Chapter 14
Human Milk Oligosaccharides: Role in Infant Health

Evelyn Jantscher-Krenn and Lars Bode

Key Points

e Human milk oligosaccharides (HMO) are complex glycans that are highly abundant in human
milk, but not in infant formula.

* HMO are considered prebiotics as they are preferentially metabolized by specific beneficial bacteria
in the infant’s intestine.

e HMO are considered antimicrobial as they serve as soluble decoy receptors that block the attach-
ment of microbial pathogens to the host’s mucosal surfaces in the gastrointestinal, respiratory, and
urogenital tract.

e HMO are considered immune modulators as they may interfere with leukocyte extravasation and
activation.

e HMO-derived sialic acid may be an essential nutrient for brain development and cognition.

e HMO may protect preterm infants from necrotizing enterocolitis.

* Most of the data on the beneficial effects of HMO stem from in vitro or ex vivo studies or are
derived from animal models. Data from human intervention studies are currently not available.

e HMO effects are often highly structure-specific and the structurally different nonhuman oligosac-
charides currently added to infant formula are likely not able to mimic the full spectrum of HMO
benefits.
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FOS Fructooligosaccharides

E. Jantscher-Krenn ¢ L. Bode, Ph.D. (>1)

Divisions of Neonatology and Gastroenterology and Nutrition, Department of Pediatrics,
University of California, San Diego, San Diego, CA, USA

e-mail: Ibode@ucsd.edu

R.R. Watson et al. (eds.), Nutrition in Infancy: Volume 1, Nutrition and Health, 209
DOI 10.1007/978-1-62703-224-7_14, © Springer Science+Business Media New York 2013



210 E. Jantscher-Krenn and L. Bode

Fruc Fructose

Fuc Fucose

Gal Galactose

Glc Glucose

GIcNAc  N-acetylglucosamine
GOS Galactooligosaccharides
HMO Human milk oligosaccharides
Lac Lactose

LNFP1,2 Lacto-N-fucopentaose 1,2
LNnT Lacto-N-neotetraose
LNT Lacto-N-tetraose

NEC Necrotizing enterocolitis

NeuSAc  N-actetylneuraminic acid
Neu5Ge  N-glycolylneuraminic acid

PNC Platelet-neutrophil complex
Sia Sialic acid
Introduction

Human breast milk is widely considered the optimal nutrition for the newborn infant. Aside from
providing the neonate with the nutritional needs for growth and development, breast milk also
contains a plethora of bioactive factors that promote health and offer protection from infections.
Human milk oligosaccharides (HMO), unconjugated, complex carbohydrates, are present in human milk
at 10-20 g/L, a concentration only surpassed by lactose (Lac) and lipids, and often higher than that of
total protein. Bovine milk, the basis of most infant formula, is a scarce source of oligosaccharides,
which are also structurally different and less complex. High abundance and structural complexity of
HMO are unique to human milk, raising questions about their biological roles and potential benefits
for the human infant.

Research during the last decades has implicated functions for HMO in the healthy colonization of the
neonatal gut, protection from infections, maturation of the immune system and neuronal develop-
ment. This chapter reviews recent advances in HMO research and discusses HMO as putative prebiotics,
anti-infective and anti-inflammatory agents, immune modulators, signaling molecules and nutrients
for neurological development.

HMO Structures and Composition

The basic structural layout of HMO shows Lac at the reducing end, which can be elongated by repeating
disaccharide units of galactose (Gal) and N-acetylglucosamine (GlcNAc). Up to 15 of these Gal/
GlcNAc disaccharide building blocks can be linked via B1-3 or f1-6 glycosidic bonds, forming highly
complex linear or branched HMO core structures (see Fig. 14.1). Chains ending in a lacto-N-biose
unit (GalB1-3GIlcNAc) are classified as type 1; chains with a terminal N-acetyllactosamine (GalB1-
4GIcNAc) are categorized as type 2. Lac or the poly-lacto-N-biose/N-acetyllactosamine core can be
modified by sialic acid (Sia) and/or fucose (Fuc). Sia (in humans exclusively as N-acetylneuraminic
acid, NeuSAc) occurs in a2-3 and/or a.2-6 linkages and introduces a negatively charged carboxyl-group
and acidic properties, which led to the term acidic HMO. In contrast, nonsialylated HMO are named
neutral HMO. Acidic or neutral HMO can be decorated with Fuc in a.1-2, a1-3, and/or a.1-4 linkage.
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Fig. 14.1 Blueprint and core structures of HMO. Lac forms the reducing end and is elongated by up to 15 type 1 or type
2 disaccharide units. Core structures can be fucosylated in a.1-2, -3 or -4 linkage and/or sialylated in a2-3 or -6 linkage

Table 14.1 Comparison of human and bovine milk oligosaccharides

HMO BMO
Abundance >20 g/L in human colostrum 1-2 g/L in bovine colostrum
5-15 g/L in mature milk Trace amounts in mature bovine milk
Basic structure Reducing end Lac; disaccharide repeats Less stringent backbone structure
Complex oligosaccharides Mostly di- and trisaccharides
>80% neutral Approx. 10% neutral
Fucosylation 70% of HMO are fucosylated Trace amounts of BMO are fucosylated
Sialylation <20% of total HMO are sialylated >90% of total BMO are sialylated
NeuSAc (~100%) NeuSAc (~90%), Neu5Gce (~10%)

Neutral HMO form the major fraction, with a high prevalence of fucosylated structures; less than 20%
of HMO are sialylated. To date, the structures of more than a hundred different complex HMO have
been elucidated (reviewed in Bode [1]).

Bovine milk oligosaccharides (BMO) are remarkably different in their structural layout. Disaccharides
other than Lac can build the reducing end of a core BMO structure, or are found as such in bovine
milk. Furthermore, the elongation of the BMO core structures is not limited to disaccharide repeats,
resulting in various simple trisaccharides not found in human milk. Compared to HMO, BMO are
shorter, less complex and carry more Sia. In addition to NeuSAc, approximately 10% of the Sia on
BMO is N-glycolylneuraminic acid (Neu5Gc), a specific nonhuman Sia derivative. In contrast
to human milk, fucosylated oligosaccharides form only a marginal fraction in BMO (reviewed in
Chichlowski et al. [2]). Major differences in the composition of human and bovine milk are listed
in Table 14.1. Only a few oligosaccharides like 3'-sialyllactose (3’ SL) and 6'-sialyllactose (6’ SL) are
common to both human and bovine milk.

Four milk groups. The HMO composition of a woman’s milk depends largely on her genetic constitution.
Based on the Lewis Secretor blood group system, four milk groups can be distinguished, depending
on the activity of two gene loci encoding for two fucosyltransferases [3]. Individuals with an active
Se locus, which encodes for the o1-2-fucoslyltransferase FUT?2, are classified as Secretors. These
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women express FUT2 in secretory tissues and generate o.1-2-linked epitopes in their milk, which is
characterized by 2'-fucosyllactose (2" FL) and lacto-N-fucopentaose 1 (LNFP1). Nonsecretors are
deficient in a functional FUT2 enzyme and therefore do not produce these specific HMO. The Lewis
blood group status of an individual reflects the activity of the ol-3/4-fucosyltransferase FUT3,
encoded by the Le gene. Lewis-negative women produce milk that lacks a1-4-fucosylated HMO.
Based on the expression of FUT2 and FUT3, breast milk can be assigned to one of four groups:
Lewis-positive Secretor, Lewis-negative Secretor, Lewis-positive Nonsecretor and Lewis-negative
Nonsecretor [3].

Intrapersonal variations in HMO composition. The HMO composition of a woman’s milk also var-
ies during the course of lactation. In early stages of lactation, the total HMO concentration is gener-
ally higher and declines within the first 3 months [4, 5]. In colostrum, total HMO concentrations
peak at over 20 g/L and drop to 5-12 g/L in transitional and mature milk. The relative abundance of
sialylated HMO is highest in colostrum, and concentrations decrease during the transition to mature
milk [6].

In cow milk, the BMO concentration peaks at parturition at approximately 20 times lower
amounts compared to human colostrum, with 3’ SL being the most prominent BMO. Abundance
and composition of BMO change rapidly, and mature bovine milk contains only trace amounts of
oligosaccharides [6].

HMO Metabolism

To fully appreciate the possible health benefits for the infant, it is important to understand the fate of
HMO in the breast-fed infant. In vivo data on the extent of HMO degradation, absorption, and fer-
mentation are however limited. Studies on mother—infant pairs reported that the oligosaccharide
profiles in the infant’s feces and urine closely resemble the oligosaccharides in the mother’s milk.
These results suggested that HMO are mostly excreted unaltered with the feces, while a small percent-
age is absorbed intact into the circulation and excreted with the urine. Formula-fed infants present
entirely different fecal glycan profiles [7]. Furthermore, ex vivo and in vitro studies demonstrated that
HMO are resistant to the low pH in the stomach and to pancreas and brush border enzymes, further
strengthening the general idea that HMO are nondigestible to the host [8, 9].

Nevertheless, the view of HMO as “inert” to intestinal breakdown is currently being challenged.
It is now becoming evident that partial HMO degradation and bioconversion take place in the infant’s
intestine. In recent studies, sialylated HMO or other specific HMO structures as well as blood type-
specific bioconversion products of HMO accumulated in the feces of breast-fed infants, resulting in
profiles remarkably different to the HMO profiles in their mother’s milk [10]. Early post-partum, fecal
profiles match those in the respective milk, indicating minimal HMO utilization in the gut lumen.
At 2 months of age, HMO metabolism products appear in the feces, suggesting a higher level of deg-
radation and personalized re-modeling of HMO. Once solid food is introduced in addition to breast
milk, oligosaccharides derived from these new carbohydrate sources can be found in the infant’s feces
[11]. Together, these findings indicate an active gastrointestinal metabolism of HMO depending on
the age of the breast-fed infant, and the individual adaption and maturation of the gastrointestinal
system [11]. Overall, HMO utilization might occur to a higher degree as previously anticipated.
The resulting changes in HMO composition and the occurrence of degradation products might be of
biological significance. Also, it remains unclear to which extent the infant’s own intestinal enzymes
or the microbiota contribute to HMO degradation and remodeling in the intestine.

While efforts to directly measure HMO in infant blood have not been successful, HMO are regularly
found in urine of breast-fed, but not formula-fed infants [12], providing indirect evidence for intestinal
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absorption. Metabolic labeling studies [13] estimate a 1% intestinal absorbance rate, but the exact
kinetics remain poorly understood. The hypothesis that HMO are absorbed is further supported by
in vitro studies demonstrating that intestinal epithelial cells mediate active and passive HMO transport
[14]. How these translocations contribute to intestinal absorption in vivo has yet to be investigated.

HMO as Prebiotics

Historically, HMO have been mainly thought of as prebiotics that stimulate the colonization of
beneficial microorganisms in the intestine of the breast-fed neonate. Already in 1900, Bifidobacteria
were found enriched in the stool of breast-fed compared to formula-fed infants [15], an observation
that initiated the search for the “bifidogenic factor” and eventually led to the discovery of the first
HMO in 1954 [16]. Today, the differences in the intestinal microbial composition seem less apparent
and not entirely due to a predominance of Bifidobacteria or Lactobacilli. Nevertheless, the intestinal
community of breast-fed infants seems to be less complex and more stable than that of formula-fed
infants (reviewed in Morelli [17]). Species in the genus Bifidobacteria are frequently isolated from
breast-fed infants and have been shown to grow on HMO in vitro [18]. Several bifidobacterial strains
employ a dedicated metabolic pathway, the Galacto-N-biose/Lacto-N-biose (GNB/LNB) pathway, for
degrading type 1 core structures after the extracellular enzymatic breakdown to the disaccharides
lacto-N-biose 1 and Lac. Furthermore, various bifidobacterial strains can also degrade the type 2
chain Lacto-N-neotetraose (LNnT), or possess extracellular fucosidases and sialidases, releasing
unsubstituted HMO backbones for further degradation (reviewed in Fushinobu [19]).

B. longum infantis (short: B. infantis) seems to be the single most adapted species to comprehen-
sively utilize HMO and is able to use HMO as sole carbon source [20]. The genome of B. infantis
contains a unique cluster of ABC transporters and intracellular glycosylhydrolases (HMO-1 cluster)
allowing intracellular HMO uptake, degradation and fermentation via catabolic pathways [21]. In
addition, B. infantis employs enzymes to selectively digest type 1 or type 2 chains after intracellular
uptake [22] and is able to utilize certain sialylated HMO.

HMO utilization does not seem to be limited to the genus Bifidobacteria. Bacteroides strains, for
example, are also capable of metabolizing HMO [23]. Other genera like Lactobacilli cannot degrade
HMO themselves but are able to utilize intermediates and metabolites released by Bifidobacteria [24].
Due to different degrees of adaptation to HMO usage, structures unique to HMO might select for a
specific composition of the bacterial community [23]. However, there is no evidence from human
studies that different HMO compositions shape the assembly of microbiota in breast-fed infants. In
fact, a recent study found no significant differences in the infant’s intestinal microbiota composition
between the Secretor- and Lewis-dependent milk groups, contradicting an association of genera to
specific HMO fucosylation patterns [25].

HMO as Antimicrobials

Aside from reducing the risk for infections by promoting a healthy gut-colonization, HMO might also
serve as a direct line of defense against bacterial, viral and protozoan pathogens (see Fig. 14.2). It was
noticed early on that breast-fed infants have lower incidences of infectious diseases of the intestinal,
urinary, and respiratory tract [26]. Many pathogens such as Escherichia coli, Campylobacter jejuni,
Shigella strains, Vibrio cholera and Salmonella employ ligand—receptor interactions to attach to the
host’s mucosal surfaces and initiate infection [1, 27]. Pathogens can either express lectins, proteins
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Fig. 14.2 Antiadhesive effects of HMO. HMO structurally resemble host glycans and function as soluble decoy receptors
that block the attachment of toxins, bacteria, viruses and protozoan parasites to mucosal surfaces. Listed are examples
of microbial pathogens with reported in vitro and ex vivo antiadhesive effects

that bind to host epithelial glycan receptors, or they can mimic host glycan structures to dock to the
cognate lectins expressed on the side of the host. Some HMO structurally resemble the glycan epitopes
on the host surface and could therefore function as soluble decoy receptors, resulting in reduced adhesion
and enhanced pathogen clearance [27]. For example, o1-2-fucosylated HMO like 2" FL have been
shown to interfere with the binding of several enteric pathogens in vitro, including C. jejuni [27, 28].
Ex vivo studies showed that 2’ FL inhibited Campylobacter colonization of human intestinal mucosa
[28]. As outlined above, a1-2-fucosylated oligosaccharides are only present in the milk of Secretor
women, and a study in Mexico showed that the expression of a.1-2-fucosylated HMO in the mother’s
milk is correlated to a lower incidence of infant Campylobacter and Calicivirus diarrhea [29]. Other
specific HMO have been shown to effectively prevent and attenuate pneumococcal pneumonia in
rabbits and rat pups in vivo [30].

In vitro, antiadhesive effects of HMO have also been described against viruses such as Calicivirus
strains [31], or HIV-gp120, the glycoprotein critically involved in HIV entry upon binding to
DC-SIGN [32]. Similarly, protozoan parasites such as Entamoeba (E.) histolytica also employ lectins
to bind to human cells and might be inhibited by certain HMO epitopes. Our lab recently showed that
physiological concentrations of specific HMO can block E. histolytica adhesion to and cytotoxicity
against human intestinal cells in vitro [33].

In conclusion, breast-feeding is known to reduce the risk of infections caused by bacteria, viruses,
or protozoan parasites. Evidently, HMO have antiadhesive effects on these infectious agents in vitro,
and HMO functions seem to be highly structure-specific. If different HMO protect from different
pathogens, it follows that a diverse mixture of structurally distinct HMO in breast milk offers the
infant a greater level of defense than a single HMO could do. Accordingly, individual differences in
HMO composition in milk due to genetic and other factors might explain the different degree of
protection in breast-fed infants. However, to date, clinical intervention studies to link specific HMO
to protection from certain infectious diseases are not available.
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HMO as Signaling Molecules

To keep pathogens in check, HMO may not only interact with the microbial side, but might also act
on the host cells. Exposure of enterocytes to 3" SL, one of the predominant sialylated HMO, changed
cell surface glycan profiles in vitro [34]. These HMO-induced glycome modifications led to a dra-
matic reduction in binding of enteropathogenic E. coli (EPEC) to CaCo-2 cells. HMO-mediated alter-
ation of surface glycans on host cells might be an alternative defense strategy against pathogen
binding. It is not known whether 3’ SL also regulates other glycan-related genes, or whether different
HMO have similar or differential effects.

If HMO can act as signaling molecules, one can speculate that their roles might go beyond direct
defense mechanisms against pathogens. In vitro studies reporting that HMO affect proliferation, dif-
ferentiation and apoptosis in intestinal cell lines supported this notion and raised speculations on
whether HMO are involved in the regulation of intestinal growth and maturation in the breast-fed
infant [35]. How HMO signal and influence gene expression or possible other downstream effects
remains unknown. Also, whether these in vitro observations have implications for the breast-fed infant
has to be investigated.

HMO as Immune Modulators

Cell—cell interactions of the innate and adapted immune system are largely mediated by lectins, and
HMO are potential interaction partners for several human lectins, such as selectins, siglecs or galec-
tins [31]. Estimated concentrations of HMO in the circulation range from 100 to 200 pg/mL, which
make systemic effects seem plausible.

The physiological binding determinants of selectins are sialyl-Le* and sialyl-Le?, epitopes present
also in sialylated and fucosylated HMO. P- and L-selectins are critically involved in leukocyte decel-
eration and adhesion to endothelial cells, leading to extravasation at sites of inflammation [36].
Additionally, P-selectins regulate formation and activation of platelet-neutrophil complexes (PNC),
highly active neutrophils primed for adhesion, phagocytosis and production of reactive oxygen spe-
cies [37]. In vitro and ex vivo models showed that physiological concentrations of sialylated
HMO reduce neutrophil rolling and adhesion to activated endothelial cells [38]. It was further
demonstrated that sialylated HMO impede the formation of PNC [39], suggesting that HMO function
as anti-inflammatory agents.

There is substantial evidence that breastfeeding obviates allergies in infants and the development
of autoimmune diseases later in life. Furthermore, it is acknowledged that HMO contribute to the
maturation of the naive immune system [40]. Beneficial effects of HMO on the immune response have
mainly been accounted to the growth and metabolism of microbial commensals in the gut leading to oral
tolerance and protection against pathogens. Nevertheless, an increasing number of studies suggests that
HMO can affect immune cells in a direct, microbiota-independent way [41-44].

In neonates, the immune system is immature and biased toward a Th2 profile to avoid adverse
inflammatory conditions. Sialylated HMO stimulated cytokine production and activated cord blood-
derived T cells from neonates ex vivo [44], indicating that HMO could have direct immune modula-
tory effects, promoting a shift in T cells response toward a more balanced Th1/Th2-cytokine production
and low-level immunity. These findings suggest a role for HMO in guiding the postnatal maturation
of the immune system and in preventing allergies.
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HMO as Protective Agents Against Necrotizing Enterocolitis

Breast-fed infants have a lower risk to develop necrotizing enterocolitis (NEC) than formula-fed
infants. Hallmarks of this life-threatening disease that affects almost 10% of very-low-birth-weight
preterm infants are excessive inflammation, bacterial colonization, and impaired barrier function,
which can lead to intestinal necrosis and bacterial sepsis. Our lab recently showed that pooled HMO
prevent NEC in a neonatal rat model. Out of the pool of HMO, a single HMO, disialyllacto-N-tetraose
(DSLNT), could be identified as the protective agent, and its function was highly structure-specific.
Galactooligosaccharides (GOS), currently added to infant formula had no effect [45]. How DSLNT
prevents NEC and whether these results translate to human infants has yet to be determined.

HMO as Nutrients for Brain Development

Breastfeeding has long been associated with higher intelligence in children [46], although it is chal-
lenging to provide direct evidence for a nutritional factor. Recently, sialylated HMO have obtained
great interest as a potential source of nutrients to improve neurological development. Postmortem
analysis of Sia concentrations in brain gangliosides and glycoproteins revealed higher amounts in
breast-fed than in formula-fed infants [47], suggesting differences in synaptogenesis and neuronal
development. Sia concentrations in brain gangliosides and glycoproteins have been associated with
learning ability. Administration of free or conjugated Sia enhanced cognitive and behavioral perfor-
mance in rats and piglets [48, 49]. In suckling rat pups, the occurrence of maximal Sia concentration
in milk in early lactation is concurrent with the up-regulation of enzymes involved in Sia catabolism
in the colon. At weaning, when Sia levels in rat milk were the lowest, a change in colonic enzyme
expression seems to expedite de novo synthesis [50]. The differential expression of intestinal enzymes
associated with Sia utilization and anabolism suggests adaption of the intestinal system to the tran-
sient high dietary source of Sia early in lactation. These observations imply that the high 3" SL con-
centration in mother’s milk meets the enormous demand of the growing brain for Sia. Whether
supplementation of formulas with Sia is effective in stimulating brain development in infants has yet
to be investigated.

Alternatives for HMO in Formula

Bovine milk-based infant formula contains marginal levels of complex oligosaccharides. Addition of
HMO to infant formula is currently not feasible due to the limited availability and extremely high
costs. At present, infant formula manufacturers are supplementing their products with nonhuman
oligosaccharides in an attempt to mimic the effects of HMO. Commonly added oligosaccharides are
GOS and fructooligosaccharides (FOS). GOS consist of one to seven Gal units linked to a reducing
end Lac. FOS are short-chain oligomers build of B1-2-linked fructose (Fruc) residues bound to a
reducing end glucose (Glc). Apart from the common building block Gal in GOS, these nondigestible
dietary oligosaccharides do not share structural similarities with HMO. Nevertheless, GOS and FOS
have reportedly shown prebiotic [51] and immunomodulatory [52] effects similar to HMO. Whereas
some HMO effects can potentially be mimicked by GOS/FOS, there are most certainly limitations to
their potential use as functionally equivalent alternatives to HMO. For example, a single specific
HMO, DSLNT, could prevent NEC in neonatal rats whereas GOS had no effect [45]. In addition,
although considered save for the use in infants, studies on long-term effects of feeding nonhuman
oligosaccharides during the neonatal period are not available.
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Fig. 14.3 Schematic overview of the potential health benefits of HMO in breast-fed infants. HMO are indigestible and
reach the colon intact where they serve as prebiotics and promote healthy gut colonization. HMO block adhesion of
microbial pathogens to mucosal surfaces, preventing infections of the respiratory, gastrointestinal and urogenital tract.
HMO could serve as signaling molecules and guide growth and maturation of the intestine and affect mucosal immu-
nity. Systemic HMO effects might include attenuation of selectin-mediated inflammatory events. HMO-derived sialic
acid may be incorporated in the rapidly growing brain and support neuronal development. HMO might reduce the risk
of necrotizing enterocolitis, but the underlying mechanisms remain unknown

Concluding Remarks

HMO seem to have a multitude of benefits for the breast-fed infant that go beyond the prebiotic
aspects (see Fig. 14.3). The potential benefits of HMO in infections and allergies, gut maturation or
brain development remain to be confirmed in vivo. However, accumulating evidence from in vitro
data warrants further research directed toward possible applications of these bioactive components.

It is becoming evident that the specific structure of individual HMO determines their function.
This structure—function relationship might have implications on the supplementation of infant formula
with non-HMO. Structurally different oligosaccharides are likely not able to imitate all HMO effects,
and potential side effects have to be considered and further investigated.

The individual mix of oligosaccharides in breast milk seems to be optimized for the changing
needs of the developing infant. The fact that certain HMO in breast milk are age-dependently
expressed, and that infants process HMO very differently depending on their age and maturity sug-
gests that the qualitative and quantitative oligosaccharide composition in milk is fine-tuned to the
demands of the infant. Whether these observations have implications, e.g. for the nutrition of preterm
infants with nonage-matched donor milk, has yet to be investigated. In the end, the beneficial effects
of HMO add yet another reason to encourage mothers to breastfeed their infants.
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