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2’-fucosyllactose: an abundant, genetically determined soluble

glycan present in human milk

Esther Castanys-Munoz, Maria J Martin, and Pedro Antonio Prieto

Lactose is the preeminent soluble glycan in milk and a significant source of energy for
most newborn mammals. Elongation of lactose with additional monosaccharides
gives rise to a varied repertoire of free soluble glycans such as 2*-fucosyllactose
(2”-FL), which is the most abundant oligosaccharide in human milk. In infants, 2”-FL
is resistant to digestion and reaches the colon where it is partially fermented,
behaving as soluble prebiotic fiber. Evidence also suggests that portions of small
soluble milk glycans, including 2*-FL, are absorbed, thus raising the possibility of
systemic biological effects. 2"-FL bears an epitope of the Secretor histo-blood group
system; approximately 70-80% of all milk samples contain 2FL, since its synthesis
depends on a fucosyltransferase that is not uniformly expressed. The fact that some
infants are not exposed to 2”-FL has helped researchers to retrospectively probe for
biological activities of this glycan. This review summarizes the attributes of 2”-FL in
terms of its occurrence in mammalian phylogeny, its postulated biological activities,

and its variability in human milk.
© 2013 International Life Sciences Institute

INTRODUCTION

Mother’s milk is, for a period of time, the sole source of
nutrients for newborn and developing mammals. The
proportions of milk macronutrients, proteins, lipids and
carbohydrates differ from one species to the other” and it
is generally recognized that milk from each species is
particularly suited for the development and well-being of
its own offspring.** In the particular case of human milk,
individual proteins and lipids (such as fatty acids) have
been studied not only in terms of their contributions as
energy, carbon skeletons or amino acid sources, but also
as bioactive substances associated with diverse biological
functions such as cognitive development™ and immu-
nity.” In milk from most species, lactose, which is a digest-
ible disaccharide found only in milk, is the dominant
soluble glycan. Its primary role is to provide readily
available energy for newborn mammals. In humans,
lactose is present at concentrations that average 70 g/L,*’
thus contributing 280 Kcal/L, which is 81% of the caloric

contribution of 38 g of fat found in the same volume of
milk. As lactose enters the human small intestine, it is
hydrolyzed into its monosaccharide building blocks
glucose (Glc) and galactose (Gal), which are then
absorbed. While the role of digestible glycans as energy
sources has long been recognized, dietary fiber was the
last macronutrient to be systematically studied as an
important component of the human diet. Similarly,(indi-
gestible soluble glycans in milk, which are built by adding
one or more monosaccharides to lactose, act as fiber,
and their roles in human and non-human animal health
are still being elucidated. Free soluble glycans in human
milk are customarily referred to as human milk oligos-
accharides (HMOs) even though some of these car-
bohydrate structures are also present in milk of other
mammals and are, therefore, not exclusive to human
milk. The present review focuses on(a particular soluble
milk glycan (SMG), the trisaccharide 2’-fucosyllactose
(2°-FL); the aim is to summarize different aspects of| this
glycan,jwhich is the most abundant in human milk with
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Figure 1 Biosynthesis of lactose. Lactose is synthesized in the Golgi of mammary gland cells during lactogenesis. The
monosaccharide galactose (Gal Q) is transferred from a sugar nucleotide donor; Uridine-diphospho galactose to glucose (Glc
@) that functions as an acceptor. In mammals, synthesis of milk saccharides is driven by glycosyltransferases — in this case, the
lactose synthase complex constituted by galactosyltransferase and o.-lactalbumin.

the exception of lactose."’ As the body of literature on
milk oligosaccharides has grown dramatically in the last
decade, it is important to initiate a new stage of research
in which individual soluble glycan structures are studied
and their effects distinguished from those ascribed to the
complex mixture of human SMGs.

One interesting aspect of 2’-FL is that it is not pre-
sent in milk produced by all women and its concen-
tration varies significantly during lactation and among
mothers.'’""” In addition 2’-FL is one of the most studied
oligosaccharides in regards to postulated biological activi-
ties associated with its presence in human milk and the
genetics of its expression in humans.'>'* At a minimum,
this soluble glycan acts as one of the primordial prebiotics
that supports the colonization of the human large intestine
with bacteria that may be beneficial for the breastfed
infant.">'® Another intriguing aspect of 2’-FL is its pres-
ence in milk of particular non-human animals that range
from monotremes to certain old-world primates, thus
providing evolutionary clues as to its function and an
ancient natural history of this molecule amongst
mammals."” Perhaps one of the most appealing character-
istics of 2’-FL is its simplicity, which, in turn, facilitates
its synthesis through chemical, enzymatic, and bio-
technological processes. Lacto-N-neotetraose, which has
been tested in clinical settings,'® and 2’-FL were the first
milk oligosaccharides synthesized reliably in biological
systems'® and tested for biological activity.?

Structure and synthesis of milk oligosaccharides

SMGs are present in the milk of several species,'” although
human milk appears to contain the highest diversity of
these structures and perhaps the highest concentration
(5-15 g/L)."*" SMGs in human milk may encompass
between three and five of the following monosaccharides:
Glc, Gal, N-acetylglucosamine (GlcNAc), L-fucose (Fuc),
and the sialic acid N-acetylneuraminic acid (Neu5Ac).
Lactose (GalP1-4Glc) is found at the reducing end of
all milk oligosaccharides described so far. The simple
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addition of one of the monosaccharides Fuc or Neu5Ac to
lactose renders the resulting trisaccharides resistant to
digestion by human enzymes,*"** which is also true for
larger and more complex soluble glycan structures. Undi-
gested oligosaccharides gain access to the human colon
where they can be fermented by resident bacteria or
simply exit the body in the feces,”** both of which are
functions and behaviors of dietary fiber. Thus, mammals
that provide oligosaccharides in their milk to their
newborn and developing offspring use lactose to build
molecules with expanded functions akin to those found
in carbohydrate macronutrients of the human diet. As
stated above, lactose is the basis of most milk carbohyd-
rate systems and it is unique to milk; it is synthesized by the
action of the enzyme UDP-Gal:N-acetylglucosamine [31-
4-galactosyltransferase (Gal-T) (EC 2.4.1.38) (Figure 1).
Regularly, this enzyme transfers UDP-Gal to GIcNAc moi-
eties in glycoconjugates; however, affinity for free glucose
is increased during lactation. This change in specificity
occurs when the enzyme binds to o-lactalbumin, which
is synthesized in response to the hormone prolactin;
the complex comprised of Gal-T and a-lactalbumin is
referred to as “lactose synthase” or “lactose synthetase”
(Figure 1). Although the expression of lactose requires
the presence of an enzyme that is necessary for proper
embryogenesis, growth, and development,” that is not the
case for the synthesis of fucosylated oligosaccharides such
as 2’-FL. The enzymes necessary for the synthesis of these
structures are primary gene products that are not uni-
formly distributed amongst humans; therefore, milk
glycans are secondary gene products that may or may not
be present in milk depending on the genotype of the
mother.”

To better understand the distribution of 2’-FL, it is
pertinent to revisit the pathways involved in the synthesis
of small soluble glycans present in human milk. The syn-
thesis of these molecules follows a similar path to that
described in Figure 1; however, in contrast with Gal-T,
other known glycosyltransferases do not seem to require
modifiers such as o-lactalbumin and are not universally
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Figure 2 Biosynthesis of small soluble milk glycans. Small soluble milk glycans are synthesized by decorating lactose with
either the neutral monosaccharide fucose (Fuc A) or the acidic N-acetylneuraminic acid (Neu5Ac ). Fucosylated
oligosaccharides such as 2’-fucosyllactose (2’-FL) and 3-fucosyllactose (3-FL) require the presence of the sugar nucleotide
guanosine diphospho-fucose (GDP-Fuc GDP A), which acts as a donor of fucose residues. Several enzymes can affect these
transfers; 2’-FL requires the presence of a particular fucosyltransferase that transfers fucose to the 2 position of B-Gal residues
(FUT2), while 3-FL may be synthesized by a variety of fucosyltransferases. The synthesis of the acidic oligosaccharides
3’-sialyllactose (3’-SL) and 6’-sialyllactose (6”-SL) is catalyzed by the two different sialic acid transferases termed ST3Gal and
ST6, respectively, and the sugar donor is citidine monophosphate-N-acetylneuraminic acid (CMP-Neu5Ac, CMP ).

expressed. In humans, the simplest oligosaccharides are
synthesized as described in Figure 2. There are larger
soluble glycans in human and non-human milk that
result from the sequential elongation and decoration of
simple structures. These include more than one hundred
well-characterized linear, branched, fucosylated, and/or
sialylated structures identified so far, which use primarily
lacto-N-tetraose or lacto-N-neotetraose as core struc-
tures.”® When human SMGs are compared with those
of other species (such as goat or cow), three salient fea-
tures can be noted: 1) the ratio of fucosylated to non-
fucosylated glycans is relatively high in human milk, 2)
neutral structures are present in human milk at higher
concentrations than acidic ones, and 3) Type I (GalB1-
3GIcNAcB1-3. . .) motifs are predominant in human milk
while other mammals have a predominance of Type II
(GalP1-4GIcNAcB1-3...) structures.””?” As can be sur-
mised from Table 1,'""**® Fucol-2 residues are com-
monly found attached to the terminal galactose moiety
of Type I structures, generating the Fucol-2=Galf1-
3GIlcNAcB1-R motif. 2°-FL is an unusual SMG in which
the fucose residue is attached to Galf1-4 joined to a
reducing glucose, as opposed to a GIcNAc residue in a
B1-3 linkage. In the strict sense, 2’-FL is not a Type II
structure, since the ring of the glucose residue of lactose
oscillates between the o and B anomeric configurations,
thus allowing for different presentations of the nearby
non-reducing end. These presentations or conformations

Nutrition Reviews® Vol. 71(12):773-789

are not available in larger structures in which the reduc-
ing terminus is unable to influence binding or recogni-
tion at the other side of the molecule due to the fact that
it is separated by at least two additional monosaccharide
units.

Influence of the Secretor histo-blood group system
status on the synthesis of 2’-FL

Figure 2 illustrates the synthesis pathways of small
molecular weight SMGs. As with lactose, (the synthesis
of oligosaccharides requires sugar nucleotides, such
as guanosine-5"-diphospho-o-L-fucose (GDP-Fuc) for
fucosyloligosaccharides, and a glycosyltransferase, which
in the case of 2’-FL is fucosyltransferase 2 (FUT2)/Varia-
tions in fucosylated human milk glycans among indi-
viduals are primarily due to differential expression of
fucosyltransferases that are responsible for the synthesis of
immunodominant epitopes of histo-blood group systems.
The diversity and extent of fucosylation of glycans in
a given human milk sample depend on the status of the
donor in regards to two histo-blood group systems: Lewis
and Secretor (Figure 3).”*° Only the Secretor histo-blood
group system is relevant to the synthesis of 2’-FL in the
lactating mammary gland. There are two phenotypes in
this system, as described in Figure 3:the Secretor (Se) gene
encodes the ou1-2 fucosyltransferase FUT2; the expression
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Table 1 Structures of the main small soluble milk glycans present in human milk.

Name Abbreviation  Structure Antigenic
determinant
2’-fucosyllactose 2-FL Fuco1-2GalB1-4Glc Se
3-fucosyllactose 3-FL GalB1-4(Fuca1-3)Glc ND
Difucosyllactose DFL Fuca1-2GalB1-4(Fuca1-3)Glc LeY
3’-sialylactose 3-SL NeuAcoi2-3GalB1-4Glc ND
6’-sialyllactose 6’-SL NeuAco2-6GalB1-4Glc ND
3’-sialyl-3-fucosyllactose sLe NeuAco2-3GalP1-4(Fucai1-3)Glc Sialyl Le*
Lacto-N-tetraose LNT *GalP1-3GIcNAcB1-3GalP1-4Glc ND
Lacto-N-neotetraose LNnT **GalB1-4GIcNAcPB1-3GalB1-4Glc ND
Lacto-N-fucopentaose | LNFP | *Fucot1-2Gal B1-3GIcNAcB1-3GalP1-4Glc ND
Lacto-N-fucopentaose || LNFP Il *Gal B1-3(Fuca1-4)GIcNACB1-3GalB1-4Glc Le?
Lacto-N-fucopentaose Il LNFP Il **Gal B1-4(Fuca1-3)GIcNACB1-3GalB1-4Glc Le*
Lacto-N-fucopentaose V LNFPV *Gal B1-3GIcNAcB1-3GalB1-4(Fuca1-3)Glc ND
Lacto-N-hexaose LNH *Gal B1-3GIcNAcB1-3[Gal B1-4GIcNacP1-6]GalB1-4Glc ~ ND
Lacto-N-neohexaose LNnH **Gal B1-4GIcNAcP1-3[Gal B1-4GlcNacP1-6]1Galp1-4Glc  ND
Lacto-N-difucohexaose | LNDFH | *Fucat1-2Gal B1-3(Fucoi1-4)GIcNAcB1-3GalB1-4Glc Le®
Lacto-N-difucohexaose Il LNDFH Il *Gal B1-3(Fuco1-4)GIcNACB1-3GalB1-4(Fuca1-3)Glc Le?
Difucosylated lacto-N-hexaose a DFLNH a *Fuco1-2Gal B1-3GIcNAcB1-3[Gal Le
1-4(Fuco1-3)GlcNacB1-6] GalB1-4Glc
Difucosylated lacto-N-hexaose ¢ DFLNH ¢ *Fuco1-2Gal B1-3(Fucau1-4)GIcNAcB1-3[Gal Le®

1-4GlcNacB1-6] GalB1-4Glc

Adapted from Erney et al.,,' Kobata,”® and Kunz et al.”
*Type | chain structures Galf31-3GIcNAc-R.
** Type Il structures Galf31-4GIcNAc-R.

Abbreviations: ND, not determined - no antigenic determinants were defined for these structures.

of this enzyme is a dominant trait, while non-Secretors are
homozygous for mutated copies of the gene that do not
encode an active transferase! Secretor phenotypes are thus
defined by the presence of ol-2 fucosylated epitopes,
such as 2-FL, in their secretions, including saliva,
tears, and milk.” Non-Secretors lack 2’-FL and other milk
oligosaccharides and glycoconjugates with Fucol-2
epitopes in their secretions.In blood, the Fucol-2 struc-
tural motif is synthesized in certain glycoconjugates by a

different enzyme (FUT1) that synthesizes the H antigen.
This immunodominant epitope is present in the majority
of the population:Once the H antigen is synthesized, it can
remain unaltered (O blood group); it can be further elon-
gated by a N-acetylgalactosamine (blood group A) or by a
galactose (blood group B).** FUT1 and FUT2 are related
butindependent enzymes and only FUT2 is relevant to the
synthesis of 2’-FL (Figure 4). This clarification is impor-
tant because sometimes oligosaccharides that contain

Secretor and H Immunodominant epitopes

Site of antigenic

determinant Phenotypes Primary gene Secondary Gene Product
. (Genotypes) product
expression
Secretor FUT-2 2-FL and others : i—.
Milk (SeSelSese) 2B 4
o

Oligosaccharides
Non secretor

Not active protein

none

(sese)
‘0" “’O” or “H” antigen
(HHIHR) FUT-1 (Fuce-2 Gal) gi B
Erythrocyte
glyc<)|p::c::|<ie |ri1dsS§and None, very rare, so called Bombay blood
glycolip! Bombay group; when “H” (“O”) antigen is absent, A

(hh)

Not active protein

or B antigens can not be synthesized
(person lacks A,B,AB or O antigens)

Figure 3 Illustration of how Secretor and H(O) antigens are synthesized by different enzymes with different

specificities and in different tissues.
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Figure 4 Genetic determination of the SMG profile. SMG
fucosylation depends on the Secretor and Lewis blood group.
The Secretor gene encodes the o1-2 fucosyltransferase
FUT2, which transfers a Fuc residue to a terminal Gal
in a1-2 linkage. The Lewis gene encodes the o1-3/4
fucosyltransferase FUT3, which catalyzes the addition of Fuc
in a.1-3 or o 1-4 linkage to subterminal GIcNAc. Based on the
expression of these fucosyltransferases, four milk groups can
be distinguished. If both FUT2 and FUT3 are expressed, milk
contains SMG with Le® antigens (group 1). If only FUT3 is
expressed, milk contains SMGs with Le? antigens (group 2). If
FUT3 is not expressed, neither Le® nor Le® epitopes are
present, but the SMG profile is different depending on
whether FUT2 is expressed (groups 3 and 4). The milk of
Secretor women (groups 1 and 3) is characterized by the
presence of o1-2 fucosylated SMGs, such as 2’-FL and LNFP I,

Fucal-2 motifs are referred to as “H oligosaccharides”
even if their synthesis is not dependent on the expres-
sion of FUTL.(An isomer of 2’-FL present in human
milk is 3-fucosyllactose (see Figure 2). There are various
fucosyltransferases catalyzing ou1-3 fucosylation to lactose
to produce 3-FL* and its expression has been found to
be independent of known histo-blood group system
status.'** In one study, samples with more than 4 g/L of
2’-FL were found and the percentage of samples with 2’-FL
matched the 70-78% determinations of Secretor status
from saliva immunoassays." (Genes of the Secretor and
Lewis histo-blood group systems are highly polymorphic
and their inheritance is believed to play an evolutionary
role in affecting survival of humans during pathogen out-
breaks!*> Milk glycans are a reflection of surface carbohy-
drates on epithelial cells that are used as adhesion targets
by pathogens and toxins. For this reason, it is believed that

Nutrition Reviews® Vol. 71(12):773-789

the different phenotypes, Secretors and non-Secretors,
may represent different degrees of susceptibility to certain
infectious diseases.”® For example, the non-Secretor phe-
notype has been associated with an increased risk of
urinary tract infections’ and vaginal candidiasis,’ as well
as an increased susceptibility to infection by Haemophilus
influenzae,” Neisseria meningitidis, and Streptococcus
pneumoniae.*’ Similarly, non-Secretor status has been
genetically associated with increased risk of Crohn’s
disease,"' susceptibility to type I diabetes,** and sepsis in
premature offspring;llow Secretor phenotype was associ-
ated with necrotizing enterocolitis.*’ Several advantages
have been associated with non-Secretor status. For
example, non-Secretors seem to have a degree of protec-
tion against Helicobacter pylori infection** and a reduced
risk for diarrhea caused by certain genotypes of norovi-

us.*” Evidence also suggests that non-Secretor individuals
may be at lower risk of being infected by HIV-1 and those
who are infected seem to have a slower progression of
related disease, as compared with Secretors.* One study
reported Secretors may have higher susceptibility to influ-
enza viruses, rhinoviruses, respiratory syncytial virus, and
echoviruses.”” In contrast, Secretor-dependent mucosal
glycosylation modulates innate immune responses in
Rhesus monkeys* and may confer protection against
Campylobacter infection in infants.*’ Secretor status seems
to be influential in determining the composition of the
bifidobacterial population in the intestinal microbiota in
adults.’ It is important to emphasize that in the context of
early nutrition,(a Secretor mother supplies 2’-FL in her
milk independent of the status (Secretor, non-Secretor) of
her progeny. In this regard 2’-FL could function as a decoy
for pathogens that target Fucal-2 epitopes in epithelial
cells of Secretor infants.

Analytical history of 2’-FL

The structural diversity and complexity of milk glycans
represent a challenge for their analysis. Over the years,
numerous strategies for HMO analysis have been devel-
oped®% from the beginning of these efforts, 2’-FL has
played an important role due to its relative abundance
when compared with other soluble glycans. In 1954
Polonowski, Lespagnol, and Montreuil applied two-
dimensional paper chromatography and identified the
fucosyllactoses, 2”-FL and 3-FL.” In 1967, Grollman and
Ginsburg proved that 2’-FL was not detectable in milk
samples from non-Secretor women.** Expanding on this
observation, Kobata, in 1969, developed a new method to
determine the oligosaccharide patterns using small
amounts of milk.*® The method combined gel filtration
and paper chromatography, allowing the simultaneous
resolution of 14 oligosaccharides using 10 mL of milk.
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They detected three different soluble glycan patterns: 80%
of the samples showed 14 spots; 15% of the samples,
corresponding to non-Secretors, lacked 2’-FL and three
other «l1-2 fucosyloligosaccharides (DFL, LNFP 1,
LNDFH 1, see Table 1).*°® New sensitive analytical tech-
niques were later established in order to elucidate novel
milk oligosaccharides. Methods such as labeling with
tritiated sodium borohydride enabled the resolution
of 2’-FL and other glycans.” In the 1980s, Egge et al.*
applied classic chromatographic separation methods
together with high-performance thin-layer liquid
chromatography (HPLC), mass spectrometry (MS), and
"H-NMR spectroscopy to analyze fucose-containing
HMOs. This method was highly reliable, sensitive, and
specific, and allowed the characterization of fucosylated
oligosaccharides. Egge observed the high variability of
carbohydrate structures and recommended analyzing the
milk from single donors to reduce the number of isomers
present in pooled milk. Significant progress in NMR tech-
niques allowed advances in the conformational analysis
of glycans and was widely used for a period of time,
allowing the identification of 2’-FL in several milk
samples.®"® More recently, high-performance anion
exchange chromatography with pulsed amperometric
detection (HPAEC) achieved accurate separation of
several oligosaccharides isomers, 2’-FL and 3-FL among
them.'"'>** The use of MS significantly improved HMO
detection and quantitation of milk glycans and MS pro-
filing using MALDI-TOF was first described in 1994 by
Stahl et al.®®

In the new century, methods such as HPLC-chip/
TOF MS provided effective separation and improved sen-
sitivity and reproducibility. It allows rapid and accurate
identification of HMOs with unambiguous differentia-
tion of isomers.®® This technique has been used to inves-
tigate temporal and individual variations in SMG.%®
Ruhaak and Lebrilla®® recently introduced nLC-PGC-
chip-TOF MS for HMO analysis. This method is excellent
for separating isomers and oligomers, combining good
separation with efficient identification. It allowed rapid
simultaneous profiling and quantitation of >100 SMG
structures.” A recent publication in 2013 described a gra-
phitic carbon high-performance liquid chromatography-
mass spectrometry method, designed to resolve and
quantify neutral oligosaccharides simultaneously.”” The
technique provides sensitive, precise, and accurate
quantitation and is suitable for the analysis of large
numbers of milk samples; 2’-FL is well resolved in this
method. However, it is worth mentioning that techniques
used in many laboratories include several preparative
steps that may involve partial loss of the sample. There-
fore, data regarding “relative quantities” of HMOs should
be interpreted with caution. Ideally, a method reducing or
quantifying the losses would be most advisable.
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PRESENCE OF 2’-FL IN NON-HUMAN MAMMALS

Some SMGs present in human milk are also found in
milk of other mammals; for example, the sialyllactoses
3’-SL and 6’-SL are also present in murine and bovine
milk and have been detected in bovine milk-based
infant formula.”' In contrast, 2"-FL is either absent or
present in low amounts in bovine and murine milk but
appears early in mammalian phylogeny in monotremes.
Table 2'11»1961-6369727102 ghows a summary of small mole-
cular weight fucosylated oligosaccharides found in milk
from different subclasses of mammals. At least three
factors have to be taken into account when considering the
data in this table: 1) in most cases only a few samples of
animal milk per species or subspecies have been analyzed;
2) it is unknown if the oligosaccharide repertoires in non-
human animals are as susceptible to individual variation as
oligosaccharide profiles in human milk; and 3) different
analytical methods have been used to determine oligo-
saccharide content in non-human milk. Although the
purpose of this review is to explore the potential biological
roles of 2’-FL in human health, it is pertinent to review its
natural occurrence to have a sense of its prevalence and
perhaps its importance through mammalian evolution.

Monotremes (subclass Prototheria) and marsupials
(subclass Metatheria)

Monotremes are regarded as primitive mammals because
they lay eggs and possess other reptile-like features. Their
milk has been the focus of interest precisely because of
the unique transitional nature of these animals; their
soluble glycans can be viewed as a record of milk compo-
sition from the time in which mammals initiated their
differentiation from egg-laying species. Monotreme milk
differs from that of marsupials and placental mammals,
mainly because of its high content of fucosylated struc-
tures. Free lactose was found to be a minor component
of both echidna and platypus milk.”> The major oligo-
saccharides of echidna milk are 2’-FL and difucosyllactose
(DFL), while DFL is abundant in platypus milk. Fucos-
ylated oligosaccharides usually predominate over lactose
during early to mid-lactation.”” Milk samples from several
marsupials have been analyzed and no fucosylated
oligosaccharides have been detected.”>'®

Placental mammals (subclass Eutheria)

The literature reports several studies on SMGs of
eutherian species, although the emphasis has been on the
analysis of milk of domestic animals. Infants have histori-
cally been fed either milk of domestic herbivorous animals
or formulas made with components of these animals’
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Table 2 Distribution of the small fucosylated SMGs in milk.

Subclass Order Family Common name 2-FL*  3-FL* DFL*  Reference no.
Prototheria  Monotremes  Tachyglossidae Echidna v v &
Ornithorhynchidae  Platypus v 7274
Metatheria Marsupials Macropodiae Kangaroo 75
Wallaby 76-78
Phalangeridae Possum &
Eutheria Artiodactyla ~ Bovidae Domestic cow &
Domestic goat v 81-83
Suidae Domestic pig v v 8
Camelidae Bactrian camel v &
Carnivora Ursidae Ezo brown bear v &
Japanese black bear v 62
Polar bear v/ &
Procyonidae White-nosed coati v &
Canidae Dog v 8
Mustelidae Mink 8
Phocidae Hooded seal v o0
Artic harbor seal v o
Bearded seal v 92
Crabeater seal v o
Felidae African lion v %
Hyaenidae Spotted hyena v o
Rodentia Muridae Mouse v 19
Proboscidea  Elephantidae Asian elephant v 95,96
Cetacea Balaenopteridae Minke whale v 7
Primates Daubentonidae Aye Aye v v %
Lemuridae Madagascar lemur v %8
Cebidae Tufted capuchin v 99100
Cercopithecidae Rhesus macaque v 99101
Toque macaque v 9
Baboon v 99
Hominidae Chimpanzee v v 101,102
Bonobo v v 102
Orangutan v 101,102
Human v 4 v 111269

2 Blank cells indicate has not been detected.
Symbol: /, present.

milk. Oligosaccharides in the milk of domestic commer-
cial animals are present in low concentrations and are less
complex in structure than those of other mammals.
Linkages to fucose are usually rare, and sialyloligo-
saccharides are dominant.'” For example, no fucosylated
oligosaccharides have been found in bovine milk, with the
exception of a recent report that reveals the presence of
trace amounts of 2-FL.'” In contrast, 70% of bovine milk
oligosaccharides are sialylated, which is also true for ovine
milk.'” Similar to bovine milk, porcine SMGs are mainly
sialylated oligosaccharides, although six fucosylated struc-
tures have been identified, including 2’-FL.* While it has
been previously reported that 2’-FL is present in goat’s
milk and colostrum,®#* a recent report indicates that no
fucosyloligosaccharides are detectable using fast atom
bombardment mass spectrometry.® As discussed above,
differences could be due to the analytical techniques used
or individual variations amongst specimens. A recent
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study that characterized soluble glycans in camel milk,
found that colostrum has a particularly high concentra-
tion of oligosaccharides and 3-FL was detected.*” 2’-FL has
also been detected in milk from several bear species,*>**%
and the dominant oligosaccharide in coati milk is precisely
2’-FL.¥ Fucosylated soluble glycans such as 3-FL, LNFP I,
and DFLNH II (Table 1) were found in elephant milk,”
but 2’-FL was absent.

Primate milk generally contains lower amounts of
soluble glycans other than lactose and their oligo-
saccharide structures are less complex than their human
milk counterparts. Compared to the more than 200 dif-
ferent soluble glycans that have been detected in human
milk,% around 130 structures have been identified in
chimpanzee and 50 in gorilla,'”" while only 30-40 have
been found in porcine and bovine milk.*** Fucosylation
varies greatly among primates; 50% of chimpanzee milk
structures are fucosylated, being the closest to human
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milk in this regard. Some authors speculate about the
importance of fucosylation in primate lactation and
propose that a correlation between SMG patterns and
social interactions exists. Primates such as chimpanzees,
who live in large social groups, would have a strong
pathogenic pressure that would favor immunological
adaptations, including an important role for oligo-
saccharides with anti-infective and prebiotic functions.'"
In studies on milk oligosaccharides in apes, performed by
Urashima etal.,'” 2’-FL was detected in chimpanzee,
bonobo, and gorilla milk, as well as gorilla colostrum,
while 3-FL was found in chimpanzee, bonobo, and orang-
utan milk. Apparently, contradicting data were later pub-
lished by Tao etal,,'” indicating that neither 2’-FL nor
3-FL was detected in chimpanzee, gorilla, or rhesus milk.
Since inter-individual variation in milk oligosaccharides
has been observed in humans,” and some histo-blood
group polymorphisms in humans seem to be inherited
from great apes,'” it is possible that some primates also
reflect their genetically determined glycosyltransferase
repertoire in their milk oligosaccharide profile.

PRESENCE OF 2’-FL IN HUMAN MILK

Developments in instrumentation and analytical tech-
niques have resulted in accurate quantification of many
oligosaccharides, facilitating the study of variation across
the population and during lactation.’*® While the follow-
ing discussion on variability encompasses HMO in
general, emphasis is given to fucosylated oligosaccharides
and to other structures that vary concomitantly or
antagonistically with 2’-FL.

The major source of variation in HMOs among
individuals is the Secretor and Lewis status of milk
donors.'*”** Distribution of these phenotypes varies
among populations''? and expression changes over the
course of lactation.'*'® Recently, HMO monitoring of
individual samples using high-throughput methods has
confirmed that the proportion of different oligosaccharide
structures varies among individual milk samples. Varia-
tions found in MALDI-TOF-MS profile spectra confirmed
that each lactating woman expresses an individual HMO
pattern, even though it is possible to assign the majority of
the HMO profiles to the different Lewis histo-blood
system groups.”

Determining variations is relevant in pediatric nutri-
tion if the different biological functions associated with
particular HMO structures are taken into account.*®'%

VARIABILITY AMONG GEOGRAPHIC POPULATIONS

A number of studies over the past 14 years have been
performed to gain insight into the variability of HMOs in
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different populations. More than 400 human milk
samples from women living in 10 different countries
(Chile, China, France, Germany, Italy, Mexico, the Philip-
pines, Singapore, Sweden, and the United States) were
analyzed by Erney et al."' Donors were grouped based on
their national origins, and general variation trends were
dependent on the donor’s geographical origin. The pres-
ence of 2’-FL in milk provides a good basis to assign
Secretor status. 2’-FL was found in 100% of the samples
from Mexico, but only in 46% of the samples from the
Philippines (Figure 5A). Based on the presence of 2’-FL in
milk, 85% of the study population could be classified as
Secretors. With regard to 3-FL, there were no major dif-
ferences among the samples from different countries,
with 3-FL being present in more than 96% of the analyzed
specimens.'" When taking into account averages by con-
tinent, the most abundant sugar in all samples was 2’-FL
(2.38 g/L average); in samples where 2’-FL was absent,
3-FL was present in the highest concentration. 3-FL
showed the greatest interregional variability, with aver-
ages ranging from 1.84 g/L in the samples from the
United States, to 0.76 g/L in the Latin American samples
(Figure 5B)." This finding is consistent with a synthesis
process in which enzymes compete for the same sub-
strates and the absence of one enzyme results in the avail-
ability of substrate for the other with the concomitant
synthesis of distinctive structures. It should be noted that
glycan synthesis not only has the absolute requirement of
glycosyltransferases but that these enzymes have a dis-
crete intracellular localization with simultaneous or
sequential access to pools of transient saccharides that
move from the endoplasmic reticulum to the Golgi appa-
ratus on their way to the external cell membrane.'"’
Results from Erney’s study reconfirm that|the Se gene is
more prevalent in some geographical regions than others
(Figure 6).'"'2"""117 Musumeci et al.'"! undertook a study
on the colostrum of 53 Burkinabe women and 50 Italian
women. Both groups were found to have a comparable
percentage of the Secretor genotype and 2’-FL was found
to be the most abundant and prevalent oligosaccharide in
the colostrum of Burkinabe women. This pattern was
inverted in Italian women, in whom 2’-FL showed a
delayed increase in concentration. Thurl et al.’* analyzed
175 milk samples from 30 German women during the
first 3 months of lactation and classified them into four
groups according to their Lewis (Le) and Secretor (Se)
status and the concomitant SMG profiles (Figure 4).
2’-FL was found to be the major oligosaccharide in the
samples of milk groups 1 (Le+Se+) and 3 (Le-Se+) and
the highest concentration of 2’-FL was found in group 3,
which corroborates earlier reports.'®*'%1% The concen-
tration of 2’-FL in Secretor milk decreased during the
study period to roughly half of the initial concentration."
Non-Secretors from milk group 2 (Le+Se-) synthesized
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Figure 5 Concentration of 2’-FL in human milk by region and postpartum interval. A) Percentage of donors per country
producing 2’-FL. B) Mean concentration of 2’-FL and 3-FL by region. (Latin America: Chile and Mexico; Europe: France, Germany,
and ltaly; Asia: China, Philippines, and Singapore). C) Mean concentration of 2’-FL and 3-FL by postpartum interval (1: 0-2 days;

2:3-10 days; 3: 11-30 days; 4: 31-452 days).
Adapted from Erney et al."

3-FL predominantly.”” None of the 30 women in the
study had an oligosaccharide profile without o1-2- and
ol-4-linked fucosyloligosaccharides, as would corre-
spond to Le-Se- individuals, categorized as group 4
(Figure 4). This is consistent with the low prevalence (1%)
of the Le-Se- genotype in Caucasian women.""® Studies on
the milk of Japanese women by Sumiyoshi et al.''* found
LNFP I to be the most abundant oligosaccharide, fol-
lowed by 2’-FL and DFL, although no histoblood group
testing was performed to corroborate this finding. Con-
versely, milk from Samoan women had particularly low
concentrations of 2’-FL;'"® previous publications showed
that “weak” Secretor individuals, expressing both Lewis a
(Le*) and Lewis b (Le") antigens, were common in Poly-
nesia. There is a high frequency of non-Secretors in
Europe (20%) and a low frequency of non-Secretors in
the Mexican Mestizo population (1%).'>'%!:18 Thur]
etal.”? speculate that the high incidence of Secretors
evolved among the Mexican population as a result of
pathogenic Escherichia coli species, since babies fed with
milk from Secretor mothers have a lower risk of infection

Nutrition Reviews® Vol. 71(12):773-789

by stable-toxin enterotoxigenic E. coli.'” In other coun-
tries or regions with different evolutionary pressures
from pathogens, Secretors would not provide advantages
to their newborns, thus leading to a higher prevalence of
non-Secretors. There are significant differences in the
concentration values obtained by different research
groups for several milk oligosaccharides, i.e., 2’-FL and
3-FL (Table 3).*° A plausible explanation for the
variations in the quantitative results may be the differ-
ent analytical methods used in the studies.”” Never-
theless, the evidence indicates that milk from different
mothers may differ both qualitatively and quantitatively
in its oligosaccharide content,'”'* and 2’-FL is not an
exception.

VARIABILITY OVER THE COURSE OF LACTATION

Patterns of milk oligosaccharides also change during the
course of lactation, as several studies have shown.'”'”®
2’-FL was found to be the most abundant oligosaccharide
early in lactation, maintaining stable levels in the first
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Figure 6 Geographical distribution of Secretor and non-Secretor phenotypes. Each color represents a range of frequencies
of the regions with the most common phenotype. Data was compiled from a variety of studies on oligosaccharides in milk from
women in different populations,''>'"""""* and from studies on FUT2 polymorphisms.""®'"” Note that different patterns may

appear in isolated populations.

month postpartum.'’ Thereafter, there was a reduction in
its concentration, which was more pronounced by 1 year
of lactation. 3-FL increased over the same period of time
(Figure 5C)."*"" The decrease in 2’-FL during lactation
was also observed in subsequent studies.'>"'*"'* When
monitoring hundreds of structures, little variation in
the total oligosaccharide content during the first week
of lactation was found. For each individual, however,
small variations appeared in HMOs during the first 2-3
months. While each donor was internally consistent, dif-
ferences among donors were apparent.” Changes in
oligosaccharide content during the second 6 months of
lactation were also observed. In Secretor donors, the
ratio of ou1-2- and a1-3/4-linked fucosyloligosaccharides
approached parity by 1 year. In one case, a putative non-
Secretor donor produced milk initially devoid of oul-2-
linked fucosyloligosaccharides, but synthesized some
structures late in lactation.'” Analytical techniques con-
tinue to improve and provide more accurate measure-
ment of HMOs. Bao etal.”® have developed a liquid
chromatography-mass spectrometry method that allows
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measurement of individual differences in HMO patterns,
as well as variations during lactation with an exceptional
degree of precision and accuracy. This will provide a
useful tool to study variation in larger human cohorts in
the future.

Preterm milk

Milk obtained from mothers after preterm delivery difters
from milk produced by mothers after term delivery with
regard to protein, fat, lactose, and mineral content as well
as concentrations of other molecules. Differences prevail
for around 8 weeks after birth, suggesting adjustments
in lactation related to earlier delivery." Early studies
on preterm milk composition suggested that colostrum
contained a higher amount of SMG than term milk,
with the total amount decreasing over the course of
lactation.'?! Later, Gabrielli et al.'” studied differences in
oligosaccharide composition according to histo-blood
group status in preterm milk and corroborated these
observations. It has been postulated that HMOs reduce
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Table 3 Mean concentrations (g/L) of small SMGs identified in different studies.

Reference Days of lactation 2’-FL 3-FL DFL
Kunz et al.?> ND 0451043 0.07 £0.08
Coppa et al."® da 393+ 1.11 0.34+0.06
Coppa et al."® d 60 1.84+0.39 0.71+0.07
Erney et al."™ d 3-10¢ 26 1.1 0.59
Erney et al.'™ d 31-450¢ 1.9 1.69 0.47
Chaturvedi et al.’® ND 243+0.26 0.86+0.10 0.43+0.04
Sumiyoshi et al."'* d1o 0-3.45¢ 0.003-0.766
Musumeci et al."" d2 45+3.2¢
2.1+1.4
Asakuma et al."™* d2 2.01£1.07 0.28+0.26 0.28+0.30
Thurl et al.'® ds 3.37 0.26 033
Thurl et al.'® d 30 2.96 0.42 0.37
Leo et al."™ d5-10 0.22+0.37 1.67 £0.82 0.07 £0.06
Bao et al.”™ d3-29 0.006-1.36 0.03-1.34

Abbreviation: ND, not determined — reference did not specify the time of sample collection.

2 Values from these studies are mean values + SD.
b Indicates data expressed as mean concentration values.
¢ Data are represented as ranges.

4 Mean concentration values of the different regions studied in that specific post-partum interval.

¢ Values corresponding to Burkinabe women.
fValues corresponding to Italian women.

9 Values correspond to 2’-FL and DFL together.
Adapted from Bao et al.”® and Urashima et al.”

the risk of necrotizing enterocolitis, either promoting the
growth and metabolism of beneficial bacteria, blocking
the adhesion of pathogens to intestinal cells, and/or
modulating the inflammatory response.'” This would
highlight the importance of breastfeeding for preterm
infants, who are at higher risk of contracting infective
illnesses due to an underdeveloped immune system. It has
even been suggested that pooled milk be fed to preterm
infants, rather than milk from a single donor, as this could
increase the probability of providing bioactive structures
to these infants.'”” In contrast with previous accounts, a
recent publication by De Leoz etal®® suggests that
preterm milk samples have a less diverse SMG repertoire
than term milk. Moreover, these researchers observed
fluctuations in fucosylation in preterm samples, and
found a trend of relatively low content of 2’-FL. They
concluded that fucosylation is not well regulated in
women delivering preterm and speculated about the
implications for the premature infant.*®

FUNCTIONS AND PROPERTIES OF 2’-FL

During the last decade, HMOs have attracted interest
as several research groups have probed their nutritional
properties and their roles as bioactive substances. Con-
sequently, an increasing amount of evidence supporting
the potential beneficial effects of HMOs has been
reported'*'* and several hypotheses for mechanisms of
action have been postulated. These mechanisms may be

Nutrition Reviews® Vol. 71(12):773-789

separated into two different groups: direct effect on the
infant by interacting with cells and tissues and indirect
effects by interacting with beneficial microbiota and
pathogens.

Absorption and distribution data

Direct interaction of SMG with human cells can occur in
the lumen of the gastrointestinal tract or systemically
after absorption and/or translocation into the circulation.
It has been demonstrated that fructooligosaccharides
(FOS) composed of three and four monosaccharides can
be found in the urine of infants fed formula containing
3 g/L of non-reducing FOS'%; this implies that a fraction
of these gained access to the plasma prior to urinary
excretion. Intact SMG, including 2’-FL and 3-FL, have
been detected in the urine of breastfed infants,'”® while
these glycans are absent in the urine of formula-fed
infants. This evidence strongly suggests that SMG are
absorbed and reach systemic circulation. It has been
hypothesized that soluble glycans from human milk
found in the urine of breastfed infants could prevent
infections in the urinary tract, as reported by Martin-Sosa
et al.”** Although the presence of 2’-FL in urine was first
described by Lundbland etal,'” a recent report by
Rudloff et al.'*® conclusively demonstrates that some
HMOs reach the systemic circulation. These researchers
designed a set of in vivo studies to investigate the fate
of milk oligosaccharides by providing a lactating mother
with a bolus of “C-Gal and measuring the appearance
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of "C- labeled HMO in the urine of her breastfed
infant.'”'” There are limited data on the absorption, dis-
tribution, metabolism, and excretion of non-digestible
soluble glycans, although a published study demonstrates
that a trisaccharide is quickly cleared from the plasma
into a depot compartment and that the bulk is cleared
precisely through the urine.'”® This was true for intrave-
nous and oral administration of the synthetic soluble
glycan globotriose. The prebiotic effect attributed to milk
oligosaccharides is consistent with the fact that these
glycans can be found in the feces of breastfed infants, thus
demonstrating that they are not digestible in vivo.*"*
This was verified by in vitro studies that showed that
2’-FL is resistant to the action of enzyme preparations of
human and porcine brush border membranes and pan-
creas.”"** Soluble glycan profiles from feces of breastfed
infants resemble those of their mother’s milk; for
example, 2’-FL and 3-FL have been detected in feces of
breastfed babies whose mother’s milk contained these
fucosylated glycans.”'*>'** Conversely, oligosaccharides
found in feces of formula-fed infants were only present in
small amounts and were structurally different from their
human milk counterparts. It is speculated that these
oligosaccharides originated from bacteria or are the result
of remodeling of intestinal glycoconjugates.”*"'*> More
recent studies with capillary electrophoresis, laser-
induced fluorescence detection, and mass spectrometry
have confirmed those previous observations. (FL was
reported to be the most abundant glycan in both fecal
extracts and breast milk.”’ In this study, 3-FL and 2’-FL
were identified as a group since both isomers were not
resolved. Two main mechanisms have been proposed for
the exertion of beneficial effects of SMG through their
interactions with microbes: HMOs can act as soluble
decoys that emulate cell surface glycans preventing bac-
terial binding to intestinal cells,” and they could also
function as prebiotics by promoting the growth of ben-
eficial microbiota in the gut."”’ To exert such effects, it is
required that HMOs remain undigested in the upper
intestinal tract, and gain access to the lower parts of the
intestine, where they may be metabolized by the intestinal
microbiota or excreted in the feces.”** Taken together,
results from fecal analyses of breastfed infants are consis-
tent with the availability of 2’-FL to support and maintain
colonization with beneficial bacteria. Albrecht et al.**'"*
went further by monitoring oligosaccharide patterns in
breastfed babies together with the respective breast milk
structures up to 6 months after birth. They proposed
several stages for HMO processing and degradation,
depending on infant age, blood group, and feeding
regimen. In addition, 1-2% has been reported to be
excreted with the infant’s urine,'**'** which implies either
absorption or passive systemic translocation of several
hundred milligrams of oligosaccharides per day.
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Anti-infective properties

Infections by bacteria, viruses, and protozoa still remain
the most common causes of infant mortality. Many of
these pathogens need to attach to specific glycans on the
cell surface as a first step to infect the host and cause
disease. Pathogens usually use carbohydrate-binding pro-
teins called adhesins or microbial lectins to bind to cell
surface glycans/HMOs are either identical to or resemble
host cell surface glycans and may act as soluble decoy
receptors preventing pathogen binding and reducing
the risk of infection."'* Some of the HMOs that inhibit
pathogen binding include fucosylated glycans. A low
content of fucosylated HMOs is associated with increased
risk of diarrhea in breastfed infants.* The most extensive
documentation on the potential role of HMOs as anti-
adhesive antimicrobials pertains to studies on Campy-
lobacter jejuni infections,”* one of the most common
causes of bacterial diarrhea and infant mortality. The first
step for Campylobacter infection is binding to human
intestinal epithelium by recognizing the H-2 antigen
Fucail-2GalB1-4GlcNAc-R. In vitro, ex vivo, and in vivo
experiments performed by Ruiz-Palacios et al.* led to the
conclusion that ‘o1-2-fucosylated HMOs, and 2’-FL in
particular, can inhibit or prevent Campylobacter infection
or colonization. These results were further supported by a
study with 93 breastfeeding mother-infant pairs among
whom the incidence of diarrhea was lower in infants who
received 2’-FL from their mother’s milk.*’ It should be
noted that there are other glycans in milk that contain the
Fucal-2 epitope besides 2’-FL. At a minimum, there are
glycoproteins that can be detected by Ulex europaeus
agglutinin 1.** The authors were not able to distinguish if
the observed effects were attributed to an SMG or other
types of glycoconjugates. Cell surface carbohydrates not
only function as targets for pathogen adhesion, they are
also targets for microbial toxins."*>'* Stable-toxin from
enterotoxigenic E. coli is also inhibited by 2-linked
fucosylated oligosaccharides.'”

Some microorganisms are decorated with glycans
that bind to host lectins, thus providing an additional
mechanism to bind to their target cells. This is particu-
larly relevant in light of the prevalence of lectins in
human tissues.”” Such is the case of the envelope
glycoprotein gp120, which is involved in the binding of
human immunodeficiency virus (HIV) to DC-SIGN
(dendritic cell-specific ICAM3-grabbing non-integrin)
on human dendritic cells.””® DC-SIGN has a high affinity
for the glycans with Lewis antigens."” Therefore, Lewis
antigen-containing HMOs could prevent HIV from
binding to DC-SIGN in the breastfed infant, as they do in
vitro."* This may explain why mother-to-child transmis-
sion through breastfeeding is quite inefficient, with the
majority of infants not acquiring HIV, despite being
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exposed to the virus in their mother’s milk."*' Bode
et al."? have found that higher concentrations of SMG
in the mother’s milk are associated with protection
against postnatal HIV transmission/Antimicrobial effects
of HMOs may not only be relevant to enteric infections;
it has also been shown that breastfed infants are less
likely to develop otitis media caused by Streptococcus
pneumoniae, Pseudomonas aeruginosa, or Haemophilus
influenzae."*>'** 2’-FL and other fucosylated HMOs may
prevent certain pathogens from binding to their host cell
receptors, thereby protecting the infant not only from
intestinal, but also from upper respiratory and urinary
tract infections. In some cases, preclinical data strongly
suggest a correlation between the presence of this
oligosaccharide and protection from disease.

Immunity

As stated above, the presence of HMOs (including 2’-FL)
in the urine of breastfed infants is indirect evidence of
their presence in the systemic circulation. The ability of
HMOs to exert direct effects on the immune system was
tested by Eiwegger etal.,'* who found that sialylated
HMOs stimulated T cells toward increased production of
IEN-y (Thl), and decreased production of IL-4 (Th2)
cytokines. There are different ways in which HMOs may
influence immune responses; for example, pooled acidic
HMOs are able to reduce selectin-mediated cell-cell
interactions."**'¥” This suggests that specific HMOs may
have anti-inflammatory roles, which contribute to reduc-
ing the incidence of inflammatory diseases in breastfed
infants. Several reports on 2’-FL and its potential interac-
tions with the immune system have been submitted for
publication, but the literature is currently sparse in this
regard.

Prebiotics

Among the broad range of functions attributed to SMGs,
probably the best known and most referenced is their role
as prebiotics to promote intestinal colonization by a
healthy gut microbiota.'>!?>1314%14Gince HMOs are resis-
tant to digestion in the infant gastrointestinal tract,*"*
the vast majority reach the distal small intestine and colon
intact.|Once there, they may contribute to the establish-
ment of a protective microbiota by favoring the growth
of beneficial microorganisms, therefore behaving as
typical prebiotics.!™ It is worth taking into account that
the vast majority of data regarding the prebiotic effect of
HMOs derives from in vitro fermentation studies, with
bacteria isolated from infant feces. Evidence indicates
that only certain bacterial species and strains have devel-
oped strategies for sustaining growth and promoting
metabolic activity by fermenting soluble glycans of human
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milk."”""**> Among the bacteria tested in vitro, only some
Bifidobacterium and Bacteroides species were able to
consume HMOs as the sole carbon source to reach high
cell densities.”>'** At least two bacterial adaptations are
necessary to effectively use the soluble glycans present
in human milk: transport systems to import intact glycans
for internal use and/or glycosidases to hydrolyze glycans
into its constituent monosaccharides. To hydrolyze milk
oligosaccharides, four types of glycosidases are needed:
o-fucosydase, o-sialidase, [B-galactosidase, and B-N-
acetylhexosaminidase." In addition, some bacterial
species preferentially import intact low-molecular-weight
HMOs, while others export glycosidases for external
hydrolysis of soluble glycans."**!** Genomes from various
strains may harbor a diverse number of glycosidase-
related genes.'” For example, sequencing the genome of
Bifidobacterium longum subsp. infantis revealed a 43-kb
gene cluster controlling the expression of glycosidases but
also sugar transporters and glycan-binding proteins likely
linked to HMO metabolism. This particular cluster is not
found in other bifidobacteria species and explains why this
subspecies is unusually efficient at metabolizing human
SMG."**'*¢ Consistent with the presence of the above-
mentioned gene cluster, several groups have shown that
B. longum subsp. infantis,a common member of the intes-
tinal microbiota of breastfed infants, grows well with SMG
as the sole carbohydrate source.""*” This strain shows a
preference for short-chain soluble glycans,including 2’-FL
and 3-FL. All human SMGs disappear from the external
milieu to an equal extent, which suggests that these are
transported into the bacteria in their intact forms.'’
B. bifidum grows slightly slower on SMG, hydrolyzing
mainly 2’-FL and lacto-N-tetraose while leaving behind
monosaccharides that can be shared with other bacteria in
a symbiotic relationship.'”” B. longum subsp. longum and
B. breve hardly grow on HMOs and only metabolize lacto-
N-tetraose."”” There is a preferential usage of type IHMOs
by bifidobacteria, except for B. longum subsp. infantis,
which incorporates both type I and type Il HMOs."” The
predominance of B. longum subsp. infantis may contrib-
ute to lower the numbers of pathogenic bacteria simply by
preferentially consuming HMOs and removing them
from the intestinal milieu. In addition B. longum subsp.
infantis and other infant-associated bacteria produce
short-chain fatty acids and other metabolites that create an
environment favoring the growth of beneficial bacteria
over potential pathogens.””® A recent study identified
2’-FL, DFL,and 3-FL as the major components consumed
by B. longum subsp. infantis in vitro. Their catabolism
produced lactate and short-chain fatty acids, which
resulted in significant pH reduction.This, in turn, reduced
the growth of putative pathogenic bacteria, such as E. coli
and Clostridium perfringens, therefore confirming the
prebiotic effect of these glycans.'®
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CONSIDERATIONS

For more than two decades, reports on the biological
activities and properties of soluble glycans present in
human milk have suggested that their biosynthesis, which
implies energy expenditure for a lactating mother, is bio-
logically justified by the benefits that they conferred to
breastfed infants. The present literature review emerged
from the need to study and account for the properties and
postulated effects of single free, soluble glycans of human
milk, as opposed to the entire molecular class constituted
by human milk oligosaccharides. By discerning the roles
of individual molecular species, it may be possible to
understand how infants are affected by the presence or
absence of particular structures and explore potential
uses in health applications outside of the realm of pedi-
atric nutrition. Some aspects of 2’-FL biochemistry and
biology are intriguing. Human milk is recognized as the
gold standard of infant nutrition and its most abundant
soluble glycan is absent in the milk of more than 20% of
mothers. Not all human milk is equivalent with respect to
glycan content, which suggests that there are different
gold standards, as human milk is not a homogeneous
biological fluid. If variability of 2’-FL content among milk
samples from different women is intriguing, the fact that
some animals have it in their milk and others don’t is
equally interesting.

Soluble glycan analysis of milk from monotremes
revealed that fucosyllactoses are the dominant structures
in these primordial mammals. If this was true at the onset
of mammalian differentiation, then fucosyllactoses could
have been the first free soluble glycans in milk of any
species. Since intestinal fucosidases that would be able to
digest fucosylated glycans have not been found, it is con-
ceivable that these glycans had biological activities that
were different from being energy sources for the suckling
offspring. It is also fascinating that 2’-FL is present in the
milk of some species and ostensibly absent from others. It
could be argued that both the expression of FUT2 (or its
equivalent in other species) and its cellular topology
affect the synthesis of soluble glycans. If this was true, one
could detect ot1-2 fucosylated glycoproteins in Western
blots of milk proteins even in the absence of 2’-FL.
However, in our laboratory 2’-FL has only been found in
milk that also contains glycoproteins decorated with
Fucal-2 glycans.'”** This has been true for samples from
human, mouse, rabbit, and cow milk and suggests that the
expression of a fucosyltransferase is sufficient to generate
free soluble glycans and milk glycoproteins. In humans,
when 2’-FL is present, it is the most abundant milk
glycan. Non-Secretor mothers lack 2’-FL, but they also
lack the concomitant fucosylation of milk glycoproteins.
From the evidence analyzed in the present review, the
role of 2’-FL as a sui generis prebiotic seems to be a
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plausible one; denying the readily available energy of
lactose, by making it indigestible, and the additional
energy investment of adding an additional monosaccha-
ride (fucose)- would make sense if that energy were to be
available for symbiotic species that protect the breastfed
infant. Perhaps milk from ruminants better supports the
needs of calves, which require a very different microflora
and microfauna to digest cellulose, while monogastric
animals require promoters of microflora consistent with
ancestral diet patterns. Another particular trait of 2’-FL is
the diversity of biological activities ascribed to it.

CONCLUSION

Healthy skepticism is inevitable considering that several
groups have found dissimilar biological activities for
2’-FL. It is speculated that this oligosaccharide is unique in
terms of its degrees of freedom when compared to other
Fucal-2 glycans: The fact that lactose is used as substrate
of FUT2 when its preferred substrates are type I structures
would support this notion. As larger amounts of 2’-FL
become available, the collegial efforts of researchers will
allow them to discern whether some of the observed effects
are robust and reproducible.

It is now possible to synthesize oligosaccharides on a
large scale,'®'”"*>'® which will allow this oligosaccharide
to be tested in clinical trials and in extensive animal and
in vitro studies. This is expected to corroborate and
provide support to the previously described roles of 2’-FL
as soluble decoys and a prebiotic and may shed light on
new functions yet to be described. Perhaps 2’-FL will later
be viewed as the tip of the scientific iceberg that moti-
vated researchers to further probe the nature of human
milk glycans; in the near future, it may also/provide incen-
tive to explore the natural roles and design applications of
human milk glycans to promote human health.
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