function of
CLRsis to capture pathogens, or torecognize self-antigens and suppress
immunity (26). Current views are that the balance between triggering
TLRs and CLRs may fine tune the immune response toward immune
activation or tolerance. Recognition of glycans alone by DC lectins may
favor immune suppression, whereas pathogen recognition in a situation
of “danger” (when TLRs are triggered) induces immune activation
(26, 27).

Asafirstapproach to understand the molecular basis of the role of
Le* and other schistosome glycan antigens in interactions with their
host, we set out to investigate the receptors on antigen-presenting
cells that recognize the schistosome glycan antigens. Recently we
showed that the DC-specific C-type lectin DC-SIGN (dendritic cell-
specific ICAM-3 grabbing non-integrin, CD209) binds to Schistoso-
ma mansoni soluble egg antigens (SEA) via Le™, but the actual
ligands within SEA have not yet been identified (28). DC-SIGN is a
human type II transmembrane CLR that contains only one C-termi-
nal CRD and is abundantly expressed on immature DCs (iDCs). DC-
SIGN has affinity for glycoconjugates containing mannose, N-acetyl-
glucosamine and fucose and interacts with many pathogens.
Multivalent binding of its ligands is thought to be achieved by the
formation of tetramers (29, 30). Using site-directed mutagenesis,
molecular modeling, and docking of different Lewis antigens in the
CRD of DC-SIGN we could demonstrate that the amino acid Val®**
in DC-SIGN is essential for binding the Fucal-3/4-GlcNAc moiety
of the Lewis antigens Le™, Le® Le®, and Le¥ (28, 31, 32). In this study
we have demonstrated that DC-SIGN strongly binds to authentic
cercarial glycosphingolipids of S. mansoni, but not to egg glycolipids.
Structural characterization of the glycan moieties of the glycosphin-
golipid species revealed that a pentasaccharide containing Le* is one
of the main ligands recognized by DC-SIGN. Unexpectedly, we
found that DC-SIGN also binds to glycosphingolipid species carry-
ing a hexasaccharide terminating with Fucal-3Gal(B1-4)(Fucal-
3)GleNAc-R {pseudo-Le™), a glycan antigen that so far only has been
found within schistosomes.
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EXPERIMENTAL PROCEDURES

Cells and Antibodies—iDCs were obtained from human peripheral
blood mononuclear cells (PBMCs) by a CD14 magnetic microbeads
isolation (MACS; Miltenyibiotec) (33). The obtained CD14* mono-
cytes were differentiated into iDCs in the presence of IL-4 and granulo-
cyte-macrophage colony-stimulating factor (500 and 800 units/ml,
respectively; Schering-Plough, Belgium). At day 6, the phenotype of the
cultured DCs was confirmed by flow cytometric analysis. The DCs
expressed high levels of major histocompatibility complex class Tand II,
CD11b, CD11c, and ICAM-1 and low levels of CD80 and CD86. Stable
transfectants of K562 cells expressing DC-SIGN (34) were kindly pro-
vided by Dr. T. Geijtenbeek. The mAb AZN-D1 is a blocking anti-DC-
SIGN antibody described previously (35). DC-SIGN-Fc consists of the
extracellular portion of DC-SIGN (amino acid residues 64— 404) fused
at the C terminus to a human IgG1-Fe fragment into the Sig-plgG1-Fc
vector (32). The peroxidase-labeled goat anti-human IgG-Fc or goat
anti-mouse [gM were both from Jackson, West Grove, PA. The goat
anti-mouse Alexa Fluor 488 secondary antibody was obtained from
Molecular Probes, Inc., Eugene, OR.

Glyeolipid Purification—Lyophilized S. mansoni cercariae and eggs
were kindly provided by Dr. Michael J. Doenhoff (School of Biological
Science, University of Wales, Bangor, UK). . muansoni excretory/secre-
tory (ES) products were kindly provided by Dr. M. de Jong-Brink
(FALW, VU University, Amsterdam, NL). The cercarial and egg glyco-
lipids were purified by organicsolvent extraction, saponification, desalt-
ing, and anion-exchange chromatography as described previously (5).
Neutral glycolipids were separated by HPLC (latrobeads 6RS-8010, 10
i, 4.6 mm X 500 mm; Macherey and Nagel, Diiren, Germany) at a
flow rate of 1 ml/min using a binary linear gradient from 100% solvent A
(chloroform/methanol/water, 83:16:1, by volume) in 60 min to 60% sol-
vent B (chloroform/methanol/water, 10:70:20, by volume) followed by a
20-min elution step with 100% solvent B.

Release and Purification of Le™ and Pseudo-Le* Oligosaccharides from
the Ceramide Moieties—Oligosaccharides were released from cercarial
and ES glycolipids by treatment with recombinant endoglycocerami-
dase II (from Rhodococens spp., Takara Shuzu Co., Otsu, Shiga, Japan).
Released oligosaccharides were separated from ceramide moieties by
reversed-phase (RP-) chromatography as described previously (5). Le®
and pseudo-Le” glycans were fractionated and separated from remain-
ing glycolipid-derived oligosaccharide species by HPLC on a TSK-Am-
ide 80 column (4 mm * 250 mm; Tosoh, Amsterdam, NL) using a linear
gradient from 100% solvent A (35% acetic acid, buffered with triethyl-
amine to pH 7.3 and 65% acetonitrile) to 100% solvent B (50% acetic
acid, buffered with triethylamine to pH 7.3 and 50% acetonitrile) at a
flow rate of 1 ml/min. Fractions (500 ul) were analyzed by MALDI-
TOF-MS and MS/MS.

Neoglycolipid Synthesis—Pure glycolipid-derived oligosaccharide
fractions containing either Le™ or pseudo-Le” glycans (80 g each) as
well as lacto-N-fucopentaose III (LNEPIIL 100 jog; Dextra Laboratories,
Reading, UK) were used for synthesis of neoglycolipids by coupling to
1,2-sn-dipalmitoylphosphatidylethanolamine via reductive amination
(36). Resulting products were analyzed by MALDI-TOF-MS.

Enzyme-linked Immunosorbent Assay (ELISA)—Total egg and cer-
carial glycolipids were diluted in ethanol on NUNC maxisorb plates
(Roskilde, Denmark}, and incubated for 40 min at 37 °C to coat the
glycolipids to the plate. Plates were blocked with 1% ELISA grade bovine
serum albumin (fraction V, fatty acid-free; Calbiochem) and incubated
with DC-SIGN-Fe (3 pg/ml) (32). Binding was detected using a perox-
idase-labeled goat antihuman IgG-Fe (Jackson). Separated glycolipid
fractions {8.5 ng) and neoglycolipids were coated on polysorb plates
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(MNune, Wiesbaden, Germany) and similarly analyzed by ELISA for reac-
tivity with D C-SIGN-Fe (3 pg/ml) using peroxidase-conjugated antihu-
man IgF (4.6 pgfml; Sigma-Aldrich). EDT & (10 mut Roth, Karlsruhe,
(zermany) was added when indicated to investigate whether the binding
was calcium-dependent.

MMALDETOF-MS and A5MS Analysis—MALDI-TOF-MS analysis
was performed on an Ulraflex time-of-flight mass spectrometer
(Bruker-Daltonik, Bremen, Germany) equipped with a nitrogen laser
and a LIFT-MS/MS facility as described previously.® The instrument
was operated in the positive-ion reflector mode throughout using
6-azz-2-thiothymine (Sigma-Aldrich) as matri. About 100-500 spec-
tra were summarized in each case.

Cellilar 4 dhesion Assay—96-well plates (NUNC mazxisorb) were
coated overnight at room temperature with S mamnsoni cercarial and
esg glycolipids, pseudo-Le” neoglycolipid, Le* neoglycolipid, or glo-
botriaosyleeramide (3b3) and blocked with 1% bovine serum albumin,
Cells labeled with Caleeine A (Molecular Frobes), were addad for
1.5 hat 37 °C in the presence or absence of 20 pg/ml maAbs AZIN-D1.
MNon-adherent cells were removed by gently washing. Adherent cells
ware lysed, and fluorescence was quantified on a Fluostar spectrofluo-
rimeter (BM(G Labtech, Offenburg, Germany). Results are expressed as
the mean percentage of adhesion of triplicate wells.

Lolation of Schistesoma mansoni Cercarial ES Products—Tree cer-
cariae were obtained from S mamsoni parasitized Biomphalaria gla-
brata snails by inducing the shedding process basically as described by
Sluiters et @l (37). The free swimming cercariae obtained were trans-
ferred to 60 ml of water. After 5 h, the cercariae/schistosomula were
removed, and the remaining water containing the ES products was
concentrated.

Molecwlar Modeling—The coordinates of the crystal structure of
human DC-SIGN interacting with the Le*-containing pentasaccharide
LNFPIII (38) (code 15L5) were taken from the Protein Data Bank (39).
The structure was edited using Syby!l software (Tripos Ine., St Louis), to
contain only one protein monomer together with calcium iong, the Le®
trisaccharide, and the two water molecules that play an important role
in bridging ©O4 of galactose to the protein surface. Protein hydrogen
atoms were added, the peptide atoms partial charges were calculated
using the Pullman procedure, and the caleium ions were given a charge
of 2. Atom types and charges for oligosaccharides were defined using
the PIM parameters developed for carbohydrates {40).

Pseudo-Le* was built by adding one fucose on position 3 of the ter-
minal galactose residue. The systematic search procedure of Sybyl was
uged to vary the two torsion angles at this glycosidic linkage together
with the two torsion angles of the Phe®? side chain. Only one confor-
mational family was identified. Subsequent energy minimization was
petformed using the Tripos force field (41) with geometry optimization
of the sugar and the side chains of amino acids in the binding sites. &
distance-dependent dielectric constant was used in the calculations.
Energy minimizations were carried out using the Powell procedure until
a gradient deviation of 0.05 keal-mol %A ™ was attained.

RESULTS

Recognition of S mamsoni Cercarial Glycolipids by DC-SIGN—To
investigate their binding to DC-SIGN, authentic glycolipids from
S mansoni cercariae, and eggs were isolated by organic solvent extrac-
tion (5) and assayed by ELISA using soluble DC-SIGN-Fe. In parallel,
unrelated glycolipids, such as globotriaosylceramide (b3}, Forssman

* Geyer, H, Wuhrer, M, Resemann, A, and Geyer, R, (August 31, 2005) J. Biol. Chem,
101074/ be. W5 5985200
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FIGURE 1. Binding of DC-SIGN to 5. mansoni cercarial glycolipids and LNFPIII-neo-
glycolipid. 4, ELISA was performed to determinethe binding reactivity and specificity of
DC-SIGN to eqq glycalipids (Egg GL), total cercarial glycolipids (Cerc. G, Forssman anti-
gen (FA), globotriaosylceramide (GBI, LNFPII-necglycolipid (LNFPIT NGL), and bovine
gangliosides (8&). Similar amounts of glycolipids (3 ngfwelliwere applied in each case,
Data represent a typical result out of three experiments performed in duplicate. 8 titra-
tion of egg glycolipids (Egg GL), total cercarial ghycolipids (Cerc, GL), and LMFPII-neagly-
colipid (INFPITNGLY was performed, starting with 10 ng/well, to determine the binding
affinity of DC-SIGN, Results are a typical representative of three independent experi-
ments parformead in triplicate,

antigen (FA), and bovine gangliosides (BG) were tested together with a
synthetic LNFFIII-neoglycolipid to evaluate the binding specificity of
DC-81GN ag well as the potential influence of the structure of the lipid
moiety in this assay. The results revealed that DC-SIGN-Fc strongly
binds cercarial glycosphingolipids and the LWNFPII-neoglycolipid,
whereas a weak binding was observed to egg-derived glycolipids. The
remaining types of glycolipids were not recognized at all (Fig, 1, A and
B). Henee, it can be concluded that recognition by DC-SIGN is medi-
ated by the carbohydrate unit and independent of the lipid part of the
respective molecules.

Characterization and Fractionation of Total Cercarial Glycolipids—
To allow the subsequent analysis of the glycolipid species that bind
Di{C-S1GMN, total cercarial glycolipids were analyzed by MALDI-TGF
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FIGURE 2. MALDI-TOF-mMS analysis of isolated glycolipidsfrom 5. mansoni cercariae,
Deduced monesaccharide compesitions are assigned te major pseudomolecular ions
([ + Mal ™) comprising LeX(HJNZH at m/z1593.7 or HzMsFy atm/z1796.8) and pseudo-
Le" epitopes (H3M;F; at m/z 1739.8). The duster of ions culminating in a signal at m/z
19789 reflects glyeolipids with divergent ceramide and carbohydrate moieties indud-
ing spedes with menesaccharide compesitions of HyMsFg and HaMNaFs The complex
pattern of registered signals is caused by ceramideh eteroganaity, H, hexose; N, N-aceatyl-
heosaming; F, deoxyhesoseifucose); Cer, ceramide,

MS (Fig. 2). In agreement with previous studies (5}, a complex pat-
tern of different glycolipids was registered mainly because of the high
heterogeneity of the present ceramide moieties. Prevailing species
exhibited monosaccharide compositions of Hex,HexNAc,dHex,,
Hex HexdNAc,dHex,, and Hex HexdNAc,dHex,, thus reflecting cera-
mide pentahexoside and hexahexoside species with the Le™ or pseudo-
Le* determinants as described (5). In addition, 2 number of major
and minor signals was registered which reflected the presence of addi-
tional glycolipids with diverging ceramide and carbohydrate composi-
tions. Based on previous studies on the ceramide composition of
cercarial glycolipids (7) the cluster of ions at #/z 1978.9 can be con-
cluded to comprise species with monosaccharide compositions of
Hext,HexN A cgdHex, and Hex HexdNAc ;dHex, which is corroborated
by the detection of the respective free oligosaccharides after endoglyco-
ceramidase treatment (TABLE ONE]. To obtain individual glycolipid
fractions, cercarial glycolipids were subjected to HELC separation, and
the isolated fractions were analyzed by ELISA for their capacity to bind
DC-SIEN (Fig. 34), The results revealed that DC-SIGN mainly recog-
nized glycolipids that occurred in HPLC fractions 40 —50, whereas spe-
cies with elongated carbohydrate units did not react. Subsequent anal-
ysis of fractions 40-50 by MALDI-TOP-MS demonstrated that each
fraction comprised a micture of glycolipids carrying Le™ or pseudo-Le™
moieties [Fig. 3, B—E). Because of the observed ceramide heterogeneity,
a clear separation into fractions containing solely Le* or psendo-Le™
determinants was not possible. To determine which of these glycan
moieties are recognized by DC-SIGN, we decided to synthesize neogly-
colipids, using purified carbohydrate moieties that were released from
the cercarial glycosphingolipids.
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Purification of the Glycan Moieties of Cercarial Glycolipids—Glycans
were released from total cercarial glycolipids by endoglycoceramidase
treatment, separated from remaining (glycojlipids by reversed-phase
chromatography and analyzed by MALDI-TOF-MS (Fig. 4). In agree-
ment with the spectrum obtained in the case of total cercarial glycolip-
ids (Fig. 2}, the results confirmed the preponderant occurrence of oli-
gosaccharides with monosaccharide compositions consistent with the
presence of a Le™ or a pseudo-Le¥ determinant. In addition, several
minor oligosaccharides with divergent compositions have been regis-
tered (TABLE ONE). To obtain individual glycan species, the total mix-
ture of aligosaccharides was subjected to HPLC separation using a TSK-
amide column, Collected fractions were screened by MALDI-TOF-MS.
Practions containing the Le™ pentasaccharide (#mafz 917.3 [M + Na]™)
plus additional psendo-Le¥ (/2 1065.6 [M + Na]™) and/or Le* hexa-
saccharide species (#1/z1120.3 [M + Na] ™) were reapplied to HPLC, to
reduce peak heterogeneity and to obtain pure compounds as monitored
by MALDI-TOF-MS (see insetsin Fig 5,4 and B).

Characterization of Le”™ and Pseudo-Le¥ Glyeans by MALDI
TOF-MSMS—The identity of the isolated glycans was established by
tanderm mass spectrometry. MS/MS analysis verified that the parention
with the mass of m/z 917.3 [M + Na]™ consisted of a pentasaccharide
with a composition of HexHexNAc,dHex, (Fig 54). Inadditdon to the
sequential release of the five monosaccharide units, two characteristic
fragment ions, B, and C,at m/z534.2 and m/z 552.2, could be observed
in agreement with the presence of a Le™ trisaccharide unit. The linkage
of fucose to the subterminal HexMNAc residue is confirmed by a Y,
fragment lon at m/2755.5. By the same line of evidence, the glycan with
the mass of m/z 1063.3 [M + Na]* (insef in Fig, 5B) could be shown to
comprise a dHex-Hex-(dHex-JHe:MAc unit because of the abserved B,
and C, fragmentions at #i/z 680.1 and m/z €98.1, respectively (Fig. 5E).
Hence, the obtained MS/MS spectra displayed all diagnostically rele-
vant fragment ions to be expected for the cercarial glycolipid-derived
Le™ pentasaccharide and psendo-Le® hexasaccharide units described
previously (5), Furthermore, mass spectrometry revealed a high purity
of the Le* and pseudo-Le” glycan fractions obtained.

Binding of DC-SIGN to Le* and Pseudo-Le™ Neoglycolipids—Purified
Le™ and peendo-Le” glycans were converted into neoglycolipide by cou-
pling to 1,2sm-dipalmitoylphosphatidyl-ethanolamine (DPPE) wia
reductive amination. Resulting products were analyzed by MALDI-
TOF-MS (Fig. ). Le® neoglyeolipid led to a signal of sz 1615.0 [M-H +
2Na]* (Fig 64) in agreement with the calculated mass of the Le* pen-
tasaccharide (pm/z 917.3) and the mass increment of DPPE {(mfz £52),
taking into consideration that one oxygen is lost during reductive ami-
nation and the acidic proton of DEPE is replaced by a sodium ion.
Likewise, pseudo-Le¥ neoglycolipid was registered with masses of ni/z
17594 [M + Na]* and mfz 17611 [M-H + 2Na]™ (Fig. 6B). Both
neoglycolipid samples were quantified by compositional analysis with
regard to their carbohydrate content to ensure the application of
defined amounts of neoglycolipids in subsequent experiments, The
binding of DC-SIGN-Fe to Le™ and psendo-Le™ neoglycolipids was
studied by ELISA (Fig 7). The results revealed an almost equivalent
recognition of the two neoglycolipids by DC-SIGN-Fc when compared
with the LNFPUI-necglycolipid used as a positive control. This finding
is remarkable as the pseudo-Le ¥ epitope represents, in contrast to Le™,
a paragite-specific carbohydrate structure. To establish whether natural
cell surface-expressed DC-S1GN binds authentic cercarial glycolipids
and neoglycolipids, we performed a cellular adhesion assay. K562 cells
stably transfected with DC-SIGN express high levels of DC-SIGN on
their cell surface ag was determined by flow cytometry (Fig. 84), Cer-
carial glycolipids as well as neoglycolipids containing psendo-Le® or Le™
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TABLE ONE

Compilation of total glycans obtained from glycosphingolipids of $. mansoni cercariae and ES products by endoglycoceramidase treatment
Compositions are assigned in terms of hexose (H), N-acetylhexosamine (N), and deoxyhexose (fucose; F). Relative occurrence of individual compositional species
is roughly estimated from the respective signal intensities registered by MALDI-TOF-MS. Oligosaccharides representing Le*-pentasaccharides, Le™-hexasac-
charides or pseudo-Le"-hexasaccharides are marked in bold type.
Calculated mass [M+Na]* Observed mass [M+Na]* Composition Obtained from®
miz iz
Glycolipids E/S-products
917.32 917.3 H,N,F, e+ +++
93332 933.2 H.N, s —
95335 958.2 H,NF, ¥ ¥
1063.38 1063.6 H,N,F, T+ ¥
1079.2 1079.2 H.NLF, + —
110441 11042 H.NLF, + +
112041 1120.3 LN,F, e+ T
1186.39 1136.2 H.N, ¥ —
116143 1161.3 HINLE, + —
124143 1241.6 HNF, — +
125046 1250.3 H,N.F, + —
126646 1266.3 H,N,E, J ¥
128245 1282.3 H.NLF, + —
130746 1307.3 H.NLE, =+ +
132348 1323.3 H.N,F, + —
1396.52 1396.3 H,N,F, ++ ++
141251 1412.3 LNE, + —
1428.51 1428.3 H.NLE, + —
1453.55 1453.3 H,N,F; + +
1469.54 14693 H.NF, T+ _
148554 14853 H.NF, ¥ -
1510.57 1511.0 H.N.E, — +
1599.6 1599.4 H.NLF, + +
161559 16154 HN,F, ¥ _
1631.59 16314 H.N,F, ¥ —
1656.62 16564 H,N,E, ¥ ¥
1672.62 1672.4 H,N.F, ¥ —
1713.65 1714.3 H,N.F, — +
1745.66 1745.4 H,N,F; ¥ —
1802.68 1803.4 H.N.E, — +
1818.68 1818.4 HN.F, ¥ —
1834.67 18354 H.N.E, + —
1859.70 1860.4 H,NGF, — s
200576 2006.4 H,N.E, — e+
2062.78 2063.4 HNF, — ¥
215182 21524 H,N.E, — +
2208.84 22104 H,N.E, — s
2354.39 23554 HNF, — +
2500.95 2502.3 H.NF. — I
“ Relative amounts were estimated as follows; +,0-2.2 x10% + +,2.21-4.6>10% + + +, 4.61- 6.6 10* intensity counts. —, signal not detected.

showed binding to K562 transfected with DC-SIGN, but not to the
parental K562 cell line. There was no binding of cellular DC-SIGN to
egg glycolipids and Gb3. The binding could be blocked by AZN-D1, a
DC-SIGN blocking antibody, and EGTA (Fig. 88). Human iDCs natu-
rally express DC-SIGN on their cell surface (Fig. 84). Cercarial glyco-
lipids and the neoglycolipids containing Le™ or pseudo-Le” are bound
by DC-SIGN on iDCs (Fig. 8C). Despite the fact that iDCs express mul-
tiple CLRs on their cell surface, adhesion is completely inhibited by the
Ca** chelator EGTA or a DC-SIGN blocking antibody (Fig. 8C), indi-
cating that binding of the cells to the glycolipids is mediated via the CRD
of DC-SIGN. Hence, these studies demonstrate that DC-SIGN medi-
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ates the binding of iDCs to authentic carbohydrate structures uniquely
expressed by S. mansoni cercarial glycolipids.

Docking of Pseudo-Le” Oligosaccharide into DC-SIGN—The docking
of pseudo-Le” in the DC-SIGN binding site was based on the crystal
structure of the DC-SIGN complexed with Le*-containing oligosaccha-
ride (38). Inclusion of hydrogen atoms (not located by x-ray diffraction)
and optimization of the binding site of the DC-SIGN/Le™ complex did
not yield any significant change compared with the crystal structure. It
allows us to propose the hydrogen bond network displayed in Fig. 94,
with involvement of two water molecules that bridge the galactose res-
idue to Ser”*® and Glu?** side chains.
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FIGURE 3. Binding of DC-SIGN to fractionated
glycolipids of 5. mansoni cercariae, Binding of
DC-5IGN to S mansont cercarial glycolipids was
determined by ELISA using selukle DC-51GN-Fe (4),
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Pseudo-Le¥ was built from this complex by adding a fucose in posi-
tion 3 of the galactose. All possible conformations were tested but all of
therm resulted in a steric conflict with the side chain of Phe®, After a
systemnatic search involving both Phe™ side chain and the fucose ori-
entation, one possible mode of interaction was identified. The proposed
docking mode is represented in Fig. 9B. The Phe®®? side chain would
adopt an orientation different from the one observed in the crystal
structure of DC-SIGN complexed with Le™ The new orientation allows
for a strong “stacking” of the aromatic ring of Phe™® with the most
hydrophobic face of fucose. Such interaction between sugar and
planar side chaing are commonly observed in protein-carbohydrate
interactions.

37354 JOURNAL OF BIOLOGICAL CHEMISTRY

The reorientation of the Phe®® side chain does not cost significant
energy. This side chain adopts a different orientation when compared
with DC-51GN complexed with Le™ or with mannose cligosaccharide
(50, 38). Furthermore, a recent crystallographic work demonstrated a
large conformational change in an arginine residue side chain for stack-
ing to & sugar derivative in a galectin structure (42).

S mansoni ES Products Comprise Glycolipids with Le* and DPseudo-
Le¥ Epitopes—It remains to be investigated whether the cercarial glyco-
sphingolipids that have been shown to bind to DC-SIGN in vitro are in
a position that allows an interaction with DCs in vive as well. However,
DCsare expected to encounter ES products, a mixdture of glycoproteins
and glycolipids that is secreted when the cercariae transform to schis-
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according to Domon and Costello (54).
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FIGURE 7. DC-SIGN-F¢ binds to Le* and pseudo-Le" neoglycolipids. Binding of DC-
SIGN-Fe to schistosomal neoglycolipids was tested in ELISA. 10 ng of lacto-N-fucopen-
taose Il neoglycolipid (VAP 1) was coated as positive contral, In parallel, 8 ng of L
neaglycolipid (1e™ and & ng of pseudo-Le necglycolipid (pseudo-Le") were applied to
gachwell. Binding of DC-51GN-Fc to all neoglycolipids was completely inhibited by addi-
tion of EDTA (Control only one example shown). Indicated 5.0, are based on nine inde-
pendent determinations.

tosomula, To determine whether the Le® and pseudo-Le” containing
glycosphingolipids are found within ES products, glycolipids were iso-
lated from ES products collected imvitre from freshly transformed cer-
cariae. Following treatment with endoglycoceramidase the released oli-
gosaccharides were analyzed by MALDI-TOF-ME. The results revealed
that ES product-derived glycolipids comprise species with Le® and
pseudo-Le” determinants together with a wide panel of extended oligo-
fucosylated glycan species, many of which were also recovered in the
cercarial glycolipid fractions (TABLE ONE).

DISCUSSION

In this study the interaction of DC-SIGIN with & miassoni glycolipids
wasg investigated. In contrast to glycosphingolipids derived from eggs,
glycosphingolipids of 8 mansoni cercariae are bound by both recombi-
nantand dendritic cell expressed DC-SIGN, Structural characterization
of the glycolipids revealed that DC-SIGIN binds two dominant cercarial
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FIGURE & MALDI-TOF-MS analysis of neoglycolipids containing Le* or pseudo-Le¥ epitopes. 4 and & MALDI-TOF-MS spectra of Le® (m/z 16150 [M-H + 2Ma]*) and pseudo-Le’

glycosphingalipids, being Le¥-containing species and pseudo-Le™ spe-
cies (5). In contrast to Le® that is found in both mammoals and several
pathogens, pseudo-Le¥ is an oligosaccharide determinant that may be
unique for schistosomes (5). These are the first natural ligands identified
for DIC-SIGEN in schistosomes, enabling follow-up studies to elucidate
the function of the interaction between DC-SIGMN and schistogome gly-
colipids in host immunity, The observation that egg glycolipids inter-
acted poorly with DC-SIGN is in agreement with previous studies
demonstrating that species with pseudo-Le” determinants are pre-
dominantly found in cercarial glycosphingolipids, whereas Le™ contain-
ing glycosphingolipids represent only a very small fraction of total egg
stage glycosphingolipids (5).

Recently more insight was obtained into the ability of DC-SIGN to
bind fucosylated ligands (31, 38). Analysis of crystals of the CRD of
DC-SIGN bound to lacto-F-fucopentaose 111 (that comprises the Le™
trisaccharide) showed that the 3-and 4-OH groups of the al-3-linked
fucose form coordination bonds with Ca®* in the primary binding site.
In this position the fucose is close to Val*®!, which forms tight van der
Waals contacts with the 2-OH group, whereas the terminal galactose
residue contacts the protein via Phe®® in a secondary binding site, From
the proposed models it appears that Val®** in DC-S1GN is close to the
fucose binding site and makes a strong hydrophobic contactwith CHat
position 1 and 2 of fucose {38). By molecular modeling, in combination
with binding studies of cell-surface expressed racombinant wild-type
and mutant forms of DC-SIGN and its homologue L-SIGN (liver/lym ph
node-specific ICAM-3 grabbing nonintegrin), we found very similar
results for the binding mode of Le* in DC-SIGN (51). Both models
predict that s substituent on the 3-OH group of galactose would give s
steric conflict with the side chain of Phe®3 which s line with the results
of binding studies that showed that 3'-sialylation or sulfation of Le™
abrogates binding (43). However, in the studies described here, we
observed binding of soluble DC-SIGM-Fe, as well as cellular expressed
DC-SIGN, to pseudo-Le™ that does carry a fucose el -3-linked to galac-
tose (5). To fit a fucose on position 3 of galactose into the model, it
appeared necessary to slightly change the orlentation of the side chain of
Phe™?, 2 movement that does not cost significant energy. Furthermore,
in this docking mode a perfect stacking with the hydrophobic side of the
galactose-linked fucose is created. We propose that the secondary bind-
ing site of DC-E1GN is flexible due to the capacity of the side chain of
Phe™? to change orientation, and that pathogens such as & mansoni
may use this property to target DC-SIGN, Recently, a similar change in
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orientation has been demonstrated for the side chain of Arg™ in the
CRD of galectin-3 upon ligand binding (42). The high resolution x-ray
crystal structures of the CRD of human galectin-3 were solved in com-
plex with A-acetyllactosamine (LaclNAc) and a high affinity inhibitor,
The structures showed that the side chain of Arg"** stacks against the
aromatic moiety of the inhibitor, which was possible by a reorientation
of the side chain relative to that seen in the complex with LacNAc.
Antigen-presenting cells, such as DCs and macrophages are the first
immune cells that encounter invading pathogens and are crucially
involved in the initiation and control of innate and adaptive immune
responses (44), They often recognize pathogens through awide array of
molecules such as (glyco)lipids and acylated proteins or peptides. Inter-
estingly, several studies indicate that glycolipidz are capable to modulate
the human immune system (45-47). The presence of lipid moieties
within pathogen-derived products is essential for activation of specific
pattern recognition receptors, in partcular TLR2 (48). It was recently
shown that schistosomal egg glycolipids induce production of pro- and
anti-inflammatory cytokines in monocytes (24), By fractionating and
purification of the lipids, the authors showed that mono-acetylated lyso-
phosphatidylserine (lyso-PS) promotes the development of T regulatory
cells via interaction with TLR2 onDCs. By contrast, di-acetylated phos-

NOVEMBER 11, 2005 -VOLUME 220 NUMBER 45

phatidylserine promotes maturation of DC into a phenotype, termed
D2, which induces the development of Th2 responses (24),

Herewe report that DCs interact with authentic cercarial glycosphin-
golipids comprising Le* and pseudo-Le* via the CLR DC-SIGIN. This
indicates that DCs may likely interact with schistosomes early in infec-
tion, Schistosomes enter the human host in the cercarial stage, and
these cercariae transform into schistosomula directly after penetration
of the skin by shedding their glycocalyx and secretion of ES products.
Analysis of the glycolipids derived from ES products showed that they
comprise species with Le™ and pseudo-Le™ determinants. These ES
products that enter the surrounding tissue are good candidate antigens
to be encountered by surveying DCs, such as the DC-SIGN positive
CDlanegative dermal DCs, which are found mostly in the upper dermis
(35, 49, 50).

A temarkable finding is that human DCs recognize Le™ and LDN-F
glycan antigens within schistosomes (28), which can be considered as
“self-glycan” antigens since they are also found on human glycoconju-
gates, [t has been proposed that DC-SIGEIN, which also interacts with
several “self-ligands” such as ICAM-2 and ICAM-3, may principally
function in normal homeostasiz, rather than being a trus pattern recog-
nition receptor [26). Current views are that pathogens target DC-SIGIN

JOURNAL OF BIOLOGICAL CHEMISTRY 37 357
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Binding of DC-SIGNto Pseudo-Lewis”

Lewis X

al,3

Pseudo-LewisY

al,3

a1,3

FIGURE 9. Interaction of DC-SIGN with Le* and pseudo-Le”. Models of the interaction of DC-SIGM with Le® trisaccharide (4) and pseudo-Le " tetrasaccharide (8), Calciumions are
represented by graysphares. Only the amine acids interacting directhy with the sugars have been displayed.

or other CLRs to promote immune escape [S1). For excample, Mycobac-
ferium feberadlosis secretes glycoconjugates thatare recognized by DC-
SIGN to down-regulate TLR-induced immune activation (52). Patho-
gens like HIV -1 have many strategies to evade immune recognition or to
modulate immune responses to survive in their hosts. In HIV-1 infec-
tion, DC-SIGN plays a role in internalization of the virus into DCs, but
instead of being routed to the lysosomal compartment for degradation,
part of the infectious virus remaing hidden in the DC, to subsequently
infect target cells (51). Schistosomes survive for many years in the host
despite a pronounced immune response, indicating that these hel-
minths have effective strategies to escape or suppress the host immune
system. In a mouse model systemn, SEA and its major glycan antigen Le™
can induce a Th2-mediated immune response, which is associated with
persistence of the pathogen (53). Our data here show that DC-SIGN
does not only recognize the self-glycan ligand Le™ within cercarial gly-
colipids, but also glycolipids carrying pseudo-Le¥, a non-self structure
thatso far is only found within schistosome cercarial glycolipids (5) and
ES products (this study). Pseudo-Le” may be regarded as a glycan anti-
gen that mimics a self-glycan to fit within the CRD of DC-SIGN. The
abundantexpression of such self-glycans or glycan antigens that mimic
self-glycans, may allow schistosomes to mislead the host immune sys-
tem by down-regulating DC function in all stages ofinfection, However,
DC-51GN has been shown to internalize schistosome glycoconjugates®
and could also play a role in processing of these glycoconjugates and
antigen presentation, Because currently more than 200 million people
have schistosomiasis, it is challenging to understand the centralrole of
DiCs in both the strong immune response thatis evoked upon infection,
az well az in the immune evasion and suppression mechanisms thatare
exploited by the schistosomes.
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Abstract

Protein—carbohydrate interactions play crucial roles in numerous biological processes. To study these interactions, we developed a
simple and fast procedure for the biotinylation of carbohydrates based on reductive amination. The method allows complete and stable
biotinylation of small quantities of oligosaccharides and includes a rapid and simple procedure to remove excess labeling reagent. After
biotinylation, the structural and biological integrity of the glycans was intact as determined by HPLC, mass spectrometry, and a plant lec-
tin assay. By using the human C-type lectin DC-SIGN (dendritic cell-specific ICAM-3-grabbing nonintegrin), we demonstrate that the
biotinylated glycans can be used in a glycan array to determine binding specificities of lecting, Moreover, we show that fluorescent beads
coated with selected biotinylated glycans bind to DC-SIGN-expressing dendritic cells in vitro. Finally, by using biotinylated high-man-
nose N-glycans, we could visualize DC-SIGN-expressing cells in lymph node tissue. The availability of easy biotinylation methods for oli-
gosaccharides such as those described here greatly facilitates the functional analysis of lectins. In addition, the biotinylated glycans will be

great tools for investigating functional lectin receptors in situ.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Biotinylated carbohydrates; Protein—carbohydrate interactions; Lectins; Glycan array; DC-SIGN; In situ staining

Lectins are carbohydrate-binding proteins with a princi-
pal function in the recognition of carbohydrates present at
cell surfaces, attached to circulating proteins, and present in
extracellular matrices. By specifically binding to the carbo-
hydrates, lectins mediate biological events such as cell-cell
adhesion, host-pathogen recognition, serum glycoprotein
turnover, and innate immune responses. Consequently,
interest in studying lectin—carbohydrate interactions is
increasing, and a wide variety of techniques that can be
used to study these interactions are being developed.

Biotin has been widely used for investigating receptor—
ligand interactions [1,2]. The use of biotin for labeling
biological compounds was first described for localizing

* Corresponding authors. Fax: +31 204448081
E-mail addresses: christian_grun@unilevercom (C.H. Griin), y.vankooyk
@vume.nl (Y. van Kooyk).

0003-2697/8 - see front matter ® 2006 Elsevier Inc. All rights reserved.
d0i:10.10164.ab.2006.03.055

membrane proteins by electron microscopy [3], making use
of the very high affinity (10" M~!) of avidin for biotin [4,5].
Tt has since been used to study the expression and cellular
distribution of membrane proteins and glycoproteins,
thereby largely replacing the hazardous radioactive iodine
labeling. A number of biotinylation procedures in which
the label is attached to carbohydrates using oxidative meth-
ods have been developed [6,7] These methods, however,
affect the structural integrity of the glycan and therefore
may influence the biological function of carbohydrates and
their binding properties to lectins. During recent years, a
number of nondestructive biotinylation procedures involv-
ing the coupling of a biotin group via an amine- or hydra-
zide-containing linker to the reducing end of purified or
synthesized carbohydrates have been described [8-14]. In
the first article describing such a method, the label BAP,
containing both a biotin and a fluorescent group, was
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coupled via reductive amination to the reducing ends of
carbohydrates and permitted detection of carbohydrates
during HPLC analysis [8,9]. A drawback of this method,
however, is the elaborate preparation of BAP, which is syn-
thesized by coupling biotin-NHS (N-hydroxysuccinimide
ester)! to diaminopyridine (DAP), requiring a preparative
chromatography step to separate the formed label from the
reactants. Also, the coupling efficiency of BAP to carbohy-
drates was rather low. Recently, an alternative to this
method in which DAP is first coupled to the reducing ends
of carbohydrates was presented. Sample purification is
obtained by paper chromatography. In a second reaction
step, DAP-labeled carbohydrates were coupled to biotin—
NHS and purified by HPLC [13]. A much-simplified proce-
dure was developed using the label BNAH, which was cou-
pled to carbohydrates in a one-step reaction, eliminating
the elaborate label synthesis. Sample purification again was
performed by HPLC [14]. This label showed excellent prop-
erties in studying carbohydrate—protein interactions. To
our knowledge, however, the BNAH label no longer is
commercially available.

Here we describe a one-step procedure for the biotinyla-
tion of carbohydrates that differs from previous procedures
in its simplicity and efficiency, allowing the method to be
used in both chemistry- and biology-oriented laboratories.
Using readily available reagents, a variety of carbohydrates
are biotinylated and are characterized by anion-exchange
chromatography and mass spectrometry and tested in a
plant lectin assay. We demonstrate that the biotinylated
glycans can be used to determine the binding specificity of
isolated lectins in a glycan array as well as to identify lectins
expressed on cells using flow cytometry or in human tissue
by in situ staining.

Materials and methods
Reagents

Biotinamidocaproyl hydrazide (biotin-LC-hydrazide)
and Reacti-Bind streptavidin-coupled microtiter plates
were obtained from Pierce Biotechnology (Rockford, TL,
USA). Dimethyl sulfoxide over molecular sieves and
sodium cyanoborohydride were obtained from Sigma-—
Aldrich (St. Louis, MO, USA). QM-A quartz microfiber

U _Abbreviations used: NHS, N-hydroxysuccinimide ester; DAP, diamino-
pyridine; biotin-LC-hydrazide, biotinamidocaproyl hydrazide; ConA,
concanavalin A; AAL, Alewria auwrantia lecting SNA, Sambucus nigra
agglutinin; DSA, Datura stramonium agglutinin; BSA, bovine serum
albumin; AGP, «-acid glycoprotein; LND-I, lacto-N-fucopentaose I;
LDN, GalNAcpl-4GlcNAc; ES-MS, elctrospray mass spectrometry;
DMSO, dimethyl sulfoxide; HPAEC, high-performance anion-exchange
chromatography; MALDI-TOF MS, matrix-assisted laser desorptionf
ionization time-of-flight mass spectrometry; TMB, 3,3',5.5'-tetramethyl-
benzidine; DC-SIGN, dendritic cell-specific ICAM-3-grabbing noninte-
grin; RT, room temperature; ELISA, enzyme-linked immunosorbent
assay; PBS, phosphate-buffered saling; CID-MS?, collision-induced
dissociation tandem mass spectrometry; DC, dendritic cell.

filter was purchased from Whatman International (Maid-
stone, Kent, UK). 6-Aza-2-thiothymine was purchased
from Sigma-Aldrich (Taufkirchen, Germany). Digoxi-
genin-conjugated lectins (concanavalin A [ConAl, Aleuria
aurantia lectin [AAL), Sambucus nigra agglutinin [SNA],
and Datura stramonium agglutinin [DSA]) were purchased
from Boehringer (Mannheim, Germany). Bovine serum
albumin (BSA) was obtained from Calbiochem (Merck,
Darmstadt, Germany). Peroxidase-labeled goat anti-mouse
IgG/IgM and peroxidase-labeled goat anti-human IgG-Fc
secondary antibodies were obtained from Jackson Immu-
noResearch (West Grove, PA, USA). Anti-digoxigenin
POD Fab fragments were purchased from Roche (Mann-
heim, Germany). Biotinylated polyacrylamide-coupled
Lewis® was obtained from Lectinity (Lappeenranta, Fin-
land). Streptavidin-coated fluorescent beads (488/645 nm),
streptavidin-Alexa 488, goat anti-mouse-Alexa 594, and
Hoechst were purchased from Molecular Probes (Eugene,
OR, USA).

Oligosaccharides

Maltohexaose and maltoheptaose were purchased from
Sigma—-Aldrich (St. Louis, MO, USA). Man9 was pur-
chased from Dextra Laboratories (Reading, UK). 2'Fuco-
syllactose was obtained from Iso Sep AB (Tullinge,
Sweden). Fuc,GlcNAc,Man, was a kind gift from H. Lénn
(Biocarb, Lund, Sweden).

Asialo-diantennary, asialo-triantennary, and asialo-tetra-
antennary glycans were isolated from a-acid glycoprotein
(AGP). AGP (1g) was desialylated in 0.1 M trifluoroacetic
acid at 80°C for 1 h. Desialylated AGP was then dissolved in
50ml Tris=HCI (50mM, pH 7.3) containing 50 mM EDTA,
200mM B-mercaptoethanol, 1g SDS, 2g Nonidet NP40,
and 80,000 units PNGase I (New England Biolabs, Ipswich,
MA, USA) and incubated at 37°C for 72h. Released gly-
cans were isolated by precipitating the protein after the
addition of trichloroacetic acid. The supernatant was
washed with chloroform. Glycans were desalted on a Bio-
Gel P-4 gel filtration column (2.5 x 80cm, Bio-Rad Labora-
tories, Hercules, CA, USA), and glycoforms were separated
by Bio-Gel P-6 gel filtration chromatography (1.6 x 200 cm).
In both cases, 50 mM ammonium acetate (50mM, pH 5.2)
was used as a mobile phase. Eluting glycans were detected
using the phenol-sulfuric acid assay [15]. Glycan fractions
were purified to homogeneity by HPLC on a Spherisorb-
NI, column (Phase Sep, Clwyd, UK) using a linear gradient
of 0.3%/min of potassium phosphate (15mM, pH 5.2) in
acetonitrile starting at 80% acetonitrile. The flow rate was
5.0ml/min, and the eluent was monitored at 195nm. Col-
lected fractions were desalted on a Bio-Gel P-2 column
(1.5 x 60 cm) using ammonium acetate (50mM, pH 5.2) as a
mobile phase.

Man3 was isolated from the urine of swainsonine-intoxi-
cated sheep as described by Bakker and coworkers [16], and
lacto- N-fucopentacse I (LND-I) was isolated from human
milk according to Neeleman and coworkers [17] Core
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fucose-containing asialo-diantennary glycan was isolated
from human IgG according to Narasimhan and coworkers
[18] and was degalactosylated using jack bean B-galactosi-
dase. The resulting core fucose-containing asialo-agalacto-
diantennary glycan was separated from its bisecting form
using ConA affinity chromatography [19]. Trisialyl-trianten-
nary glycan was prepared by sialylation of asialo-trianten-
nary glycan using bovine colostrum CMP-sialic acid:Galp
1-4GleNAc-R a2-6-sialyltransferase according to Joziasse
and coworkers [20]. The disaccharide GalNAcP 1-4GleNAc
(LDN) was prepared enzymatically using GleNAc as an
acceptor and partially purified Lymnaea stagnalis UDP-Gal-
NAc:GleNAcB-R pl-4N-acetylgalactosaminyltransferase as
an enzyme source as described previously [21].

All glycans were analyzed by electrospray mass spec-
trometry (ES-MS). Tn addition, all isolated glycans were
analyzed by 'H NMR spectroscopy.

Coupling of carbohydrates to biotin-LC-hydrazide

Biotin-LC-hydrazide (4.6 mg/12 umol) was dissolved in
dimethyl sulfoxide (DMSO, 70ul) by vigorous mixing and
heating at 65°C for 1 min. Glacial acetic acid (30ul) was
added, and the mixture was poured onto sodium cyano-
borohydride (64mg/100umol), which dissolved com-
pletely after heating at 65 °C for approximately 1 min. Then
5 to 8ul of the reaction mixture was added to the dried oli-
gosaccharides (1-100 nmol) to obtain a 10-fold or greater
molar excess of label over reducing ends. The reaction was
carried out at 65°C for 2h, after which the samples were
purified immediately. In labeling experiments without
reduction, sodium cyanoborohydride was omitted and the
samples were allowed to react at 65°C for 2.5h.

Sample cleanup

Sample purification cartridges were prepared by cutting
two filter dises (~12mm in diameter) from Whatman QM-
A Quartz Microfiber Filter using a hole punch and placing
them in a holder (e.g., the housing of a 5-ml syringe). Each
cartridge was washed successively with water, 30% acetic
acid in water, and acetonitrile before applying the sample.
The sample was distributed uniformly on the filter surface
and allowed to bind for 15min before reactants were
removed by rinsing with acetonitrile (1 ml) and 4% water in
acetonitrile (6 x 1 ml). Labeled products were eluted with
water (4 0.5ml), filtered through 0.2-um syringe filters,
and dried in a SpeedVac.

High-performance anion-exchange chromatography

High-performance anion-exchange chromatography
(HPAEC) was performed on a Dionex BioLC system
equipped with a GS 50 gradient pump and an ED 50 elec-
trochemical detector (Dionex, Sunnyvale, CA, USA). A
2 x 250-mm Carbopac PA-200 column was used for analyt-
ical HPAEC using a linear gradient from 0 to 30% B

(500 mM NaOAc in 100mM NaOH) in A (100 mM NaOH)
over 20min. The column was thermostated at 30°C. A flow
rate of 0.5ml/min was used, and 200-pmol amounts of car-
bohydrate were injected for analysis.

Mass spectrometry

Matrix-assisted laser desorptionfionization

Matrix-assisted laser desorption/ionization  time-
of-flight mass spectrometry (MALDI-TOF MS) was
performed on an Ultraflex TOF/TOF mass spectrometer
(Bruker Daltonik, Bremen, Germany) equipped with a
nitrogen laser and a LIFT-MS/MS facility. The instrument
was operated in the positive ion reflectron mode using
6-aza-2-thiothymine as matrix [22] Approximately 100 to
500 spectra were summarized in each case. Compass 1.1,
consisting of FlexControl 24 and FlexAnalysis 2.4, was
used as instrument control and processing software.

Electrospray ionization

ES-MS experiments were performed on an LCQ
DecaXP ion trap mass spectrometer equipped with a nano-
ES ionization source (Thermo Finnigan, San Jose, CA,
USA). Biotinylated samples were dissolved in methanol/
water (1:1) to a concentration of approximately 10 pmol/pl.
For each experiment, 2 ul was loaded onto a gold-coated
glass capillary nano-ES emitter (Proxeon, Odense, Den-
mark). The capillary temperature was set to 180 °C. Spectra
were taken in the positive ion mode with a spray voltage of
1.5kV and a capillary voltage of 22.5V or in the negative
ion mode with a spray voltage of 1.0kV and a capillary
voltage of —475V.

Plant lectin assay

Biotinylated carbohydrates were diluted (50 pmol each,
S50 uliwell) in 1% BSA in TSM (20mM Tris—HCI [pH 7.4]
containing 150mM NacCl, I mM CaCl,, and 2mM MgCl,)
and coated at 37°C for 1h in streptavidin-coupled plates.
Plates were blocked with 1% BSA in TSM (100 pl/well), and
digoxigenin-conjugated lectins (2 pg/ml, 50 ul/well) were
added. The adhesion was performed at 37°C for 1h In
between the different incubation steps, plates were washed
with TSM containing .1% Tween 20. Bound lectins were
detected by incubation with 1:2500 diluted anti-digoxigenin
peroxidase-labeled Fab fragments (37°C for 1 h, 50 plfwell).
Binding was detected by incubation with 1:2500 diluted
peroxidase-labeled anti-digoxigenin Fab fragments (37°C
for 1h, 50uplwell) and 3,3'5,5-tetramethylbenzidine
(TMB) development. The color reaction was stopped by the
addition of 0.8 M H,SO,, and the emission at 450nm was
recorded.

Glycan array for DC-SIGN binding and bead adhesion assay

Biotinylated carbohydrates were coated (100 pmolfwell
in 50 pl in TSM) at 37°C for 1h in streptavidin-coupled
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plates. Biotinylated polyacrylamide-coupled Lewis® was
used as a positive control (1 pg/ml). In between the different
incubation steps, plates were washed with TSM. Coated
plates were incubated with dendritic cell-specific ICAM-3-
grabbing nonintegrin (DC-SIGN)-Fe (1 pg/ml in TSM,
50 plfwell) in the presence or absence of EGTA (10mM) or
anti-DC-SIGN antibodies (AZN-DI1, 20 ug/mly at room
temperature (RT) for 2h. Binding was detected using an
enzyme-linked immunosorbent assay (ELISA)-based assay
using peroxidase-labeled anti-human IgG-Fc antibody and
TMB development. The color reaction was stopped by the
addition of 0.8 M H,S0,, and the emission at 450 nm was
recorded.

Streptavidin-coated fluorescent beads (100 x 10%) were
incubated with 500 pmol of the biotinylated carbohydrates
or 1 pg of the polyacrylamide-coupled Lewis® at 4 °C over-
night in 300 pl of phosphate-buffered saline (PBS) contain-
ing 0.5% BSA. Fluorescent bead adhesion assay was
performed as described previously [23], analyzed on FAC
Scalibur, and presented as the percentage of cells that had
bound the fluorescent beads.

In situ tissue staining

Nonfixed frozen tissue sections (7 um thickness) were
incubated at 37 °C for 2 h with 500 pmol of the biotinylated
carbohydrates in 100 ul of TSM/0.5% BSA per section. Sec-
tions were washed gently with warm TSM buffer. All subse-
quent steps were performed at RT for 30 min, followed by
gentle washes with TSM. Binding of the biotinylated carbo-
hydrates was detected using streptavidin—Alexa 488 (1:400
dilution in TSM/0.5% BSA, 100 ul/section). Sections were
counterstained with rabbit polyclonal anti-DC-SIGN anti-
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bodies (1:250 dilution in TSM/0.5% BSA, 100 ul/section)
and goat anti-mouse-Alexa 594 (Molecular Probes, 1:400
dilution in TSM/0.5% BSA, 100 pl/section). Nuclei were
visualized using Hoechst (RT for 10 min).

Results
Biotin labeling of carbohydrates

The labeling procedure is based on reductive amination
in which a primary amine is coupled to an aldehyde to form
animine or a hydrazone if the primary amine is present as a
hydrazide group. This imine (hydrazone) is then reduced to
a secondary amine, which stabilizes the formed linkage
(Fig. 1). Using this reaction procedure, biotin-LC-hydra-
zide can be readily coupled to the reducing end of any car-
bohydrate to form a stable biotin-labeled product. To
ensure that all reactants were soluble under reaction condi-
tions, DM SO was chosen as a solvent. Efficient and simple
sample purification was obtained by binding the hydro-
philic sample to a quartz paper membrane. Excess of
hydrophobic biotin label was removed by rinsing the paper
with acetonitrile. The efficiency of this procedure was inves-
tigated by HPLC, which demonstrated the complete
removal of unreacted biotin-LC-hydrazide (data not
shown).

Labeling efficiency

To investigate the efficiency for the biotinylation proce-
dure, maltohexaose was biotinylated and was analyzed by
HPAEC and MALDI-TOF MS. Biotinylated maltohexa-
ose eluted on HPAEC predominantly as a single peak with
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0o_ OH OH H
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R OH < > R OH 0
NHC(O)CH, NHC(O)CH,
2
DMSO/AcOH HN ONNH
NaCNBH; Biotin-LC-hydrazide
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NHC(O)CH,

Fig. 1. Coupling of biotin-L.C-hydrazide to the reducing ends of carbohydrates.
biotin-LC-hydrazide to form a hydrazone linkage. In the presence of the reduct
ylated end product.

In solution, a semiacetal is formed and reacts with the hydrazide group of
ant NaCNBHj, the hydrazone linkage is reduced to form the stable biotin-
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a retention time different from that of native maltohexaose
(Fig. 2A; cf. profile 1T with profile T). Residual unlabeled
maltohexaose was not observed, indicating that quantita-
tive labeling was obtained. Further information on the
labeling efficiency of the biotinylation procedure was
obtained by MALDI-TOF MS. The MALDI mass spec-
trum of biotinylated maltohexaose shows a cluster of singly
charged pseudomolecular ions corresponding to the pro-
ton, sodium, and potassium adducts of the hexasaccharide
at mfz 1346.1, 1368.1, and 1384.1, respectively (Fig. 2B,
lower spectrum). Signals corresponding to unlabeled malto-
hexaose (Fig. 2B, upper spectrum) were hardly visible,
another indication that virtual complete biotinylation
could be achieved using the described labeling procedure.

Derivatization and analysis of different types of
carbohydrates

To determine whether the biotinylation procedure labels
reducing carbohydrates regardless of their chemical com-
position, a number of standard glycans and glycoprotein-
derived glycans, listed in Table 1, were biotinylated and
analyzed by ES-MS. Monoisotopic molecular masses were
determined by recording high-resolution zoom scans of
individual conjugates and corresponded well to theoretical
values (Table 1). Tons corresponding to nonreacted glycans
were not detected, indicating that the biotinylation was
effective for all glycans. To determine the chemical struc-
ture of the labeled glycans, collision-induced dissociation
tandem mass spectrometry (CID-MS?) was performed. The
CID tandem mass spectrum of one of the compounds, bio-
tinylated asialo-triantennary, is depicted in Fig. 3A, clearly
demonstrating the presence of a single biotin label at the
former reducing end of the glycan.
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Fig. 2. Labeling efficiency and purity of labeled maltohexaose as determined
by HPAEC and MALDI-TOF MS. (A) Maltohexaose (I) and maltohexa-
ose-LC-biotin (II) (200 pmol of each) analyzed by HPAEC eluted at differ-
ent volumes, indicating that nearly all starting material has been
biotinylated. (B) Both native (upper spectrum} and biotinylated (lower spec-
trum) maltohexaose were analyzed by MALDI-TOF MS. Molecular
masses corresponding to sodiated pseudomolecular ions are indicated.

The chemical stability of glycans under reaction condi-
tions was also investigated using mass spectrometry. Sialic
acid-containing glycans are especially susceptible to hydro-
lysis at elevated temperature. Desialylation can be observed
by mass spectrometry by the loss of 291 Da from the molec-
ular mass. When analyzing biotinylated trisialylated trian-
tennary glycan in negative ion mode ES-MS, two ions of
high abundance were observed at m/z 1515 and 1010, corre-
sponding to doubly and triply deprotonated pseudomolec-
ular ions (Fig. 3B). In addition, an ion of low abundance
was observed at m/z 1370, corresponding to a biotinylated
disialylated triantennary glycan, indicating some loss of a
single sialic acid residue. Tons corresponding to monosialy-
lated or nonsialylated forms of the biotinylated glycan were
not observed in either negative or positive ion mode ES—
MS, indicating that desialylation is very limited.

Together, these data suggest that the biotinylation proce-
dure nonselectively labels several types of oligosaccharides
and does not degrade the glycan structure significantly.

Binding of biotinylated carbohydrates to plant lectins

To evaluate the recognition by plant lectins, biotinylated
glycans were immobilized in streptavidin-coupled microti-
ter plates and probed with digoxigenin-conjugated lectins.
Bound lectins were detected with anti-digoxigenin peroxi-
dase-labeled antibody. The results of this lectin-binding
assay are summarized in Table 2.

Concanavalin A

Of the biotinylated carbohydrates tested, high-man-
nose glycans Man5 and Man9 as well as the asialo-dian-
tennary glycan and the asialo-agalacto diantennary
glycan with core fucose showed strong binding to ConA,
whereas the asialo-triantennary glycan with only a single
2-substituted mannose residue and the asialo-tetraanten-
nary glycan without monosubstituted mannose residues
were not recognized. This is in agreement with previously
published results on the binding specificity of ConA
[25-29].

Aleuria aurantia lectin

In the binding experiments with AAIL, which recog-
nizes terminal fucose residues [29,30], LND-I and the
difucosylated Fuc,GleNAc,Man,-biotin hydrazide gave
strong binding. AAT further interacts with core fucose,
which is present in many N-glycan structures. Because
this fucose residue is attached to the reducing GlcNAc,
we wondered whether biotinylation of the reducing
monosaccharide residue influences recognition of the
fucose by the lectin; therefore, we tested the binding of
biotinylated core fucose-containing asialo-agalacto-dian-
tennary glycan. The measurement showed that the glycan
is recognized by AAL, indicating that the ring opening of
the core GleNAc did not abrogate binding. We found,



54 Publications from this work
Proceduire to study carbohydrate-protein interactions ! C.H. Griin et al. | Anal. Biochem. 354 (2006) 54-63 59
Table 1
Carbohydrate structures used in this study
Glycan Structure Molecular mass (monoisotopic)
Native Biotinylated
Calculated Determined?®
Maltohexaose Glca1-4Glca1-4Glco1-4Glca1-4Glca1-4Glc 990.3 13458 1346.0
Maltoheptaose Glca1-4Glca1-4Glca1-4Glca1-4Glca1-4Glea1-4Glc 11524 15079 15079
Asialo-diantennary Galﬁ1-4G|cNAcp1»2Mana1\ 1640.6 1996.1 1996.6
g Manp1-4GIcNAcB1-4GIcNAc
e
Galp1-4GIcNAcp1-2Manat
Asialo-triantennary Gal|31-4GIcNAc[51-2Mana1\ 2006.1 23616 23618
6
Manf1-4GIcNAcB 1-4GIcNA
Galp1-4GIcNACH _ 3 Manp1-4GIcNACH1-4GIcNAc
Mana1
2
Galp1-4GIcNAcp1
Asialo-tetraantennary Galp1-4GIcNACp1 ~ 23708 27263 27260
Mana1
Galp1-4GIcNACB1” g
Manp1-4GlcNAcpB1-4GlcNAC
Galp1-4GIcNAcp1 ~4 3
Mana1
2
Galp1-4GIcNAcB1
Man$ Mane1 N 12344 1589.9 1589.5
5 Mana1
e 3 8
Mana1 3 Manp1-4GIcNAcB1-4GlcNAc
Mane1
Man9 Mano1-2Mana1 ~ 18826 22381 22378
6Man 1
ML
7 6
Mane1-2Mana1 3 Manp1-4GIlcNAcB1-4GIcNAc
Mana1-2Manc1-2Mana1 -
Fuc,GlcNA¢, Man, Fuca1 —SGIcNAcﬁ1—2Mana1\ 12024 1557.9 1557.6
6
Man
/3
Fuca1-3GIcNAcp1-2Manea1
2'Fucosyllactose Galp1-4Glc 488.2 843.7 8434
2
|
Fuca
LND-I galMG?lcNAcﬂ‘l—3GaIB14GIc 999.4 1354.9 13346
| |
Fuca1 Fucal
Asialo-agalacto- Fuca1 1462.6 1818.1 18182
diantennary + core Fuc GleNAcp1-2Mana1 ~ E‘S
2 Manp1-4GIcNAcB1-4GIcNAc
s
GlcNAcB1-2Mane
Trisialyl-triantennary NeuNAcmZ—GGaIB1—4GIcNAcp1-2Mana1\ 26759 30314 30315
6 Manp1-4GIcNAc
NeuNAca2-6Galp1-4GIcNACB1 3
Mano1
NeuNACo2-6Galp1-4GIcNACpT ™
LDN GalNAcB1-4GIlcNAc 4242 779.7 7794

# Monoisotopic molecular masses of biotinylated glycans were determined from zoom scans taken from the pseudomolecular ion.
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Fig. 3. Structural integrity of biotinylated glycans as determined by mass
spectrometry. (A) Positive ion mode nano-ES CID tandem mass spectrum
of biotinylated asialo-triantennary glycan demonstrating the coupling of
the biotin label to the reducing end of the carbohydrate. The nomencla-
ture used for fragmentation is based on that proposed by Domon and
Costello [24]. White circle, galactose; black square, N-acetylglucosamine;
gray circle, mannose. (B) Negative ion mode nano-ES mass spectrum of
biotin-labeled trisialyl-triantennary glycan indicating that the biotinyla-
tion procedure does not cause significant desialylation.

however, that when omitting the reduction during the
biotinylation reaction, binding to AAL was considerably
stronger, indicating that an intact reducing GlecNAc
enhanced recognition by the lectin (data not shown). On
the other hand, 2'-fucosyllactose biotinylated under non-
reducing conditions did not bind AAL, whereas reduc-
tion of the compound strongly increased binding (data
not shown and Table 2).

Sambucus nigra agglutinin

SNA has a binding specificity for glycans containing
the terminal NeuSAco(2-6)Gal sequence [31]. Conse-
quently, the biotinylated trisialyl-triantennary glycan,
which contains three sialic acid residues a(2-6)-linked to
galactose, gave strong binding to SNA, a further indica-
tion that the biotinylation procedure did not cause large-
scale desialylation.

Table 2
Binding of plant lectins to biotinylated carbohydrates

Glycan ConA AAL SNA DSA
Asialo-diantennary +2 —
Asialo-triantennary - +b
Asialo-tetraantennary — +
Man5 +

Man9 +

Fuc,GleNAce, Man; - +b
2'-Fucosyllactose — +

LND-I — +
Asialo-agalacto-diantennary +core Fue  + +
Trisialyl-triantennary — +

Note. Abbreviations and monosaccharide specificity: ConA, concanavalin
A, Man and Gle; AAL, Aleuria aurantia lectin, Fuc; SN A, Sambucus nigra
agglutinin, NeuNAc; DSA, Datura stramonium agglutinin, GleNAc.

® Throughout the table, a plus sign (+) indicates binding, whereas a
minus sign (—) indicates negligible interaction between the carbohydrate
and the lectin. Blank fields indicate that the interaction was not deter-
mined.

b Binding was weak but significant.

Datura stramonium agglutinin

Of the glycans tested, only the biotinylated asialo-tetra-
antennary glycan strongly interacted with DSA, whereas
binding of the asialo-triantennary glycan was weak. These
results are in agreement with the previously published bind-
ing specificity of DSA [32-34].

In conclusion, the results demonstrate that the biotinyla-
ted glycans are recognized by plant lectins; hence, their bio-
logical function is retained. Therefore, they can be used in
biological assays to study lectin binding specificities.

Interaction of the C-type lectin DC-SIGN with biotinylated
carbohydrates

To investigate whether our approach of biotinylating
carbohydrates is effective in studying the binding specificity
of C-type lectins, biotinylated glycans were coated at satu-
rating densities in streptavidin-coupled microtiter plates
and incubated with recombinant DC-SIGN-Fc. Bound
DC-SIGN was detected using peroxidase-labeled anti-
human IgG-Fe antibody. In this assay, the high-mannose-
type glycan Man9 and Lewis™containing LND-I were
recognized by DC-SIGN. In both cases, binding could be
blocked completely by the calcium chelator EGTA or the
anti-DC-SIGN antibody AZN-D1 (Fig. 4A). No binding
could be detected of Man5 or of the non-Lewis-type
fucosylated carbohydrates, consistent with previously pub-
lished data on the binding specificity of DC-SIGN-Fc [35].

We wondered whether the biotinylated carbohydrates
could also be used in a bead adhesion assay. To explore
this, we incubated streptavidin-coated fluorescent beads
with biotinylated carbohydrates and measured the adhe-
sion to DC-SIGN-expressing dendritic cells (DCs) by flow
cytometry. Both Man9- and LND-I-coated beads showed
strong binding activity to DCs, whereas binding of Man35-
coated beads was not detected. DC-SIGN-mediated
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Fig. 4. Binding specificity of the C-type lectin DC-SIGN. (A) Glycan array
showing binding specificity of recombinant DC-SIGN-Fc for Man9 and
Lewis®-containing LND-L. Biotinylated carbohydrates were coated in strep-
tavidin-coupled microtiter plates and probed with DC-SIGN-Fe. Peroxi-
dase-labeled anti-human IgG-Fe was used to detect DC-SIGN binding,
Binding of DC-SIGN could be blocked by EGTA (10 mM) and the anti-
DC-8IGN antibody AZN-Dr1 (20 pg/ml). Binding levels for each glycan
were normalized to the value for the positive control, that is, Lewis™ multiv-
dently coupled to polyacrylamide. (B) Bead adhesion assay demonstrating
the binding of DCs to Man9 and LND-I. Streptavidin-coated fluorescent
beads were incubated with biotinylated carbohydrates, and binding to DCs
was analyzed by flow cytometry and presented as the percentage of cells that
had bound the fluorescent beads. Binding could be blocked by EGTA
(10mM), AZN-D1 (20 pg/ml), and yeast mannan (100 pg/ml).

adhesion is completely inhibited by EGTA, AZN-DI1, or
DC-SIGN-binding yeast mannan (Fig. 4B).

Together, these results demonstrate that the biotinylated
carbohydrates can be used effectively in determining the
binding specificities of lectins that are expressed on cells.

In situ identification of DC-SIGN on lymph node tissue by
carbohydrate binding

In lymph node, DC-SIGN-positive immature DCs are
found in the T-cell areas and along the outer zones of the
paracortex [36]. In an approach to functionally characterize

Fig. 5. In situ identification of DC-SIGN on DCs in human lymph node
tissue using biotinylated Man9. Tissue sections were stained with biotinyl-
ated Man? (green) (A) and polyclonal anti-DC-SIGN antibodies (red)
(B). (C) Colocalization of Man9 with DC-SIGN (yellow, see arrows).

lectins in tissue, we employed biotinylated Man9 for lectin
detection and double stained the tissue with specific anti-
DC-SIGN antibodies. Immature DCs could be detected
readily in the lymph node tissue, showing scattered DC—
STGNP® cells in the T-cell areas and a rim of DC-SIGNP®®
DCs at the outer zones of the paracortex (Fig. 5). Strik-
ingly, only the DC-SIGNP® cells in the T-cell areas bound
the Man9 carbohydrate structure.

These data indicate that the biotinylated carbohydrates
can be used to identify carbohydrate-binding proteins in
tissue.

Discussion

We have developed a simple, fast, and efficient method
for the incorporation of a biotin group into carbohydrates
by coupling biotin-LC-hydrazide to the reducing end of
carbohydrates via reductive amination using readily avail-
able chemicals and reactants. The method includes a rapid
sample cleanup procedure that effectively removes excess
labeling reagent without the requirement of sophisticated
purification methods such as HPLC. Using this procedure,
preparation and purification of biotinylated carbohydrates
can be achieved within 3h.

The reductive amination reaction is principally nonselec-
tive for carbohydrates of different structures because the
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reaction involves an aldehyde that is present as a semiacetal
in all reducing carbohydrates. Indeed, it was demonstrated
that the labeling of N-glycans with 2-aminobenzamide or
2-anthranilic acid via reductive amination is not influenced
by the glycan structure [37]. However, it has been reported
that labeling oligogalacturonides with biotin-hydrazide
resulted in a decreased labeling efficiency with increasing
degrees of polymerization [38]. This may be due to the low
solubility of the carbohydrate in the solvent system used for
the amination procedure, namely methanol In the current
study, we found DMSO to be a suitable solvent in which
the reagents and carbohydrates are readily solubilized,
thereby strongly increasing the overall labeling efficiency.

All biotinylated glycans were recognized by lectins
with the appropriate specificity, indicating that the bio-
logical activity of the glycans was preserved. It should be
noted, however, that as a consequence of the reductive
amination reaction, the integrity of the reducing mono-
saccharide is lost [9,11-13], and this may affect binding by
those lectins that recognize monosaccharide residues in
the vicinity of the reducing monosaccharide. With core
al-6-fucosylated N-glycans, for instance, we found that
binding of AAL was considerably stronger when omitting
the reduction during the biotinylation reaction, indicating
that an intact reducing N-acetylglucosamine enhanced
recognition by the lectin. In contrast, biotinylated 2'-fuco-
syllactose under nonreducing conditions did not bind to
AAL, whereas reduction of the compound strongly
increased binding. The latter observations are consistent
with those published previously [30]. Omitting the reduc-
tion step after biotinylation is not attractive because it
results in a rather unstable product that can hydrolyze in
solution [38], although we did not encounter large-scale
hydrolysis during storage at neutral pH at 4 °C for several
days (results not shown).

With the commercial availability of a large number of
synthesized or purified naturally occurring carbohy-
drates, the biotinylation procedure described in the cur-
rent article enables the detailed characterization of
lectins by designing customized glycan arrays. The use of
glycan arrays for defining binding specificities of lectins
has been growing over the past few years, and the tech-
nique has been proved to be exceptionally useful for
characterizing (unknown) lectins [35,39-43] (see also
www.functionalglycomics.org/static/consortium). We
also showed that DC-SIGN expressed on cells or in tis-
sue interacted with appropriate biotinylated carbohy-
drate ligands, and we propose that the biotinylated
carbohydrates can be used for functional analysis of lec-
tins expressed on different cell subsets and during disease
development in situ.
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Recognition of pathogen-derived carbohydrate constituents
by antigen presenting cells is an important step in the in-
duction of protective immunity. Here we investigated the
interaction of L-SIGN (liver/lymph node specific ICAM-
3-grabbing nonintegrin), a C-type lectin that functions
as antigen receptor on human liver sinusoidal endothe-
lial cells, with egg-derived glycan antigens of the parasitic
trematode Schistosoma mansoni. Our data demonstrate that
L-SIGN binds both schistosomal soluble egg antigens (SEA)
and egg glycosphingolipids, and can mediate internaliza-
tion of SEA by L-SIGN expressing cells. Binding and in-
ternalization of SEA was strongly reduced after treatment
of SEA with endoglycosidase H, whereas defucosylation
affected neither binding nor internalization. These data
indicate that L-SIGN predominantly interacts with oligo-
mannosidic N-glycans of SEA. In contrast, binding to egg
glycosphingolipids was completely abolished after defuco-
sylation. Our data show that L-SIGN binds to a glycosph-
ingolipid fraction containing fucosylated species with com-
positions of Hex;HexNAcs_sdHex;_¢Cer, as evidenced by
mass spectrometry. The L-SIGN “gain of function” mu-
tant Ser363Val, which binds fucosylated Lewis antigens,
did not bind to this fucosylated egg glycosphingolipid frac-
tion, suggesting that L-SIGN displays different modes in
binding fuceses of egg glycosphingolipids and Lewis anti-
gens, respectively. Molecular modeling studies indicate that
the preferred binding mode of L-SIGN to the respective
fucosylated egg glycosphingolipid oligosaccharides involves
a Fuca1-3GalNAcp1-4(Fuca 1-3)GleNAc tetrasaccharide at
the nonreducing end. In conclusion, our dataindicate that L-
SIGNrecognizes both oligomannosidic N-glycans and multi-
ply fucosylated carbohydrate motifs within Schistosoma egg
antigens, which demonstrates that L-SIGN has a broad but
specific glycan recognition profile.

Keywords: C-type lectin/ glycosphingolipids/L-SIGN/
parasitic helminth glycans/Schistosoma mansoni
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Introduction

Schistosomiasis is a human parasitic disease caused by
helminths of the genus Schistosoma that affects more than 200
million people worldwide (Pearce and MacDonald 2002). In-
fection starts when cercariae released by the intermediate host,
a snail of the genus Biomphalaria, penetrates the skin of its ver-
tebrate host and transforms into schistosomula. They migrate
to the portal system and mature to adult worms that produce
large amounts of eggs. Eggs that become lodged within host
tissues, mainly liver and intestine, are primarily responsible for
the development of a strong anti-inflammatory Th2 response
that enables parasite survival and induces granuloma formation
around the eggs, which is a major cause of pathology (Pearce
and MacDonald 2002).

Schistosoma mansoni synthesizes a multitude of complex car-
bohydrates, which include both parasite-specific glycan anti-
gens, as well as glycan antigens that are shared with the host.
One example for a host-like glycan is the Lewis X (LeX)
epitope Galpl-4(Fucal-3)GlcNAc, which is expressed in all
schistosomal life stages (Cummings and Nyame 1996; Robijn
et al. 2005), but also on human leukocytes as CD15 (Fukuda
et al. 1986). Glycan antigens expressed by schistosomes induce
strong humoral and cellular immune responses in their host
(Cummings and Nyame 1999). Especially soluble egg antigens
(SEA) have been shown to be highly immunogenic in mice and
humans due to the presence of carbohydrate epitopes such as
GalNAcP1-4GleNAc- (LDN), GalNAcB1-4(Fucal-3)GlcNAc-
(LDN-F), and GalNAcp1-4(Fucal-2Fucal-3)GlcNAc- (LDN-
DF) (see Table T) (van Die and Cummings 2006).

While much remains to be understood about the immuno-
logical events triggered by schistosomal glycoconjugates, it is
increasingly acknowledged that these biological effects depend
on the recognition of these glycans by specific receptors on im-
mune cells. The recognition of carbohydrates is mediated by
a family of receptors called lectins, which bind glycan anti-
gens via one or more carbohydrate recognition domains (CRD).
We have recently described that both the C-type lectin DC-
SIGN (dendritic cell-specific intercellular adhesion molecule-
3 (ICAM-3)-grabbing nonintegrin; CD209) as well as its ho-
mologue L-SIGN (liver/lymph node-specific ICAM-3-grabbing
nonintegrin; CD209L; DC-SIGN-R) bind to glycans of S. man-
sonisoluble egg antigens (SEA) (van Die et al. 2003; van Liempt
et al. 2004; Meyer et al. 2005). The role of DC-SIGN as a broad
pathogen receptor has been well established (Geijtenbeek et al.
2000, Alvarez et al. 2002; Colmenares et al, 2002; Cambi et al.
2003; Geijtenbeek et al. 2003; Lozach et al. 2003). In addition,
DC-SIGN functions as a cell adhesion receptor mediating the
interaction between dendritic cells (DCs) and resting T cells by
binding to ICAM-3, and the transendothelial migration of DCs
by binding to ICAM-2 (Geijtenbeek et al. 2000).

© The Author 2007. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@ oxfordjournals.org 1
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Table I. Carbohydrate epitopes mentioned in this study

Carbohydrate epitope Structure Structure plot
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Respective abbreviations are given in parentheses. Structure plots were generated in the notation of the Consortium for
Functional Glycomics (http://www.functionalglycomics.org) using the visual editor of “GlycoWorkbench”. This
software application is developed and available as part of the EUROCarbDB project
(http://www.eurocarbdb.org/applications/ms-tools). Light grey square, N-acetylgalactosamine; dark grey square,
N-acetylglucosamine; triangle, fucose; circle, galactose.



Publications from this work 61

L-SIGN displays 77% amino acid identity with DC-SIGN,
and is expressed on endothelial cells in lymph node sinuses,
capillary endothelial cells in the placenta and on liver sinu-
soidal cells (IL.SECs) (Saoilleux et al. 2000; Bashirova et al.
2001; Pohlmann et al. 2001; Engering et al. 2004). In the
liver LSECs function as liver-resident antigen presenting cells
{Knolle and Gerken 2000) and are important in tolerance induc-
tion (Limmer et al. 2000; Knolle and Limmer 2001). LSECs
may mediate the clearance of antigens from the circulation in
the same manner as DCs do (Bashirova et al. 2001; Karrar
et al. 2007). In addition to L-SIGN, LSECs express lectins
like the mannose receptor, high levels of adhesion molecules
and costimulatory molecules such as MHC class II, CD40,
CD80, and CD86 (Adams et al. 1989; McNab et al. 1996).
It has been suggested that LSECs can potentially function as
cells that are capable of trapping CD4+4 and CDE+ T cells
(Karrar et al. 2007). DC-SIGN and L-SIGN share a di-leucine
motif and a cluster of three acidic amino acids in their cytoplas-
mic tails, which are known to be essential for antigen uptake
(Soilleux et al. 2000; Bashirova et al. 2001; Engering et al.
2002). Recent studies with Ebola virus, Severe Acute Respi-
ratory Syndrome (SARS) virus or antibodies against L-SIGN,
clearly demonstrated that L-SIGN indeed is able to internalize
antigens (Alvarez et al. 2002; Jeffers et al. 2004; Ludwig et al.
2004; Dakappagari et al. 2006). Likewise, Ludwig et al. mon-
itored the internalization of Hepatitis C virus (HCV) envelope
glycoproteins E1 and E2 by L-SIGN and the intracellular local-
ization of these glycoproteins in LSECs by confocal microscopy
(Ludwig et al. 2004). Similar to DC-SIGN, L-SIGN can recog-
nize high-mannose type N-glycans and the fucosylated glycan
epitopes Lewis A (Le*, Galpl-3(Fucal-4)GlcNAc-), Lewis B
(LeB, Fucal-2Galpl-3(Fucul-4)GleNAc-) and Lewis Y (LeY,
Fucal-2Galpl-4(Fucx1-3)GleNAc-) (Geijtenbeek et al. 2003;
Guo et al. 2004; van Liempt et al. 2004), L-SIGN, however, does
not bind to the LeX epitope, which is one of the major schisto-
some ligands of DC-SIGN, although the formation of crystals
between L-SIGN and Le® indicates that a weak interaction is
possible (Guo et al. 2004). The inability of L-SIGN to bind to
Le* epitopes is mainly due to the presence of a single amino
acid in the CRD of L-SIGN, Ser*?* that prevents interaction
with the Fuc(w1-3)GIcNAc unit in LeX, but supports binding of
the Fucu1-4GlcNAc moiety present in Le® and LeP antigens.
The equivalent amino acid residue Val**' in DC-SIGN creates
a hydrophobic pocket that strongly interacts with the Fuc(wl-
3/4)GlcNAc moiety of LeX, other Lewis antigens, and probably
LDN-F (Guo et al. 2004; van Liempt et al. 2004; van Liempt
et al. 2000).

The interaction of L-SIGN with S. mansoni egg glycopro-
teins and its location on liver endothelial cells suggest that L-
SIGN may function in the recognition of glycan antigens of
eggs that are trapped in the liver, thus contributing to glycan-
specific immune responses and/or the immunopathology of
schistosomiasis. To increase our understanding of the role of
L-SIGN we investigated the binding properties of L-SIGN to
both schistosomal egg glycoproteins and glycosphingolipids.
Our data revealed that L-SIGN interacts predominantly with
oligomannosidic N-glycans of SEA. Remarkably, recognition
of schistosomal egg glycosphingolipids by L-SIGN was medi-
ated via fucosylated carbohydrate entities, utilizing a binding
mode that may be different from the way it binds to Lewis
antigens.

L-SIGN binds schistosomal glyeans

Results

Recognition of . mansoni SEA by L-SIGN

Previous studies have shown that L-SIGN can recognize both
high-mannose type N-glycans as well as particular fucosylated
structures within Lewis antigens (Guo et al. 2004; van Liempt
et al. 2004) and may also interact with SEA (van Liempt et al.
2004). Furthermore, we have demonstrated that L-SIGN does
not bind to Le*, a major glycan antigen of SEA (van Liempt
et al. 2004). To identify the carbohydrate ligands of SEA that
are recognized by L-SIGN, SEA was treated with endo H to
remove oligomannosidic N-glycans. In parallel, SEA was sub-
jectedto HF-treatment toremove fucose residues. Our data show
that HF-treated SEA has lost its ability to react with antibodies
directed against the fucose-containing epitopes Le* and LDN-
DF (Figure 1A), whereas binding of these antibodies to endo
H-treated SEA was hardly affected (results not shown). Hence,
it can be concluded that the HF-treatment resulted in a nearly
complete removal of fucose residues from SEA. In addition,
the reactivity of HF-treated SEA with antibodies recognizing
LDN glycan antigens was increased after defucosylation, which
shows that the remaining glycan is intact and may expose an
increased amount of terminal LDN units.

Subsequent cellular adhesion assays using K562 cells stably
transfected with L-STGN (K562/1.-STGN), revealed that binding
of L-SIGN to SEA was apparently not affected by defucosyla-
tion, whereas treatment with endo H almost completely abol-
ished SEA recognition by L-SIGN (Figure 1B and C). These data
indicate that the binding of L-SIGN to §. mansoni SEA is pre-
dominantly mediated by oligomannosidic N-glycans, whereas
the fucose-containing glycan epitopes present on SEA are ob-
viously not or much less involved in this type of interaction. In
agreement with this assumption, direct binding assays showed
that K562 cells stably transfected with 1.-SIGN did not bind
to neoglycoproteins carrying LDN-F or LDN-DF (Figure 1D),
indicating that these glycan antigens, which in addition to Le*
are major fucosylated glycan antigens on SEA, are not ligands
of L-SIGN.

Internalization of SEA by L-SIGN expressing cells

To further characterize the interaction between SEA and L-
SIGN, we investigated whether SEA is internalized from the
cell surface of L-SIGN transfected K562 cells. We found that
64% of the biotinylated SEA disappeared from the cell sur-
face within an incubation time of 15 min at 37°C (Figure 2A),
whereas no detectable loss of SEA was observed in the case
of paraformaldehyde fixed cells, in which membrane transport
had been blocked. These data suggest that SEA is rapidly in-
ternalized from the cell surface. The internalization could be
significantly inhibited by preincubation of the cells with the
L-SIGN specific mAb AZN-D?2, thus demonstrating that this
process is L-SIGN dependent (Figure 2A). Defucosylation of
biotinylated SEA by HF-treatment led only to a minimal reduc-
tion of binding and a similar rate of internalization as compared
to untreated SEA (Figure 2B). In contrast, binding and internal-
ization of endo H-treated SEA to L-SIGN transfected cells was
hardly detectable by flow cytometry analysis (data not shown),
in agreement with the previously observed binding properties
of L-SIGN to SEA (see Figure 1B).
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anti-LDN mAb was employed to evaluate the integrity of the remaining
glycans. Data represent a typical result out of three experiments performed in
duplicate, with error bars indicating standard deviation. (B) The expression of
L-SIGN on transfected (K562/L-SIGN) and nontransfected K562 cells was
determined by flow cytometry using the mAb AZN-D?2 that recognizes
L-SIGN. The isotype control is shown as lines. (C) Binding of L-SIGN to
soluble egg antigen (SEA) of S. mansoni, defucosylated SEA (SEA HF) and
endo H-treated SEA (SEA endo H) was determined by cell adhesion assays
using K562/L-SIGN transfected cells in the absence (light grey bars) or
presence (dark grey bars) of ablocking mAb to L-SIGN (AZN-D2). All results
are representative of three independent experiments, performed in triplicate,
with error bars indicating standard deviation. (D) Adhesion of K562/L.-SIGN
transfected cells to neoglycoconjugates carrying LDN-F (LDN-F-BSA) and
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Fig. 2. Internalization of SEA in L-SIGN-transfected cells. (A) Internalization
of biotinylated SEA (grey circles) from the cell surface of K562 cells stably
transfected with L-SIGN was analyzed after different time intervals of
incubation at 37°C using flow cytometry. Fixed cells (black squares) were
used to correct for the off-rate of SEA at 37°C. Internalization of biotinylated
SEA in the presence of mAb AZN-D2 (grey triangles) is clearly reduced. Data
represent mean values of duplicate determinations. The representative result of
one out of three independent experiments is shown. (B) Internalization of
defucosylated, biotinylated SEA (SEA-HF, grey diamonds) bound to the cell
surface of L-SIGN transfected cells was analyzed at different time points of
incubation at 37°C using flow cytometry. Fixed cells (black squares) were used
to correct for the off-rate of biotinylated SEA-HF at 37°C. Values represent
means of duplicates. A representative result out of two independent
experiments is shown.

Recognition of S. mansoni egg glycosphingolipids by L-SIGN

To establish whether L-SIGN binds authentic schistosomal
glycosphingolipids, we performed cellular adhesion assays
using K562 cells stably transfected with L-SIGN. Glycosph-
ingolipids from S. mansoni cercariae, adults and eggs were
isolated by organic solvent extraction and quantified by com-
positional analysis with regard to their carbohydrate content
to ensure the application of similar, defined amounts of gly-
cosphingolipids in all experiments. The results (Figure 3A)
revealed that L-SIGN predominantly recognized egg glycosph-
ingolipids, and to a significantly weaker extent glycosphin-
golipids from adult worms or cercariae. The blocking antibody
AZN-D2 completely inhibited L-SIGN binding of egg gly-
cosphingolipids, indicating that recognition is mediated through
the CRD of L-SIGN (Figure 3A). The interaction of L-SIGN
transfected cells with egg glycosphingolipids was abolished
by adding EDTA (data not shown), thus demonstrating that
the binding of egg glycosphingolipids to L-SIGN is calcium-
dependent. To investigate whether the recognition of egg gly-
cosphingolipids by L-SIGN is fucose-dependent, egg glycosph-
ingolipids were treated with HF, which resulted in a removal of
fucose residues from the glycan moieties, as demonstrated by
ELISA using antibodies against the fucose-containing epitopes
F-LDN and LDN-DF (Figure 3C). Integrity of the remaining
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(6 HF) were assayed for their binding to L-SIGN-transfected cells in the absence (light grey bars) or presence of AZN-D2 (dark grey bars) as blocking antibody.
(C) Characterization of the glycan epitopes of schistosomal total egg glycosphingolipids (Egg), defucosylated total egg glycosphingolipids (Egg HF) and egg
glycosphingolipid fraction 6 (Egg 6) and defucosylated egg glycosphingolipid fraction 6 (Egg 6 HF) by ELISA. Antibodies recognizing the fucose-containing
glycan epitopes F-LDN and LDN-DF were tested to determine the efficacy of HF-treatment. In parallel, an anti-LDN mAb was employed to evaluate the integrity
of the remaining glycans. (D) Reactivity of the monoclonal antibody M2D3H, recognizing F-LLDN glycan epitopes, with the schistosomal egg glycosphingolipid
fractions 1 to 6, monitored by ELISA.

glycan moieties of these glycosphingolipids was demonstrated Binding of L-SIGN to individual S. mansoni egg

by ELISA using an anti-LDN monoclonal antibody (Figure 3C), glycosphingolipid fractions

and by MALDI-TOF-MS (Figure 4). Intriguingly, defucosyla-  To further characterize the glycans that mediate binding of
tion of the egg glycosphingolipids resulted in an almost com- 1 _SIGN to egg glycosphingolipids, we have size-fractionated
plete loss of L-SIGN binding (Figure 3A). Hence, these studies  pege glycosphingolipids using silica cartridges. The mono-
demonstrate for the first time that L-SIGN binds to authentic  ¢jopal antibody M2DH3 reacted with most of these fractions,
carbohydrate structures expressed by S. mansont egg glycosph-jndicating the presence of terminal F-LDN epitopes on the gly-
ingolipids and that this binding is fucose-dependent. cosphingolipids (Figure 3D). L-SIGN, however, showed a very
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Fig. 4. MALDI-TOF-MS analysis of isolated glycosphingolipids from S. mansoni eggs. Total egg glycosphingolipids (A), defucosylated egg glycosphingolipids
obtained after HF-treatment (B) and egg glycosphingolipid fractions 5 (C) and 6 (D), as well as defucosylated fraction 6 glycosphingolipids (E) from S. mansoni
were analyzed by MALDI-TOF-MS. Relevant mass ranges of the recorded spectra are displayed. Inset in (B): Entire mass spectrum of total egg glycosphingolipids
after HF-treatment. Deduced compositions are assigned to major pseudomolecular ions ([M+Na] ™). Corresponding potassium ions ([M+K]™) are marked by
asterisks. The complex pattern of registered signals is due to carbohydrate and ceramide heterogeneity. H: hexose; N: N-acetylhexosamine; dH: deoxyhexose
(fucose); Cer: ceramide.



Publications from this work 65

specific binding pattern in binding fraction 6 only (Figure 3B).
Glycosphingolipid recognition could be completely inhibited
using AZN-D?2 as a blocking antibody, thus indicating L-SIGN
specificity. A weak binding was observed in the case of the
preceding fraction 5, which may be due to an overlap of re-
lated components. Fractions containing larger glycolipid species
(Figure 4A) have not been recovered by this fractionation pro-
cedure and have, therefore, not been tested. Treatment of the
fraction 6 glycosphingolipids with HF resulted in the removal
of the fucose residues, as evidenced by ELISA (Figure 3D) and
MALDI-TOF-MS (Figure 4). Defucosylation clearly abolished
the binding of L-SIGN to these glycosphingolipids (Figure 3B),
as already observed for total egg glycosphingolipids. These data
indicated that L-SIGN specifically interacts with fraction 6 egg
glycosphingolipid species in a fucose-dependent manner.

Characterization of total and fractionated S. mansoni egg
glycosphingolipids
To allow a structural characterization of the glycosphingolipid
species that are bound by L-SIGN, isolated egg glycosph-
ingolipids were analyzed by MALDI-TOF-MS (Figure 4A).
In agreement with previous studies (Kantelhardt et al. 2002;
Wulrer et al. 2002), the major signal observed for total egg
glycosphingolipids corresponded to ceramide monohexoside
(Hex;Cer), with a mass of m/z 769.1 [M4+Na]t. In addi-
tion, a complex pattern of glycosphingolipids was registered,
mainly due to the high heterogeneity of the respective carbohy-
drate and ceramide moieties. Prevailing species with masses
of mfz 2572.0 [M+Na]* and m/z 3010.8 [M4-Na]* repre-
sented monosaccharide compositions of Hex;HexNAcgdHex,
and Hex;HexNAcgdHex;. As a striking feature, a high number
of multiply fucosylated species was observed comprising up to
nine dHex units and a mass of m/z 3507.5 [M+Na]*. Toremove
all fucose residues, egg glycosphingolipids were treated with HF
and the resulting products were similarly analyzed by mass spec-
trometry (Figure 4B). Again, Hex;Cer (m/z 769.1 [M+Nal*)
could be observed as the major species (Figure 4B; inset). A
more detailed view of the spectrum, however, displayed the
additional presence of complex glycosphingolipids with com-
positions of Hex; HexNAc;_;Cer (Figure 4B). Remaining fuco-
sylated glycosphingolipid species were not observed.
Glycosphingolipid fractions that showed binding to L-
SIGN were similarly analyzed by MALDI-TOF-MS. The re-
sults obtained for fraction 5 and fraction 6 are shown in
Figures 4C and D, respectively. The major compound of frac-
tion 5 comprised a mass of m/z 1873.7 [M+Na]™ represent-
ing a Hex;HexNAcydHex,Cer glycosphingolipid. The high-
est mass registered at m/fz 2572.0 [M+Na]t corresponded
to a glycosphingolipid with a carbohydrate composition of
Hex, HexNAcgdHex,, thus reflecting an overall composition of
Hex;HexNAc;_gdHex; 4Cer of the glycosphingolipids in this
fraction. In contrast, fraction 6 (Figure 4D) comprised more
complex glycosphingolipids with higher masses. The main com-
pound was registered at a mass of 7/z 2572.0 [M4-Na] ™ inagree-
ment with a composition of Hex; HexNAcsdHex,Cer, whereas
the overall composition of the major signals observed in this
fraction was Hex,HexNAcs_;dHex;_cCer. MALDI-TOF-MS
analysis of fraction 6 glycosphingolipids treated with HF re-
vealed a complete lack of fucose and the presence of glycosph-
ingolipids with a composition of Hex;HexNAc, ;Cer (Fig-

L-SIGN binds schistosomal glycans

ure 4E). The higher abundance of compounds with two or three
HexNAc residues as compared to the starting material indicated
that some degradation of the carbohydrate chains has occurred
during chemical defucosylation. But as already evidenced by
ELISA (Figure 3D) HF-treated fraction 6 glycosphingolipids
still carried intact LDN epitopes, which is in agreement with
MALDI-TOF-MS data.

MALDI-TOF-MS {/MS) of S. mansoni egg glycans

To simplify compositional and linkage analyses, egg glycosph-
ingolipid fraction 6 was treated with endoglycoceramidase and
the resulting oligosaccharides were analyzed by MALDI-TOF-
MS (Figure 5A). As already shown for intact egg glycosph-
ingolipids (Figure 3D) the glycan moieties in fraction 6 are
multiply fucosylated (dHex,_s). The major oligosaccharide
consisted of Hex;HexNAcgdHex,. Treatment of these glycans
with HF yielded defucosylated glycans with the overall compo-
sitions of Hex;HexNAcs_ 7 (see inset in Figure 5A). The major
glycan in this fraction 6 with the mass of m/z 2005.6 was fur-
ther analyzed by MALDI-TOF-MS/MS (LID) (Figure 5B). Ob-
tained data underline the composition of Hex; HexNAcgdHex,.
Moreover, the characteristic fragments registered in the MS/MS
spectrum clearly demonstrated the presence of HexNAc;dHex,
(mfz 350.0; fragment B2or) and HexNAc,dHex, unit (/2 699.0;
fragment B3«) as terminal epitopes and simultaneously ex-
cluded the occurrence of HexNAc;dHex, and HexNAc,dHexs
structural elements, thus ruling out the presence of F-LDN-
DF moieties in this compound. Hence, these data identify the
F-LDN-F unit as major terminal epitope in fraction 6 egg gly-
cosphingolipids.

Linkage analyses of S. mansoni egg glycans

To further corroborate the presence of the F-LDN-F epitope,
linkage analysis of the glycan moieties, obtained from the total
egg glycosphingolipids and glycosphingolipid fraction 6 was
performed (Figure 6 A and 6B). This analysis revealed the pres-
ence of two different fucose derivatives (terminal fucose and
2-substituted fucose). The identity of these residues was con-
firmed by the electron impact mass spectrometry (see insets in
Figure 6A and 6B). The linkage data strongly support our hy-
pothesis that the glycosphingolipids in fraction 6 are multiply
fucosylated, as already demonstrated by MALDI-TOF-MS. The
amount of disubstituted fucose, however, has clearly decreased
in fraction 6, compared to the total egg glycosphingolipids.
Whereas the ratio of terminal fucose: 2-substituted fucose
amounted to 0.43:0.57, in the case of total glycosphingolipid-
derived glycans, it was found to be 0.87:0.13 in fraction 6. These
data suggest that the terminal «1-3-fucose moieties in fraction
6 are of major importance for recognition by L-SIGN.

Linkage analyses of fraction &6 glycans (Figure 6C) further
revealed five differently substituted HexNAc residues (termi-
nal GalNAc; 4-substituted GlcNAc; 3-substituted GlcNAc; 3-
substituted GalNAc and 3 4-disubstituted GleNAc). The ratio
of mono-substituted GlcINAc residues to 3,4-disubstituted Gle-
NAc clearly differed before and after HF-treatment. HF-treated
fraction 6 glycan moieties which are not recognized by L-
SIGN comprised only trace amounts of 3,4-disubstituted Gle-
NAc, whereas this type of branched monosaccharide unit repre-
sented a major constituent of untreated fraction 6 carbohydrate
chains. Hence, linkage data clearly revealed a high branching of
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Fig. 5. MALDI-TOF-MS and MS/MS of glycans released by endoglycoceramidase from egg glycosphingolipid fraction 6. Oligosaccharides were released from
fraction 6 egg glycosphingolipids by treatment with endoglycoceramidase and analyzed by MALDI-TOF-MS (A) and MS/MS (B). (A) MALDI-MS spectrum of
glycans liberated from fraction 6 glycosphingolipids. Monoisotopic masses of pseudomolecular ions ([M+Na]™) and deduced monosaccharide compositions are
assigned. H: hexose; N: N-acetylhexosamine; dH: deoxyhexose (Fucose). Inset in (A): MALDI-TOF-MS of oligosaccharides released from fraction 6 egg
glycosphingolipids after subsequent incubation with HF to release fucose residues. (B) Sodiated pseudomolecular ions of the glycan species m/z 2005.6 [M+Na]™
with a composition of Hex; HexNAcsdHexy, obtained by endoglycoceramidase treatment of fraction 6 egg glycosphingolipids, were analyzed by
MALDI-TOF-MS/MS in the LID mode. Composition is given in symbols according to the Consortium for Functional Glycomics (see Table I for details); light grey
square: N-acetylgalactosamine; dark square: N-acetylglucosamine; circle: glucose; triangle: deoxyhexose (fucose). Fragments in the structure are assigned using
the nomenclature of Domon and Costello (Domon and Costello 1988). For the sake of clarity only the composition and not the putative origin of each fragment is
assigned in the spectrum. H: hexose; N: N-acetylhexose; dH: deoxyhexose. Protonated ions are marked with an asterisk. Signals resulting from single cleavages are
specified. Fragments verifying the presence of a terminal HexNAcydHex; unit are presented in bold-type.
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Fig. 6. Linkage analyses of glycans released by endoglycoceramidase from total egg glycosphingolipids and egg glycosphingolipid fraction 6. (A-D), linkage
analyses of oligosaccharides released from both total and fraction 6 glycosphingolipids before and after HF-treatment. Partially methylated alditol acetates obtained
were separated by gas chromatography and registered in the positive ion mode after electron impact ionization. To facilitate understanding, only parts of the entire
chromatograms are shown. (A and B), detection of fucose derivatives obtained from total (A) and fraction 6 (B) glycans. Peak areas normalized to the sum of
terminal fucose (1) and 2-substituted fucose (2) set to 1.0 are shown in parentheses. Inset in (A): Electron impact mass spectrum of 1,5-di-O-acetyl-2,3,4-tri-
O-methyl-fucitol (terminal fucose); Inset in (B): 1,2,5-tri-O-acetyl-3,4-di-O-methyl-fucitol (2-substituted fucose). Characteristic primary and some secondary
fragment ions are assigned. (C and D), detection of partially methylated HexNAc-derivatives obtained from fraction 6 glycans before (C) and after HF-treatment
(D). The ratios of terminal GleNAc (3), 4-substituted GlcNAc (5), 3-substituted GleNAc (6) and 3,4-disubstituted GleNAc (8) set to 1.0 are shown in parentheses to
underline the clear loss of 3,4-disubstituted GlcNAc after incubation of fraction 6 glycans with HE. Inset in (C): Mass spectrum of 2-deoxy-2-(N-methyl)
acetamido-1,3.4,5 -tetra-O-acetyl-6-O-methylglucitol. Inset in (D): 2-deoxy-2-(N-methyl)acetamido-1,4,5 -tri-O-acetyl-3,6-di-O-methylglucitol. (1) terminal
fucose; (2) 2-substituted fucose; (3) terminal GleNAc; (4) terminal GalNAc; (5) 4-substituted GleNAc; (6) 3-substituted GlcNAc; (7) 3-substituted GalNAc;

(8) 3,4-disubstituted GIcNAc.

fraction 6 glycan species due to multiple fucosylation in agree-
ment with MALDI-TOF-MS. On the basis of MALDI-TOF-MS
and linkage data we propose a summarized structure of fraction
6 egg glycosphingolipids, which is shown in Figure 8A.

Binding of the L-SIGN mutant Ser363Val to egg
glycosphingolipids and SEA

To characterize in more detail the binding properties of the
carbohydrate recognition domain from L-SIGN involved in the
interaction with S. mansoni SEA and egg glycosphingolipids,

we tested the binding capacity of two L-SIGN mutants (Fig-
ure 7), in which Ser*®* has been replaced by Gly (S363G), or
Val (S363V), the latter of which is present in DC-SIGN at the
equivalent position. The S363G mutant recognized neither SEA
nor egg glycosphingolipids, indicating the importance of Ser at
this position for both types of recognition. Remarkably, L-SIGN
S363V did not interact with the multiply fucosylated egg gly-
cosphingolipid fraction 6 species. As described previously, the
single amino acid replacement of Ser by Val (S363V) allows L-
SIGN to recognize LeX (van Liempt et al. 2004). In agreement
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Fig. 7. Binding characteristics of wild-type L-SIGN and L-SIGN mutants. The binding of K562 cells stably expressing wild-type L-SIGN, as well as K562 cells
stably expressing the L-SIGN mutants S363V and S363G, to S. mansoni egg glycosphingolipids and SEA is shown using cell adhesion assays. Total egg
glycosphingolipids (Egg), defucosylated egg glycosphingolipids (Egg HF) and fraction 6 egg glycosphingolipids (Egg 6) as well as SEA, endo H-treated SEA
(SEA endo H) and defucosylated SEA (SEA HF) were coated. LeA-PAA (Ie®) and LeX-PAA (Le*) were used as controls. The experiment shown is a
representative of three independent experiments, all performed in triplicate, with error bars indicating standard deviation.

with these previous findings, we have demonstrated in this study
that the L-SIGN mutant S363V recognizes SEA (Figure 7). In
contrast to wild-type L-SIGN, L-SIGN S363V also showed a
clear binding to endo H-treated SEA and a strongly reduced
recognition of the corresponding defucosylated antigens. These
data most likely reflect the gained capacity of L-SIGN S363V
to bind to Le* -epitope of SEA.

Conformational analyses of the major fucosylated
oligosaccharide from egg glycosphingolipid fraction 6

The initial conformation of the decasaccharide bearing F-LLDN-
F at its nonreducing end, i.e., Fucal-3GalNAcp1-4[(Fucal-
3)GlcNAcB1-4]4 (Figure 8A), was built using its structural simi-
larity with LeX. For this trisaccharide, NMR and conformational
studies (Lemieux et al. 1980; Imberty et al. 1999) demonstrated
that due to the presence of adjacent branching, the fucose and
galactose rings stack one on each other, resulting in a rigid con-
formation for both the Galp1-4GlcNAc¢ and Fucal-3GIcNAc
glycosidic linkages, and indeed this corresponds to the con-
formation observed in the crystal structure of the L-SIGN/LeX
complex (Guo et al. 2004). The situation is similar in the de-
casaccharide and all Fucal-3GIlcNAc glycosidic linkages can
only adopt the conformation that brings the branched fucose
above the next GIcNAc (or GalNAc) of the main chain (Fig-
ure 8B). Only the fucose located at the nonreducing end, i.e.,
the one at position 3 of GalNAc appears to be more flexible and
conformational analysis indicates that the W torsion angle can
vary up to 60°. The conformation displayed in Figure 8B is the
lowest energy one.

Docking of glycosphingolipid oligosaccharides in the binding
site of L-SIGN

A first docking approach was undertaken by fitting fucose
residues of fucosylated oligosaccharides in the binding site of
L-SIGN with the orientation observed in the crystal structure of
the lectin complexed with LeX (Guo et al. 2004), which vali-
dated the binding mode that we proposed previously by model-
ing (van Liempt et al. 2004). Three different orientations of the
decasaccharide were tested, with either fucose A («1-3 linked to
GalNAc), B or C (a1-3 linked to external or internal GIcNAc),
respectively. In all cases, the binding appears possible, with no
major steric conflict, but not very favorable, due to the close po-
sition of Ser363 to the methyl-group of the N-acetyl residue of
the adjacent GalNAc or GIcNAc. Only the fucose in the primary

binding site establishes hydrogen bonds with the protein. It is
therefore proposed that when possible, this binding mode will
not result in sufficient affinity to be detected experimentally (by
analogy to the nondetection of Le* binding by L-SIGN).

Another orientation of fucose can be proposed, since it has
been observed that the fucoses in several sialyl- and sulfo-LeX
derivatives are bound to mannose-binding protein (MBP) with
0-2 and O-3 of fucose involved in calcium coordination (Ng
etal. 1996; Ng and Weis 1997; Ng et al. 2002), and not O-3 and
O-4 as in the first binding mode described above. Again three
different fucose residues of the oligosaccharides were docked
in this orientation. Docking of fucose A resulted in a stable
binding mode. Geometric optimization of amino acid side chains
and ligand yielded to the complex displayed in Figure 8C. In
addition to the contact between the fucose, the calcium ion
and the protein hydroxyl group in the main binding site, the
GalNAc residue directly hydrogen bonds to Ser363 by its O-
4 hydroxyl group and to Asn361 and Glu359 by the N-acetyl
carbonyl. The adjacent GlcNAc does not interact directly with
the protein but the fucose residue that it carries (Fucose B)
establishes hydrophobic contact with the same region (CH, of
carbon CP of Asn361 and Ser363). The remaining part of the
decasaccharide (reducing end) does not interact with the protein
and, therefore, has not been displayed in Figure 8C. Docking
of the other fucose residues (i.e., the ones linked to GIcNAc) is
also possible but, in the absence of an axial group at O-4 in the
adjacent residue, the strong stabilisation that involves Ser363
does not occur.

Discussion

The human C-type lectin L-SIGN (liver/lymph node specific
ICAM-3-grabbing nonintegrin) is expressed on liver sinusoidal
endothelial cells (LSECs), which have a function as antigen-
presenting cells in the liver (Bashirova et al. 2001). Since the
liver is one of the main organs that is heavily affected during
schistosomiasis as a result of the granuloma formation around
trapped parasitic eggs (Bashirova et al. 2001; Wynn et al. 2004),
L-SIGN is in the perfect position to function as an adhesion
and internalization receptor for schistosome egg antigens. We
therefore hypothesized that L-SIGN might be involved in the im-
munobiology and/or liver pathology of schistosomiasis, which
implicates that L-SIGN should be able to recognize schistoso-
mal antigens. Here we show that L-SIGN indeed recognizes
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Fig. 8. Modeling of FDLNF and L-SIGN. (A) The carbohydrate epitope
F-LDN-F, recognized by L-SIGN and present in schistosomal egg
glycosphingolipids, is given as a schematic structure, to summarize the data
obtained by ELISA, MALDI-TOF-MS and linkage analyses. The
nomenclature as used by the EuroCarbDB is utilized (see Table I for details).
blue circle: Glucose; yellow square: N-acetylgalactosamine; blue square:
N-acetylglucosamine; red triangle: fucose. (B) Stick and space-fill
representation of the lowest energy conformation of the terminal
decasaccharide of the highly fucosylated glycosphingolipid. Fucose residues
are colored in red, GalNAc in yellow and GlcNAc in blue. (C) Docking mode
of the terminal tetrasaccharide of the highly fucosylated glycosphingolipid in
the binding site of L-SIGN. Protein is represented by a line, oligosaccharide
and amino acids of interest by stick and calcium ion by green sphere.
Carbohydrate atoms are marked in green [C], red [O] and blue [N]. Hydrogen
bonds are represented by magenta dot lines, and hydrophobic contacts by blue
ones. Drawing has been performed with Pymol software (DeLano Scientific
LCC, South San Francisco, CA) and hydrogen atoms have been omitted for
clarity.

L-SIGN binds schistosomal glycans

egg antigens of the human helminth parasite S. mansoni, on
glycoproteins such as soluble egg antigens (SEA), and egg-
derived glycosphingolipids. Remarkably, L-SIGN recognizes
completely different glycan entities on egg glycoproteins and
glycosphingolipids.

Our data demonstrate that within egg glycoproteins, L-SIGN
recognizes primarily oligomannosidic N-glycans and shows lit-
tle interaction with fucose residues. In addition to complex-
type N-glycans, SEA contains hybride-type N-glycans and high-
mannose type glycans, but data regarding the precise structures
of the glycoprotein-glycans expressed in the egg stage or on
SEA are still incomplete (Wuhrer and Geyer 2006).

Here we demonstrate for the first time that L-SIGN is also able
to interact with pathogens via recognition of fucosylated gly-
cans. Whereas L-SIGN did not bind to glycosphingolipids from
cercarial or adult schistosomal stages, it specifically recognized
amultiply fucosylated fraction within egg glycosphingolipids in
a fucose dependent manner. This leads to the surprising conclu-
sion that L-SIGN displays a completely different binding pattern
to schistosome glycan antigens than DC-SIGN, both in its bind-
ing to SEA, as well as in its binding profile to schistosomal
elycosphingolipids. It would be of interest to further character-
ize the relative binding affinities of L-SIGN to high-mannose
type glycans and glycan epitopes on egg glycosphingolipids,
but such experiments could not be performed so far due to lim-
ited amounts of parasite material. DC-SIGN, which contains a
CRD domain that is highly similar to the one of L-SIGN, hardly
interacts with the total egg glycosphingolipids (Meyer et al.
2005), or with the specific egg glycosphingolipid fraction that
is bound by L-SIGN (data not shown). By contrast, DC-SIGN
strongly binds to fucosylated cercarial and adult glycosphin-
golipids (Meyer et al. 2005), which are hardly recognized by L-
SIGN. This differential binding mode of L-SIGN and DC-SIGN
to fucosylated glycans is also reflected by the results of cell ad-
hesion assays using a L-SIGN S363V mutant, which contains
a Val present at a similar position as in DC-SIGN (van Liempt
et al. 2004). In contrast to the wild-type L-SIGN, this mutant
is able to recognize the fucosylated LeX carbohydrate epitope
in analogy to DC-SIGN. Intriguingly, this mutant is not able to
recognize the multiply fucosylated glycan moieties of fraction
6 egg glycosphingolipids. Hence it may be suggested that L-
SIGN can recognize fucose-containing Lewis antigens, such as
Le” and Le®, in a binding mode essentially similar to DC-SIGN,
but recognizes multiply-fucosylated glycosphingolipid glycans
via an alternative binding-mode. It is remarkable that L-SIGN is
able to interact with both oligomannosidic glycans, and differ-
ently fucosylated oligosaccharide ligands although comprising
only one CRD. It has been reported, however, that the binding
pocket of a lectin may change depending on the structural fea-
tures of the glycan bound (Mitchell et al. 2001; Meyer et al.
2005; Karrar et al. 2007).

Structural data obtained by MALDI-TOF-MS and linkage
analysis revealed that S. mansoni egg glycosphingolipids con-
sist of a backbone of N-acetylhexosamine residues which may
be heavily decorated with fucosyl- and oligofucosyl side chains
(Khoo et al. 1997; Wuhrer et al. 2002). Our present analysis
provided evidence that the minimum requirement for recog-
nition of egg glycosphingolipids by L-SIGN is the presence
of terminal Fucal-3GalNAcf1-4(Fucal-3)GlcNAcP (F-LDN-
F) tetrasaccharide. To increase our insight in the structural pa-
rameters that determine the recognition of multiply fucosylated
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egg glycans by L-SIGN, we performed molecular modeling
studies in which the docking of different fucosylated entities of
the characterized egg glycosphingolipid glycan into the CRD
of L-SIGN was investigated. From the present modeling study,
it is not possible to state that L-SIGN binds to F-LDN-F or
other fucosylated oligosaccharides in only one single way. Dif-
ferent binding modes are possible, involving either fucose on
the chito-oligosacccharide backbone, or the one present at the
nonreducing end. Nevertheless, based on the number of hydro-
gen bonds and hydrophobic contacts, one binding mode appears
to be strongly preferred. This binding mode involves the termi-
nal Fucw1-3GalNAc unit, and has the particularity that O-2 and
0-3 hydroxyl groups of the fucose are coordinated by the cal-
cium ion present in the binding site, instead of O-3 and O-4 as
observed in L-SIGN/LeX crystal structure (Guo et al. 2004).

The binding of the fucose residue linked to position 3 of
GalNAc is not only favored in terms of energy, but is also vali-
dated by the experimental data since it allows for rationalizing
some observations. The mutant Ser363Val, which strongly binds
Lewis X, does not bind to the multiply fucosylated glycosphin-
golipid, which is in agreement with Ser363 being involved in a
crucial hydrogen bond with O-4 of GalNAc. In the same manner,
this O-4 hydroxyl group has to be in an axial configuration for
optimal binding (i.e., Gal configuration over Glc), which would
explain the strong observed preference for Fucw1-3GalNAc over
Fuc1-3GIcNAc. The N-acetyl group of this GalNAc also plays
a crucial role since its carbonyl atom is involved in two hy-
drogen bonds with protein side chains (Glu359 and Asn361).
This prediction is in agreement with the absence of binding
of pseudo-Le¥ (Fucal-3Galpl-4(Fucal-3)GlcNAc-) that lacks
this specific N-acetyl group (Wuhrer et al. 2000).

The finding that L-SIGN hardly interacts with multiply fu-
cosylated glycoproteins within SEA is surprising. Many of the
fucosylated epitopes in egg glycolipids are also found in SEA
glycoproteins (Robijn et al. 2005). We have shown that the SEA
glycoprotein preparation that we used in this study reacts with
monoclonal antibodies that recognize Lewis X, LDN-F, LDN-
DF, and F-LDN epitopes (Figure 1A, and results not shown). We
could show that neoglycocojugates carrying Lewis X, LDN-F,
and LDN-DF glycan antigens are not recognized by L-SIGN
(van Liempt et al. 2004) and this study). Since the anti-F-LDN
monoclonal antibody M2DH3 strongly recognizes SEA, cer-
carial glycolipids, and fraction 3 to fraction 6 egg glycolipid
(Figure 3D; results not shown; (Kantelhardt et al. 2002)), it
is unlikely that L-SIGN displays more than a weak interac-
tion with F-LDN. In addition, our modeling data show that
the GleNAc of the F-LLDN-F moiety does not interact directly
with the protein. The «1-3fucose residue that it carries (Fucose
B, see Figure 8C), however, establishes hydrophobic contact
with the CH; of carbon CB of Asn361 and Ser363, thus con-
tributing to the binding. Interestingly, from this model it can
be deduced that an additional fucose wl-2-linked to fucose B,
resulting in the epitope F-LDN-DF, would not sterically inter-
fere with the binding of L-SIGN to the F-LDN-F unit. Thus,
although we do not have experimental data to support this type
of binding, we cannnot exclude the possibility that the glycan
F-LDN-DF can be bound by L-SIGN. The minor binding that
we observed for L-SIGN to fucosylated species within SEA
may be due to the presence of small amounts of F-LDN-(D)F
epitopes within SEA, or to the binding to unknown fucosylated
species.

Several studies have demonstrated that glycosylation of schis-
tosome antigens plays an important role in immunological
processes during schistosome infection (Faveeuw et al. 2002,
2003), such as the induction of hepatic granuloma formation
by SEA or schistosome eggs that leads to severe fibrosis, hep-
atosplenomegaly and portal hypertension usually accompany-
ing schistosomiasis (Okano et al. 1999; Pearce and MacDonald
2002; Sneller 2002). Schistosomal fucosylated glycoproteins
and glycosphingolipids can be highly antigenic and act as po-
tent immunomodulators (Velupillai et al. 2000; Okano et al.
2001; Van der Kleij et al. 2002) during parasite infection, in-
dicating a major role of schistosomal egg carbohydrates in the
initiation and homeostasis of the inflammatory response (Dyat-
lovitskaya and Bergelson 1987; Ziegler-Heitbrock et al. 1992;
Lochnit et al. 1998; Eber] et al. 2001; Van der Kleij et al. 2002;
van Die and Cummings 2006).

Although the involvement of glycans in immunomodula-
tion is clearly established in schistosome infection, not much
is known about the receptors involved in these processes. The
present study is the first description of a lectin binding the stage-
specific multiply fucosylated glycosphingolipids from schisto-
some eggs. In addition, our data demonstrate that L-SIGN has
the potential to rapidly internalize egg glycoproteins. This may
indicate that L-SIGN may capture and present antigens that are
secreted by the eggs during schistosome infection, which in turn,
may lead to the stimulation of T-cells. It is attractive to speculate
that the uptake and the presentation of schistosome egg antigens
by L-SIGN contributes to the high levels of glycan-specific an-
tibodies found after egg-laying in schistosome infection.

Alternatively, or in addition to a proposed function in the
presentation of schistosome egg antigens to T cells, L-SIGN
may play arole in the actual trapping of schistosome eggs in the
liver. LSECs, on which L-SIGN is constitutively expressed, are
in permanent contact with the blood stream in the liver. Eggs,
released from schistosome couples located in the liver portal
veins, circulate through the bloodstream and L-SIGN is in the
ideal position to interact with passing eggs. Whereas such eggs
are obviously much too large to be internalized, they could be
trapped by L-SIGN.

It will be important to establish whether the differential in-
teraction of L-SIGN with either oligomannose-type N-glycans,
and/or multiply fucosylated egg glycosphingolipids, controls the
functional activity of L-SIGN in schistosome infections. Under-
standing of the molecular mechanisms by which the interaction
between human lectins and parasitic glycans modulate the host
immune response, and contribute to the severe pathology that is
observed in schistosomiasis, may open novel ways to develop
improved treatment of this infection.

Material and methods

Cell lines, antibodies and neoglycoconjugates

Human K562 cells stably expressing L-SIGN (K562/L-SIGN)
have been described by Bashirova et al. (Bashirova et al.
2001) and K562 cells stably expressing the L-SIGN mutant
8363V, in which Ser’®® has been replaced by Val, by van
Liempt et al. (van Liempt et al. 2004). The following antibodies
were used; AZN-D2 (anti-DC-SIGN/anti-L-SIGN) (Bashirova
et al. 2001), anti-Lewis X (G8G12) (Bickle and Andrews
1988), anti-LDN-DF (mAb 114-5B1-A) (van Remoortere et al.
2000), anti FLDN (mAb M2D3H) (Bickle and Andrews 1988),
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anti-LDN-F (SmLDNF1) (Nyame et al. 2000) and anti-LDN
(mAb SMLDN1.1) (Nyame et al. 1999). Neoglycoconjugates
containing Le* or Le* multivalently coupled to biotinylated
polyacrylamide (PAA) were from Lectinity (Lappeenranta, Fin-
land). Neoglycolipids containing the LNFP Ill-epitope were
synthesized as described before (Meyer et al. 2005). Neogly-
coproteins consisting of BSA carrying LDN-DF and LDN-F
antigens, respectively, were synthesized as described previously
(van Remoortere et al. 2000).

Preparation of schistosome SEA and giycosphingolipid
Jractions

Crude S. mansoni SEA extract was centrifuged at 100,000 x g
for 90 min at 4°C and sterilized by passing through a 0.2 pm
filter (Nyame et al. 2003). Purified glycosphingolipids were
isolated from lyophilized S. mansoni adult worms, eggs and
cercariae by organic solvent extraction, saponification, desalting
and anion-exchange chromatography as described previously
(Wuhrer et al. 2000).

Neutral glycosphingolipids were fractionated chromato-
graphically. Samples were dissolved in chloroform and ap-
plied after sonication on a 1 mlL or 5 ml., depending on
the amount of sample, silica cartridge (Waters, Eschborn,
Germany), equilibrated with chloroform. Subsequent elution
was achieved with chloroform:methanol (CM) and chloro-
form:methanol:water (CMW). Eluents used were CM 90:10
(v/v); CM 60:40 (v/v); CM 50:50 (v/v); CM 40:60 (vfv), CMW
65:25:4 (v and CMW 10:70:20 (vv/v). Resulting fractions
(named 1-6) were analyzed by MALDI-TOF-MS and their car-
bohydrate content was quantified by compositional analyses
using derivatization with anthranilic acid (Anumula 1994).

Matrix-assisted laser-desorption/ionization-time-of flight mass
spectrometry (MALDI-TOF-MS and MSIMS)
MALDI-TOF-MS and MS/MS analysis was performed on
an Ultraflex instrument (Bruker-Daltonik, Bremen, Germany)
equipped with a nitrogen laser and a LIFT-MS/MS facility as
described previously (Geyer et al. 2005; Lehr et al. 2007). The
instrument was operated in the positive-ion reflector mode us-
ing 6-aza-2-thiothymine (Sigma-Aldrich, Miinchen, Germany)
as matrix throughout. About 100 to 500 individual spectra were
summarized in each case.

Release and linkage analysis of schistosomal glycans

Carbohydrate moieties were liberated from egg glycosphin-
golipids by treatment with recombinant endoglycoceramidase 11
(from Rhodococcus spp., Takara Shuzu Co., Otsu, Shiga, Japan).
Released glycans were separated from ceramide residues by
reverse-phase (RP-) chromatography as described previously
(Wuhrer et al. 2000). For linkage analysis oligosaccharides
were permethylated with methyl iodide after deprotonation with
lithium methylsulfinyl carbanion and hydrolyzed (4 M aqueous
triffucroacetic acid, 100°C, 4 h). Partially methylated alditol
acetates obtained after sodium borohydride reduction and per-
acetylation were analyzed by capillary gas-liquid chromatog-
raphy followed by electron impact ionization mode (single ion
monitoring), using a PTV injector, fused-silica bonded-phase
capillary columns of different polarity (60 m VF5MS and 30 m
VF200MS; Varian Inc., CA) and helium as carrier gas as de-
scribed elsewhere (Geyer and Geyer 1994).

L-SIGN binds schistosomal glyeans

Deglycosylation of schistosome egg glycoconjugates

To remove fucose residues from the egg glycoconjugates, dried
samples of SEA or egg glycosphingolipids were treated with
48% (v/v) fluoric acid (HF) (Merck, Darmstadt, Germany) at
4°C for 48 h. HF was removed by a stream of nitrogen and
the resulting pellet washed twice with methanol as described
previously (Wuhrer et al. 2002). The degree of defucosylation
and the integrity of the remaining glycan antigens, were assessed
by MALDI-TOF-MS analysis and ELISA using monoclonal
antibodies recognizing specific glycan epitopes.

Toremove oligomannosidic N-glycans, SEA was treated with
endoglycosidase H (endo H from Streptomyces plicatus, re-
combinant, E. coli; Calbiochem, Merck Darmstadt, Germany),
which cleaves the chitobiose units of agparagine-linked oligo-
mannose and hybrid, but not complex-type oligosaccharides of
glycoproteins, as described by the manufacturer. In brief, SEA
(100 pg) was denaturated by 5 min heating at 100°C in denatu-
rating solvent (1% SDS, 2M pB-mercaptoethanol). After cooling
down, the enzyme (10 milliunits) was added and incubated at
37°Cfor 3h.

Enzyme-linked immunosorbent assay (ELISA) with antiglycan
antibodies

Solutions of total egg or HF-treated glycosphingolipids were di-
luted with ethanol, applied (6 or 9 ng/well) to NUNC maxisorb
plates (Roskilde, Denmark) and incubated for 60 min at 37°C
to coat the glycosphingolipids to the plate. SEA was diluted to
5 wg/ml in coating buffer (50 mM NaHCOs3) and coated 1 h at
37°C or at 4°C overnight. Plates were blocked with 1% ELISA
grade BSA (Fraction V, fatty acid free; Calbiochem, San Diego,
CA) in phosphate-buffered saline (PBS; 0.14 M NaCl, 2.7 mM
KCl, 1.5 mM KH,POy, 8.1 mM Na,HPO,) and incubated with
anti-glycan antibodies recognizing LeX, LDN or LDN-DF (see
Table }. Binding was registered using a horseradish peroxidase-
labeled goat-anti-mouse antibody (Dako, Glostrup, Denmark).
After coloring (4.5 mL 0.2 M Na,HPO, 4.5 mL 0.1 M Cit-
ric acid, 1 mL. TMB-golution (3,3',5,5'-tetramethylbenzidine;
1 mg/mL HyO), 10 L. Ho() the optical density was measured
at a wavelength of 450 nm using an ELISA reader (BioRad,
Hercules, CA).

Enzyme-linked immunosorbent assay (ELISA) with
DC-SIGN-Fc

Total cercarial and egg glycosphingolipids, as well as separated
egg glycosphingolipid fractions 5 and 6 (9 ng) were diluted in
ethanol on NUNC maxisorb plates (Roskilde, Denmark), and
incubated for 60 min at 37°C to coat the glycosphingolipids
to the plate. Plates were blocked with 1% ELISA grade BSA
(Fraction V, Fatty acid free; Calbiochem, San Diego, CA) in
TSM (20 mM Tris—-HCI pH 7.4, 150 mM NaCl, 2 mM CaCly,
2 mM MgCly) and incubated with DC-SIGN-Fc (3 pg/mL)
(Geijtenbeek et al. 2002). Binding was detected using a per-
oxidase labeled goat-anti-human IgG-Fc (Jackson, West Grove,
PA). EDTA (10 mM, Roth, Karlsruhe, Germany) was added
when indicated to investigate whether the binding was calcium
dependent.

Cell adhesion assays with L-SIGN transfected cells

Ninety-six-well plates (NUNC maxisorb) were coated overnight
at 4°C with S. mansoni SEA or neoglycoconjugates (5 pg/ml.
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in 50 mM NaHCO;) or schistosomal glycosphingolipids (6 or
9 ngfwell in ethanol, dried at 37°C). Blocking (30 min at 37°C)
was performed with 1% BSA in TSM. Cells labeled with Cal-
ceine AM (25 pL/7 x 10° cells; Molecular Probes, Eugene,
OR), were added for 1.5 h at 37 °C in the presence or absence
of mAb AZN-D?2 (20 pg/mL). Nonadherent cells were removed
by gently washing with TSM. Adherent cells were lysed with
50 mM Tris-HCI, pH 7.4, 0.1% SDS and fluorescence was
quantified using a Fluostar spectrofluorimeter (BMG Labtech,
Offenburg, Germany) at 485/520 nm. Results are expressed as
the mean percentage of adhesion of triplicate wells. All experi-
ments are performed at least three times.

Internalization of SEA in L-SIGN transfected cells
Internalization of SEA was assessed as described previ-
ously (van Liempt et al. 2007). Shortly, K562/L-SIGN trans-
fected cells (0.5 x 10° per sample) were incubated with
biotinylated-SEA, or endo H-treated or HF-treated biotinylated-
SEA (10 pg/mL) in TSA (TSM with 1% BSA) for 1 h on ice.
Unbound ligand was washed off twice with ice-cold TSA. Speci-
ficity of the binding was established using nontransfected K562
cells, or by inhibition with the mAb AZN-D?2 that recognizes
L-SIGN. To this end K562/L.-SIGN transfected cells were prein-
cubated with the mAb for 30 min at 37°C. To control the off-rate
of SEA at 37°C, cells were fixed with paraformaldehyde (2% in
PBS) for 20 min at room temperature, prior to SEA binding. All
cells were then incubated at 37°C with slight horizontal shaking
(500rpm) to enable internalization. At different time points (15—
60 min) aliquots were taken and stored on ice. After washing
with TSA, cells were incubated with Alexa 488-labeled avidin
(Molecular Probes, Eugene, OR) for 30 min at 4°C, washed
and analyzed by flow cytometry on a BD FACS Calibur or BD
FACSScan (Beckton Dickinson, San Jose, CA). The relative
differences in mean fluorescence intensity were determined in
relation to the fluorescence observed in the case of fixed cells.

Molecular modeling

The coordinates of the crystal structure of human L-SIGN in-
teracting with Le¥ containing trisaccharide (Guo et al. 2004)
(code 1SL6) were taken from the Protein Data Bank. The struc-
ture was edited using the Sybyl software (Tripos Inc., St Louis,
MO), in order to contain only one protein monomer together
with calctum ions and the Le* trisaccharide. Protein hydrogen
atoms were added, the peptide atoms partial charges were cal-
culated using the Pullman procedure and the calcium ions were
given a charge of two.

The tetrasaccharide Fucul-3GalNAcB1-4(Fucxl-3)
GlcNAcP was built by graphically editing the galactose
residue of LeX extracted from the above mentioned crystal
structure into a GalNAc residue and adding a fucose residue
on its 3 position. A decasaccharide with three additional
Fuca1-3GlcNAcp units on the reducing end was also built.
Atom types and charges for oligosaccharides were defined
using the PIM parameters developed for carbohydrates. A
conformational search with the TRIPOS force-field allowed for
defining the preferred conformations of the oligosaccharides.

Docking studies were performed by homology with L-
SIGN/Le* complex or with other C-type lectin interacting with
fucose (see results). In all cases, one of the fucose residues of
the oligosaccharide of interest was superimposed on the fucose

14

in the crystal structure and the structures were merged. When
needed, subsequent energy minimizations were performed us-
ing the Tripos force-field (Clark et al. 1989) with geometric
optimization of the sugar and the side chains of amino acids in
the binding sites. A distance-dependent dielectric constant was
used in the calculations. Energy minimizations were carried out
using the Powell procedure until a gradient deviation of 0.05
keal/mol/A was attained.
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3 Discussion

In this chapter a synopsis of the obtained results will be presented together with an
outlook on ongoing and future work.

In this thesis we have been interested in the question as to how human cells
recognize an invading parasite, a process that involves both signature molecules of
the pathogen and specific receptors on the host cell. Therefore, we investigated how
specific glycoconjugates of the parasite S. mansoni are recognized by the two C-type
lectins DC-SIGN and L-SIGN. The first publication resulting from this thesis
describes the binding of authentic cercarial glycolipids from S. mansoni to the C-type
lectin DC-SIGN. It could be further demonstrated that this interaction is mediated by
Lewis X and pseudo-Lewis Y carbohydrate motifs. These epitopes are also present in
the glycolipids of excretory/secretory (ES) products released from cercariae (104). In
a second publication, the binding specificity of L-SIGN was investigated,
demonstrating that this C-type lectin recognizes high-mannose type N-glycans of
SEA as well as fucosylated glycolipids of schistosome eggs (103). The third
publication reports on a new method allowing a rapid biotinylation of carbohydrates
to simplify their usage for ligand/lectin studies which is applicable not only for

parasitic ligands.

The early phase of schistosome infection and the concomitant role of carbohydrates
The parasite S. mansoni has evolved different strategies to survive in its hosts by
down-regulating the immune response to benefit its own survival (117). In this
context, the eggs are the main inducers of the shift from an early Th1 to a strong Th2
response (57). Notwithstanding the egg-induced immune modulation, there is an
increasing number of reports claiming that immune regulation begins before egg
deposition already in the cercarial stage (70). The role of carbohydrates in this
process has been further established in the last years (65; 147). Likewise, studies on
the function of lectins recognizing host-like or parasite-specific glycans in the
immune processes of schistosome infection have gained increasing importance.
However, before analyzing the different signaling pathways involved, the precise
structures of the glycan-epitopes bound by the C-type lectins need to be elucidated.
We could demonstrate that DC-SIGN recognizes authentic cercarial glycolipids

carrying the Lewis X or the pseudo-Lewis Y epitope. Our observation, that in
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contrast to cercarial glycolipids, egg glycolipids interacted only poorly with
DC-SIGN is in agreement with previous studies, showing that the pseudo-Lewis Y
epitope is solely found in cercarial glycosphingolipids, and Lewis X containing
glycosphingolipids represent only a very small fraction of total egg stage
glycosphingolipids (104; 165). In addition to Lewis X and pseudo-Lewis Y epitopes
expressed on cercarial glycolipids (104), DC-SIGN also recognizes Lewis X and
LDN-F motifs as well as high-mannose type glycans of schistosomal egg
glycoproteins (148; 151). To understand how different glycan antigens can interact
with DC-SIGN, the binding mode was determined by molecular modeling based on
the crystal structure of DC-SIGN complexed with a Lewis X oligosaccharide.
Interestingly the binding domain of DC-SIGN seems to be flexible due to the ability
of the Phe313 side-chain to change its orientation, thus allowing an interaction with
both Lewis X trisaccharide and pseudo-Lewis Y tetrasaccharide. It has been reported
earlier that the binding pocket of a lectin may change depending on the structural
features of the glycan bound (75; 105). Possibly pathogens such as S. mansoni may
use this flexibility to target DC-SIGN.

Excretory/secretory products from cercariae

Schistosomes invade humans in the cercarial stage, and these cercariae transform
into schistosomula directly after penetration of the skin by shedding their glycocalyx
and releasing ES products. The latter compounds are rich in components of the
highly glycosylated glycocalyx and products from the acetabular gland, containing
serine proteases (70). Said ES products enter the surrounding human tissue and may
be encountered by surveying DCs, such as the DC-SIGN positive CD1a negative
dermal DCs, which are found mostly in the upper dermis (39; 53; 124). The
immunomodulatory effect of these ES products has long been realized, but still little
is known about the specific glycans leading to an immune response to ES products
(91). Analyses performed in this thesis revealed that glycolipids present in these ES
products contain species with Lewis X and pseudo- Le Y determinants (104). In
contrast to Lewis X, which is found in both mammals and several pathogens,
pseudo-Lewis Y is so far only described for schistosomes. Hence, is this
pseudo-Lewis Y motif is the first parasite-specific ligand described for DC-SIGN.
These results may enable follow-up studies to further investigate the role of the
interaction between DC-SIGN and schistosomal glycolipids in host immunity. The

schistosomula-released antigens stimulate not only innate immune cells, but are also
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effective in limiting strong host immune responses. It is proposed that the active
shedding of surface antigens may serve as an important source of parasite antigens
available to the immune system in a form in which they can be taken up and
processed by antigen-presenting dendritic cells, macrophages and certain B cells for
presentation to T helper cells (91). Vieira et al. reported, that material released from
cercariae could inhibit the in vitro proliferation of human PBMCs from schistosome
infected patients in response to adult worm antigens (157). Moreover, several studies
have shown that cercarial ES products, lead to the formation of edema and influx of
neutrophiles when they are used to stimulate naive skin (42; 137). Taken together
these results led to the suggestion that products released by cercariae have the ability
to modulate the host’s immune response and promote the survival of the parasite.
DC-SIGN recognizes cercarial glycolipids, but other molecules may be additionally

involved.

Glycolipid signaling

Studies on the presentation of glycolipids to DCs have not been performed yet. Since
it is unlikely that such a complex mixture of secreted glycoconjugates is recognized
only by one lectin, a complex pattern of receptors on dendritic cells may be involved
in antigen presentation. The role of glycolipids in signaling is still poorly understood.
Faveeuw et al. have shown, however, that compounds of SEA are presented on
CD1d which is also involved in glycolipid presentation for other pathogens (43). The
antigen presentation of parasitic glycoconjugates to Cdld-expressing T cells may be
important for the induction of a Th2 response and the egg-induced pathology of
schistosome infection. As DC-SIGN recognizes cercarial glycolipids carrying
Lewis X or pseudo-Lewis Y motifs, it would be of high interest to investigate, as to
whether these glycolipids are also presented to CD1d molecules. As pseudo-Lewis Y
is a parasite-specific epitope, it could play a prominent role in the induction of an

immune response to schistosomes.

The Thl to Th2 switch and the role of DCs

It is known that schistosomes switch the immune response from a primarily Thl to a
strong Th2 response in the moment of egg deposition. The molecular mechanisms by
which eggs or their secreted products induce a Th2 answer are not clear. In this
context, a key role has been suggested for both human and murine dendritic cells,

since DCs pulsed with SEA are able to elicit a Th2 response (96). But the response of
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murine DCs to SEA led to surprising results, as they failed to up-regulate MHC 11
and co-stimulatory molecules. Moreover, murine SEA-pulsed DCs did not produce
cytokines, whereas human DCs pulsed with SEA were described to fail in
conventional maturation (152), but they are able to induce a Th2 response. These
findings may lead to the suggestion that, besides DC activation, other DC-linked
mechanisms may play a role in Th2 priming. We are currently testing, in cooperation
with the group of Irma van Die and Yvette van Kooyk, whether DCs stimulated with
schistosomal glycolipids are able to induce a Th2 response in naive T cells.
Preliminary results have shown that the induction of a Th2 response by schistosome
glycolipids seems to be fucose-dependent, as a shift to Th2 was not observed with

defucosylated HF-treated glycolipids.

The cytokine profile induced by schistosomes

The tendency of DCs to promote Th2 response, after being stimulated with helminth
products, may reflect their inability to produce Thl-promoting cytokines like I1L-12;
IL-23 and IL-27 (115). In this respect it has been already shown that neither SEA nor
products released by larvae 0-3 hours after transformation (0-3 hRP) are able to
induce IL-12p70 production (71). Furthermore, 0-3 hRP inhibits the IL12-p40
release by macrophages when co-stimulated with LPS or Zymosan A, normally
strong IL-12 and thereby Thl inducers (70). In the same studies, however, levels of
IL-6 and IL-10 were increased. In the case of DCs, the stimulation with 0-3 hRP
expanded the amount of IL-12 in response to CD154-transfected fibroblasts (71).
This indicates that 0-3 hRP has different effects on DCs and macrophages, maybe
due to the expression of different surface receptors. As we are already analyzing the
response of DCs to schistosomal glycolipids, it would be of further interest to

investigate, how macrophages respond to schistosomal glycolipids.

The role of TLRs in schistosome infection

The role of Toll-like receptors (TLRs) during schistosome infection represents
currently a broad field of interest. The group of Francois Trottein analyzed distinct
TLR members with regard to their ability to respond to living schistosome eggs,
demonstrating for example that double-stranded RNA (dsRNA) from schistosome
eggs is able to activate TLR3 resulting in the activation of NF-kappa B. In addition
they showed that stimulation of DCs with schistosome eggs results in type I

interferon (IFN) and IFN-stimulated gene (ISG) expression. Furthermore, S. mansoni
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eggs were shown to activate myeloid differentiation factor 88 (MyD88)-dependent
and MyD88-independent pathways in DCs (2). The Lewis X epitope, present in
Lacto-N-fucopentaose III (LNFPIII), can directly activate murine bone
marrow-derived DCs by a TLR 4-dependent mechanism. Lewis X functions as an
innate Th2 promoter via its action on murine dendritic cells, and it has been
demonstrated that the al-3-linked fucose constituent is required for this activity
(138). Lyso-phosphatidyl-serine (lyso-PS), isolated from S. mansoni eggs, was
shown to activate human monocyte-derived DCs through TLR 2, thus leading to the
development of IL-10 producing regulatory T cells and the induction of a Th2
response (145). In some publications lyso-PS is called glycolipid (2; 22), which is
wrong. Until now no investigation of the interaction on glycolipids from

schistosomes and TLRs has been published.

Other CLRs involved during schistosomiasis

Besides TLRs and the CLRs, DC-SIGN and L-SIGN, mentioned above
schistosome-derived glycans can be recognized by further CLRs present on DCs.
The macrophage galactose-type lectin (MGL), for example, binds to LDN and LDN-
F moieties of SEA (154). For the mannose receptor (MR) the specific glycans
mediating binding to SEA have not yet been identified, but they may also be

assumed mannose-containing epitopes (92).

The signaling of CLRs

CLRs contain signaling motives in their cytoplasmic domains which might be able to
activate intracellular signaling cascades after ligand binding (45). This field of
research has to be further investigated, but for some signaling motifs their general
function has already been elucidated. DC-SIGN contains a tyrosine-based motif
which is involved in the rapid internalization of ligands from the cell surface (13).
Both DC-SIGN and L-SIGN possess a di-leucine motif in their cytoplasmic tail
which is responsible for the targeting to lysosomal/endosomal vesicles and is also
involved in receptor-mediated endocytosis (99). In addition DC-SIGN and L-SIGN
comprise a tri-acidic cluster which plays a role in the transport to MHC II-positive,
late endosomes and lysosomes (14). The occurrence of these signaling motifs
explains the targeting of SEA to MHC IlI-positive, lysosomal compartments (152).
Hence SEA captured by C-type lectins might be presented on MHC II, thereby

inducing a SEA-specific Th2 response. However, further work is required to
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understand the exact mechanism leading to this type of immune. The signaling
cascades induced by ligation of CLRs are still poorly investigated. One recent paper
describes that the binding of ligands to DC-SIGN induced the phosphorylation of
Extracellular-signal regulated kinase (ERK 1/2) and Akt (protein kinase B), without
the concurrent activation of p38 MAP Kinase (18). Furthermore, ligation of
DC-SIGN has been shown to rigger the phosphorylation of phospholipase Cy in
dendritic cells. Since pathogens stimulate Th2 responses mainly via activation of
ERK1/2, these data provide a molecular explanation for the ability of DC-SIGN-
interacting pathogens to preferentially evoke Th2-type immune responses (18).
Agrawal and co-workers investigated the function of MAP Kinase-mediated
signaling in the Th2 response to schistosomal SEA. They demonstrated that SEA is
only a weak inducer of p38, but leads to the phosphorylation of ERK1/2 which
suppresses the production of IL-12p70. As blocking of ERK1/2 did not result in an
increase of IL-12p70, the authors assume that additional mechanisms regulate the
suppression of IL-12p70 by SEA. Hence SEA-induced suppression of IL-12p70
might be important in the generation of the Th2 response (18).

The hygiene-hypothesis

It is the long lasting Th2 immune response that is characteristic for helminth
infections. Our immune system has been shaped over time by a continuous exposure
to infectious agents suggesting a co-evolution of parasites and humans (35). A key
feature of parasite infection is that the invaders are able to down-modulate the host’s
immune response (35). The so-called “hygiene-hypothesis™ claims that the lapse of
parasite infection in our high-civilized world leads to a strong boost of allergies and
autoimmune diseases (170). Knowledge on the molecular mechanisms in which
helminths are able to modulate the immune response, as well as on the chemical
nature of parasite-derived molecules, known to elicit an anti-inflammatory response,
will help to understand the relevant immune processes in this challenging field of

autoimmune disease and allergy.

Schistosomiasis and HIV infection

Furthermore, results achieved by studying the function of DC-SIGN in
schistosomiasis might help to define the mechanisms involved in HIV infection, as
DC-SIGN mediates the HIV infection in trans (52). Only a small number of studies

is dealing with co-infection of HIV and schistosomes, but it has been already
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described ten years ago that the secretion of eggs is clearly reduced in HIV patients
(74). It has been further reported that S. mansoni co-infection with SHIV (simian-
human immunodeficiency virus) led to significant increase of viral replication (7).
Intriguingly, S. mansoni co-infection enhanced the expression of Th2-associated
cytokine responses and SHIV replication during both acute and chronic phases of
SHIV infection. These results support the hypothesis that concomitant
schistosomiasis up-regulates replication of immunodeficiency viruses in co-infected
hosts, raising the possibility that parasite-infected individuals may also be more

susceptible to acquisition of HIV-1 infection (20).

The glycan-binding profile of L-SIGN

The pathology of schistosome infection results mainly from granuloma in the liver
due to entrapped eggs. Therefore, we have investigated, whether the C-type lectin
L-SIGN which is present on liver resident antigen-presenting cells called LSECs
(liver sinusoidal endothelial cells), is able to recognize schistosomal glycans.
Remarkably, we could demonstrate that L-SIGN recognizes different glycan entities
on egg glycoproteins and glycosphingolipids. Within egg glycoproteins of SEA,
L-SIGN recognized primarily high-mannose type N-glycans and showed little
interaction with fucose residues. It is known that, in addition to complex-type
N-glycans, SEA contains hybrid-type N-glycans and high-mannose type N-glycans,
but knowledge on the precise structures of the glycoprotein-glycans expressed in the
egg stage or on SEA is still incomplete (166). In addition to the insights in the
binding of L-SIGN to SEA, we were able to demonstrate for the first time that
L-SIGN is able to interact with fucosylated glycans of schistosomal glycolipids.
Whereas L-SIGN was found to bind only weakly to glycosphingolipids from
cercarial or adult schistosomal stages, it specifically recognized a fucosylated
fraction within egg glycosphingolipids in a fucose-dependent manner. Remarkably,
L-SIGN exhibited a completely different binding pattern to schistosome glycan
antigens than DC-SIGN, both in its interaction with SEA as well as in its binding
profile to schistosomal glycosphingolipids. It would be of high interest to
characterize the relative binding affinities of L-SIGN to high-mannose type glycans
and glycan epitopes on egg glycosphingolipids, but such experiments could not be
performed so far due to limited amounts of parasite material. Nevertheless, we could
clearly identify the epitope bound by L-SIGN present in the egg glycolipids. Using a

combination of several analytical techniques, we could demonstrate that F-LDN-F
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represents a carbohydrate epitope mediating binding to L-SIGN. Intriguingly,
F-LDN-F is also one epitope causing serological cross-reactivity of SEA with

keyhole limpet-hemocyanine (KLH) (56).

The role of glycans in the formation of liver granulomata

In in vitro studies it could be demonstrated that beads coated with SEA or KLH are
able to induce granuloma formation similar to schistosome eggs. The destruction of
the integrity of the glycans by sodium periodate completely abolished the
immunological and functional properties of SEA tested in these experiments (143).
In a follow-up study from the same group the granulogenic property of SEA was
referred to LN or LDN moieties, but not to fucosylated glycans (142). However,
previous observations showed that sensitization with Lewis X containing
neoglycoconjugates increases the size of the granulomata formed around SEA beads
suggesting an opposite effect (68). Further work has to be performed to define
precisely the role of the different glycans like LDN, F-LDN-F or Lewis X on SEA in

their granulogenic activity.

The Lewis X epitope

The Lewis X epitope is widespread in the pathogen world. Already 4 decades ago the
“molecular mimicry” hypothesis was developed, claiming that parasites share
antigens with their host (24). The blood group antigen Lewis X occurs not only in
schistosomes, but is, for example, also present on the ruminant parasite Haemonchus
contortus and the human gastric pathogen Helicobacter pylori which is able to
switch in its LPS the Lewis antigens on and off. Only the Lewis-positive variants are
able to bind to DC-SIGN and this interaction is responsible for blocking the Thl
response (11). Hence, this is an additional example to show how the binding to
DC-SIGN modulates the balance between Thl and Th2 response. Another case
demonstrating how pathogens are able to shift the Th1/Th2 balance towards Th2 is
provided by Mycobacterium tuberculosis which binds via its cell wall component
ManLAM to DC-SIGN. ManLAM inhibits the TLR-induced maturation and induces
the production of IL-10 (54). Altogether these studies provided clear evidence that
the interaction of a pathogen with DC-SIGN may influence the fate of naive T cells

which might be a common mechanism for the mode of action of CLRs.
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The binding specificities of L-SIGN and DC-SIGN

It is interesting that the two highly related CLRs, such as DC-SIGN and L-SIGN,
differ in their ability to recognize Lewis X. DC-SIGN, the CRD of which is strongly
similar to the one of L-SIGN, hardly interacts with the total egg glycosphingolipids
(104), and does not recognize the F-LDN-F epitope bound by L-SIGN. In contrast,
DC-SIGN binds to fucosylated cercarial and adult glycosphingolipids which are
hardly recognized by L-SIGN, as could be shown in this thesis. This differential
binding mode of L-SIGN and DC-SIGN to fucosylated glycans has been also
demonstrated by cell adhesion assays using a L-SIGN S363V mutant, containing a
Valine residue present at a similar position as in DC-SIGN (151). In contrast to the
wild-type L-SIGN, this mutant is able to recognize the fucosylated Lewis X
carbohydrate epitope in analogy to DC-SIGN. Remarkably this mutant is no longer
able to bind to F-LDN-F moieties on egg glycosphingolipids. Hence, we concluded
that L-SIGN can recognize fucose-containing Lewis antigens, such as the Lewis
antigens Lewis A and Lewis B, in a way similar to DC-SIGN, but recognizes
multiply-fucosylated glycosphingolipid glycans via an alternative binding mode. It is
astonishing that L-SIGN is able to interact with both high-mannose type glycans and
differently fucosylated oligosaccharide ligands although comprising only one CRD.
It has been reported several times, however that the binding pocket of a lectin may
change depending on the structure of the glycan bound (75; 105). Maybe both C-type
lectins, L-SIGN as well as DC-SIGN, use this described flexibility in their CRD to

recognize different ligands.

Detailed analyses of the interactions of defined glycoconjugates structures and their
corresponding lectins are still in the beginning. But the results achieved so far show
that parasites have co-evolved with us and are, therefore, successfully able to

challenge our highly developed immune system.
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4 Summary

In this thesis the interactions of glycoconjugates, mainly glycosphingolipids, of the
parasitic helminth Schistosoma mansoni with the human C-type lectins DC-SIGN
(dendritic cell-specific ICAM-3 grabbing nonintegrin) and L-SIGN (liver/lymph
node specific ICAM-3-grabbing nonintegrin) have been investigated. Since DC-
SIGN is known to act as a pathogen recognition receptor at an early stage of
infection, glycolipids of cercariae, the human infectious larvae, have been isolated,
and the glycan moieties have been released enzymatically. After separation into
single glycan species via HPLC and subsequent structural characterization,
neoglycolipids, carrying either Lewis X or pseudo-Lewis Y epitopes, were attached
to a synthetic lipid anker by reductive amination. Solid phase assays using a
recombinant chimeric DC-SIGN-Fc and binding studies with dendritic cells revealed
that both carbohydrate species are recognized by DC-SIGN. Hence, pseudo-Lewis Y
is the first parasite-specific ligand described for DC-SIGN so far. Molecular
modeling further revealed that the observed binding of this schistosome-specific
pseudo-Lewis Y motif to DC-SIGN is not directly compatible with the published
model described for Lewis X. To fit pseudo-Lewis Y into the model, the orientation
of the side chain of Phe313 in the secondary binding site of DC-SIGN was slightly
changed, resulting in an energetically perfect stacking of Phe313 with the
hydrophobic side of the galactose-linked fucose of pseudo-Lewis Y. We propose that
pathogens such as S. mansoni may use this observed flexibility in the secondary
binding site of DC-SIGN to target DCs, which may contribute to an escape from the
host’s immune response. Furthermore, we were able to detect the presence of both
Lewis X and pseudo-Lewis Y carbohydrate epitopes in glycolipids derived from
cercarial S. mansoni excretory/secretory products, underlining their role in the
immunobiology of schistosome infection.

L-SIGN, i.e., the second human C-type lectin investigated, functions as antigen
receptor on human liver sinusoidal endothelial cells. As the eggs of S. mansoni are
the main inducers of a Th2 response, we were interested, as to whether glycans
expressed on egg glycoproteins or egg glycolipids may play a role in this immune
response, e.g., via binding to L-SIGN. Our data demonstrate that L-SIGN binds both
schistosomal soluble egg antigens (SEA) and egg glycosphingolipids, and can
mediate internalization of SEA by L-SIGN expressing cells. After treatment of SEA
with endoglycosidase H to remove high-mannose type N-glycans, binding to L-SIGN
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and internalization by L-SIGN expressing cells was clearly reduced, whereas
defucosylation affected neither binding nor internalization. These data indicate that
L-SIGN interacts with high-mannose type N-glycans of SEA. In parallel, L-SIGN
was also tested for binding to egg glycosphingolipids. To this end, isolated
glycolipids were fractionated and tested in binding studies using L-SIGN transfected
cells. The results revealed that L-SIGN binds to a glycosphingolipid fraction
containing fucosylated species with compositions of Hex;HexNAcs 7dHexs ¢Cer, as
confirmed by mass spectrometry. Subsequent linkage analyses, tandem mass
spectrometry and molecular modeling studies demonstrated that binding of L-SIGN
to the respective fucosylated egg glycosphingolipid species involves a Fucal-
3GaINAcB1-4(Fucal-3)GIcNAc tetrasaccharide (F-LDN-F) at the non-reducing end
of the carbohydrate chain. The L-SIGN “gain of function” mutant Ser363Val, which
recognizes fucosylated Lewis antigens, did not bind to this fucosylated egg
glycosphingolipid fraction, suggesting that L-SIGN exhibits different modes of
binding to fucoses of egg glycosphingolipids and Lewis antigens. Taken together,
our data indicate that L-SIGN recognizes both high-mannose type N-glycans and
fucosylated carbohydrate motifs within schistosomal egg antigens, demonstrating
that L-SIGN has a broad but specific glycan recognition profile.

It is astonishing that such highly related C-type lectins differ in their carbohydrate
recognition properties. Clearly, further studies are needed to gain deeper insights in
the manifold ways parasitic glycans are able to bind to human C-type lectins and

thereby influence the host’s immune response.
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5 Zusammenfassung

In der vorliegenden Arbeit wurden die Interaktionen von Glykokonjugaten,
hauptsdchlich Glykolipiden, des Humanparasiten Schistosoma mansoni mit den
humanen C-typ Lektinen DC-SIGN (dendritic cell-specific ICAM-3 grabbing
nonintegrin) und L-SIGN (liver/lymph node specific ICAM-3-grabbing nonintegrin)
untersucht. Da DC-SIGN bereits im frithen Stadium der Infektion als
Pathogenrezeptor fungiert, wurden Glykolipide aus S. mansoni Cercarien, den
humaninfektiosen Larven, isoliert und deren Kohlenhydratanteile enzymatisch
freigesetzt. Nach Auftrennung dieser Glykane durch verschiedene HPLC-Techniken
wurden die resultierenden Fraktionen mittels MALDI-TOF-MS charakterisiert. Aus
Glykanen, die das Lewis X [GalB1-4(Fucal-3)GlcNAc] oder das pseudo-Lewis Y
Epitop [Fucal-3GalB1-4[Fuca3]GIcNAcB-] tragen, wurden Neoglykolipide durch
reduktive ~Aminierung an einen Lipidanker synthetisiert. Verschiedene
Bindungsstudien mit rekombinantem, chimdrem DC-SIGN-Fc und humanen
dendritischen Zellen (DCs) zeigten, dass diese beiden Kohlenhydratepitope von
DC-SIGN gebunden werden. Somit ist das schistosomenspezifische pseudo-Lewis Y
Motiv der erste pathogenspezifische Ligand welcher fiir DC-SIGN entdeckt wurde.
Durch molekulares Modellieren konnte gezeigt werden, dass zur Bindung von
pseudo-Lewis Y die Orientierung der Seitenkette der Aminosdure Phe313 in der
»secondary binding site* von DC-SIGN leicht gedndert werden musste, was jedoch
in einer energetisch optimalen Bindung von Phe313 mit der hydrophobe Seite der an
die Galaktose gebundenen Fucose des pseudo-Lewis Y resultierte. Daher wurde
postuliert, dass Pathogene wie S. mansoni diese, auch von anderen Autoren
beobachtete Flexibilitdt in der ,,secondary binding site* von DC-SIGN, nutzen, um
mit DCs zu interagieren, was zur Immunmodulation beitragen kdnnte. Des Weiteren
konnte das Vorkommen von Lewis X und pseudo-LewisY Epitopen auf
Glykolipiden, welche aus den exkretorischen/sekretorischen (E/S)- Produkten von
Cercarien gewonnen wurden, aufgezeigt werden, was die Rolle dieser beiden Epitope
in der Immunmodulation durch S. mansoni unterstreicht.

L-SIGN, das zweite untersuchte humane C--typ Lektin, fungiert als Antigenrezeptor
auf humanen sinusoidalen Endothelzellen der Leber (liver sinusoidal endothelial
cells; LSECs). Da insbesondere die Eier von S. mansoni stark immunogen und ein
Hauptausloser der Th2 Immunantwort sind, interessierte uns, in wiefern deren

Kohlenhydrate, vorliegend als Glykoproteine oder Glykolipide, in der
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schistosomenspezifischen ~ Immunantwort  beteiligt  sind, und  welche
Kohlenhydratepitope von L-SIGN gebunden werden. Die gewonnenen Daten
belegen, dass L-SIGN sowohl Glykoproteine aus loslichen Eiantigenen (SEA,
soluble egg antigens) als auch Glykolipide aus Eiern bindet. Des Weiteren konnte
gezeigt werden, dass von L-SIGN gebundenes SEA auch in die Zelle internalisiert
wird. Nach Behandlung von SEA mit Endoglykosidase H, welche
oligomannosidische N-Glykane (,,high-mannose type*) abspaltet, waren jedoch keine
Bindung an L-SIGN und folglich keine Internalisierung von SEA in L-SIGN-
exprimierenden Zellen mehr beobachtbar. Im Gegensatz dazu wurde durch
Flusssdure (HF) defucosyliertes SEA weiterhin von L-SIGN exprimierenden Zellen
gebunden und vergleichbar schnell wie unbehandeltes SEA in diese Zellen
internalisiert. Demzufolge bindet L-SIGN SEA nicht {iber ein fucosyliertes Epitop,
sondern {iber oligomannosidische N-Glykane. Parallel zu den Glykoproteinen aus
SEA wurden auch Glykolipide aus S. mansoni Eiern auf ihre Ligandenspezifitit zu
L-SIGN untersucht. Dazu wurden Glykolipide aus Eiern isoliert und iiber
Kieselgelsdulen chromatographisch aufgetrennt. Die resultierenden
Glykolipidfraktionen wurden in Bindungsstudien mit L-SIGN-exprimierenden Zellen
eingesetzt. Diese fithrten zu dem Ergebnis, dass L-SIGN nur eine Glykolipidfraktion
bindet. Diese enthélt zahlreiche fucosylierte Spezies mit der massenspektrometrisch
bestimmten allgemeinen Zusammensetzung Hex;HexNAcs 7dHexs ¢Cer. Mit dieser
Glykolipidfraktion durchgefiihrte Methylierungsanalysen zur Kldrung der
Kohlenhydratverkniipfungspositionen sowie Tandem Massenspektrometrie und
molekulares Modellieren zeigten, dass die Bindung von L-SIGN zu dieser
Glykolipidfraktion am nicht-reduzierenden Ende der Kohlenhydratkette das
F-LDN-F Tetrasaccharid [Fucal-3GalNAcP1-4(Fucal-3)GlcNAc] als minimalen
Liganden benétigt. Die L-SIGN ,,gain of function” Mutante Ser363Val, welche auch
fucosylierte Lewis Antigen erkennt, bindet jedoch diese F-LDN-F enthaltene
Glykolipidfraktion nicht. Dies fiihrte zu der Vermutung, dass L-SIGN iiber
verschiedene Bindungsmodi fiir Fucosen in Ei Glykolipiden (F-LDN-F) und Fucosen
in Lewis Antigenen verfligen muss. Zusammengefasst zeigen diese Daten zu
L-SIGN, dass dieses Lektin sowohl oligomannosidische N-Glykane als auch
fucosylierte Kohlenhydratepitope innerhalb der Schistosomen Eiantigene erkennt.
Dies =zeigt, dass L-SIGN zwar ein breites, aber zugleich auch ein

kohlenhydratepitopspezifisches Ligandenprofil besitzt.
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Es ist bemerkenswert, dass zwei biochemisch so dhnliche und hoch konservierte
C-typ Lektine wie DC-SIGN und L-SIGN dennoch in ihrer Ligandenspezifitit
variieren, welches in dieser Arbeit aufgezeigt werden konnte. Weitere Studien sind
notig, um die Funktionen dieser beiden Lektine innerhalb der vielfiltigen
Moglichkeiten, wie parasitische Glykane die Immunantwort des Wirtes beeinflussen

konnen, aufzuklaren.
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