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The aim of the present study was the characterization of the

dominant epitope present on Schistosoma mansoni glycolipids,

which causes cross-reactivity of S. mansoni and S. haematobium

infection sera with keyhole-limpet haemocyanin (KLH). To this

end, the monoclonal antibody M2D3H was chosen for its simi-

lar behaviour in high-performance TLC immunostaining and

inhibition-ELISA to infection sera. Individual, structurally

defined oligosaccharides derived from S. mansoni egg glycolipids

were tested for their binding to this monoclonal antibody by

immunoaffinity chromatography. A terminal fucose residue

INTRODUCTION
Schistosomiasis is a major human infection caused by para-

sitic trematodes and, after malaria, the most important

parasitic disease worldwide. From over 200 million infected

people, approximately 20 million are heavily afflicted, and

200000 die annually due to the pathology of this infection.

Despite all investigations made to date, there is still no potent

vaccine available [1].

Antibodies against glycans dominate the host response to

schistosome larvae and eggs [2,3] and may play a role in protec-

tive immunity [2,4,5]. One of the major epitopes in Schistosoma

mansoni infection is a determinant that is shared among various

schistosome antigens, keyhole-limpet haemocyanin (KLH) and

haemocyanins from different snails, e.g. the S. mansoni inter-

mediate host, Biomphalaria glabrata [6,7]. This epitope is

glycanic in nature [2,8,9], and has been shown recently to contain

fucose [10]. It represents the basis for the application of KLH in

serodiagnosis [11–13] and as a potential vaccine against schisto-

somiasis [14,15]. In addition, immunization experiments with an

anti-idiotype antibody that mimics this cross-reactive epitope

have been shown to have a protective effect [16]. Concerning

S. mansoni antigens, this cross-reactive glycan structure has been

found on the glycolipids of various life-cycle stages, and most

prominently on egg glycolipids [9,10].

The structures responsible for this major cross-reactivity have

not been identified so far, either on KLH or on S. mansoni

antigens. As for KLH, no studies on the structural elucidation of

its glycans have been published [17]. Although S. mansoni egg

glycolipids have been structurally characterized as a ‘pool ’ [18],

it remains an object of speculation as to which motif in the

large heterogeneity of structures represents the epitope which is

cross-reactive with KLH.

Abbreviations used: dHex, deoxyhexose; HexNAc, N-acetylhexosamine; Hex, hexose ; HPTLC, high-performance TLC; KLH, keyhole-limpet
haemocyanin ; LDN, GalNAc(β1! 4)GlcNAc- ; LDN-DF, GalNAc(β1! 4)[Fuc(α1! 2)Fuc(α1! 3)]GlcNAc- ; LDN-F, GalNAc(β1! 4)[Fuc(α1! 3)]-
GlcNAc- ; mAb, monoclonal antibody; MALDI–TOF-MS, matrix-assisted laser-desorption ionization–time-of-flight MS; PA, 2-aminopyridine.
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linked in the (α1! 3) position to N-acetylgalactosamine was

found to be the common structural determinant of the four

oligosaccharides binding to M2D3H. The Fuc(α1! 3)GalNAc-

motif also appeared to be the basis for the cross-reactivity with

KLH, a phenomenon used in the serodiagnosis of S. mansoni,

S. haematobium and S. japonicum infections.

Key words: immunoaffinity chromatography, serodiagnosis,

trematode parasite.

In order to identify this epitope shared between schistosomes

and KLH, we applied various monoclonal antibodies (mAbs)

as well as individual, structurally defined glycan moieties

derived from S. mansoni egg glycolipids. Both individual,

structurally elucidated glycans and partially characterized mix-

tures of glycans were tested by immunoaffinity chromatography

for the presence of the epitope. A comparison of the bound gly-

cans allowed us to identify this highly antigenic structural motif

on S. mansoni glycosphingolipids, which is mainly involved in

the pronounced cross-reactivity of S. mansoni infection sera

with KLH. On the basis of promising studies using KLH in

serodiagnosis and vaccination, this elucidated structural deter-

minant might have significant serodiagnostic potential, or could

be of high value as a potential vaccine candidate.

EXPERIMENTAL

Antigens and antibodies

S. mansoni glycolipids were prepared as described previously

[9]. KLH was generously given by Dr J. Markl (Institute for

Zoology, University of Mainz, Germany). The mAbs M2D3H

and C1C7 were produced as described previously [19,20]. The

mAb E2 was generated in a Balb}c mouse after intraperitoneal

injection of 30000 S. haematobium eggs prior to fusion of the

spleen cells, and provided by Dr J. Schmitt (Department of

Tropical Hygiene and Public Health, University of Heidelberg,

Heidelberg, Germany). mAbs specific for GalNAc(β1! 4)

GlcNAc- (LDN), Gal(β1! 4)[Fuc(α1! 3)]GlcNAc- (Lewis X),

GalNAc(β1! 4)[Fuc(α1! 3)]GlcNAc- (LDN-F) or GalNAc-

(β1! 4)[Fuc(α1! 2)Fuc(α1! 3)]GlcNAc- (LDN-DF) were

provided by Dr A. Deelder (Leiden University Medical
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Figure 1 Comparison of the recognition of S. mansoni cercarial, adult and egg complex glycolipids in HPTLC-immunostaining and ELISA by various
mAbs and infection sera

HPTLC-separated glycolipids were detected by immunostaining with pooled murine infection sera (MIS ; A), sera from patients infected with S. mansoni (HIS-Sm ; B) or S. haematobium
(HIS-Sh ; C) and four different mAbs (M2D3H, 291-4D10, C1C7 and E2 ; D–G). (H)–(N) ELISAs performed in the absence (black bars) or presence (striated bars) of KLH as inhibitor. The values

along the y-axes in (H)–(N) refer to absorption at 450 nm. Ce, cercariae ; Ad, adults ; Eg, eggs ; HF, egg glycolipids after HF treatment. The antibody dilutions are shown.

Center, Leiden University, Leiden, The Netherlands) ; mAbs

99-2A5-B and 100-2H5-A were directed against LDN, mAb

291-4D10 was directed against Lewis X, mAbs 114-5B1-A and

290-4A8 were against LDN-DF and mAbs 290-2E6 and 294-2A1

were against LDN-FLDN-DF [21]. The human antisera

used were obtained from the WHO}TDR reference serum bank

for African schistosomiasis. The sera were collected from patients

in Kenya and Sudan, and were selected on the basis of positive

stool}urine egg counts for S. mansoni and S. haematobium

respectively. Murine infection sera were obtained from mice

with a low infection load several weeks after patency and used

as a pool from eight mice. Oligosaccharides were enzymically

released from S. mansoni egg glycolipids and characterized as

their 2-aminopyridine (PA) derivatives [22] using the analytical

methods and technical equipment described elsewhere [23].

High-performance TLC (HPTLC) and ELISA

S. mansoni glycolipids were analysed by HPTLC using

chloroform}methanol}0.25% (v}v) KCl (50:40:10, by vol.) as

running solvent, followed by either orcinol}H
#
SO

%
staining or

HPTLC immunostaining, as described previously [9]. The

amount of carbohydrate added per lane was 100 ng (see Figures

1E–1G) or 300 ng (see Figures 1A–1D). ELISA with S. mansoni

glycolipids (10 ng of carbohydrate}well) as adsorbed antigens

and KLH (10 µg}100 µl well) as an inhibitor or, alternatively,

with adsorbed KLH tryptic peptides, was performed as out-

lined previously [10]. The secondary antibodies were alkaline

phosphatase-conjugated goat anti-mouse Ig (Dako Diagnostics,

Hamburg, Germany), goat anti-human Ig (Dianova, Hamburg,

Germany) or goat anti-rabbit Ig (Sigma, Taufkirchen, Germany),

all diluted 1:1000.

Hydrogen fluoride (HF) treatment and linkage analysis

Dried samples were treated with 48% (v}v) HF at 4 °C for

48 h. HF was removed by a stream of nitrogen. Both S. mansoni

egg glycolipids and KLH tryptic peptides, obtained after reduc-

tion and alkylation of the protein as described elsewhere

[24], were defucosylated in this way [25]. HF-released mono-

saccharides were monitored by HPLC and fluorescence analysis

as their anthranilic acid derivatives [10]. For linkage analy-

sis, glycolipids and KLH tryptic peptides were permethylated

and hydrolysed (in 4 M trifluoroacetic acid for 4 h at 100 °C). Par-

tially methylated alditol acetates obtained after reduction and

peracetylation were analysed by capillary GC-MS with a

0.25 mm¬60 m JW DB5-bonded phase column (Agilent,

Bo$ blingen, Germany) and a temperature gradient of 130–200 °C
at 1.5 °C}min and 200–290 °C at 4 °C}min [22].

Affinity chromatography

M2D3H mAb (40 µl of ascites fluid) was coupled with

CNBr-activated Sepharose 4B (1 g; Amersham Biosciences,

Freiburg, Germany) following the manufacturer’s instructions.

The material was packed in a Pasteur pipette plugged with

glass wool. PA-oligosaccharide samples were applied to the

column in 0.5 ml of Tris-buffered saline [25 mM Tris}HCl
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Figure 2 MALDI–TOF-MS of native and HF-treated S. mansoni egg glycolipids

Glycolipids before (A) and after (B) HF treatment were analysed by MALDI–TOF-MS and detected as their sodium or potassium adducts respectively. The dHex increments are marked by

double-headed arrows. Cer, ceramide.

(pH 7.5)}100 mM NaCl] and incubated for 30 min at 4 °C. The

column was washed with 5 ml of Tris-buffered saline and

the flow-through was collected. For elution, 5 ml of 100 mM tri-

ethylamine, pH 11.5}150 mM NaCl was used. Both flow-through

and eluate were applied separately to a 100 mg porous graphite-

carbon cartridge (Thermoquest, Kleinostheim, Germany) for

desalting. The cartridge was washed with 10 ml of water and

PA-oligosaccharides were eluted with 5 ml of 25% (v}v) aq.

acetonitrile.

Detection of PA-oligosaccharides

PA-oligosaccharides, before and after affinity chromatography,

were detected by matrix-assisted laser-desorption ionization–

time-of-flight MS (MALDI–TOF-MS) [23] and monosaccharide

composition analysis [26]. For detection of individual PA-

oligosaccharides in the flow-through or eluate of the affinity

column, fractions were applied to a porous 4.6 mm¬100 mm

graphite-carbon HPLC column (Hypercarb; Hypersil, Runcorn,

Cheshire, U.K.) and eluted at a flow rate of 1 ml}min at room

temperature using fluorescence detection (at 310}380 nm). The

column was equilibrated with 20 mM triethylamine}acetic acid,

pH 5.0. A gradient from 0 to 30% aq. acetonitrile in 50 min was

applied for elution. Peak fractions were collected and analysed

by MALDI–TOF-MS.

RESULTS AND DISCUSSION

Comparison of S. mansoni glycolipid antibody recognition

Murine S. mansoni- and human S. mansoni- as well as S.

haematobium-infection sera detected various glycolipids of

S. mansoni cercariae, adult worms and eggs in an HPTLC-

overlay experiment (Figures 1A–1C). For all three life-cycle

stages, most of the humoral immunoreaction with S. mansoni

glycolipids appeared to be due to antibodies that cross-react

with KLH, as revealed by inhibition-ELISA (Figures 1H–1J).

Cross-reaction with KLH was also observed in the case of the

mAb M2D3H (Figure 1K), whereas the other mAbs applied

(Figures 1E–1G and 1L–1N) did not cross-react with KLH. The

KLH-cross-reactive epitope defined by the mAb M2D3H was

found to be distinct from the LDN, LDN-F and LDN-DF

epitopes [21] ; anti-LDN mAbs did not react with S. mansoni

glycolipids, whereas mAbs recognizing LDN-DF or LDN-F

exhibited an HPTLC pattern that differed largely from that

observed for the infection sera, and their reactivity was not

inhibited by KLH in inhibition-ELISA (results not shown). The

antigenic determinants recognized by M2D3H and the KLH-

cross-reactive antibodies in infection sera were shown to contain

fucose, since chemical defucosylation of S. mansoni egg glyco-

sphingolipids by HF treatment, monitored by MALDI–TOF-MS

(Figure 2), resulted in the loss of immunoreactivity (Figures
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Figure 3 S. mansoni glycolipid-derived PA-oligosaccharides tested for binding to mAb M2D3H

Structures 1 to 4 were bound by M2D3H, whereas 5 and 6 were not recognized (compare with Figure 4). The common structural motif Fuc(α1! 3)GalNAc- occurring in all bound compounds

is shown in bold.

1A–1D, lanes ‘HF’). MALDI–TOF-MS revealed further that

fucose removal was efficient, and the majority of the oligo-

saccharide backbones remained intact during HF treatment

(Figure 2B). Removal of fucose residues by commercially avail-

able α-fucosidases was not possible (results not shown).

Affinity chromatography of individual glycolipid-derived glycans

In order to define the glycan epitope recognized by mAb

M2D3H, individual structurally defined and pyridylaminated

glycans (PA-glycans) derived from S. mansoni egg glycolipids

[22] were tested for binding to M2D3H by immunoaffinity

chromatography. The PA-oligosaccharide species applied are

listed in Figure 3. The compounds were loaded on to a

M2D3H-immunoaffinity column, and both flow-through and

eluates were collected and tested for the respective PA-

oligosaccharide by HPLC (for example, Figure 4A), MALDI–

TOF-MS (Figures 4A–4E) and monosaccharide constituent

analysis (results not shown). All three methods showed con-

sistently that compounds 1 to 4 were bound to the M2D3H

column, because they could only be detected in the eluate,

whereas compounds 5 and 6 were not bound and were

found exclusively in the flow-through fraction. Comparison

of the bound structures revealed the common terminal motif

Fuc(α1! 3)GalNAc-. The Lewis X-containing structure 5

and compound 6, which carries the terminal LDN-F motif,

did not bind to M2D3H.

Immunoaffinity chromatography of glycan mixtures

Immunoaffinity chromatography of complex mixtures of glycans

confirmed the results obtained above. The total pool of

S. mansoni egg glycolipid-derived PA-oligosaccharides displayed

a heterogeneous population of glycans with one hexose (Hex)

and three to seven N-acetylhexosamine (HexNAc) residues, to-

gether with a varying degree of fucosylation (Figure 5A) [18,22].

Although present in this fraction, compounds 1 to 6 were not

Figure 4 Immunoaffinity chromatography of individual S. mansoni egg
glycolipid-derived PA-oligosaccharides

(A) Compound 2 was applied to the M2D3H-immunoaffinity column. Flow-through and eluates

were collected and tested by HPLC and MALDI–TOF-MS (inset) for PA-oligosaccharides. Using

the same approach, compounds 1, 3 and 4 were detected in the eluate (B and C), whereas

5 and 6 were detected in the flow-through (D and E).

detected in the total mixture because of their low amounts. After

applying this mixture to the immunoaffinity column, compounds

2 to 4 could now be detected in the eluate (Figure 5B), which

confirmed their binding to M2D3H. As for the more complex
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Figure 5 Immunoaffinity chromatography of PA-oligosaccharide mixtures derived from S. mansoni glycolipids

Comparison of MALDI–TOF mass spectra of the total PA-glycan fraction before affinity chromatography (A) and the corresponding eluate from the M2D3H affinity column (B), as well as of PA-

oligosaccharide species with compositions of Hex1HexNAc7dHex3–10PA before affinity chromatography (C), the respective flow-through (D) and the eluate (E) from the M2D3H-immunoaffinity

column.

structures dominating this fraction, one signal in MALDI–TOF-

MS may represent several structural isomers carrying fucose

residues in different positions. Highly fucosylated structures,

such as the major species Hex
"
HexNAc

'
dHex

(
PA (where

dHex represents deoxyhexose), prevailed in the total fraction

(Figure 5A), whereas the dominant compound in the eluate was

Hex
"
HexNAc

'
dHex

%
PA (Figure 5B). As a general scheme,

species with a moderate degree of fucosylation bound to

M2D3H, whereas the larger, more highly fucosylated structures

did not bind. This conclusion was confirmed by immunoaffinity

chromatography of glycolipid-derived PA-oligosaccharides with

seven HexNAc residues, which contained between three and ten

fucose residues (Figure 5C). Species with three or four fucose

residues were found almost exclusively in the eluate (Figure 5E),

whereas compounds with six to ten fucose residues did not

bind to mAb M2D3H and were, therefore, collected in the flow-

through (Figure 5D). Possibly, extensive fucosylation might

prevent antibody binding in two ways: steric hindrance by

di- or tri-fucosyl side chains at the adjacent GlcNAc residue,

and}or capping of the Fuc(α1! 3)GalNAc-epitope, yielding

Fuc(α1! 2)Fuc(α1! 3)GalNAc-. The latter structure has been

detected on both egg glycosphingolipids [18] and cercarial

O-glycans [27].

Analysis of cross-reactive structures on KLH and S. mansoni
glycolipids

Evidence for the presence of the Fuc(α1! 3)GalNAc-

structural motif on KLH was obtained by comparing KLH

tryptic peptides before and after defucosylation by HF treat-

ment [25] in ELISA and linkage analysis. HF treatment removed

approx. 70% of the total amount of fucose present (results not

shown) and resulted in complete loss of monoclonal M2D3H

immunoreactivity to KLH tryptic peptides (Figure 6A), whereas

a polyclonal anti-KLH hyperimmune serum still bound to the

HF-treated KLH peptides (Figure 6B), indicating that M2D3H-

independent epitopes remained intact. Linkage analysis revealed

3-substituted GalNAc as the only GalNAc species present on

KLH, in addition to a variety of GlcNAc derivatives (Figure 6C).

In order to test on a structural level whether shared Fuc(α1! 3)-

GalNAc units provide a basis for the pronounced cross-reactivity

between KLH and schistosome glycoconjugates, linkage data for

KLH glycans were compared before and after chemical

defucosylation. This HF treatment converted most of the

3-substituted GalNAc into terminal GalNAc (Figure 6D), thus

identifying fucose as a substituent at C-3 of GalNAc and

providing evidence for the presence of Fuc(α1! 3)GalNAc

units on KLH glycans. The degradation of the Fuc(α1! 3)-

GalNAc antigenic determinant by defucosylation correlated with

the above-mentioned loss of M2D3H-immunoreactivity, indi-

cating that this epitope is responsible for the M2D3H-defined

cross-reactivity with schistosome glycoconjugates. Similar analy-

sis of total S. mansoni egg glycolipids revealed HF treatment

to release more than 90% of the total amount of fucose (cf.

Figure 2B), which similarly resulted in the loss of immuno-

reactivity (Figures 1A–1D, lanes ‘HF’) and the conversion of

3-substituted GalNAc into terminal GalNAc (results not shown).

Taken together, the comparison of KLH glycopeptides and
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Figure 6 Evidence for the occurrence of the structural motif
Fuc(α1! 3)GalNAc- on KLH

KLH tryptic peptides before (open bars) and after (black bars) HF treatment were

assayed by ELISA for their recognition by the mAb M2D3H (diluted 1 :20000 ; A) and an

anti-KLH rabbit hyperimmune serum (diluted 1 :20000 ; B). (C and D) HexNAc species as

revealed by linkage analysis of KLH tryptic peptides before (C) and after (D) HF treatment by

selected-ion monitoring of partially methylated alditol acetates. Peak areas normalized

to 1.0¯ terminal GlcNAc (t-GalNAc)3-substituted (3-)GalNAc are shown in parentheses.

4-GlcNAc, 4-substituted GlcNAc, etc.

S. mansoni egg glycolipids by linkage analysis combined with

chemical defucosylation provided evidence for the occurrence of

the Fuc(α1! 3)GalNAc motif on both types of molecules. Since

this structural motif is recognized by the mAb M2D3H, it builds

a basis for the cross-reactivity between KLH and schistosome

glycoconjugates.

Conclusions

The carbohydrate motif Fuc(α1! 3)GalNAc- has so far been

identified on S. mansoni cercarial O-glycans [27] and egg glyco-

sphingolipids [18,22]. Our data have shown that this structural

epitope occurs on glycosphingolipids of all investigated life-

cycle stages, and is recognized by both infection sera and the

mAb M2D3H. In addition, this structure is present on KLH

glycans and is responsible for serological cross-reactivity with

KLH. Antibodies recognizing the Fuc(α1! 3)GalNAc-epitope

may also account for the pronounced cross-reactivity with KLH

observed with sera from chimpanzees infected with S. mansoni

[2]. The identified structural motif, however, clearly differs

from the carbohydrate epitopes Lewis X, LDN, LDN-F and

LDN-DF used recently for characterization of the humoral

immune response in S. mansoni-infected humans [28] and

chimpanzees [2].

The Fuc(α1! 3)GalNAc- motif shared by schistosome glyco-

conjugates and KLH provides a basis for the potential of KLH

in schistosomiasis vaccination and serodiagnosis. In order to

corroborate this observation, the humoral response during

infection to the Fuc(α1! 3)GalNAc- moiety, presented, for

example, as a neoglycoconjugate, should be characterized. Since

this motif has not been identified on other pathogens so far,

it could be tested further for its potential as a vaccine in

comparison with intact KLH.
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