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France, and ‡INSERM U559, IPHM Faculté de Médecine, 27 Blv Jean Moulin, 13385 Marseille Cedex 05, France

Breast-feeding-associated protection against calicivirus diarrhoea
is associated with the presence of high levels of 2-linked oligo-
saccharides in mother’s milk, and human calicivirus strains in-
cluding the NV (Norwalk virus) use gut 2-linked fucosylated gly-
cans as receptors, suggesting the presence of decoy receptors in
milk. Our aim was to analyse the ability of human milk to inhibit
the attachment of rNV VLPs (recombinant NV-like particles) to
their carbohydrate ligands and to characterize potential inhibitors
found in milk. Milk from women with the secretor phenotype was
strongly inhibitory, unlike milk from women that are non-secre-

tors, which is devoid of 2-linked fucosylated structures. At least
two fractions in human milk acted as inhibitors for the NV capsid
attachment. The first fraction corresponded to BSSL (bile-salt-
stimulated lipase) and the second to associated mucins MUC1
and MUC4. These proteins present tandem repeat O-glycosylated
sequences that should act as decoy receptors for the NV, depending
on the combined mother/child secretor status.

Key words: bile-salt-stimulated lipase (BSSL), mucin, norovirus,
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INTRODUCTION

Gastroenteritis constitutes a major cause of morbidity and mor-
tality in developing countries and remains a major health problem
in developed countries. Recent epidemiological studies revealed
that the majority of outbreaks of non-bacterial gastroenteritis were
caused by members of the norovirus genus in the calicivirus family
[1,2]. These viruses, which infect people of all ages have also
been reported to be involved in a large number of sporadic cases,
particularly among children [3,4]. Although it is considered that
norovirus gastroenteritis is of moderate severity, recent reports
suggest that in people under stressful conditions or in young chil-
dren it could be more severe than expected [5].

We and others have recently shown that some caliciviruses
attach to host epithelial cells through carbohydrates of the histo-
blood-group family. Thus NV (Norwalk virus), the prototypical
norovirus, binds to 2-fucosylated structures based on the blood-
group-antigen H type 1 trisaccharide Fucα2Galβ3GlcNAc [6–8].
Synthesis of this ligand requires an active α1,2-fucosyltransferase,
which in most epithelial cells is the FUT2 enzyme. The presence
of this enzymatic activity characterizes the so-called secretor
phenotype. Inactivating mutations in the FUT2 gene, occurring in
approx. 20% of the population with European ancestry, are re-
sponsible for the non-secretor phenotype, characterized by an ab-
sence of 2-fucosylated structures, and hence of ABO(H) blood-
group antigens in secretions such as saliva and on most epithelial
cells [9]. Consistent with the attachment of NV to H type 1-con-
taining glycans, volunteers challenged with the virus become in-
fected only if they are secretors [10,11].

Breast-feeding has been known for a long time to protect in-
fants from diarrhoea and a number of potential protective factors
in human milk have been characterized. These include maternal
antibodies, lactoferrin, BSSL (bile-salt-stimulated lipase), lact-
adherin, lysozyme, cytokines, oligosaccharides and mucins

[12,13]. Unlike cows’ milk, human milk contains large amounts
of fucosylated oligosaccharides, the amount of 2-linked fucose
depending upon the FUT2 status of the mother, with large var-
iations during the course of lactation [14–16]. Human milk addi-
tionally contains glycans in the form of glycolipids or glyco-
proteins that can be fucosylated in a genetically determined
manner. We observed previously that the milk from secretor
mothers could inhibit the binding of rNV VLPs (recombinant NV
virus-like particles) to their carbohydrate ligands [7] and hypo-
thesized that the 2-fucosylated milk component could have a
protective effect, acting as a decoy receptor, depending upon the
combined FUT2 status of the mother and child [17]. Thus a non-
secretor child would be genetically resistant to NV whereas a se-
cretor child that is potentially sensitive would be protected by his
mother’s milk providing she is of the secretor-type. As a first step
towards testing this hypothesis, the present study was undertaken
in order to characterize the components of human milk that inhibit
NV-binding to its carbohydrate ligand.

MATERIALS AND METHODS

Collection and treatment of milk samples

Human milk was obtained from the milk bank of the Nantes Uni-
versity Hospital in accordance with its ethical guidelines. Milk
was collected from 15 anonymous, healthy mothers at 3 weeks
lactation, labelled from 1 to 15 and stored at −20 ◦C prior to ana-
lysis. Samples labelled A, from an additional mother, were col-
lected at 3 and 5 weeks post-partum. Inactivation of the milk
antibodies and enzymes was performed by boiling 100 µl samples
in a water bath in the presence of 5 % (v/v) β-mercaptoethanol.

To prepare fractions, frozen human milk was thawed and centri-
fuged at 20000 g for 1 h. The fat layer and the pellet were re-
moved and the remaining skimmed milk was filtered. In order to

Abbreviations used: BSDL, bile-salt-dependent lipase; BSSL, bile-salt-stimulated lipase; Le, Lewis blood-group-antigen; mAb, monoclonal antibody;
NV, Norwalk virus; rNV VLP, recombinant NV virus-like particle; TMB, 5-tetramethylbenzidine.
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remove small molecules such as oligosaccharides, skimmed milk
was dialysed against PBS. Human fat globule membranes were
prepared by sonicating the fat layer after addition of PBS followed
by ultracentrifugation at 100000 g for 1 h and recovery of the
pellet as previously described [18].

Determination of the secretor character

Milk samples were diluted at 1:10 in 100 mmol/l carbonate buffer
(pH 9.6), coated on to NUNC immunoplates (Roskilde, Denmark)
and stored overnight at 37 ◦C. After blocking with 5% dried cows’
milk in PBS, mAb (monoclonal antibody) LM137, which is speci-
fic for H type 1 and Leb (Lewis b histo-blood-group) antigens, was
added. After incubation for 2 h at 37 ◦C, horseradish peroxidase
conjugated anti-(goat IgG) and anti-(mouse IgG) (Uptima,
Montluçon, France) at 1:2000 dilutions were added. Between
each step, the plates were washed three times with PBS, 5%
(v/v) Tween-20. The enzyme signals were detected using TMB
(5-tetramethylbenzidine) as substrate (BD Bioscience, San Jose,
CA, U.S.A.) then read at A450. Strong reactivity with the anti-H
type 1/Leb mAb was detected in 11 out of 16 cases. To confirm
that this did correspond to the difference between secretor-
and non-secretor-mothers, genotyping for the FUT2 gene was
performed. The G428A mutation is responsible for nearly all
cases of non-secretor phenotype in the French population, thus
it was the only mutation that was screened. Genomic DNA from
total milk that contains epithelial cells was extracted from the
first pellet using the Qiagen QIAmp DNA mini kit according to
the manufacturer’s instructions. A fragment of the FUT2 gene was
amplified with the following primers; GAGGAATACCGCCA-
CATCCCGGGGGAGTAC, forward; ATGGACCCCTACAAAG-
GTGCCCGGCCGGCT, reverse, and digested using AvaII. The
G428A mutation eliminates this restriction site.

Inhibition of rNV VLP-binding to saliva or synthetic
H type 1 antigen

Saliva from secretor individuals [secretor (active FUT2 allele),
blood type O, Le positive] at a dilution of 1:1000, or H type 1 syn-
thetic oligosaccharide bound to polyacrylamide at 50 µg/
ml was coated on to Maxisorb NUNC plates, stored overnight at
37 ◦C and saturated with 5% dried milk in PBS. rNV VLPs were
produced using a baculovirus expression system as previously
described [19]. rNV VLPs were pre-incubated with serially
diluted total milk samples or milk fractions (v/v) at a final
concentration of 0.6 µg/ml for 60 min at room temperature and
were then incubated for 1 h on the coating plate. Binding was
detected using a rabbit anti-rNV VLP antiserum diluted to 1:2000
in 5% dried milk in PBS, followed by incubation with peroxidase-
conjugated anti-(rabbit IgG). Both reagents were incubated for 1 h
at 37 ◦C. Reactions were revealed by using the TMB substrate and
then read at A450.

Immunohistochemical analyses

Paraffin embedded tissue sections of the gastroduodenal junction
from adult secretor individuals of blood-group O type were re-
hydrated in graded ethanol and washed in PBS. Endogenous per-
oxidase was inhibited using 0.3% methanol or H2O2 for 15 min.
After saturation with PBS containing 3 % BSA for 30 min, sec-
tions were covered for 90 min at room temperature with a 1:1
(v/v) mixture of 5 µg/ml rNV VLPs and human milk samples at
1:10 dilution, in PBS that had been pre-incubated at 4 ◦C over-
night. The anti-NV capsid protein 9C3 antiserum, diluted 1:1000
in PBS and 1% (w/v) BSA was added and the mixture was in-
cubated at room temperature for 1 h. Sections were then rinsed

three times with PBS and incubated with peroxidase-conjugated
anti-(mouse IgG) diluted to 1:2000 in PBS, 1% BSA (Vector
Labs, Burlingame, CA, U.S.A.) for 45 min, and reactions were
visualized with 3-amino-9-ethylcarbazol (Vector Labs). Counter-
staining was performed using Mayer’s hemalun.

Western blotting

Protein concentrations were measured using bicinchoninic
acid. Proteins (30 µg) were subjected to SDS/PAGE (5–10% gel).
Separated proteins were electrophoretically transferred to Immob-
ilon membranes (Millipore, Milford, MA, U.S.A.) in 25 mM Tris,
192 mM glycine, 20% methanol at 350 mA for 1 h. After transfer,
membrane strips were incubated in PBS containing 3% skimmed
milk for 1 h at 37 ◦C. Membranes were then incubated with 3 µg/
ml rNV VLPs diluted in PBS containing 1% skimmed milk over-
night at 4 ◦C. Binding was detected using a rabbit anti-rNV VLP
antiserum diluted to 1:2000 in 5% dried milk in PBS, followed by
peroxidase-conjugated anti-(rabbit IgG) at a dilution of 1:1000.
After washing twice in PBS containing 5 % (v/v) Tween-20 and
once in PBS, the bound antibodies were revealed by chemilu-
minescence using the ECL® (enhanced chemiluminescence) Kit
from Amersham (Little Chalfont, U.K.). The following primary
antibodies were also used: LM137 anti-H type 1/Leb, L64 rab-
bit anti-BSDL (bile-salt-dependent lipase) [20], or HMFG1 and
8G7 directed against the MUC1 and MUC4 human mucins
respectively [21,22]. After washes, membranes were incubated for
1 h with peroxidase-labelled anti-(mouse IgG) diluted to 1:2000 in
PBS containing 1% skimmed milk and reactions were visualized
as described above. Alternatively, membranes that were treated
with polyclonal L64 antibody were incubated for 1 h with alkaline
phosphatase-labelled anti-(rabbit IgG) and reactions were carried
out as previously described [20].

Preparation of the mucin fraction and purification
of BSSL and BSDL

The mucin fraction from human milk was prepared by prepar-
ative electrophoresis. Skimmed milk samples (750 µl) containing
30 mg/ml protein were loaded on to SDS/PAGE (5 %) gel and
allowed to migrate for 1 h at 150 V until Coomassie Blue stained
bands were no longer detectable. The upper third of the gel was cut
and minced in to small fragments and incubated in PBS for 48 h at
4 ◦C before elution. After centrifugation at 800 g for 5 min, the sol-
uble material was dialysed against PBS and concentrated to the
original volume of milk on 100 kDa cut-off Centricon membranes
(Millipore). BSSL and its pancreatic counterpart BSDL were
purified from human milk and human pancreatic juice respectively
[20]. The esterolytic activity of these enzymes was recorded on
4-nitrophenyl caproate as described by Gjellesvik et al. [23].

RESULTS

Inhibition of rNV VLP ligand-binding by human milk

We have shown previously that human milk could inhibit rNV
VLP-binding to their histo-blood-group ligand [7]. We thus sought
to determine if this inhibition could be influenced by the secretor
character of the mother. Since the composition of milk varies
during the course of lactation, all samples used were collected
at the same time-point post-partum. The mothers’ secretor pheno-
type was determined from their milk samples (Figure 1A). A total
of five non-secretors were found, all of whom were homozygous
for the G428A mutation. Serially diluted total milk samples were
used and as can be seen in Figure 1(B) at a dilution of 1:10, none
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Figure 1 FUT2-dependent molecules from human milk inhibit rNV VLP
attachment to H type 1 histo-blood-group antigen

(A) Milk samples from women genotyped for the FUT2 locus were coated on to ELISA plates at a
dilution of 1:1000 and the presence of H type 1-reactive molecules was determined by reactivity
of the anti-H type 1/Leb mAb, LM137. A total of five women were considered as non-secretors
(2, 4, 5, 6 and 8) and the remaining as secretors. SE = active FUT2 alelle; se = inactive FUT2
allele. (B) Inhibition of rNV VLP attachment to polyacrylamide-conjugated H type 1 by milk
samples from secretor and non-secretor women diluted to 1:10. (C) Examples of the inhibitory
potency of milk samples, from 2 secretors (�, �) and a non-secretor (�), on rNV VLP
attachment to saliva from an O type secretor individual. The inhibition assay was performed
as described in the Materials and methods section. The percentage of inhibition is shown as a
function of the reciprocal milk dilution.

of the five non-secretor samples inhibited rNV VLP-binding to im-
mobilized synthetic H type 1, in contrast with the strong inhi-
bition given by all samples from secretor mothers, irrespective of
whether they were homozygotes or heterozygotes. A represent-
ative example of the strengh of the inhibition by secretor milk is
shown in Figure 1(C). Inhibition (50 %) was obtained at a dilution
of 1:500, whereas no significant inhibition was observed even at a

Figure 2 Binding of rNV VLPs to human gastroduodenal tissue and
inhibition by human milk

Tissue sections from the gastroduodenal junction of a secretor (A, C and D) and a non-secretor
(B) were incubated with rNV VLPs and the binding was detected as described in the Materials
and methods section. In (C, D) VLPs were co-incubated with milk samples from secretor and
non-secretor women respectively, at a dilution of 1:10. All pictures taken are from the pyloric
area. A complete absence of VLP binding was observed in the presence of milk from a secretor,
as in the tissue from a non-secretor.

dilution of 1:2 in non-secretor milk. Similar results were obtained
when saliva from an O type secretor individual was used, instead
of synthetic H type 1, for attachment of rNV VLPs (results not
shown).

In order to determine if the inhibition by the synthetic ligand
could be physiologically relevant, it was tested on gastroduodenal
junction tissue sections. We have previously shown that rNV VLPs
attach to the surface of epithelial cells only in secretors [7]. Thus
rNV VLPs were co-incubated with milk samples on tissue sections
from secretor individuals. As illustrated in Figure 2, for the pyloric
area, a strong binding of recombinant capsids occurred in the pres-
ence of milk from non-secretor mothers, whereas no binding to
tissue sections could be seen in the presence of milk from secretor
mothers. The same results were obtained in tissue sections from
the duodenum (results not shown). This indicates that human milk
from secretors has the potential to block the attachment of NV to
its carbohydrate ligand on epithelial cells.

Milk fractions containing inhibitory activity

Human milk possesses large amounts of free oligosaccharides
that could potentially inhibit the attachment of rNV VLPs to their
carbohydrate ligands. In addition, similar carbohydrate structures
can be complexed to proteins or lipids. Blocking-antibodies could
also be present. In order to determine which of these components
is mostly responsible for the inhibition observed above, various
milk fractions were prepared. We first compared milk samples that
had been boiled in the presence of β-mercaptoethanol with their
untreated counterpart in the inhibition assay. No difference was
observed between the two types of samples, ruling out the possi-
bility that blocking-antibodies or milk enzyme activities were
responsible for the inhibition of rNV VLP-binding to carbo-
hydrate ligands. Fat-globule membranes showed some inhibition
(Figure 3). Skimmed milk, as well as dialysed skimmed milk
were nearly as potent as inhibitors as unfractionated milk. Since
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Figure 3 Inhibition of rNV VLP attachment to saliva from a secretor
individual by milk fractions from a secretor donor

A fresh secretor milk-sample was centrifuged at 1500g for 20 min to separate the cream from
the milk. The skimmed milk was dialysed to remove free oligosaccharides and the cream was
washed by centrifugation in PBS to remove soluble proteins. Washed cream was resuspended
in PBS and sonicated to disrupt fat globules. The human fat globule membranes (HFGM) were
pelleted by centrifugation at 100 000 g for 1 h and separated from the fat layer. Each fraction
corresponding to the original milk dilution at 1:10 was co-incubated with rNV VLPs in the
inhibition assay as described above.

Figure 4 Detection of human milk rNV VLP ligands by Western blotting

(A) Skimmed milk samples were run on SDS/PAGE (5 % gel under reducing conditions and
probed with rNV VLPs; lane 1, secretor sample number 3; lane 2, non-secretor sample number 4.
(B) Skimmed milk from a secretor (sample A) was run on an SDS/PAGE 5–10 % gradient gel
under reducing conditions and probed either with the anti-H type 1/Leb mAb, LM137 (lane 1)
or with rNV VLPs (lane 2). Positions of the molecular mass markers are shown by arrows.

dialysis did not decrease inhibitory potency, it is likely that free
oligosaccharides are not involved. This was confirmed by using
purified oligosaccharides. Neither the pentasaccharide Fucα2Gal-
β3GlcNAcβ3Galβ4Glc (LNF-I) nor the tetrasaccharide Galβ3-
GlcNAcβ3Galβ4Glc (LNT) was able to inhibit ligand-binding
even at concentrations as high as 22 mM. Unlike the tetrasac-
charide, the fucosylated pentasaccharide is terminated by the H
type 1 epitope and is characteristic of milk from secretor mothers,
yet it did not inhibit binding. The inhibitory material was thus
searched for in the protein fraction. Western blotting indicated
that rNV VLPs could detect two sets of bands in milk samples
exclusively from secretor mothers. These corresponded to a smear
of very high molecular mass and to a broad band of approx.
130 kDa (Figure 4A). Most milk samples showed only one band
at that level, but some samples showed two bands. Yet since
larger samples were obtained from woman A whose milk showed
two bands of approx. 130 kDa, most experiments were performed

Figure 5 Purification of BSSL from the milk of secretor woman A

(A) Total proteins were loaded on to an immobilized anti-BSDL pAbL64 (polyclonal antibody
L64) column equilibrated with PBS and incubated overnight at 4◦C. Unbound fractions
were eluted and the column was washed with 0.02 M Tris/HCl and 0.5 M NaCl, pH 7.4
until zero absorbance. Bound fractions were eluted with 0.1 M glycine, pH 2.5. Elution of
material was recorded by the absorbance at 280 nm (�). Enzyme activity (�) was determined
with 4-nitrophenyl hexanoate as substrate. (B) Coomassie Blue stained SDS/PAGE gels and
(C, D) Western blotting of fractions eluted from the immobilized pAbL64 column, (lane 1, 1 µg
of starting material), (lane 2, 1 µg of unbound material), (lane 3, 1 µg of bound material).
Immunodetection was performed with mAb pAbL64 (C) or rNV VLPs (D).

using this milk. Additional bands corresponding to material of
lower size could be detected using an anti-H type 1/Leb mAb but
they were less clearly revealed with rNV VLPs (Figure 4B).

BSSL and mucins from secretor mothers are inhibitory

BSSL corresponds to a major milk protein. It can be found in a
heavily glycosylated form and has a molecular mass of approx.
130 kDa. It therefore appeared to be a good candidate for the
inhibition of rNV ligand-binding. In addition, Western blotting of
our human milk samples using an antiserum raised against a BSSL
isoform purified from pancreatic juice (BSDL) revealed bands
that co-migrated with those detected by rNV VLPs (as described
below). We thus purified BSSL from the milk of a secretor and a
non-secretor mother. The purification was performed by affinity
chromatography of immobilized antibodies as shown in Fig-
ure 5(A). The milk fraction from woman A, which contained the
lipase activity, yielded two bands specifically recognized by
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Figure 6 Binding of rNV VLPs to purified BSDL and BSSL

(A) Purified glycoproteins (1, 5 or 10 µg) from secretor donors (BSDL from the pancreatic juice
of an O type secretor patient and BSSL from mother number 9) or from a non-secretor milk
donor (mother number 4) were coated on to ELISA plates and the binding of rNV VLPs was
tested. (B) Inhibition of rNV VLP attachment to the saliva of a secretor individual by purified
BSSL from secretor A.

the anti-BSDL antiserum, as well as by rNV VLPs (Figures 5B,
5C and 5D). The binding of rNV VLPs to purified BSSL from
the secretor mother was compared with that of the non-secretor
mother and to BSDL purified from the pancreatic juice of an O
type secretor individual. A strong binding occurred to BSSL from
the secretor mother whereas binding was much lower to BSSL
from the non-secretor mother. More surprisingly, no binding was
observed to purified BSDL from an O type secretor individual,
suggesting a difference in glycosylation between the pancreatic
and milk isoforms of the lipase that can be detected by the virus
capsids (Figure 6A). The potency of BSSL was then tested in
the inhibition assay. BSSL from the secretor mother was indeed
able to inhibit the binding of rNV VLPs to either salivary mucins
from an O type secretor or to synthetic H type 1 antigen. Final
amounts of 30 or 2 µg of BSSL were necessary to produce 50 %
inhibition of rNV VLP-binding to salivary mucins (Figure 6B) and
to synthetic H type 1 antigen respectively (results not shown).

The diffuse high molecular mass band stained by rNV VLPs
on Western-blots suggested recognition of a mucin component.
This high molecular mass fraction was isolated by preparative
electrophoresis. Western-blots from 5% polyacrylamide gels
showed that rNV VLPs bind equally well to the mucin preparation
as to the high molecular mass fraction from the total milk of a se-
cretor mother. They do not bind to similar material from the milk
sample of a non-secretor donor. Yet, irrespective of the donor’s
secretor character, milk and high molecular mass preparations
contained both MUC1 and MUC4 mucins (Figure 7). The inten-
sity of staining is weaker when using the anti-MUC4 mAb than the
anti-MUC1 mAb but it should be noted that the anti-MUC4 mAb
was raised against an unglycosylated synthetic peptide [22] and

Figure 7 Binding of rNV VLPs to human milk mucins

Skimmed milk samples from non-secretor (lane 1) or secretor (lane 2) donors and the mucin
fraction from milk of a secretor donor prepared as described in the Materials and methods section
(lane 3) were run on SDS/PAGE (5 %) gel with a 4 % stacking gel. After transfer, membranes
were probed with either rNV VLPs, an anti-MUC1 mAb or an anti-MUC4 mAb. The part of the
gels shown is above the 200 kDa marker and the arrow indicates the limit of the stacking gel.

might not optimally recognize the native glycosylated milk mucin.
Similar to that which we observed using purified BSSL, the
mucin fraction from the milk of secretor mothers was able to
strongly inhibit the binding of rNV VLPs whereas the mucin
fraction from a non-secretor woman was not (results not shown).
In order to determine the relative importance of BSSL versus the
mucins, we compared the inhibitory capacity of milk from a sec-
retor woman with that of the same BSSL-depleted milk. BSSL
depletion was performed by loading 0.5 ml of skimmed milk on
to the anti-BSSL pAb64 column. This corresponded to 12 mg
of total protein with 290 units/mg of BSSL specific activity. The
unretained fraction was collected and 12 mg of protein was re-
covered containing 9 units/mg of BSSL specific activity, indi-
cating that most of the BSSL had been removed by the immobil-
ized antibodies. This was further confirmed by Western blotting.
The ratio of dilutions for the two samples (BSSL-depleted/total)
required to reach 50% inhibition in the rNV VLP binding
assay was then determined. The ratio was 0.40 +− 0.07 from four
independant experiments performed in triplicate, showing that
BSSL contributes 60% of the total inhibitory activity, whereas the
remaining 40% corresponds to the contribution from the mucins
and possibly from some other minor components.

DISCUSSION

Recent studies have provided evidence that fucosylated oligo-
saccharides from human milk confer protection against diarrhoea
to breast-fed children [24]. More specifically, the presence of 2-
linked fucose residues is associated with protection against both
Campylobacter and calicivirus diarrhoea [25]. Campylobacter
as well as various calicivirus strains have been shown to attach
to 2-linked fucosylated glycoconjugates of the digestive tract
[6,7,26–28] and non-secretor individuals are resistant to NV
infection, indicating that the 2-linked fucosylated ligands act as
receptors [10,11]. Thus it is likely that the protection conferred
by breast-feeding results from the presence of decoy receptors
in milk. In previous work, we have shown that binding of rNV
VLPs to epithelial cells was inhibited by the milk from a secretor
woman, indicating that NV decoy receptors were present in human
milk [7]. Recently, Jiang et al. [29] confirmed this observation in
NV and other strains of noroviruses. We have now extended these
findings by characterizing the decoy receptors.
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Fucosylated oligosaccharides in human milk are synthesized
by the products of the FUT2 and FUT3 genes that are responsible
for the secretor and Le blood types. These two fucosyltransferases
catalyse the transfer of fucose residues on to positions two, three or
four. The presence of fucosylated oligosaccharides in human milk
depends upon genetic polymorphism at the FUT2 and FUT3 loci
and milk from non-secretor women who lack the FUT2 enzyme
is almost entirely devoid of 2-linked fucosylated oligosaccharides
[16]. Since blocking of rNV VLP-binding to its ligand is tightly
controlled by the FUT2 locus, it was tempting to assume that
the NV decoy receptors in human milk were 2-linked fucosyl-
ated oligosaccharides. However, we observed that dialysis did
not decrease the blocking activity and that purified LNF-I
(Fucα2Galβ3GlcNAcβ3Galβ4Glc) was not inhibitory. In a pre-
vious study, Jiang et al. [29] observed that total oligosaccharides
had no inhibitory activity. Thus the milk’s oligosaccharide fraction
does not contain the decoy receptors. In a previous study, we ob-
served that a synthetic H type 1 trisaccharide could block the
binding of rNV VLPs to saliva from a secretor individual [7]. This
could be due to a structural difference between the synthetic tri-
saccharide and the milk oligosaccharides. The synthetic trisaccha-
ride was coupled to a short aliphatic chain that might increase its
affinity by contributing a non-specific hydrophobic interaction
with the viral capsid protein. The affinity of the monomeric
milk oligosacharides for their binding site is probably too low to
bring about detectable inhibition in our assay conditions. Western
blotting indicated that rNV VLPs recognize high molecular mass
glycoproteins which turned out to correspond to BSSL and
mucins. Purified BSSL from secretor mothers was inhibitory, as
was a preparation of mucins that contained a mixture of MUC1
and MUC4. The degree of fucosylation of milk glycoproteins is
likely to parallel that of free oligosaccharides, since both depend
upon the presence and amount of the FUT2 and FUT3 enzymes.
Thus, in the association recently noted between protection
against calicivirus diarrhoea and the level of 2-linked fucosylated
oligosaccharides [25], in all likelihood, these oligosaccharides
were only a marker of the degree of fucosylation of decoy
receptors that correspond to the above mentioned high molecular
mass glycoproteins.

BSSL is one of the major glycoproteins from human milk,
which is absent from cows’ milk. This lipase is not expressed
in the newborn immature pancreas and it is thought that its
presence in milk compensates for this lack of pancreatic enzyme
[30]. It can participate in the degradation of a large spectrum of
lipids and thus may have an essential role in nutrition [31] but
also in protection in the newborn [32]. Regardless, the blocking
activity of BSSL from secretor milk strongly suggests that it could
have a dual function. The first, corresponding to the catalytic
domain of the lipase is located at the N-terminus of the pro-
tein. The second, involving innate protection against certain
infectious diseases, would correspond to the C-terminal mucin-
like domain that could act as a decoy receptor depending upon
its glycosylation status. A protective role against Giardia lamblia
trophozoites has previously been attributed to BSSL [33,34]. This
pathogen provokes severe diarrhoea in the newborn [35] and its
toxic effect is counteracted by BSSL upon the release of cis-
unsaturated fatty acids from milk triacylglycerol [34]. However,
the inhibitory effect of BSSL against attachment of rNV VLPs
to their carbohydrate ligands cannot be attributed to a similar
mechanism since its catalytic lipase activity is destroyed by
heating [32] whereas boiling milk samples did not affect the
inhibitory activity. However, BSSL, like BSDL its pancreatic
isoform, possesses a mucin-type C terminal domain with 16
tandem repeats rich in potential O-glycosylation sites. By the
ELISA method, both BSSL and BSDL from O type secretor

individuals reacted with the anti-H type 1/Leb mAb, whereas
those from non-secretor individuals reacted with an anti-Lea

(Lewis a histo-blood-group-antigen) mAb, indicating that the two
isoforms from the mammary gland and the pancreas respectively,
carried histo-blood-group carbohydrates as previously reported
(results not shown). However, only the milk isoform could be
recognized by rNV VLPs and recognition was dependent upon
the presence of 2-linked fucose residues since BSSL from a
non-secretor woman was not recognized. The total carbohydrate
content of BSSL ranges from 19 to 26% of the glycoprotein
mass, whereas that of BSDL has been estimated at approx. 7%
[36,37]. The lipase possesses a single site of N-glycosylation
and its N-linked sugar chain corresponds to about 10% of the
total oligosaccharides in the milk isoform [38]. Consistent with
its greater degree of glycosylation, we noted, as have previous
authors, that BSSL from most individuals displayed a higher
apparent molecular mass by gel electrophoresis than did BSDL.
Thus the presence of complex O-glycans on the milk isoform
could explain why rNV VLPs could bind to BSSL and not to
BSDL. In one individual, we observed two distinct forms of BSSL
with apparent molecular masses of approx. 130 and 110 kDa.
Such variants have already been described but their significance
is still unknown. Given the difference in size between the two
forms of BSSL in that individual’s milk, it is possible that they
result from a polymorphism of the number of tandem repeats of
the C-terminal domain [39]. This type of polymorphism is well
described for mucins, particularly for MUC1, and its existence for
BSSL warrants further study regarding the inhibitory potency of
the variants. Changes in BSSL glycosylation have been observed
during lactation [38]. It will thus be interesting to determine
whether the inhibitory activity of BSSL on rNV VLP binding,
as observed here, varies during the course of lactation.

MUC1 has for a long time been known as a component of
human fat globule membranes and as a soluble mucin. Its presence
in fat globule membranes could explain the inhibition of rNV
VLP attachment by the fat globule membrane fraction. A second
mucin, distinguished by its higher mass, was called MUCX [40].
Although we were not able to clearly distinguish the two types of
mucins by gel electrophoresis based on their size and using a
specific antibody, we could show that our mucin preparations
contained MUC1 as expected, regardless of the secretor character
of the donor. Since lactating rat mammary gland has recently been
shown to express MUC4 [41], which like MUC1 can be either
membrane bound or soluble, we used a recently developed anti-
human MUC4 mAb to assay the presence of MUC4 in human milk
[22]. A clear reactivity was observed in all samples irrespective
of the secretor character. MUC4 is a much larger mucin than
MUC1 [42]. Thus the mucin previously termed MUCX, which
was larger than MUC1, probably corresponds to MUC4. Our
preparations of high molecular mass material containing the two
mucins strongly blocked the attachment of rNV VLPs to their
carbohydrate ligands, indicating that these mucins can act as
decoy receptors, in accordance with their glycosylation state
controlled by polymorphism in the fucosyltransferase genes.
MUC1 from milk binds to rotavirus and to enteropathogenic
strains of Escherichia coli and for this reason is already considered
as a component of innate immunity from milk [43,44]. Our
inability to separate MUC1 from MUC4 did not allow us to
determine which of them is the best inhibitor but our results raise
the possibility that MUC4 could also be a decoy receptor for some
pathogens.

In conclusion, the results presented here show that human
milk blocks the binding of NV capsids to their receptor and that
the blocking results from the interaction with 2-linked fucose
residues complexed on high molecular mass glycoproteins that

c© 2006 Biochemical Society



Inhibition of Norwalk virus-binding by human milk 633

possess mucin-type tandem repeats. This repetitive structure
in the core peptide, allowing a multimeric presentation of the
glycan, probably increases the avidity of the interaction. Thus
it should be possible to design artificial decoy receptors against
noroviruses based on repeatedly complexed 2-linked fucosylated
oligosaccharides mimicking the mucin-type arrangement. Such
artificial decoy receptors could be included in milk formulations.
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