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During murine schistosomiasis, egg-derived glycoconjugates play a key role in skewing the
immune response towards a Th2 phenotype. Among the candidates responsible for this
effect, complex-type N-glycans containing the core a3-fucose and core 32-xylose determi-
nants, two glycan epitopes found in some invertebrate- and plant-derived allergens, may be
important. Here, we show that core a3-fucose and core [2-xylose determinants are
expressed in the different developmental stages of Schistosoma mansoni, particularly in the
excretory-secretory systems of schistosomula and adult worms and in eggs deposited in the
liver. Glycosyltransferase assays confirmed the presence of core a3-fucosyltransferase and
core 2-xylosyltransferase activities in egg extracts. Using a model of immunization with
pulsed dendritic cells, we show that egg-derived glycoproteins containing the core a3-
fucose and core [32-xylose determinants generate a strong Th2-biased cellular response in
mice and that the glycan moieties of this extract are important in this effect. During murine
infection, these complex-type N-glycans induce a glycan-specific Th2 cellular response and
elicit T-dependent anti-core a3-fucose and anti-core 2-xylose IgG1 (a Th2-associated iso-
type), but not IgG2b (a Th1-associated isotype) Ab. Taken together, our results point out the
importance of core fucosylated/xylosylated N-glycans in the Th2 immune response during

murine schistosomiasis.
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1 Introduction

Murine schistosomiasis is characterized by a gradual
switch from a predominant Th1 cytokine response
(before the egg laying) to a Th2-dominated response, an
event that favors the formation of granulomas around
viable eggs in the liver [1, 2]. It is now clearly established
that egg-derived glycan structures play a key role in this
immunological phenomenon [3, 4]. Among them, glyco-
conjugates containing a fucose a.3-linked to GIcNAc (Gn)
residues may be important. For instance, the lacto-N-
fucopentaose lll, which contains the Lewis X trisaccha-
ride [Galpf1-4(Fuca1-3)Gn], exerts immunomodulatory
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Abbreviations: Gn: GIcNAc PLA2: Phospholipase A2
MALDI-TOF MS: Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry SEA: Soluble
egg Ag HRP: Horseradish peroxidase
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function during infection [5-7], probably by activating
cells of the innate immune system [8]. Moreover,
although the Lewis X epitope is also expressed by host
cells, it triggers a strong Ab response in mice and
humans infected by Schistosoma mansoni [9, 10]. More
recently, complex-type N-glycans possessing core a3-
fucose and core P2-xylose determinants have been
detected in Schistosoma [11-13]. The localization of
these core fucosylated/xylosylated glycans within the
parasite has, however, not been examined. Moreover, for
the reasons explained below, these core a3-fucosylated
and core 32-xylosylated N-glycans may be important in
the outcome of the immune response during schistoso-
miasis infection.

The core a3-fucose and core 2-xylose determinants are
found on many other invertebrate- and plant-derived
complex-type N-glycans [Mans(Xyl)FucGn,]. In plants,
the Man;Gn, N-glycan core common to all eukaryotes is
substituted by p2-linked xylose and/or a3-linked core
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fucose residues rather than 06-linked core fucose found
on mammalian N-glycans (see Fig. 1) [14, 15]. Interest-
ingly, core a3-fucose and core [32-xylose epitopes trig-
ger high levels of IgE in atopic patients and may be
involved in the pathophysiology of some food and respi-
ratory allergies [16-21]. During schistosomiasis, the role
of these glycan determinants in the outcome of the
immune responses is currently unknown.

In the present study, our aims were (a) to define the local-
ization of such glyco-epitopes in the different develop-
mental stages of S. mansoni and (b) to study the cellular
and humoral immune responses to these determinants
during murine schistosomiasis. Our data show that both
core a3-fucose and core f2-xylose epitopes are
expressed in S. mansoni throughout its life cycle within
the vertebrate host and elicit IgG1, but not IgG2b, Ab in
infected C57BL/6 mice. Finally, we show that egg-
derived complex-type N-glycans containing the core a3-
fucose and core $2-xylose determinants induce a strong
Th2 cytokine response in S. mansoni-infected mice as
well as in mice immunized with sensitized dendritic cells
(DC). Taken as a whole, our data suggest that schisto-
some core o3-fucosylated and core (2-xylosylated N-
glycans are inducers of a specific Th2 immune response
during schistosomiasis.

2 Results

2.1 Expression of core a3-fucose and core 32-
xylose epitopes in S. mansoni

The expression of core a3-fucose and core (2-xylose
epitopes in S. mansoni was analyzed using specific Ab.
The anti-core a3-fucose and anti-core [32-xylose Ab were
purified from an antiserum containing anti-horseradish
peroxidase (HRP) Ab as described, [22] and their speci-
ficities were confirmed by ELISA using model glycopro-
teins. For this purpose, we used two model N-linked gly-
coproteins: honeybee venom phospholipase A2 (PLA2),
an insect N-linked glycoprotein containing a core a3-
fucose [23] and Helix pomatia a-hemocyanin, a snail N-
linked glycoprotein containing a core (2-xylose [24]
(Fig. 1). Moreover, we also used a mammalian glycopro-
tein either expressed in chicken (natural avidin) or in
transgenic maize (recombinant avidin), the latter system
of expression allowing the synthesis of glycoproteins
bearing both the core o3-fucose and core B2-xylose
determinants typical of plant N-glycans [25].

As shown in Fig. 2A, anti-core a3-fucose Ab reacted
against PLA2 and against recombinant, plant-derived,
avidin. On the other hand, no reactivity was detected
against hemocyanin and natural, chicken-derived, avi-
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Fig. 1. Structures of glycans N-linked to honeybee venom
PLA2, to snail (H. pomatia) hemocyanin, to HRP, to recombi-
nant avidin and to the neoglycoconjugates used in this study
(BSA-MM, BSA-MUX and BSA-MUXF®). Note that the core
a3-fucosylation occurs on the N,N’-diacetylchitobiose core
(Gnp1-4Gn), whereas core 2-xylosylation is a modification
of the internal mannose residue.

din. Moreover, the binding of anti-core a3-fucose Ab to
PLA2 was inhibited in a dose-dependent manner by
BSA-MUXF®, having a core o3-fucose epitope, but by
neither BSA-MUX nor BSA-MM, used as negative con-
trols (see Fig. 1 for structures). As represented in Fig. 2B,
anti-core f2-xylose Ab reacted against hemocyanin and
against recombinant avidin but against neither PLA2 nor
natural avidin. Moreover, BSA-MUXF® and BSA-MUX,
both harboring a core 32-xylose epitope, but not BSA-
MM, dose-dependently inhibited the binding of anti-core
p2-xylose Ab on hemocyanin. Taken as a whole, these
results confirmed the high specificity of the Ab used.

As a second step, we analyzed the expression of core
a3-fucose and core 2-xylose epitopes in the different
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Fig. 2. Specificities of anti-core a3-fucose and anti-core $2-xylose Ab, and expression of core a3-fucose and anti-core 2-xylose
in the different developmental stages of S. mansoni. ELISA plates were coated with PLA2, hemocyanin, avidin or recombinant
avidin in order to confirm the specificities of anti-core a3-fucose (A) and anti-core 32-xylose (B) Ab. Affinity-purified rabbit anti-
core a3-fucose and anti-core 32-xylose Ab were pre-incubated, or not, with increasing amounts of BSA-MM, BSA-MUX or BSA-
MUXF? before being applied to PLA2- (A) or hemocyanin- (B) coated plates. *0<0.01 compared to BSA-MM. (C) Equal quantities
of protein (10 ug/lane) extracted from the different stages of S. mansoni were separated by SDS-PAGE and transferred to nitro-
cellulose membranes. Western blots were probed with anti-core a3-fucose and anti-core 32-xylose Ab. The apparent molecular

masses are indicated in kDa.

developmental stages of S. mansoni by Western blot-
ting. Fig. 2C clearly indicates that core a3-fucose is
expressed in all the stages tested, particularly in eggs.
Comparatively, the expression of core [2-xylose in
S. mansoni appears to be lower, especially in adult
worms. As observed with the core a3-fucose epitope,
eggs appear to synthesize higher amounts of core 2-
xylose than the other stages. This shows that, in its
mammalian hosts, the expression of these glyco-
epitopes is developmentally regulated in S. mansoni and
that the egg stage represents the major source of their
synthesis.

2.2 Analysis of the core a3-fucosyltransferase
and core }2-xylosyltransferase activities in
egg extracts

In order to determine whether schistosome eggs are
capable of biosynthesizing core a3-fucosylated and core
[2-xylosylated glycan structures, relevant glycosyltrans-
ferase assays were performed. A dabsyl glycopeptide

carrying a core N-linked oligosaccharide terminated with
two Gn residues (dabsyl GnGn) was used as the accep-
tor substrate for determinations of core a3-fucosyl-, core
aB-fucosyl- and core 2-xylosyltransferases in schisto-
some eggs. After 2 days of incubation, as assessed by
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) analysis, around
30% of dabsyl GnGn was converted to the xylosylated
form in the presence of UDP-Xyl (Fig. 3B), whereas
around 50% of dabsyl GnGn was converted to a mono-
fucosylated form and further 20% to a difucosylated
form in the presence of GDP-Fuc (Fig. 3C). The difuco-
sylation was assumed, according to previous data with
insect cells [26], to be due to core a6-fucosylation fol-
lowed by core a3-fucosylation. This conclusion was cor-
roborated by data showing that, after pre-incubation of
dabsyl GnGn with chicken heart extract, containing core
a6-fucosyltransferase activity, and GDP-Fuc, it was pos-
sible to detect the addition of a second fucose upon
incubation with the schistosome extract and GDP-Fuc
(Fig. 3D).
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Fig. 3. Xylosyl- and fucosyltransferase activities of schisto-
some eggs. Dabsyl GnGn glycopeptide was incubated for
48 h at 37°C with schistosome extract in the absence of
donor (A), the presence of UDP-Xyl (B) or the presence of
GDP-Fuc (C). In addition, dabsyl GnGn glycopeptide was
pre-incubated with GDP-Fuc and chicken heart extract for
48 h prior to incubation with schistosome extract for 48 h
(D). Species with m/z ratios of 2062, 2194, 2208 and 2354
correspond, respectively, to the unmodified, xylosylated,
monofucosylated and difucosylated forms of dabsyl GnGn.

2.3 Localization of core a3-fucose and core §2-
xylose in S. mansoni

We then proceeded to determine the localization of core
a3-fucose and core [2-xylose epitopes in S. mansoni.
Indirect immunofluorescence studies showed that both
epitopes principally localized in the post-acetabular
glands of schistosomula (Fig. 4A, B). In adult worms,
core a3-fucose and core [(2-xylose were principally
located in the cecal epithelium and in cellular connec-
tions that cross the parenchyma to reach the dorsal
tubercles (Fig. 4C, D). In male, sexual organs were also
labeled with the anti-core a3-fucose (Fig. 4C) and anti-
core f2-xylose (not shown) Ab, whereas in female, label-
ing was detected in forming eggs (not shown). Immuno-
histochemical analysis also revealed the expression of
core a3-fucose and core f2-xylose determinants in eggs
deposited in the liver of S. mansoni-infected mice
(Fig. 4E, F). Taken together, these findings indicate that
core a3-fucose and core (2-xylose determinants are
principally expressed in the excretory-secretory system
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Fig. 4. (A-D) Immunofluorescence staining of schistosomula
(A, B) and adult worms (C, D) with anti-core a3-fucose and
core 2-xylose Ab. Pa, post-acetabular glands; tu, dorsal
tubercles; ts, testis; g, gut; ce, cecal epithelium; cc, cellular
connections; p, parenchyma. (E, F) Immunolabeling of eggs
within liver granulomas of S. mansoni-infected mice,
49 days post-infection, with either anti-core a3-fucose and
core P2-xylose Ab. In each stage, the immunoaffinity-
purified rabbit Ab directed against an irrelevant Ag (control
Ab) gave no labeling (not shown). Magnification x400.

of schistosomula and adult worms as well as in eggs dur-
ing granuloma formation, thus suggesting that these
glyco-epitopes may be accessible to immune cells,
including APC, during infection.

2.4 Analysis of the cellular immune response to
egg-derived anti-HRP-binding N-
glycoproteins in mice injected with
sensitized DC

Using DC as APC, we next analyzed the nature of the
T cell response induced by egg-derived N-linked glyco-
proteins harboring the core a3-fucose and/or core 32-
xylose determinants. To this end, a fraction containing N-
linked glycoproteins was prepared from soluble egg Ag
(SEA) by passage through a column containing affinity-
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Fig. 5. Proliferative response and cytokine production of LN cells from mice injected with DC pulsed with egg-derived anti-HRP-
binding glycoproteins. LN cells were restimulated with increasing doses of mock or periodate-treated anti-HRP-binding glyco-
proteins (shown is 5 ug/ml). Cytokine production and proliferation were measured after 3 and 4 days of culture, respectively.
Results represent the mean of triplicate cultures + SD (n=6). One representative experiment out of four performed is shown.

purified anti-HRP Ab; and C57BL/6 mice were immu-
nized in the hind footpads with DC pulsed with this gly-
coprotein extract (termed as anti-HRP-binding glycopro-
teins). Five days after immunization, popliteal LN were
harvested and restimulated in vitro with either the mock
or the periodate-treated fraction. As shown in Fig. 5,
administration of DC sensitized ex vivo with anti-HRP-
binding glycoproteins resulted in a T cell priming as
shown by the Ag-specific proliferation of LN cells.
Restimulation with the periodate-treated Ag resulted in
an identical T cell proliferation compared to that
obtained after restimulation with the mock preparation.

The cytokines released by LN cells primed with sensi-
tized DC were then assayed. As depicted in Fig. 5, LN
cells from mice injected with DC pulsed with anti-HRP-
binding glycoproteins produced high levels of Th2-type
cytokines (IL-4, IL-5, IL-10 and IL-13), and less IFN-y,
following restimulation with the same Ag in vitro. In sharp
contrast, cells restimulated with the periodate-treated Ag
produced higher amounts of IFN-y (3.6-fold increase)
and reduced concentrations of IL-4, IL-5, IL-10, and IL-
13 (45-65% decrease). This experiment shows that,
when captured, processed and presented to T lympho-
cytes by DC, egg-derived glycoproteins having core a3-
fucose and/or core P2-xylose determinants induce the
development of a strong Th2 cytokine response. This
also suggests that, in this model of immunization, T cells
specific for the sugar moiety of the anti-HRP-binding
glycoprotein fraction are strong producers of Th2 cyto-
kines.

2.5 Analysis of the cellular immune response to
egg-derived anti-HRP-binding N-
glycoproteins in S. mansoni-infected mice

We next investigated whether in vivo sensitization of
APC with schistosome N-glycans containing core a3-
fucose and core (2-xylose epitopes could result in a
specific T cell response during infection. To this end,
spleens from S. mansoni-infected mice were recovered
49 days post-infection, the peak Th2 phase, and cells
were restimulated in vitro with mock or periodate-treated
egg-derived HRP-binding N-glycoproteins. The prolifer-
ative response and the cytokine production were then
measured. As shown in Fig.6, the proliferative
responses of spleen cells from S. mansoni-infected mice
to the mock Ag and to the periodate-treated Ag were
similar. Analysis of cytokine production in the superna-
tants revealed that when restimulated with the mock Ag,
cells produced IFN-y and Th2 cytokines. In sharp con-
trast, the production of Th2 cytokines was dramatically
decreased (50-90%) when cells were restimulated with
periodate-treated Ag whereas that of IFN-y was unaf-
fected. These data show that in infected mice, egg-
derived glycoproteins having core a3-fucose and/or core
2-xylose determinants induce the development of a
Th2-biased cytokine response.

2.6 Immunogenicity of core a3-fucose and core
p2-xylose in S. mansoni-infected mice

The presence of anti-core a3-fucose and anti-core 2-
xylose Ab in the sera of S. mansoni-infected C57BL/6
mice was next investigated during the course of infection
by ELISA using PLA2 and hemocyanin as target Ag. IgM



1276 C. Faveeuw et al.

Eur. J. Immunol. 2003. 33: 1271-1281

5 Proliferation IFN-y IL-4
-
g Bea0
EE . 0.6 2
ES E =0 Non-infected mice/
2k 2 4 [0 Mock anti-HRP binding
ié - 0z glycoproteins
E =
7 ol 1" mim| Infected mice/
» IL5 IL-13 & Mock anti-HRP binding
=] 01 glycoproteins
2 2 Y Infected mice /Periodate-
] B treated anti-HRP binding
glycoproteins
1
0

Fig. 6. Proliferative response and cytokine production of restimulated spleen cells recovered from S. mansoni-infected mice,
49 days after infection. Cells were cultured with mock or periodate-treated anti-HRP-binding glycoproteins (shown is 20 ug/ml).
Cytokine production and proliferation were measured after 3 and 4 days of culture, respectively. Results represent the mean of
triplicate cultures + SD (four mice/group). Unstimulated spleen cells showed no cytokine production (not shown). One represen-

tative experiment out of three performed is shown.

and total IgG Ab reactive to PLA2 and hemocyanin were
detected in the sera of infected mice (titers comprised
between 10' and 10%, 42-98 days post-infection)
whereas sera from uninfected mice were negative for
PLA2 and hemocyanin binding (not shown). Interestingly,
although we found relatively high titers (approx 10°, not
shown) of anti-SEA IgG1 and IgG2b Ab (Fig. 7A), assess-
ment of the subclasses of Ab revealed the presence of
IgG1 (a marker of a Th2 response), but not IgG2b (a
marker of a Th1 response), reactive to PLA2 (Fig. 7B) and
hemocyanin (Fig. 7C). This suggests that during infec-
tion, C57BL/6 mice mount a Th2- but not Thi-
associated IgG Ab response against the core a3-fucose
and core 2-xylose determinants.

3 Discussion

During murine infection, schistosome glycans are crucial
in biasing the immune response towards a Th2 pheno-
type [3]. They also elicit the production of anti-
carbohydrate Th2-associated Ab (including IgE) that are
believed, at least in humans, to be important in limiting
reinfections [27, 28]. Among the candidates, and for the
reasons exposed below, complex-type N-glycans carry-
ing core a3-fucose and/or core 2-xylose residues may
be important. These oligosaccharide structures are
found in many plants and some invertebrates and elicit,
in allergic patients, high levels of IgE directed against the
core a3-fucose and core 2-xylose epitopes. Although
the mechanisms underlying this specific Th2-biased
response are still unknown, it is likely that APC present
such structures to naive T cells, which in turn differenti-

ate into Th2 cytokine-producing cells. The aim of the
present study was to establish the expression and the
localization of core a3-fucose and core [2-xylose epi-
topes in S. mansoni, the major schistosome species for
humans, and to investigate the possibility that such
Schistosoma complex-type N-glycans carrying these
glyco-epitopes may induce specific glycan-restricted
Th2 response in mice.

In this study, using specific fractions of an anti-HRP anti-
serum, we show that core a3-fucose and core 2-xylose
epitopes are expressed in the different developmental
stages of S. mansoni, particularly in eggs. Immunofluo-
rescence analysis showed that these glyco-epitopes are
principally located in the excretory-secretory system of
schistosomula and adult worms suggesting that, early
after infection, these structures are released by the para-
sites and may be accessible to immune cells, including
APC. For instance, core a3-fucose and core [32-xylose
epitopes are expressed in the gut of the adult worm, an
organ known to contain high amounts of immunogenic
carbohydrates able to prime egg-induced hepatic granu-
loma formation [10].

Since core a3-fucose and core 32-xylose determinants
may represent important components involved in the
egg-mediated immunomodulation during murine schis-
tosomiasis, we next studied by immunohistochemistry
their expression in liver granulomas from S. mansoni-
infected mice, 49 days post-infection. We found that
core a3-fucose and core (2-xylose determinants are
also expressed in liver-deposited eggs during granuloma
formation. Importantly, enzymatic assays revealed core
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Fig. 7. Core a3-fucose- and core $2-xylose-specific Ab iso-
type responses in S. mansoni-infected mice. Sera from
S. mansoni-infected mice were diluted 1:1,000 (A) or 1:25
(B, C) and applied to wells coated with SEA (A), PLA2 (B) or
hemocyanin (C). The subclasses of bound IgG Ab (IgG1 and
IgG2b) were detected as described in Sect. 4. Results are
presented as the averages of optical density values + SD (six
mice). One representative experiment out of three per-
formed is shown.

a3-fucosyltransferase and core [2-xylosyltransferase
activities in egg homogenates. At present, attempts are
on the way to study more fully the enzymatic characteris-
tics of these glycosyltransferases, particularly the puta-
tive S. mansoni core a3-fucosyltransferase we recently
cloned [29]. Taken together, our data confirm the recent
finding of Khoo and colleagues [13] who provided struc-
tural evidence that core a3-fucosylation and core 2-
xylosylation occur on schistosomal egg complex-type
N-glycans.

We next investigated the nature of the specific, glycan-
restricted, T cell response induced by egg-derived N-
linked glycoproteins having core a3-fucose and/or core
2-xylose epitopes. First, a glycoprotein fraction was
prepared by immunoaffinity to anti-HRP Ab; the resulting
preparation contained core a3-fucose and/or core 32-
xylose epitopes as assessed by ELISA and Western blot-
ting (not shown). Subsequently, we used a model of
immunization based on the transfer of sensitized DC into
recipient mice. As a positive control, we used SEA-
pulsed DC, since SEA has previously been shown to
induce the development of a specific Th2-biased
response [4, 30]. We found that T cells primed with anti-
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HRP-binding N-glycoprotein-sensitized DC proliferate in
a similar manner and produce equal quantities of IFN-y
and Th2 cytokines as LN cells from mice previously
injected with SEA-pulsed DC (not shown). This indicates
that anti-HRP-binding N-glycoproteins from the eggs are
strong Th2 inducers. On the other hand, when the
periodate-treated sample was used to restimulate LN
cells in vitro, the production of Th2 cytokines was dra-
matically reduced whereas that of IFN-y was increased.
This indicates that, in our model of immunization, the
sugar moieties are particularly important in generating
the specific, Th2-biased, immune response.

It is noteworthy that no specific T cell response was
detected after restimulation with core a3-fucose- or core
p2-xylose-containing glycoproteins (such as PLA2 or
hemocyanin, respectively), thus indicating that the pep-
tide backbone of the schistosome N-glycans is essential
for the T cell response. In S. mansoni-infected mice,
spleen cells restimulated in vitro with egg-derived anti-
HRP-binding N-glycoproteins secrete IFN-y and Th2
cytokines. Here too, restimulation with the periodate-
treated sample strongly abrogated the production of Th2
cytokines thus indicating that during infection the sugar
moieties of anti-HRP-binding N-glycoproteins are impor-
tant in generating the specific Th2 response. As in the
aforementioned immunization model, no detectable
response was observed after restimulation with core a.3-
fucose- or core [32-xylose-containing glycoproteins from
other origins (not shown).

Finally, we determined the immunogenicity of the core
a3-fucose and core [2-xylose determinants in
S. mansoni-infected mice. We show that core a3-fucose
and core 2-xylose determinants elicited a weak, but
detectable, production of the Th2- (IgG1) but not Th1-
associated (IgG2b) isotype IgG during infection in
C57BL/6 mice, whereas IgE was barely detected (not
shown). The lack of specific IgE is probably due to the
fact that C57BL/6 mice are poor IgE producers com-
pared for instance to BALB/c mice. In sharp contrast,
and in accordance with a recent study that aimed at
defining the immunogenicity of these glyco-epitopes
[25], no specific Ab was detected in infected BALB/c
mice (not shown). Indeed, using HRP, a plant glycopro-
tein with up to eight complex-type N-glycans carrying
core a3-fucose and core $2-xylose epitopes, we showed
that these determinants are immunogenic in immunized
C57BL/6 (H2b) but not BALB/c (H2d) mice [25]. Taken
together, these findings suggest that in infected or
immunized mice, genetic factors are important in gener-
ating specific Ab against these glyco-epitopes. In con-
trast, we found relatively high titers of IgG1, and to a
lesser extent of IgG2 and IgG3, against core a3-fucose
and core fB2-xylose epitopes in S. mansoni-infected
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humans (C. Faveeuw, manuscript in preparation).
Whether or not these Ab take part in limiting reinfection
and/or contribute to the low level of allergic diseases
observed in humans living in areas endemic for helmin-
thiasis [31, 32], including schistosomiasis mansoni, is an
open question that deserves further studies.

In conclusion, our data show that schistosome N-
glycoproteins carrying core a3-fucose and core [(2-
xylose determinants induce a strong Th2 cytokine
response in both, mice immunized with Ag-pulsed DC
and infected with S. mansoni. Moreover, during infection,
specific anti-core a3-fucose and anti-core p2-xylose
Th2-associated IgG Ab are generated and may play
important functions in the host-parasite interactions. The
mechanism of this Th2-driving capacity, potentially
important also for other Ag of infectious agents or aller-
gens, is still unknown. It has been shown that specific
receptors for N-glycans (for instance C-type lectins)
affect DC-mediated immune responses by enhancing
the Ag capture/uptake/presentation processes and by
transducing signals into DC [33]. Whether or not these
properties affect the polarization of the immune
response clearly requires further investigations.

4 Materials and methods

4.1 Materials

The following model glycoproteins used in this study were
purchased from Sigma (St. Quentin-Fallavier, France), with
the exception of a-hemocyanin (Serva, Heidelberg, Ger-
many): HRP (type Vl), a plant glycoprotein with eight N-
glycans predominantly substituted with both core a3-fucose
and core 32-xylose moities; honeybee venom PLA2, a gly-
coprotein sharing a glycan epitope in common with HRP (the
core a3-fucose epitope); a-hemocyanin from H. pomatia, a
glycoprotein possessing only the core 2-xylose epitope in
common with HRP; avidin from chicken (natural avidin carry-
ing oligomannose and hybrid structure); and avidin pro-
duced in maize (recombinant avidin). The latter carries the
core a3-fucose and core B2-xylose determinants [25].
Examples of N-glycan structures from these glycoproteins
are shown in Fig. 1, the information being taken from previ-
ously published studies [23, 24, 34, 35].

4.2 Preparation of anti-core a3-fucose and anti-core
p2-xylose Ab

Rabbit polyclonal anti-core a3-fucose and anti-core (2-
xylose Ab were obtained as follows. New Zealand rabbits
were immunized by subcutaneous injection of 200 ug HRP
in CFA, followed by two boosts with the same dose of immu-
nogen in IFA 2 and 6 weeks after the first immunization. Sera
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were collected 1 week after the last injection. Pre-immune
sera were used as negative controls. Anti-HRP Ab were then
fractionated by affinity chromatography into a bee venom
PLA2-binding fraction (anti-core o3-fucose Ab) and a
remaining non-binding fraction (assumed to contain anti-
core f2-xylose Ab) as described [22]. For Ab binding inhibi-
tion studies, fucosylated and chemically defucosylated bro-
melain glycopeptides cross-linked to BSA (BSA-MUXF® and
BSA-MUX, respectively) were prepared as described [36].
BSA-MM was used as a negative control (see Fig. 1).

These neoglycoconjugates were incubated for 2 h at room
temperature with affinity-purified anti-core a3-fucose Ab or
with anti-core p2-xylose Ab prior to the use of these primary
Ab in ELISA. Briefly, flat-bottom 96-well plates (Maxisorp,
Nunc) were coated overnight with 1 ug glycoprotein in PBS
at 4°C. After washing with PBS/0.1% Tween-20, plates were
incubated with PBS/0.5% gelatin for 2 h. Fractionated Ab
(1:1,000 in PBS/1% BSA) were incubated overnight at 4°C.
After washing, HRP-labeled goat anti-rabbit Ab (Sanofi
Diagnostics Pasteur, Marnes, France) were added to each
well for another 2 h. Enzyme activity was detected with
3,3’,5,5’-tetramethyl-benzidine substrate and stopped with
2N HCI. The absorbencies were read at 450 nm on a Titertek
Multiskan.

4.3 Ag preparation and Western blotting

S. mansoni (Puerto Rican strain) schistosomula were
obtained by the skin penetration procedure from cercariae
shed from infected Biomphalaria glabrata snails [37]. Adult
schistosomes and eggs were obtained from infected golden
hamsters by portal vein perfusion and from the livers,
respectively. Soluble skin schistosomulum, adult worm and
egg Ag were prepared as follows. Parasites or eggs were
resuspended in cold PBS plus protease inhibitors (1 mM
PMSF, 1 ug/ml leupeptin) and sonicated (Misonix, Vasse,
Templemars, France) 4x15 s at 4°C. The homogenates were
then centrifuged twice at 13,000xg for 20 min, dialyzed for
12 h against cold PBS and filtered sterile. Protein concentra-
tion was determined using the Sigma modified Lowry kit. For
Western blot analysis, Ag were resolved on SDS-
polyacrylamide gels (10%) and electroblotted onto nitrocel-
lulose membranes. Membranes were incubated overnight at
4°C with primary anti-core a3-fucose or anti-core 2-xylose
Ab diluted in PBS supplemented with 0.1% (vol/vol) Tween-
20 and 5% (wt/vol) nonfat dried milk. After washing, mem-
branes were incubated with HRP-labeled anti-rabbit Ab and
processed for enhanced chemiluminescence detection
(Amersham).

4.4 Fucosyl- and xylosyltransferase assays
Schistosome eggs were resuspended in 50 mM 2(N-

morpholino)ethanesulfonic acid, pH 7.0, in the presence of
protease inhibitors and sonicated 4x15s at 4°C. Triton
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X-100 was added at a final concentration of 0.5%, the mix-
ture was kept for 30 min on ice and debris were removed by
centrifugation [38]. Fucosyl- and xylosyltransferase assays
were performed basically as previously described [39, 40]. In
brief, 1 nmol dabsyl GnGn (a glycotetrapeptide derived from
fibrin carrying a biantennary N-glycan with two non-
reducing terminal Gn residues) was used as acceptor and
2 ul schistosome extract (1.5 mg protein/ml) was used as
the enzyme source. The assays (final volume 10 ul) were per-
formed at 37°C with final concentrations of 20 mM 2(N-
morpholino)ethanesulfonic acid, pH 7.0, 10 mM MnCl,,
2mM AMP, 100 MM Gn and either 0.5 mM GDP-Fuc or
UDP-Xyl (CarboSource Services, University of Georgia, GA).
For the pre-incubation experiment, chicken heart extract
(1 ul) prepared by Dr. E. Staudacher was used. The incuba-
tions were analyzed at the indicated time-points by means
of MALDI-TOF MS: 0.1 ul sample was mixed with 0.9 ul
water and 1 ul 1% (wt/vol) a-cyanohydroxycinnaminic acid
(dissolved in 70% acetonitrile) as matrix. After drying on the
platen, spectra were recorded using a ThermoBioanalysis
Dynamo instrument in delayed extraction mode [40].

4.5 Immunolabeling studies

S. mansoni schistosomula, adult worms and eggs were
fixed in ImmunoHistoFix as detailed by the manufacturer
(Interstiles, Brussels, Belgium) for 5 days at 4°C. After dehy-
dration in graded alcohol baths, embedding was performed
with ImmunoHistoWax at 37°C for 12 h. Sections (4 um)
were mounted on glass slides, dewaxed in acetone for 5 min
and transferred to PBS supplemented with 1% (wt/vol) oval-
bumin (PBS/OVA) for 1 h at room temperature. After 2-h
incubation with fractionated Ab (1:100 in PBS/OVA), sec-
tions were extensively rinsed and incubated with FITC- or
HRP-conjugated goat anti-rabbit IgG (Sigma; 1:200 in PBS/
OVA) for 2 h. Controls were performed using pre-immune
rabbit Ab. In the final step, sections were developed with 3-
amino 9-ethyl carbazol, washed three times in PBS and
mounted onto glass slides in Immumount (Shandon, Pitts-
burg, PA) for immunohistochemical analysis.

4.6 Preparation and metaperiodate treatment of anti-
HRP-binding N-glycoproteins

Anti-HRP-binding N-glycoproteins were purified from SEA
by chromatography on affinity-purified anti-HRP Ab cova-
lently coupled to NHS-activated agarose (Bio-Rad Labora-
tories, Hercules, CA). The anti-HRP-binding N-glycoprotein
preparation was then extensively dialyzed and filtered ster-
ile. ELISA confirmed that this fraction contained core a3-
fucose or core 2-xylose epitopes (not shown). To oxidize
the carbohydrate structures, anti-HRP-binding N-
glycoproteins (2 mg/ml in a final concentration of 50 mM
sodium acetate buffer, pH 4.6) was added to 10 mM sodium
metaperiodate for 15 min, after which oxidation was
stopped by adding a final concentration of 50 mM of sodium
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borohydride. Mock anti-HRP-binding N-glycoproteins were
obtained by the sam procedure, except that sodium meta-
periodate was omitted. After treatment, mock or periodate-
treated anti-HRP-binding N-glycoproteins were extensively
dialyzed against cold Click’s medium. The effectiveness of
the periodate treatment was validated by Western blot anal-
ysis using anti-core a3-fucose or anti-core 2-xylose Ab as
described [4].

4.7 Sensitization of DC, immunization protocol and
analysis of the immune response

Splenic DC were isolated from FIt-3 ligand-treated C57BL/6
mice (I’Arbesle, France) and purified by positive selection
over a MACS column using microbeads-conjugated anti-
CD11c mAb (Miltenyi Biotec, Paris, France) exactly as
described [4, 41]. After purification, splenic DC were cul-
tured in RPMI supplemented with 2% ultroser (Life Technol-
ogies, Cergy Pontoise, France), a serum-free medium sup-
plement, and 10 ng/ml of GM-CSF in the absence (unpulsed
DC) or in the presence (pulsed DC) of 50 ug/ml Ag. After
overnight culture, nonadherent DC were collected, washed
and administered at a dose of 3x10° cells into the hind foot-
pads of syngenic mice. Five days later, popliteal LN cells
(5x10° cells/well in flat-bottom 96-well plate) were cultured
in Click’s medium supplemented with 0.5% normal mouse
serum and various concentrations of Ag for 4 days at 37°C.
During the last 18 h, 0.5 uGi of [*H]thymidine per well was
added. At 72 h of culture, IFN-y, IL-4, IL-5, IL-10 and IL-13
production was measured in the culture supernatants from
cells by ELISA (R&D Systems, Abingdon, GB, and Becton
Dickinson, Pont de Claix, France).

4.8 Infection of mice and analysis of the humoral and
cellular immune response

Female 8-week-old C57BL/6 mice were percutaneously
infected with 40 cercariae and animals were bled weekly
from 7 to 98 days post-infection. Humoral response was
studied by ELISA using SEA, PLA2 or hemocyanin. HRP-
conjugated anti-mouse 1gG1 or IgG2b were used as sec-
ondary Ab. To analyze the cellular response during infection,
spleens were removed 49 days post-infection and cells
(5x10° cells/well in flat-bottom 96-well plate) were cultured
in RPMI supplemented with 5% fetal calf serum and various
concentrations of mock or periodate-treated Ag for 4 days
at 37°C. Proliferation and cytokine production were mea-
sured as described above.

4.9 Statistical analysis

The statistical significance of differences between experi-
mental groups was calculated using the Student’s t-test.
p<0.01 was considered as significant.



1280 C. Faveeuw et al.

Acknowledgements: This work was supported by the
INSERM, the Pasteur Institute of Lille and grants from the
Ministére de la Recherche (Programme de recherche fon-
damentale en microbiologie et maladies infectieuses et
parasitaires, No. 1A028F) and the Fonds zur Férderung der
wissenschaftlichen Forschung (grant S8803). The synthesis
of the UDP-xylose used in this study was supported by an
NSF grant (RCN 0090281) to the University of Georgia, USA.
The authors would like to acknowledge S. Bouché for the
participation in labeling experiments. C. Faveeuw was a
recipient of postdoctoral fellowships from la Société de
secours des amis des sciences and la Fondation des Treuil-
les, and T. Mallevaey was a recipient of a doctoral fellowship
from the Ministére de I'Education Nationale et de la Recher-
che. I. Wilson was supported by a Glycoscience Research
Award from Neose Technologies, Inc. F. Trottein is a member
of the Centre National de la Recherche Scientifique.

References

1 Grzych, J. M., Pearce, E., Cheever, A., Caulada, Z. A., Caspar,
P., Heiny, S., Lewis, F. and Sher, A., Egg deposition is the major
stimulus for the production of Th2 cytokines in murine schistoso-
miasis mansoni. J. Immunol. 1991. 146: 1322-1327.

2 Pearce, E. J., Caspar, P., Grzych, J. M. and Sher, A., Downreg-
ulation of Th1 cytokine production accompanies induction of Th2
responses by a parasitic helminth, Schistosoma mansoni. J. Exp.
Med. 1991. 173: 159-166.

3 Okano, M., Satoskar, A. R., Nishizaki, K., Abe, M. and Harn, D.
A., Induction of Th2 responses and IgE is largely due to carbohy-
drates functioning as adjuvants on Schistosoma mansoni egg
antigens. J. Immunol. 1999. 163: 6712-6717.

4 Faveeuw, C., Angeli, V., Fontaine, J., Capron, A., Moser, M.,
Van Kaer, L., Capron, M. and Trottein, F., Role of the CD1d-
mediated antigen presentation of parasite glycoconjugates in the
induction of Th2 responses during murine schistosomiasis. J.
Immunol. 2002. 169: 906-912.

5 Velupillai, P. and Harn, D. A., Oligosaccharide-specific induction
of interleukin 10 production by B220* cells from schistosome-
infected mice: a mechanism for regulation of CD4* T cell subsets.
Proc. Natl. Acad. Sci. USA 1994. 91: 18-22.

6 Jacobs, W., Deelder, A. and Van Marck, E., Schistosomal gran-
uloma modulation. Specific immunogenic carbohydrates can
modulate schistosome-egg-antigen-induced hepatic granuloma
formation. Parasitol. Res. 1999. 85: 14-18.

7 Okano, M., Satoskar, A. R., Nishizaki, K. and Harn, D. A.,
Lacto-N-fucopentaose lll found on Schistosoma mansoni egg
antigens functions as adjuvant for proteins by inducing Th2-type
response. J. Immunol. 2001. 167: 442-450.

8 Atochina, O., Daly-Engel, T., Piskorska, D., McGuire E. and
Harn, D. A., A schistosome-expressed immunomodulatory gly-
coconjugate expands peritoneal Gr1* macrophages that sup-
press naive CD4" T cell proliferation via an IFN-y and nitric oxide-
dependent mechanism. J. Immunol. 2001. 167: 4293-4302.

9 Nyame, A. K., Pilcher, J. B, Tsang, V. C. and Cummings. R. D.,
Schistosoma mansoni infection in humans and primates induces
cytolytic antibodies to surface Le(x) determinants on myeloid
cells. Exp. Parasitol. 1996. 82: 191-200.

10 van Dam, G. J., Claas, F. H., Yazdanbakhsh, M., Kruize, Y. C.,
van Keulen, A. C., Ferreira, S. T., Rotmans, J. P. and Deelder,

11

12

13

14

15

17

18

19

20

21

22

23

24

Eur. J. Immunol. 2003. 33: 1271-1281

A. M., Schistosoma mansoni excretory circulating cathodic anti-
gen shares Lewis-X epitopes with a human granulocyte surface
antigen and evokes host antibodies mediating complement-
dependent lysis of granulocytes. Blood 1996. 88: 4246-4251.

Khoo, K. H., Chatterjee, D., Caulfield, J. P., Morris, H. R and
Dell, A., Structural mapping of the glycans from the egg glyco-
proteins of Schistosoma mansoni and Schistosoma japonicum:
identification of novel core structures and terminal sequences.
Glycobiology 1997. 7: 663-677.

van Die, l., Gomord, V., Kooyman, F. N., van den Berg, T. K.,
Cummings, R. D. and Vervelde, L., Core a1-3-fucose is a com-
mon modification of N-glycans in parasitic helminths and consti-
tutes an important epitope for IgE from Haemonchus contortus
infected sheep. FEBS Lett. 1999. 463: 189-193.

Khoo, K. H., Huang, H. H. and Lee, K. M., Characteristic struc-
tural features of schistosome cercarial N-glycans: expression of
Lewis X and core xylosylation. Glycobiology 2001. 11: 149-163.

Lerouge, P., Cabanes-Macheteau, M., Rayon, C., Fischette-
Laine, A. C., Gomord, V. and Faye, L., N-glycoprotein biosyn-
thesis in plants: recent developments and future trends. Plant
Mol. Biol. 1998. 38: 31-48.

Altmann, F., Staudacher, E., Wilson, I. B. and Marz, L., Insect
cells as hosts for the expression of recombinant glycoproteins.
Glycoconj. J. 1999. 16: 109-123.

Tretter, V., Altmann, F.,, Kubelka, V., Marz, L. and Becker, W.
M., Fucose alpha 1,3-linked to the core region of glycoprotein N-
glycans creates an important epitope for IgE from honeybee
venom allergic individuals. Int. Arch. Allergy. Immunol. 1993. 102:
259-266.

Garcia-Casado, G., Sanchez-Monge, R., Chrispeels, M. J.,
Armentia, A., Salcedo, G. and Gomez, L., Role of complex
asparagine-linked glycans in the allergenicity of plant glycopro-
teins. Glycobiology 1996. 6: 471-477.

Wilson, I. B., Harthill, J. E., Mullin, N. P., Ashford, D. A. and
Altmann, F., Core alpha1,3-fucose is a key part of the epitope
recognized by antibodies reacting against plant N-linked oligo-
saccharides and is present in a wide variety of plant extracts.
Glycobiology 1998. 8: 651-661.

Fotisch, K., Altmann, F., Haustein, D. and Vieths, S., Involve-
ment of carbohydrate epitopes in the IgE response of celery-
allergic patients. Int. Arch. Allergy. Immunol. 1999. 120: 30-42.

Batanero, E., Crespo, J. F., Monsalve, R. I., Martin-Esteban,
M., Villalba, M. and Rodriguez, R., IgE-binding and histamine-
release capabilities of the main carbohydrate component isolated
from the major allergen of olive tree pollen, Ole e 1. J. Allergy
Clin. Immunol. 1996. 103: 147-153.

van Ree, R., Cabanes-Macheteau, M., Akkerdaas, J., Milazzo,
J. P, Loutelier-Bourhis, C., Rayon, C., Villalba, M., Koppel-
man, S., Aalbers, E. R., Rodriguez, R., Faye L. and Lerouge, P.,
B(1,2)-xylose and a(1,3)-fucose residues have a strong contribu-
tion in IgE binding to plant glycoallergens. J. Biol. Chem. 2000.
275: 11451-11458.

Faye, L., Gomord, V., Fitchette-Lainé, A. C. and Chrispeels, M.
J., Affinity purification of antibodies specific for Asn-linked gly-
cans containing a1-3 fucose or p1-2 xylose. Anal. Biochem.
1993. 209: 104-108.

Kubelka, V., Altmann, F., Staudacher, E., Tretter, V., Mérz, L.,
Hard, K., Kamerling, J. P. and Vliegenhart J. F. G., Primary
structures of the N-linked carbohydrate chains from honeybee
venom phospholipase A2. Eur. J. Biochem. 1993. 213:
1193-1204.

Van Kuik, J. A., van Halbeek, H., Kamerling, J. and Vliegen-
hart, J. F. G., Primary structure of the low-molecular-weight car-



Eur. J. Immunol. 2003. 33: 1271-1281

25

26

27

28

29

30

31

32

33

34

bohydrate chains of Helix pomatia a-hemocyanin. J. Biol. Chem.
1985. 260: 13984-13988.

Bardor, M., Faveeuw, F.,, Fitchette, A. C., Gilbert, D., Galas, L.,
Trottein, F.,, Faye, L. and Lerouge, P., Distribution and immuno-
reactivity of plant N-linked glycans containing a(1,3)-fucose and
B(1,2)-xylose epitopes. Glycobiology (in press).

Staudacher, E. and Marz, L., Strict order of (Fuc to Asn-linked
GIcNAc) fucosyltransferases forming core difucosylated struc-
tures. Glycoconj. J. 1998. 15: 355-360.

van der Kleij, D., Tielens, A. G. and Yazdanbakhsh, M., Recog-
nition of schistosome glycolipids by immunoglobulin E: possible
role in immunity. Infect. Immun. 1999. 67: 5946-5950.

Nyame, A. K., Leppanen, A. M., Bogitsh, B. J. and Cummings,
R. D., Antibody responses to the fucosylated LacdiNAc glycan
antigen in Schistosoma mansoni-infected mice and expression of
the glycan among schistosomes. Exp. Parasitol. 2000. 96:
202-212.

Trottein, F., Mollicone, R., Fontaine, J., de Mendoca, R.,
Pierce, R. J., Oriol, R. and Capron, M., Molecular cloning of a
putative a1-3 fucosyltransferase from the helminth parasite
Schistosoma mansoni. Mol. Biochem. Parasitol. 2000. 107:
279-287.

MacDonald, A. S., Straw, A. D., Bauman, B. and Pearce, E. J.,
CD8- dendritic cell activation status plays an integral role in influ-
encing Th2 response development. J. Immunol. 2001. 167:
1982-1988.

Mao, X. Q., Sun, D. J., Miyoshi, A., Feng, Z., Handzel, Z. T.,
Hopkin, J. M. and Shirakawa, T., The link between helminthic
infection and atopy. Parasitol. Today 2000. 16: 186-188.

Markus, M. B. and Fincham, J. E., Helminths and atopy. Trends.
Parasitol. 2001. 17: 168-169.

Figdor, C. G., van Kooyk, Y. and Adema, G. J., C-type lectin
receptors on dendritic cells and Langerhans cells. Nat. Rev.
Immunol. 2002. 2: 77-83.

Bruch, R. C. and White, H. B., Compositional and structural het-
erogeneity of avidin glycopeptides. Biochemistry 1982. 21:
5334-5341.

Core a3-fucose/core $2-xylose and Th2 responses

35

36

37

38

39

40

41

1281

Gray, J. S., Yang, B. Y. and Montgomery, R., Heterogeneity of
glycans at each N-glycosylation site of horseradish peroxidase.
Carbohydr. Res. 1998. 311: 61-69.

Wilson, I. B., Zeleny, R., Kolarich, D., Staudacher, E., Stroop,
C. J., Kamerling, J. P. and Altmann, F., Analysis of Asn-linked
glycans from vegetable foodstuffs: widespread occurrence of
Lewis a, core a1,3-linked fucose and xylose substitutions. Glyco-
biology 2001. 11: 261-274.

Ramalho-Pinto, G., Gazzinelli, G., Howells, R. E., Motta-
Santos, T. A., Figueiredo, E. A. and Pellegrino, J., Schistosoma
mansoni: defined system for stepwise transformation of cercariae
to schistosomula in vitro. Exp. Parasitol. 1974. 36: 360-366.

DeBose-Boyd, R., Nyame, A. K and Cummings, R. D., Schisto-
soma mansoni: characterization of an a1-3 fucosyltransferase in
adult parasites. Exp. Parasitol. 1996. 82: 1-10.

Strasser, R., Mucha, J., Mach, L., Altmann, F., Wilson, I. B.,
Glossl, J. and Steinkellner, H., Molecular cloning and functional
expression of 1, 2-xylosyltransferase cDNA from Arabidopsis
thaliana. FEBS Lett. 2000. 472: 105-108.

Wilson, I. B., Rendic, D., Freilinger, A., Dumic, J., Altmann, F.,
Mucha, J., Muller, S. and Hauser, M. T., Cloning and expression
of cDNAs encoding a1,3-fucosyltransferase homologues from
Arabidopsis thaliana. Biochim. Biophys. Acta 2001. 1527: 88-96.

Faveeuw, C., Fougeray, S., Angeli, V., Fontaine, J., Chinetti,
G., Gosset, P., Delerive, P., Maliszewski, C., Capron, M.,
Staels, B., Moser, M. and Trottein, F., Peroxisome proliferator-
activated receptor gamma activators inhibit interleukin-12 pro-
duction in murine dendritic cells. FEBS Lett. 2000. 486: 261-266.

Correspondence: Frangois Trottein, Unité INSERM 547,
Institut Pasteur, 1 rue du Pr. A. Calmette, F-59019 Lille,
France

Fax: +33-3-2087-7888

e-mail: Francois.Trottein@pasteur-lille.fr



