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Milk Glycans and Their Interaction with the Infant-Gut Microbiota
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1Foods for Health Institute and Department of Food Science and Technology, University of
California, Davis, California 95616, USA

2Department of Viticulture and Enology, University of California, Davis, California 95616, USA

Abstract

Human milk is a unique and complex fluid that provides infant nutrition and delivers an array of
bioactive molecules that serve various functions. Glycans, abundant in milk, can be found as free
oligosaccharides or as glycoconjugates. Milk glycans are increasingly linked to beneficial
outcomes in neonates through protection from pathogens and modulation of the immune system.
Indeed, these glycans influence the development of the infant and the infant-gut microbiota.
Bifidobacterium species commonly are enriched in breastfed infants and are among a limited
group of bacteria that readily consume human milk oligosaccharides (HMOs) and milk
glycoconjugates. Given the importance of bifidobacteria in infant health, numerous studies have
examined the molecular mechanisms they employ to consume HMOs and milk glycans, thus
providing insight into this unique enrichment and shedding light on a range of translational
opportunities to benefit at-risk infants.
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INTRODUCTION

The development of a beneficial host-microbe symbiosis in the neonate gastrointestinal tract
is a highly complex and important biological process (Scholtens et al. 2012). Numerous
factors shape the developing gut microbiome, including diet, antimicrobial exposure, and
mode of delivery as well as other influences linked to cultural practices and geographic
location (Lewis & Mills 2017, Scholtens et al. 2012). During the first years of life, the infant
microbiota is still changing, and the establishment of the intestinal microbiota is
significantly impacted by diet (Koenig et al. 2011, Scholtens et al. 2012, Yatsunenko et al.
2012). Understanding this exquisite, yet complicated, relationship between neonate diet and
the development of the microbiota in the early years of life is of significant interest.
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Breastfeeding is associated with numerous beneficial effects on the neonate such as
providing protection from infection and diarrhea (Duijts et al. 2010, Ruiz-Palacios et al.
1990). Through milk, the infant acquires all of the necessary elements for growth and
nourishment. In human milk, lactose, lipids, and proteins are abundant components and
serve as nutrient sources for the infant. In addition to providing nutrition, human milk
delivers an array of unique bioactive components.

One class of bioactive molecules present in human milk are glycans. Glycans are highly
abundant in human milk and are found as free human milk oligosaccharides (HMQOs) or
conjugated to proteins or lipids. Milk oligosaccharides have remarkable structural diversity
and complexity, with hundreds of structures determined within human milk pools (Bode
2012, Petherick 2010). HMOs are thought to benefit the neonate via various direct and
indirect roles. In addition to free oligosaccharides, approximately 70% of human milk
proteins are glycosylated. This review examines the free glycans and glycoconjugates found
in milk and their interactions with the neonate microbiota.

HUMAN MILK OLIGOSACCHARIDES: STRUCTURES AND COMPOSITION

HMOs are an abundant component of human milk (Bode et al. 2016, Petherick 2010), with
approximately 5-20 g/L of unbound oligosaccharides present in mature milk (Bode 2006,
Hong et al. 2014, McGuire et al. 2017). Surveys of different human milks have revealed
tremendous structural diversity, with intricate molecular structures among and within HMO
pools (Kunz et al. 2000; Wu et al. 2010, 2011). HMOs are composed of five monomers:
glucose (Glc), galactose (Gal), A-acetylglucosamine (GIcNAc), fucose (Fuc), and N-
acetylneuraminic acid (NeuAc, a sialic acid). Structurally, HMOs can be linear or branched,
and nearly all structures contain a lactose core at the reducing end (Ruhaak & Lebrilla 2012;
Wau et al. 2010, 2011). The lactose core can be extended by lacto-A-biose (LNB;
Galp1-3GIcNAC) or N-acetyllactosamine (Galpl-4GIcNAc) (Ruhaak & Lebrilla 2012).
HMOs extended with LNB are known as type | HMOs, and HMOs extended with A-
acetyllactosamine are known as type 1l HMOs (Ruhaak & Lebrilla 2012). Fucose can be
attached to HMO structures in a1l-2, a1-3, and a1-4 linkages, while sialic acid can be
attached by a2-3 and a2-6 linkages, thus providing additional opportunities for complexity
and activity. Smaller HMO structures such as 2”-fucosyllactose (2’-FL), 3-fucosyllactose (3-
FL), 3 -sialyllactose (3’-SL) and 6’-sialyllactose (6-SL) are composed of one fucose or
sialic acid residue attached to a lactose core with various linkages (Bode & Jantscher-Krenn
2012). HMOs can be categorized as acidic or neutral, with acidic HMOs referring to
structures that contain sialic acid (Bode & Jantscher-Krenn 2012, Wu et al. 2011).

Variation in HMOs exists between different individuals (Ruhaak & Lebrilla 2012). For
example, HMO fucosylation is determined by a mother’s secretor and Lewis blood group
statuses (Bode & Jantscher-Krenn 2012). The FUTZgene, which is also known as the
secretor gene, catalyzes the transfer of fucose to terminal galactose via an a.1-2 linkage
(Bode & Jantscher-Krenn 2012). Another fucosyltransferase is encoded by the FUT3 gene,
which transfers fucose with a1-3 and a.1-4 linkages (Bode & Jantscher-Krenn 2012).
Expression of FUT3 produces the Lewis b antigen in secretors and the Lewis a antigen in
nonsecretors (Bode & Jantscher-Krenn 2012). In addition to variation from a woman’s
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secretor and Lewis blood group statuses, there is variation in HMOs over the course of
lactation (Ruhaak & Lebrilla 2012). One example is that the number of HMOs is highest in
colostrum compared to mature milk (Bode & Jantscher-Krenn 2012). In addition, the HMO
synthetic capacity can be influenced by the gestational stage of the mother during pregnancy.
In a recent profiling of milk from mothers who delivered prematurely, Underwood et al.
(2015) revealed that the fractions of fucosylated and sialylated HMOs were highly variable
in comparison to those from the milk of mothers who delivered at term.

BOVINE MILK OLIGOSACCHARIDES: STRUCTURES AND COMPOSITION

Milk from a number of animals, including cow (Albrecht et al. 2014; Barile et al. 2010; Tao
et al. 2008, 2009), sheep (Albrecht et al. 2014, Martinez-Ferez et al. 2006), goat (Albrecht et
al. 2014, Chaturvedi & Sharma 1988, Martin-Ortiz et al. 2016, Martinez-Ferez et al. 2006,
Thum et al. 2015), pig (Albrecht et al. 2014, Mudd et al. 2016, Salcedo et al. 2016, Tao et al.
2010), horse (Albrecht et al. 2014, Nakamura et al. 2001, Urashima et al. 1991), and camel
(Albrecht et al. 2014, Alhaj et al. 2013, Fukuda et al. 2010), contains oligosaccharides
similar to those found in human milk. There is a growing interest in examining the structures
and concentrations of these animal milk oligosaccharides to identify additional sources of
compounds with similar bioactivity to HMOs. Comprehensive glycomic studies of bovine
and porcine milks have shown a diverse collection of structures, with the relative proportion
of acidic oligosaccharides being higher than that of human milk (Mudd et al. 2016, Tao et al.
2009). Although the type of animal used for industrial milk production can vary by country,
bovine milk is generally produced in large quantities and is a potential source for industrial-
scale oligosaccharide recovery.

Bovine milk contains many oligosaccharides that are identical to those found in human milk,
such as 3’-sialyllactose, 6 -sialyllactose, and lacto- A-neotetraose (LNNT), as well as
numerous oligosaccharides that are unique in both monosaccharide composition and
structure (Aldredge et al. 2013). Furthermore, several fucosylated structures, ranging in
monosaccharide composition from 2Hex1Fuc to 3Hex6HexNAc1Fuc, have been observed in
bovine milk; however, the total amount of fucosylation is small (Aldredge et al. 2013). In
addition to differences in fucosylation, bovine milk contains a greater proportion of
sialylated oligosaccharides than human milk (Ninonuevo et al. 2006, Tao et al. 2008, Wu et
al. 2011). Relative abundances of acidic, acidic fucosylated, neutral fucosylated, and neutral
nonfucosylated oligosaccharides in human, bovine, and porcine milk are shown in Figure 1.
Although the predominant form of sialic acid is A-acetylneuraminic acid, bovine milk and
many other mammal milks also contain trace levels of A-glycolylneuraminic acid (Bode
2006). Oligosaccharides with completely elucidated structures that are known to exist in
both human and bovine milk are summarized in Table 1.

Like HMOs, bovine milk oligosaccharide (BMO) abundances change during lactation (Tao
et al. 2009). However, the total oligosaccharide concentration in bovine milk is significantly
lower. Mature human milk contains a total oligosaccharide concentration of 5-20 g/L,
whereas BMOs are present at 1-2 g/L in colostrum; this concentration decreases to
approximately 50-100 mg/L in mature milk (Bode 2006, Fong et al. 2011, McGuire et al.
2017, McJarrow & van Amelsfort-Schoonbeek 2004, Nakamura et al. 2003).
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Dairy streams resulting from cheese making are potential sources of milk oligosaccharides
for large-scale extraction (Zivkovic & Barile 2011). Whey permeate, a low-value by-product
obtained after whey proteins have been recovered, contains BMOs and has the potential to
serve as a raw material for large-scale oligosaccharide isolation (Dallas et al. 2014, Zivkovic
& Barile 2011). Membrane filtration can be used to recover oligosaccharides present in
whey permeate (Cohen et al. 2017, de Moura Bell et al. 2016), making these compounds
more readily available as a functional food ingredient. Such oligosaccharides recovered from
dairy streams could serve as ingredients for infant formula, as their composition is similar to
that of HMOs and such an ensemble cannot currently be produced synthetically (Meli et al.
2014, Simeoni et al. 2016).

HUMAN AND BOVINE MILK GLYCOCONJUGATES

Glycosylation is a common type of post-translational protein modification in which a glycan
is attached to select amino acids in the protein (Moremen et al. 2012). In eukaryotes, there
are two major types of glycosylation: asparagine-linked (A-linked) glycans and serine- or
threonine-linked (O-linked) glycans. Milk-protein glycosylation is associated with different
roles; e.g., it enables resistance to proteolytic digestion thereby facilitating the release of
encrypted bioactive peptides, and it provides passive protection from pathogen binding to
intestinal cells (van Berkel et al. 1995). Similar to that observed for free glycans, protein
glycosylation varies during lactation (Barboza et al. 2012, Froehlich et al. 2010).
Glycoproteins in human milk include lactoferrin, lysozyme, mucins, bile salt-stimulated
lipase (BSSL), sIgA, casein, and a-lactalbumin (Newburg 2013).

Glycolipids are another type of glycoconjugate found in human milk. In particular,
glycosphingolipids containing sialic acid, also known as gangliosides, are a primary form of
glycolipids found in human milk (Newburg 2013). Human milk gangliosides are associated
with the milk-fat-globule membrane (MFGM) (Lee et al. 2011). The glycolipids GD3
[NeuSAc(a2-8)NeuSAc(a2-3)Gal(p1-4)Glc(pl-1) ceramide] and GM3
[Neu5Ac(a.2-3)Gal(B1-4)Glc(B1-1) ceramide] are gangliosides in human milk (Lee et al.
2011, Newburg 2013). Ganglioside composition changes over the course of lactation, with
GM3 increasing and GD3 decreasing (Ma et al. 2015, Pan & lzumi 2000).

Bovine milk contains some of the same glycoconjugates as human milk, such as lactoferrin,
immunoglobulins, glycoproteins from the MFGM, and gangliosides (O’Riordan et al. 2014).
Additionally, dairy streams contain significant amounts of glycomacropeptide (GMP), which
is a heavily sialylated glycopeptide derived from hydrolysis of x-casein during
cheesemaking (Neelima et al. 2013). Nwosu et al. (2012) recently compared the N-glycome
of human and bovine milk and found substantial differences in A~glycan fucosylation.
Seventy-five percent of human milk A~glycan abundances corresponded to fucosylated
glycans, whereas in bovine milk, 31% of A~glycan abundances were from fucosylated
glycans (Nwosu et al. 2012). The bovine N-glycome was more highly sialylated with 68% of
N-glycans corresponded to sialylated compounds compared to 57% in human milk (Nwosu
et al. 2012). Similar to free oligosaccharides, some A-glycans containing N-
glycolylneuraminic acid (NeuGc) were found in bovine milk but not human milk (Nwosu et
al. 2012). Lactoferrin is present in bovine milk in lower concentrations than in human milk
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and has five potential A-glycosylation sites, whereas human lactoferrin has only three
potential A~glycosylation sites (Baker & Baker 2005, O’Riordan et al. 2014).

STRUCTURE-FUNCTION ASSOCIATIONS OF MILK GLYCANS

The functional roles of glycans in milk are varied and of significant interest. Glycan
interactions can occur directly with host tissue or host-associated microbes. This latter
interaction can also result in indirect effects whereby glycan-mediated modulation of
microbial activity subsequently influences host functions. Some structure-function
relationships of HMOs have been demonstrated, such as providing defense against
pathogens and enriching the beneficial gut microbiota (Garrido et al. 2012a, Morrow et al.
2005, Smilowitz et al. 2014). Furthermore, HMOs are associated with modulation of
intestinal epithelial cell responses in a direct manner (Bode 2012; Kuntz et al. 2008, 2009).
Additionally, HMOs are linked to directly affecting the immune system (Eiwegger et al.
2004, Newburg 2009). Specific HMO structures, including lacto- A-fucopentaose (LNFP) 111
and LNNT, have been reported for their relationship to immune modulation (Atochina et al.
2001, Terrazas et al. 2001). HMOs are also associated with improved learning and memory
(Vazquez et al. 2015).

BMOs appear to have biological functions that are similar to those associated with HMOs.
BMOs and bovine milk glycoconjugates can inhibit adhesion of pathogens to intestinal cells
and tissues (Douellou et al. 2017, Maldonado-Gomez et al. 2015). Associations between
sialylated BMOs and microbiota-dependent growth promotion have been described
(Charbonneau et al. 2016b). BMOs are associated with various health-enhancing functional
roles such as decreasing gut permeability and reducing inflammation (Boudry et al. 2017).
Milk-associated glycoconjugates are also linked to a range of functions. For example,
lactoferrin and the x-casein-derived peptide GMP have been linked to various activities such
as immunomodulatory, antimicrobial, and prebiotic activities (Azuma et al. 1984, Debbabi et
al. 1998, O’Riordan et al. 2014, Rahman et al. 2009, Wang et al. 2007). Additionally, the
sialic acid content of GMP has been attributed various functional roles, including prevention
of pathogen binding and improved memory and learning in piglets (O’Riordan et al. 2014).

Milk Glycan—Mediated Protection from Pathogens and Infection

Milk glycans provide a defense against pathogens and can block pathogen adhesion
(Morrow et al. 2005). Many pathogens adhere to the intestinal epithelial surfaces, and milk
glycans have epitopes identical to the intestinal surfaces, as they are generated from similar
enzymes (Smilowitz et al. 2014). As a consequence, pathogens bind to milk glycans instead
of host cell ligands. Another possible mechanism of glycan protection from pathogens is the
competitive binding of glycans with host cell surface receptors (Morrow et al. 2005).

Campylobacter jejuni-mediated intestinal infection is inhibited by milk glycans (Ruiz-
Palacios et al. 2003). C. jefunibinds to the intestinal H2 antigen, which contains a terminal
a1-2-linked fucose residue and both in vitro and ex vivo studies have demonstrated that
adherence of C. jejunito intestinal epithelial cells is prevented by prior incubation of C.
Jejuniwith 2" -fucosyllactose (Ruiz-Palacios et al. 2003, Weichert et al. 2013). This work
provides a possible mechanism behind the reduced incidence of infection observed among
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the infants receiving milk from secretor mothers whereby the presence of a1-2-linked
fucose on HMOs can act as a decoy for pathogen binding (Morrow et al. 2004).
Additionally, Jiang et al. (2004) found that secretor and Lewis, but not A or B antigens,
block noroviruses from binding to receptors.

Milk glycoconjugates lactoferrin, secretory IgA, mucins, x-casein, and gangliosides have
been examined for their ability to protect against pathogen infection (Liu & Newburg 2013).
Lactoferrin is a major bioactive protein in human milk known to possess bacteriostatic
activity via iron-deprivation activities as well as bactericidal activity (Lonnerdal 2013).
Barboza et al. (2012) demonstrated that the changing glycosylation of lactoferrin throughout
lactation modulated its interaction with pathogens. Secretory IgA (slgA), a predominant
antibody in human milk with a known mechanism for pathogen clearance (Liu & Newburg
2013), is also a glycosylated protein with both A-linkages and CO-linkages (Pacheco et al.
2015). K-casein has been shown to prevent Helicobacter pylori from binding to the gastric
mucosa (Stromgvist et al. 1995). Other glycoproteins present in human milk, such as bile
salt-stimulated lipase and lactadherin are also known for protective properties (Liu &
Newburg 2013). Specifically, bile salt—stimulated lipase hydrolyzes a variety of substrates,
contributes to the efficient utilization of milk fat in newborn infants, and has been associated
with inhibition of Norwalk virus capsids binding to their carbohydrate ligands (Li et al.
2007, Ruvoen-Clouet et al. 2006).

Milk oligosaccharides have also been shown to alter the intracellular fate of pathogens. For
example, Lin et al. (2014) showed that pooled HMOs protect bladder epithelial cells against
uropathogenic Escherichia coli (UPEC) invasion and cytotoxicity. Although the presence of
HMOs did not significantly alter the adhesion to the host cells, a significant reduction was
observed in bacterial internalization. Pretreatment with HMOs produced a reduction in
UPEC-mediated activation of key signaling proteins such as MAP kinase and the master
regulator NF-xB, thereby protecting the bladder epithelial cells from the proinflammatory
effects of the bacterial infection (Lin et al. 2014). Additionally, a study that tested the
influence of HMOs on E. coli-infection-mediated secretion of IL-8 (a cytokine) resulted in
the identification of specific proinflammatory signaling molecules modulated by HMOs and
determined the mechanism of action, i.e., pooled HMOs and 2’-FL are able to directly
inhibit gram-negative, lipopolysaccharide-mediated inflammation during enterotoxigenic £.
coliinvasion (He et al. 2016). More recently, it has been shown that 2"-FL can function to
attenuate the severity of experimental necrotizing enterocolitis (NEC). NEC is a common
disease in premature infants characterized by abdominal distention and intestinal necrosis.
2’-FL has been shown to protect against NEC by enhancing mesenteric perfusion via
increased endothelial nitric oxide synthase expression in the neonatal intestine, and these
observations suggest that 2’-FL can mediate the protective benefits of milk in a clinical
setting (Good et al. 2016).

Milk Glycans and the Microbiota of Infants

The gastrointestinal tract of the infant is believed to be relatively sterile during gestation, and
rapid colonization occurs with events associated with the process of giving birth. In the early
stages of life, the formation of the microbiota is highly complex (Backhed et al. 2015, Ray
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2016). Environmental factors, including mode of delivery, diet, and antibiotics, have been
shown to affect bacterial diversity in the infant gut (Bokulich et al. 2016, Ray 2016). The
initial colonization is dominated by facultatively anaerobic microbes, including
staphylococci and members of the order Lactobacillales (e.g., enterococci and streptococci)
(Backhed et al. 2015). Because these organisms also populate freshly expressed mother’s
milk (Cabrera-Rubio et al. 2012), breastfeeding is considered the major and preferred vector
for seeding the infant-gut microbiota, although the overall intimate interaction between
mothers and infants may provide for other routes as well. Once this initial period has passed,
Bifidobacterium, Bacteroides, and Clostridium become the signature early colonizers of the
breastfed infant gut (Adlerberth & Wold 2009) with Bifidobacterium often dominating
within the first three months (Yatsunenko et al. 2012).

Recent studies directly examined the relationship between milk glycans and the developing
infant microbiota. De Leoz et al. (2014) first reported a significant decrease in fecal HMOs
coinciding with emergent gut populations of HMO-consuming Bacteroidaceae and
Bifidobacteriaceae, suggesting the active role of these clades in HMO consumption in situ.
Lewis et al. (2015) similarly reported high levels of bifidobacteria positively correlating with
lower levels of fecal HMOs. Davis et al. (2016) recently profiled oligosaccharides in the
milk and feces of a mother/infant dyad and noted measurable decreases in specific HMO
structures in the fecal samples compared to the mother’s milk. In this later work, a specific
B-galactosidase from Bifidobacterium longum subsp. longum (B. longum) was used to
digest HMOs in vitro, and the digested oligosaccharide fragments matched with compounds
identified in infant fecal samples (Davis et al. 2016). In another study, Wang et al. (2015)
correlated breast-milk HMO profiles with emergent fecal microbiota and noted specific
correlations between select HMO species in the milk [such as LNFP I, monofucosyllacto- -
hexaose 111 (MFLNH I11), sialyllacto- A-tetraose b (LSTb), and disialyllacto-A-tetraose
(DSLNT)] and the level of bifidobacteria in the feces.

Various groups have profiled consumption of HMOs by bacterial groups in vitro. Ward et al.
(2006) first demonstrated that Bifidobacterium longum subsp. infantis (B. infantis) ATCC
15697 can ferment HMOs as a sole carbon source. Locascio et al. (2009) subsequently
showed differential consumption of HMOs by different species of bifidobacteria. More
recently, Garrido et al. (2015) examined isolates of B. infantis and Bifidobacterium bifidum
for their ability to use pooled HMOs and individual HMO sugars. All B. infantis isolates in
this study grew well on pooled HMOs and grew well overall on individual HMO sugars. The
growth of B. bifidum on individual HMOs was more variable, as some examined strains
could not grow with 2"-FL and 6’-SL as a sole carbon source (Garrido et al. 2015).

Marcobal et al. (2010) first demonstrated that species of Bacteroides were able to consume
HMOs; however, this phenotype was not observed with other gut-associated bacteria,
including strains of Enterococcus, Streptococcus, Clostridium, and E. coli. These results
were later extended by Yu et al. (2013) showing lack of growth of Clostridium spp., E. coli
K12, Enterobacter spp., Enterococcus faecalis, and Staphylococcus spp. on HMOs. Hunt et
al. (2012) reported that HMOs have growth-stimulating properties on Staphylococcus aureus
and Staphylococcus epidermidis, however, analysis showed no HMO consumption from the
spent media, suggesting factors other than HMOs caused the growth stimulation.
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Bacteroides thetaiotaomicron and Bacteroides fragilis utilize HMOs by inducing the same
genes that are involved in mucin utilization (Marcobal et al. 2011). In this study, Marcobal et
al. (2011) showed that in a gnotobiotic mouse model LNNT provided a significant growth
advantage to B. infantis over B. thetaiotaomicron.

MOLECULAR MECHANISMS OF UTILIZATION OF HUMAN MILK
OLIGOSACCHARIDES BY BIFIDOBACTERIA

Advances in DNA sequencing in the past decade have resulted in a flurry of genomic
analysis of the bifidobacterial clade (Kwak et al. 2016, Milani et al. 2014) as well as
pangenomic analysis of specific infant-oriented clades, with a particular focus on genes
involved in HMO degradation (Bottacini et al. 2014, Duranti et al. 2015, Milani et al. 2015b,
O’Callaghan et al. 2015). Milani et al. (2015b) inferred glycan consumption capacity in
forty-seven representative Bifidobacterium species segregated into three large groups based
on differences in their predicted ability to degrade plant polysaccharides. This work also
revealed that certain bifidobacteria (Bifidobacterium scardovii, B. infantis, and B. bifidum)
have an abundance of genes related to degradation of host-derived glycans, including
sialidases, fucosidase, hexosaminidases, a-/-acetylgalactosaminidases, a-mannosidases,
and lacto- A-biosidases. Given that the linkages in milk glycans and glycoconjugates require
these enzymes for cleavage (Garrido et al. 2013), one would predict that functional analyses
of breastfed infant microbiomes show an enrichment in these activities. Indeed, this appears
to be the case, as metagenomics and metatranscriptomics of infant feces clearly reveal an
abundance of expression of genes linked to host glycan degradation (Milani et al. 2015a,
Yatsunenko et al. 2012).

The mechanism of host glycan consumption has been profiled extensively in two
prototypical infant-borne bifidobacteria, B. infantisand B. bifidum. B. infantis possesses a
43-kb HMO gene cluster containing glycosyl hydrolases and ABC transporters (Sela et al.
2008). B. infantfs consumes HMOs by using an array of ABC transporters to facilitate
importation and then deconstructs HMOs via an array of intracellular glycosyl hydrolases
(Garrido et al. 2011, 2012c; Sela et al. 2011, 2012; Yoshida et al. 2012). B. /nfantis ATCC
15697 expresses family 1 solute-binding proteins, a component of ABC transporters, when
grown on HMOs, and these binding proteins have an affinity for mammalian
oligosaccharides (Garrido et al. 2011). The genome of B. infantis ATCC 15697 has five
intracellular a-L-fucosidases, with two of these enzymes located in the HMO cluster (Sela
et al. 2012). Of the five a-L-fucosidases, there are four GH29 a-L-fucosidases and one
GH95 a-L-fucosidase (Sela et al. 2012). Fucosidases located in the HMO cluster encoded
by Blon_2335 and Blon_2336 were both found to have activity on fucosylated HMOs (Sela
et al. 2012). Sela et al. (2011) examined two sialidases from B. infantis ATCC 15697.
Sialidase NanH2 from B. infantis digested purified milk sialyloligosaccharides; however,
sialidase NanH1 did not (Sela et al. 2011). It is possible this latter enzyme has activity on
other types of sialylated glycans (Sela et al. 2011). B. /nfantis employs two different p-
galactosidases to digest type-1 and type-2 HMOs (Yoshida et al. 2012). Additionally, B.
Infantis possesses three N-acetyl-p-D-hexosaminidases that cleave the GICNAcP1-3 linkage
found in the HMO lacto- N-tetraose (LNT) (Garrido et al. 2012c).
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The mechanism of fucose metabolism in B. infantis and other bifidobacteria has previously
been unclear. Fucose is not detected in the supernatant during B. infantis growth on HMOs
(Asakuma et al. 2011, Ward et al. 2007). The genome of B. infantis ATCC 15697 possesses
two gene clusters containing genes that are similar to a fucose pathway involving
nonphosphorylated intermediates that have been previously described in C. jejuniand
Xanthomonas campestris (Sela et al. 2012, Yew et al. 2006). Bunesova et al. (2016) showed
that fermentation end products lactate, acetate, and 1,2-propanediol were formed during
growth of B. infantis and Bifidobacterium longum subsp. suis on L-fucose. This work
proposed an L-fucose pathway similar to X. campestrisand C. jejuni involving the formation
of nonphosphorylated intermediates (Bunesova et al. 2016).

B. bifidum uses a process vastly different than B. infantisto catabolize HMOs by employing
an array of extracellular glycosyl hydrolases (Ashida et al. 2009, Kitaoka 2012, Kiyohara et
al. 2011, Turroni et al. 2010). A membrane-associated GH95 a-L-fucosidase, AfcA, with
a-1,2-specificity has activity on oligosaccharides and glycoproteins (Katayama et al. 2004).
Another membrane-associated fucosidase, AfcB, has a-1,3/4 specificity and releases a-1,3-
and a-1,4-fucosyl residues from various substrates such as 3-FL, LNFP I1, and LNFP I11
(Ashida et al. 2009). A membrane-associated exo-a-sialidase, SiaBb2, can free sialic acid
from sialylated HMOs, glycoproteins, and gangliosides (Kiyohara et al. 2011). An
extracellular lacto- A-biosidase has a substrate preference for unmodified B-linked LNB |
(Wada et al. 2008). This latter pathway of type | HMO degradation contrasts with
mechanisms employed by B. infantis.

Previous genome analysis of B. bifidum has described strategies for host glycan utilization,
including methods of hydrolysis of fucosylated and sialylated moieties (Turroni et al. 2010).
Transcriptomics of B. bifidum during growth on fucose revealed upregulation of genes
associated with host glycan degradation, including genes encoding fucosidases, sialidases,
and N-acetylhexosaminidases (Duranti et al. 2015). Garrido et al. (2015) showed that genes
associated with HMO utilization are upregulated in both B. bifidum and B. infantis when
these species are grown on HMOs. In this study, transcriptional analysis found that in the
case of B. bifidum, the transcriptional response during growth on the individual HMO sugars
2’-FL, 3-FL, and 6”-SL was similar to that of lactose and was unlike the transcriptional
response of B. infantis during growth on these substrates (Garrido et al. 2015). Interestingly,
when B. infantis was grown on 2’ -FL as the sole carbon source, the expression of the HMO
cluster was at basal expression levels only, whereas other gene clusters associated with FL
import, catabolism, and fucose metabolism appeared to be induced on these substrates
(Garrido et al. 2015).

Newer studies examined the ability of select Bifidobacterium breve strains to utilize HMOs
(Ruiz-Moyano et al. 2013, James et al. 2016). Comparative genomics of B. breve shows that
this species contains clusters related to HMO utilization, including those related to sialic
acid, fucose, and LNB (Bottacini et al. 2014). B. breve exhibits strain-specific growth on
HMOs; however, most strains grow well on LNT (Ruiz-Moyano et al. 2013). James et al.
(2016) used transcriptome analysis and functional studies to examine pathways involved in
LNT and LNNT utilization by B. breve UCC 2003. In this work, galactosidases and solute-
binding proteins from B. breve UCC 2003 associated with type | and II HMO utilization
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were characterized, and this strain used separate pathways that have overlapping properties
to metabolize LNT and LNnT (James et al. 2016). Growth on 2’-FL is strain dependent in B.
breve (Ruiz-Moyano et al. 2013). Matsuki et al. (2016) examined bifidobacterial genomes
and identified a putative fucosyllactose utilization pathway, which was associated with
elevated acetate in the gut and altered microbiota composition. This work identified an ABC
transporter as a component for fucosyllactose consumption in bifidobacteria (Matsuki et al.
2016). The fucosyllactose solute-binding protein gene associated with this ABC transporter
was knocked out in a B. breve strain, and the knockout strain showed limited growth on
HMO (Matsuki et al. 2016).

Other studies have examined B. longum mechanisms of HMO utilization. Unlike B. breve,
most B. longum strains can grow moderately well on HMOs and well on LNT as a sole
carbon source (Garrido et al. 2016). In B. longum SC596, the LNB/GNB cluster was shown
to be induced on the HMOs LNT and LNNT, which suggests the involvement of the
LNB/GNB cluster in HMO utilization in this strain (Garrido et al. 2016). From this strain,
two galactosidases were found to be associated with HMO utilization. One of the
galactosidases exhibited type | specificity, and the other had type 11 specificity (Garrido et al.
2016). Furthermore, B. fongum SC596 family 1 solute-binding proteins were induced on
HMO and possessed binding affinity to various HMOs, including LNT, type I-like HMOs,
and 2’-FL (Garrido et al. 2016). Growth on 2’-FL and 3-FL as the sole carbon sources is
strain dependent in B. fongum (Garrido et al. 2016). B. longum SC596 grew vigorously on
2’-FL and 3-FL as a sole carbon source (Garrido et al. 2016). Glycoprofiling analysis
revealed that this strain utilized fucosylated HMOs at higher levels compared with other B.
longum strains examined in the study (Garrido et al. 2016). A gene cluster similar to that
identified by Matsuki et al. (2016) was identified from the strain B. /ongum SC596 that
allowed for the consumption of fucosylated HMOs (Garrido et al. 2016). This cluster, which
was highly induced during growth on 2’-FL, contained a family 1 solute-binding protein
with specificity for binding 2’-FL and two adjacent fucosidases with complementary a.-1-2-
and a-1-3/4-linkage specificities (Garrido et al. 2016). A comparison of modes of glycan
utilization by B. infantis, B. breve, B. longum, and B. bifidum is presented in Figure 2.

MECHANISMS OF UTILIZATION OF MILK GLYCOCONJUGATES BY
BIFIDOBACTERIA

Mechanisms of deglycosylation and degradation of glycoproteins have previously been
described in various bacteria such as Bacteroides, Streptococcus oralls, Streptococcus
pneumoniae, E. faecalis, and Bifidobacterium (Byers et al. 1999, Collin & Fischetti 2004,
Karav et al. 2016, Martens et al. 2009, Muramatsu et al. 2001, Renzi et al. 2011).
Bacteroides uses a strategy involving membrane-bound extracellular glycosyl hydrolases to
degrade mucin (Martens et al. 2009).

Molecular mechanisms of degradation and utilization of glycoconjugates by bifidobacteria
have been investigated, and some bifidobacteria have the ability to degrade mucin (Crociani
et al. 1994, Kiyohara et al. 2012, Ruas-Madiedo et al. 2008). MUC2 mucin can be
hydrolyzed into Tn antigen by bifidobacterial glycosyl hydrolases (Kiyohara et al. 2012).
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Kiyohara et al. (2012) identified an a-A-acetylgalactosaminidase from B. bifidum that has
activity on the Tn antigen. Garrido et al. (2012b) examined isolates of bifidobacteria for the
ability to degrade glycoproteins. In that study, an endo-p-A-acetylglucosaminidase,
EndoBI-1, from B. infantis was identified and shown to have activity on A-linked glycans
(Garrido et al. 2012b). This enzyme has the ability to cleave A-linked glycans from human
lactoferrin, IgA, and IgG, and, additionally, the activity of this enzyme is not affected by
core fucosylation or sialylation of substrates (Garrido et al. 2012b).

Bifidobacteria are able to use glycoproteins as a growth substrate (Garrido et al. 2012b, Kim
et al. 2004). Bovine lactoferrin has been reported to stimulate growth of strains of B.
infantis, B. breve, and B. bifidum (Kim et al. 2004). In another study, Garrido et al. (2012b)
reported growth of bifidobacteria on yeast mannoproteins. Until recently, the degree of the
glycan versus protein component contribution to milk glycoproteins’ prebiotic effect on
bifidobacterial enrichment has been poorly understood (Karav et al. 2016, Oda et al. 2013).
Karav et al. (2016) used EndoBI-1 to cleave conjugated A-glycans from glycoproteins and
showed that B. /nfantis grew vigorously on these released glycans as a sole carbon source, as
presented in Figure 3. Conversely, Bifidobacterium animalis subsp. factis (B. /actis), a
species that does not grow well on HMOs, did not grow on the released A-glycans (Karav et
al. 2016). Mass spectrometry confirmed these phenotypes; B. infantis consumed 73% of
neutral and 92% of sialylated A-glycans, and B. /actis consumed only 11% of neutral and
less than 1% of the sialylated A-glycans. Lastly, the deglycosylated milk-protein fraction, in
the absence of released glycans, did not support the growth of B. /nfantis (Karav et al. 2016).
This suggests that released N-glycans from glycoproteins can serve as selective
oligosaccharides that enrich only certain bifidobacterial species such as B. infantis (Karav et
al. 2016) and that the role of the protein component in the gut remains to be elucidated.

Bifidobacteria also degrade milk gangliosides. Lee et al. (2014) reported that B. infantis and
B. bifidum catabolized the two milk gangliosides GM3 and GD3, whereas select B. longum
and B. /actis isolates poorly degraded these glycoconjugates (Lee et al. 2014). Additional
work on gangliosides by Kiyohara et al. (2011) demonstrated that a specific exosialidase,
SaBb2, from B. bifidum readily cleaved GD1a.

CROSS-FEEDING OF MILK GLYCANS AND GLYCOCONJUGATES

Various models for the degradation of complex polysaccharides by gut commensals reveal a
constellation of primary and secondary consumers with the latter clade feeding on the
previously unavailable degradation products of polysaccharides (White et al. 2014). Given
the complexity of milk glycans and glycoconjugates, it is expected that a similar cross-
feeding of glycan components occurs in situ (Sela & Mills 2010). Indeed, cross-feeding of
milk glycans between Bacteroides (primary degrader) and Enterobacteriaceae (secondary
consumer) has been demonstrated in mice fed sialyllactose (Huang et al. 2015) and
gnotobiotic mice and piglets containing transplanted human microbiota fed BMOs
(Charbonneau et al. 2016b); cross-feeding activity was predicted from metagenomic analysis
of nursing piglets (Frese et al. 2015).
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Recent work has also demonstrated cross-feeding of various glycans among individual
bifidobacteria in vitro (Milani et al. 2015a, Turroni et al. 2015). For example, spent medium
from B. bifidum grown on mucin (Egan et al. 2014a) or sialyllactose (Egan et al. 2014b)
cross-fed B. breve. In a different study, B. bifidum grown on resistant starch and/or xylan
released sugars that enabled growth of B. breve, B. adolescentis, and Bifidobacterium
thermophilum (Turroni et al. 2015). Such cross-feeding might explain why consortia of
bifidobacterial species are found in some infants. Although this cross-feeding among
bifidobacteria has been described as “mutualistic” behavior, it remains to be determined
whether the primary consumer, in this case B. bifidum, is benefiting from this interaction.
More alarmingly, several groups have clearly demonstrated that such glycan-driven cross-
feeding can just as readily enrich enteric pathogens (Huang et al. 2015, Ng et al. 2013).
Overall, the context by which the primary degrader consumes the milk glycans—i.e.,
complete internalization of the glycans versus extracellular degradation prior to
internalization—may be a critical competitive strategy that shapes the trajectory and
composition of the infant-gut microbiome (Charbonneau et al. 2016a, Sela & Mills 2010).

DIETS SUPPLEMENTED WITH EXOGENOUS MILK OLIGOSACCHARIDES

Infant formula manufacturers aim to better mimic human milk complexity by increasing the
number of components that are normally found only in human breast milk (Hernell 2011).
Infant formula has in the past contained mostly bovine milk components. However, critical
bioactive components found in human breast milk may be lacking in infant formula, and to
address this, the composition of infant formula has changed over time (Lonnerdal 2014).
Present-day infant formula is now supplemented with components such as oils, starches, and
vitamins to better align with human milk (Ackerman et al. 2017). However, human milk
contains an array of diverse bioactive structures, and the production of structurally and
compositionally similar molecules remains a challenging task.

Because HMOs are not readily available as an ingredient, infant formulas are now
commonly supplemented with inulin and galactooligosaccharides (GOSSs) or
fructooligosaccharides (FOSs) (Ackerman et al. 2017), and these commercial prebiotics
have been shown to increase bifidobacterial abundance in vivo (Haarman & Knol 2005,
Knol et al. 2005, Ramirez-Farias et al. 2009). Although these carbohydrates are prebiotic,
emerging research is showing that they do not possess other important bioactivities of milk
oligosaccharides. Recent studies have examined the effects of infant formula supplemented
with a specific HMO species (Donovan & Comstock 2016). Goehring et al. (2016) reported
that infants fed a formula containing 2”-FL had lower levels of inflammatory cytokines
compared to those fed, which is similar to infants that are breastfed. Steenhout et al. (2016)
demonstrated that infants fed formula supplemented with 2’-FL and LNnT possessed a stool
microbiota that more closely resembled that of breastfed infants.

As mentioned earlier, bovine dairy streams are another promising source for larger-scale
isolation of milk oligosaccharides (Barile et al. 2009, Cohen et al. 2017). A recent clinical
study showed that consumption of BMOs by adult volunteers was remarkably well-tolerated,
even at dosages of up to 35% of daily fiber intake (Smilowitz et al. 2017). Additional studies
have provided some mechanistic insight into possible benefits of BMO. Hamilton et al.
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(2017) showed that provision of BMOs attenuated weight gain, decreased adiposity, and
decreased caloric intake within a mouse model for high-fat-diet-induced obesity. In this
study, BMOs also completely abolished the high-fat-diet-induced increase in paracellular
and transcellular permeability in both the small and large intestine, coinciding with increases
in bifidobacteria and lactobacilli in the ileum. Boudry et al. (2017) witnessed a similar
BMO-driven reduction in intestinal permeability in diet-induced obese mice. Charbonneau
et al. (2016b) reported that provision of sialylated BMOs dramatically repaired growth
phenotypes within gnotobiotic mice and pigs transplanted with microbiota from
malnourished Malawian children. Amazingly, this study showed dramatically improved lean
body mass, altered bone morphology, and modified liver, muscle, and brain metabolism,
suggesting a greater ability to garner nutrients for anabolism linked to the interaction
between the supplemented BMOs and the Malawian infant-gut microbiota. Because these
improvements were not observed with inulin supplementation, the specific chemical nature
of the milk oligosaccharides provides a key metabolic factor endowing this benefit, albeit the
mechanism for this remains to be determined.

Although opportunities to supplement formula with milk oligosaccharides represent a
significant advance to match the glycan content of breast milk, much study is still needed to
understand their impact on the developing infant-gut microbiota. Given that cross-feeding of
milk glycans might include enrichment of problematic clades such as Enterobacteriaceae,
caution is warranted (Charbonneau et al. 2016a, Shin et al. 2015). In particular, studies using
formula containing milk oligosaccharides need to present individual neonate microbiota
changes rather than solely showing summarized changes among all study subjects. Given the
individualized nature of the gut microbiota, it is critical to follow each test subject’s
response to the milk oligosaccharide interventions to assess whether any subpopulations of
infants exhibit signs of cross-feeding and to probe associations with health outcomes.

CONCLUSIONS AND FUTURE STUDIES

In addition to providing nutrition for the infant, human breast milk provides an array of
intricate bioactive components that modulate the developing infant-gut microbiota. The
relationship between the formation of the intestinal environment and milk glycans is of
significant interest. Glycans in milk are associated with various functional roles, including
pathogen deflection and modulation of immunity. Human milk glycans also shape the
enrichment of a protective intestinal microbiota. Recent work has investigated molecular
mechanisms involved in milk oligosaccharides and milk glycoconjugate utilization by
infant-associated bifidobacteria. The identification of milk glycans coupled with research
investigating these mechanisms of bifidobacterial glycan utilization has provided insight into
the interactions between bifidobacteria and milk glycans. However, the vastly complex
relationship between glycans and the human microbiota remains poorly described. Future
research on these glycans will aid our understanding of infant development, the design of
synbiotic partners, modulation of the intestinal microbiota, and treatment of intestinal
dysbiosis.
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Figure 1.
Relative abundances of acidic, acidic fucosylated, neutral fucosylated, and neutral

nonfucosylated oligosaccharides in human, bovine, and porcine milk, as demonstrated by
selected glycomics studies (Mudd et al. 2016, Ninonuevo et al. 2006, Tao et al. 2009).
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Figure2.
Possible strategies of glycan utilization by Bifidobacterium infantis, Bifidobacterium breve,

Bifidobacterium longum, and Bifidobacterium bifidum. (Leff) B. infantis. galactosidases,
hexosaminidases, a-L-fucosidases (GH29), a-L-fucosidase (GH95), sialidases, and lacto- A~
biose (LNB) phosphorylase. Described in select strains of B. infantis. a.-N-
acetylgalactosaminidase (GH 129) and endo-B- A-acetylglucosaminidase (GH 18/85). B.
breve: galactosidases, hexosaminidase, a-L-fucosidase (GH95), sialidase, and LNB
phosphorylases. Described in select strains of B. breve: a-L-fucosidase (GH29), a-N-
Acetylgalactosaminidase (GH 129), endo-p-N-acetylglucosaminidase (GH 18/85), and
endo-a-N-acetylgalactosaminidase (GH101). B. longum: galactosidases, hexosaminidase,
and LNB phosphorylases. Described in select strains of B. longum: a.-L-fucosidase (GH95),
a-L-fucosidase (GH29), lacto- A-biosidase, a-N-acetylgalactosaminidase (GH 129), endo-B-
N-acetylglucosaminidase (GH 18/85), and endo-a-A-acetylgalactosaminidase (GH101).
(Righd B. bifidum: galactosidases, hexosaminidases, a-L-fucosidase (GH29), a-L-
fucosidase (GH95), sialidases, LNB phosphorylases, and lacto- A-biosidase. Described in
select strains of B. bifidur. a-N-acetylgalactosaminidase (GH 129) and endo-a.- -
acetylgalactosaminidase (GH101). Asterisks indicate that the enzyme has been described in
select strains.
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Figure 3.
(&) Endo-B-M-acetylglucosaminidase (EndoBI-1) cleavage of a representative conjugated N-

glycan structure. (b) Bifidobacterium infantis growth on whey, released A-glycans from
whey, or deglycosylated whey as the sole carbon source. Released A-glycans did not support
growth of Bifidobacterium animalis subsp. lactis (data not shown). Adapted from Karav et
al. (2016).
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