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Abstract

Human milk is a complete source of nourishment for the infant. Exclusive breastfeeding not only 

sustains the infant’s development but also guides the proliferation of a protective intestinal 

microbiota. Among the many components of milk that modulate the infant gut microbiota, the 

milk glycans, which comprise free oligosaccharides, glycoproteins, and glycolipids, are 

increasingly recognized as drivers of microbiota development and overall gut health. These 

glycans may display pleiotropic functions, conferring protection against infectious diseases and 

also acting as prebiotics, selecting for the growth of beneficial intestinal bacteria. The prebiotic 

effect of milk glycans has direct application to prevention of diseases such as necrotizing 

enterocolitis, a common and devastating disease of preterm infants. In this article, we review the 

impact of the human (and bovine) milk glycome on gut health through establishment of a milk-

oriented microbiota in the neonate.

Keywords

glycobiome; milk bioactives; milk oligosaccharides; bifidobacteria; neonatal microbiota

INTRODUCTION

Breastfeeding and human milk are considered the normative standard for infant feeding, 

according to the American Academy of Pediatrics, and are associated with both short-term 

and long-term effects on neonatal health (1). Exclusive breast milk feeding is recommended 

for the first six months of life and (in combination with solid foods) advised to extend for 

two years of life (1–3). Breast milk is the sole source of nourishment for infants, through 

which they acquire all elements necessary for their development. Milk is a complete natural 
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formulation containing hormones, antibodies, glycans, glycoconjugates, antimicrobials, and 

nourishment for the infant’s microbiota. Indeed, milk is a complex and complete source of 

bioactive molecules that help protect the newborn against infectious diseases and promote 

development while selectively enriching a protective and beneficial gut microbiota. 

Therefore, milk combines infant nutrition and microbial nutrition, which in concert promote 

infant health. Several studies correlate breastfeeding to reduced infant mortality, lower 

incidence of infectious diseases, and enhanced immune response. It is well accepted that 

exclusive breastfeeding protects infants against diarrhea (4, 5). Breastfeeding is also 

associated with reduced risk for postneonatal death (6), reduced incidence of necrotizing 

enterocolotis (NEC) (1), better cognitive development (7), and better growth and overall 

health outcomes (3).

The mother infected with HIV presents a striking example for the array of benefits of breast-

feeding. In developed countries, the risk of HIV infection through breastfeeding is such that 

HIV-positive women are encouraged to feed their infants formula only. However, in 

developing countries, where infant mortality related to malnutrition is high and formula is 

often not readily available, breast milk offers a significant advantage for babies of HIV-

infected mothers. In a study composed of nearly 300 mother-infant pairs in India, the effects 

of breastfeeding were associated with higher survival rates of infants born to HIV-positive 

mothers compared with formula-fed infants (8). The mortality rate of breastfed infants was 

nearly 10 times lower than that of formula-fed infants (0.68% versus 9.6%, respectively) at 

12 months of age (8). A similar trend was also observed in a clinical trial in Botswana, 

Africa. In a pioneer investigation on the effects of breastfeeding during extended 

antiretroviral therapy on postnatal transmission of HIV, Thior and collaborators (9) observed 

that although administration of the drug zidovudine during breast-feeding did not reduce 

HIV transmission compared with formula-fed infants, mortality rate among breastfed infants 

was lower. The many bioactive factors in milk may underlie the protection observed in these 

studies. With growth factors, immunoglobulins, and prebiotics, breastfed infants have a 

better immune response and development and are likely more resistant to infectious 

diseases.

BIOACTIVE MOLECULES IN MILK

Milk is a remarkably complex matrix constituted by macronutrients and a plethora of 

bioactive molecules, including hormones, growth factors, antimicrobials, oligosaccharides, 

immunoglobulins, mucins, glycolipids, and metabolites. The composition of milk is 

dynamic and displays variations during lactation stages, feedings, and within mothers, but it 

is mostly conserved across populations (2). The highest differences in compositions are 

observed comparing mature milk to colostrum, the milk secreted a few days after birth, 

which contains the highest concentrations of bioactive milk proteins, such as 

immunoglobulins and antimicrobials (10). The remarkable fluidity of milk composition 

during lactation reflects an adjustment to the infant’s needs, as well as the evolutionary role 

of milk as the sole source of nutrients and immunity to support development of the newborn 

(10).
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The most abundant component of human milk is lactose (70 g/L), followed by lipids (40 

g/L), human milk oligosaccharides (HMOs) (5–15 g/L), and proteins (8 g/L) (11). Lactose 

and lipids represent a major nutrient source for the infant. HMOs are free glycans that 

display several biological functions; together with many glycoproteins and glycolipids, they 

represent the total glycoconjugates in milk. It has been estimated that more than 70% of 

human milk proteins are glycosylated, harboring both N-linked and O-linked glycan 

moieties (12). The majority of milk glycoproteins are found in skim milk (whey and casein), 

but the milk fat globule membrane (MFGM) contains a representative amount of total 

glycoproteins (reviewed in 13). The most abundant human milk glycoproteins are α-

lactalbumin (17% of total protein), lactoferrin (Lf) (17%), and secretory IgA (sIgA) (11%), 

belonging to the whey fraction, and κ-casein, from casein fraction (9%) (13).

Human Milk Oligosaccharides

HMOs reportedly comprise the third most abundant component of human milk and 

encompass a collection of structurally complex sugars displaying an array of linkages. 

HMOs can be linear or branched, comprising 3–14 monosaccharides. Five monosaccharides 

are the building blocks of HMOs: D-glucose (Glc), D-galactose (Gal), N-acetylglucosamine 

(GlcNAc), L-fucose (Fuc), and N-acetylneuraminic acid (NeuAc). HMOs are built on a 

basic lactose core [Gal(β1–4)Glc] that is extended with N-acetyllactosamine repeating units 

and can be divided into type I [Gal(β1–3) GlcNAc] or type II [Gal(β1–4)GlcNAc] depending 

on the specific linkage between Gal and GlcNAc (14). Moreover, HMOs can be decorated 

with fucose or N-acetylneuraminic acid, mostly in terminal positions. Fucosylation 

invariably yields Fuc(α1–3) on the reducing end and mostly Fuc(α1–2) on the nonreducing 

end. Sialylation is also observed in the nonreducing end via α2,3 or α2,6 linkages (14, 15). 

The basic structure of HMO and the linkages involved are depicted in Figure 1.

Biological synthesis of human milk glycans—HMOs are synthesized in the 

mammary gland by the action of several glycosyltransferases. Nearly all HMOs contain 

lactose at the reducing end, so it is postulated that HMO occurs as an extension of lactose 

biosynthesis, although the processes involved in the generation of the extremely diverse 

HMO repertoire remain mostly elusive (16). Biosynthesis of lactose takes place in the Golgi, 

the organelle where protein glycosylation occurs, and requires α-lactalbumin. In the Golgi, 

the enzyme β-1,4-galactosyltransferase1 (β4gal-T1) binds to UDP-galactose, promoting 

interaction with α-lactalbumin and modifying specificity of β4gal-T1, which in turn allows 

galactose transfer to glucose, forming lactose (17). A genetic basis underlies the production 

of α1–2, α1–3, and α1–4 fucosylated core structures of oligosaccharides, dependent on 

genes of blood group H, Lewis antigens, and secretor status (18). The α1,2 

fucosyltransferase encoded by FUT2 defines the secretor status; a secretor individual 

produces ABH antigens in body fluids, including milk. The Lewis blood group gene FUT3 

encodes α1,3/4 fucosyltransferase that forms α1,4 fucosylation, resulting in Lewis B antigen 

in secretors and Lewis A antigen in nonsecretors. The FUT2 and FUT3 genes are 

independent, yielding a combination of phenotypes; 70% of the population expresses both 

FUT2 and FUT3 (19). Moreover, sialylation at α2,3 and α2,6 contributes to increases in the 

variability of HMO structures in milk. HMOs are considered resistant to digestion in the 

gastrointestinal (GI) tract based on in vitro (20) and in vivo observations (18). HMOs have 
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been detected in the stool (21) and urine (22, 23) and circulate in the blood of breastfed 

infants (19), indicating a potential systemic effect of HMO that extends beyond intestinal 

modes of action.

One of the biggest challenges in HMO research has been the characterization of individual 

structures, particularly owing to the formation of multiple isomeric forms for each structure, 

resulting from the variety of possible linkages. Detection and analysis methods have been 

optimized (24); with the employment of sophisticated mass spectrometry (MS)-based 

approaches, some 200 HMOs have been revealed (25). More recently, libraries of neutral 

(15) and sialylated (26) HMOs have been annotated employing HPLC-chip/time-of-flight 

(TOF) MS, facilitating study of structure-function relationships.

Bovine Milk Glycans

Several bioactive components present in human milk are also found in bovine milk, albeit in 

lower amounts. Infant formulas are typically based in part on bovine milk components; 

however, they may lack the specific bioactive glycans that are presumably important for 

infant development. Thus, identification of bioactive glycans in bovine milk is of major 

importance for manipulation of infant formulas to achieve the health-promoting benefits of 

breast milk, because human milk is not a viable source for commercialization.

Considering the multitude of health-promoting effects of HMOs—which function as both a 

prebiotic and a glycan decoy to prevent intestinal binding of infectious agents—there is 

great commercial interest in discovering analogs that would mimic the structural and 

functional complexity of HMOs (27). An obvious source of such glycans would be from 

other animal milks. Bovine milk contains several simple and complex oligosaccharides that 

are structurally analogous to HMOs (28). Despite their structural similarity, oligosaccharides 

in mature bovine milk are present in significantly lower concentrations than in mature 

human milk, decreasing progressively along the course of lactation (29).

Both human and bovine milk contain higher concentrations of sialylated oligosaccharides in 

the early stages of lactation. Before the development and application of high-performance 

MS for analysis of milk glycans, only a handful of BMO structures were known. A 

systematic analysis of glycans in bovine colostrum during the first week of lactation, using 

HPLC-chip/TOF MS, revealed that the decline of sialylated bovine milk oligosaccharides 

(BMOs) (especially of N-glycoylneuraminic acid-BMO) is accompanied by an increased 

diversity of neutral oligosaccharides (30). Glycomics methods employing advanced 

separation techniques, including nanoflow liquid chromatography and mass spectrometry, in 

combination with selective enzymatic digestion, resulted in the creation of a complete BMO 

library that includes over 60 structures, of which several are novel and fucosylated (31). The 

feasibility of isolating BMO from dairy byproducts using membrane filtration has been 

shown (32). Recent work using HPLC-chip/TOF MS also revealed the presence of nearly 50 

BMOs in whey permeate, a by-product of whey protein manufacturing. Given the extremely 

large and growing production of cheese whey worldwide, it would seem obvious that whey 

may provide a significant source from which to obtain HMO mimics. This line of research 

would add a new dimension to profitable use of cheese whey in the dairy industry.
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Glycoproteins

Like human milk, bovine milk contains several glycoconjugates, such as α-lactalbumin, 

glycomacropeptide (GMP), Lf, immunoglobulins, and milk fat globule (MFG) proteins, 

which, in addition to HMOs, have been the subject of study. The concentration of these 

glycoconjugates is different between human and bovine milk; however, their biological 

functions seem to be conserved. Lf is well recognized as a major multifunctional protein 

from human milk, displaying antimicrobial, iron-chelating, anti-inflammatory, and prebiotic 

functions (10, 33). Human Lf (hLF) is an 80-KDa glycoprotein very abundant in human 

milk, present at concentrations of ~7 g/L in colostrum and ~2 g/L in mature milk. Lf is also 

found in bovine milk, with 68% sequence similarity to hLF (34), although it is present at 

significantly lower concentrations (50–300 mg/L). Pepsin digestion of hLf and bLf releases 

a potent bactericidal peptide, lactoferricin (Lfc) (35), that binds lipopolysaccharide from 

Gram-negative bacteria such as Escherichia coli and Salmonella (36). HLf is a highly 

glycosylated protein displaying three glycosylation sites (Asn137, Asn478, and Asn623) and 

harboring fucosylated and sialylated glycans (37). Bovine Lf (bLf) is also glycosylated, 

containing five potential glycosylation sites (Asn233, Asn281, Asn368, Asn476, and 

Asn545) (34). Lf glycosylation protects the protein against proteolytic digestion. Indeed, 

intact Lf has been detected in the stools of breastfed infants, indicating the resistance of this 

protein to GI tract enzymatic activities (38).

Casein GMP is the C-terminal portion of κ-casein (amino acids 106–109) that is present in 

both human and bovine milk (39). Two genetic variants are known for GMP, variant A and 

variant B, which differ in only two amino acids in the protein sequence. The peptide is 

relatively small, with a molecular weight of 8,000 Da; however, owing to glycosylation and 

the formation of dimers and trimers, its actual size can be up to 30,000 Da. The carbohydrate 

moiety of bovine GMP may contain up to five different O-linked oligosaccharide chains, 

which are typically heavily sialylated. GMP has been reported to have a prebiotic effect on 

bifidobacteria and lactic acid bacteria, potentially owing to its N-acetylneuraminic acid 

content (40). GMP could also be an important bioregulator of GI functions, and it was 

reported to stimulate the release of cholecystokinin in animals and humans (41).

Glycolipids

The majority of glycosphingolipids in both human and bovine milk are gangliosides that 

contain sialic acid residues in their glycan chains. The chemical structure of gangliosides is 

characterized by a ceramide lipid chain linked to acidic oligosaccharide chains containing 

one or more sialic acid residues (42); the ceramide portion is embedded into the membrane 

of MFGs, whereas the glycan moieties are exposed at the surface, similarly to the 

conformation of gangliosides that are part of epithelial cell membranes. Gangliosides in 

human milk are almost exclusively associated with the MFGM (43). The major ganglioside 

in human colostrum is GD3 (Sia α2–8 Sia α2–3 Gal β1–4 Glc β1–1 ceramide), which totals 

~65% of glycolipid content, whereas in mature milk GM3 [Sia α2–3 galactose (Gal) β1–4 

glucose (Glc) β1–1 ceramide] is predominant, representing ~70% of all glycolipids. GD3 

accounts for ~25% of glycolipid content, whereas GM2 and GM1 are minor components of 

mature milk but are nonetheless important against enteric pathogens (13). Several 

gangliosides are also present in mature bovine milk, where the main ganglioside is GD3 
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(44). The chemical nature of gangliosides renders them difficult to purify and analyze. One 

study employed matrix-assisted laser desorption/ionization Fourier transform ion cyclotron 

resonance MS coupled with collision-induced dissociation and infrared multiphoton 

dissociation MS/MS for ganglioside quantification and characterization. This approach 

unveiled 15 and 16 structures in bovine and human milk, respectively (43). It detected 10 

GM3 and 6 GD3 variants in human milk and 7 GM3 and 6 GD3 variants in bovine milk 

(43).

A more recent investigation of gangliosides in bovine milk using ultra-high performance 

liquid chromatography-tandem MS focused on quantifying the specific amounts of 

gangliosides in bovine milk over lactation. This work revealed considerable quantities of 

gangliosides at day two (GM3, 0.98 mg/L; GD3, 15.2 mg/L) and showed a rapid decrease at 

two weeks (GM3, 0.15 mg/L; GD3, 3.3 mg/L) and three months (GM3, 0.15 mg/L; GD3, 

2.4 mg/L) (45). The same work suggested that gangliosides were preferentially concentrated 

during the dairy processing operations in a side stream called buttermilk.

MILK GLYCOME–BASED ENRICHMENT OF A PROTECTIVE INFANT 

MICROBIOTA: THE CONCEPT OF MILK-ORIENTED MICROBIOTA

The Human Intestinal Microbiota

The human intestinal microbiota is composed by a large and diverse collection of microbes 

that reside in the gut in a symbiotic relationship with its host. Bacterial numbers increase 

markedly from proximal to distal throughout the GI tract, with the large intestine estimated 

to contain 500–1,000 species (46). In children and adults, the phyla Bacteroidetes and 

Firmicutes are the most abundant, totaling 90% of the phylotypes in the gut (47). 

Remarkably, the intestinal microbial population exceeds the number of mammalian cells by 

one order of magnitude (47). The genetic pool of intestinal microbiota contains 10 times 

more genes than the human genome, and the microbiome encodes functions that 

complement mammalian physiology, such as the ability to digest otherwise indigestible 

dietary polysaccharides (48). The gut microbiota contributes to human health in several 

ways, by supplying vitamins and short chain fatty acids (49), stimulating the immune 

system, and protecting against enteric infections by a process known as colonization 

resistance (50). The human microbiome varies from individuals, ages, and diet (51, 52). 

Alterations in the microbiota composition and dysbiosis are associated with an array of 

immunological, infectious, and metabolic diseases (reviewed in 53), such as obesity (54, 

55), inflammatory bowel disease (56), necrotizing enterocolitis (57, 58), and colorectal 

cancer (59).

Neonatal Intestine and Development of the Infant Microbiota

A major factor that shapes the human gut microbiota is the early development of the 

intestinal microbial communities that occurs right after birth. Early colonization of the 

intestine has major short-term and long-term implications for human physiology. Therefore, 

it is critical to investigate the changes that intestinal microbiota undergo during neonatal 

development. Manipulation of the neonatal gut microbiota is particularly relevant for 

development of preventive strategies directed to preterm infants.
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The neonatal intestine at birth is immature, and the complex composition of breast milk 

provides elements for a microenvironment that ensures gut maturation and protection (60). 

The neonatal intestine, and particularly the premature intestine, is characterized by a highly 

immunoresponsive mucosa, and consequently, it is more susceptible to perturbations 

originated in the luminal compartment (61). Immature enterocytes are more sensitive to 

inflammatory stimuli, such as lipopolysaccharide and flagellin, expressing lower levels of 

IκB and releasing more IL-8, causing aberrant inflammatory responses that compromise the 

integrity of the intestinal mucosa (62). The neonatal ecosystem, composed of the intestinal 

mucosa, luminal nutrients, and microbiota, is very complex and tightly controlled to ensure 

homeostasis in the developing gut; hence, the establishment of a health-promoting 

microbiota in early life is crucial for intestinal health in infants. In this section, we explore 

the singular aspects of the neonatal intestine and its microbiota, both of which act in concert 

toward the establishment of a healthy symbiotic relationship to promote development of the 

newborn.

In the womb, the fetal intestine is a semi-sterile environment that differs entirely from the 

neonatal intestine. Colonization of the human gut essentially begins at birth, when the 

newborn is exposed to maternal vaginal and GI microbiota as well as microbes from the 

external environment (61). Soon after birth, the neonatal intestine is colonized by symbiotic 

bacteria in a stepwise fashion, which can be divided into four main subsequent steps: (a) 

acquisition of maternal vaginal, colonic, and skin flora at birth; (b) introduction of oral 

feedings (breastfeeding or formula feeding); (c) weaning; and (d) acquisition of complete 

adult colonization (63). Several factors influence early colonization of the infant gut, 

including mode of delivery (vaginal or cesarean) (64), gestational age at the time of birth 

(preterm or full-term), early exposure to antibiotics, and feeding mode (breast milk or 

formula) (65). The composition of the infant’s gut microbiota undergoes successive changes 

soon after delivery. The maternal gut microbes appear to be the main source of gut microbes 

for the infant. First colonizers are acquired through the mother, and therefore, the delivery 

mode has an impact on the bacteria genera that are passed to the newborn. Vaginal delivery 

accounts for higher levels of bifidobacteria (66) and lactobacilli. Infants born via cesarean 

delivery have low levels of bifidobacteria and high levels of clostridia. Nonetheless, 

cesarean-born infants who are breastfed retain a high level of bifidobacteria, highlighting the 

importance of breastfeeding to select for a protective gut microbiota in the infant.

In the first few days after birth, the intestine is colonized by a heterogeneous microbial 

population, independent of nutrient sources, that becomes more stable in the first week of 

life. At that time, facultative anaerobes that belong to Enterobacteriaceae, Streptococcus, 

Enterococcus, and Staphylococcus are already present, mainly owing to initial oxygen 

availability in the newborn gut (67). E. coli, Enterococcus faecalis, and Enterococcus 

faecium are the most represented species among the first colonizers. The gradual oxygen 

consumption by facultative anaerobic bacteria creates a reduced environment that allows 

expansion of obligate anaerobes belonging to the genera Bifidobacterium, Bacteroides, and 

Clostridium, followed by Veillonella, Ruminococcus, and Eubacterium (68). Intestinal 

colonization undergoes additional changes upon introduction of solid food. A recent study, 

in which the infant microbiota was analyzed monthly for two years after birth, shows that 
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the genus Bifidobacterium is detected in the first few months of life, predominates in the 

first year, then declines along the second year. By the end of the second year of life, the 

infant microbiota is more diverse (69).

Bacterial colonization after birth is essential for intestinal development and maturation of 

the immune system (70). Early colonization is a determinant of mucosal homeostasis and is 

mostly dependent on the diet (63). Nutrition plays a major role in selecting for a signature 

microbiome that is protective for the infant (71). Considering the critical effects of the early 

colonizers on the baby’s overall health, it is of major importance to develop approaches to 

ensure the development of a protective gut microbiome early in life.

A Milk-Oriented Microbiota in Breastfed Infants

As the sole nutrient source for newborns, milk stimulates intestinal defenses and 

concomitantly provides enough caloric intake to sustain normal development and GI 

homeostasis. A predominance of Bifidobacterium species in the intestine of infants has been 

documented in several studies (72–74), and the use of next-generation approaches has 

contributed immensely to a better understanding of the dynamics of microbial communities 

in the developing intestine. Analyses of the infant microbiome indicate a trend that is 

consistent with breastfeeding, irrespective of geographic region or age: Breast milk selects 

for a highly adapted intestinal microbiota, dominated by bifidobacteria or, as suggested 

recently by our group, a milk-oriented microbiota (MOM). In particular, the species 

Bifidobacterium longum subsp. longum, B. longum subsp. infantis, and Bifidobacterium 

breve are most commonly found inhabiting the GI tract of nursing infants.

The Microbiota of Breastfed Versus Formula-Fed Infants

It is well established now that bifidobacteria dominate the intestinal microbial population of 

infants (72, 74, 75), reaching ~75% of the gut microbial population (51). In fact, 

Bifidobacterium is the predominant genus in both breastfed and formula-fed infants, with 

species variations according to the feeding mode. The species B. longum, B. infantis, B. 

breve, and B. bifidum are commonly detected in breastfed babies (72, 76), and in formula-

fed babies, Bifidobacterium adolescentis and Bifidobacterium pseudocatenulatum, which are 

often found in the intestinal adult microbiota (77). Yatsunenko et al. (51) reported an 

abundance of the genera Bifidobacterium, Erwinia, Actinomyces, and Haemophilus in 

breastfed babies, whereas less bifidobacteria and more Firmicutes and Bacteroidetes were 

observed in formula-fed babies (51). A recent investigation of the gut microbiota in healthy 

children revealed 24 bacterial taxa that are associated with age, in which the top five are 

Faecalibacterium prausnitzii, Ruminococcus sp., Lactobacillus ruminis, Dorea longicatena, 

and B. longum. This study also supports the high abundance of Bifidobacterium sp. in the 

first few months of age in healthy babies, with a decrease toward the first two years of life 

(69).

Preterm Infants Lack a Milk-Oriented Microbiota

Babies born prior to 32 weeks gestation are essentially an evolutionarily new population. 

Human milk evolved to nourish and protect the term infant but in many ways is unable to 

provide for the needs of the very premature infant. Comparisons between term and very 
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preterm infants provide the most compelling evidence of the importance of the interactions 

between three central components: human milk, the developing intestinal tract, and the 

intestinal microbiota. First, milk from mothers who deliver preterm differs in significant 

ways from that of mothers who deliver at term. Preterm milk is higher in protein content but 

much more variable in the composition of HMOs than milk from mothers delivering at term 

(78). This immature production of HMOs likely has relevance in altering the composition of 

the intestinal microbiota. Second, the intestinal tract of preterm infants is immature in 

essentially every functional aspect, including motility, absorption, digestion, secretion of 

mucus and antimicrobial peptides, barrier function, and vascularization (79). One of the 

striking features of the immature intestine is the excessive inflammatory response to gut 

luminal microbes (62, 80). Third, the intestinal microbiota differs markedly between the 

term and premature infant. In contrast to the bifidobacteria-rich microbiota of many 

breastfed full-term infants, the preterm gut microbiota is characterized by high levels of 

facultative anaerobes; low levels of Bifidobacterium and Bacteroides; and an abundance of 

Proteobacteria, especially Enterobacteriaceae (81, 82).

NEC is a common and devastating GI disease that primarily affects premature infants. The 

incidence of NEC varies; from 2–10% of premature infants with birth weight less than 1,500 

g are affected, with annual costs in the United States estimated at $0.5–1 billion (83). 

Mortality rates vary with the severity of the disease, with as many as 25% of neonates with 

severe NEC succumbing to the disease. Long-term morbidity, including malabsorption, poor 

growth, short gut syndrome, and neurodevelopmental delays, is common among survivors.

Predisposing factors include immaturity (the more premature an infant is at birth, the higher 

the risk of NEC), enteral feeding, and dysbiosis (79). Limited data suggest additional risk 

factors, including genetic predisposition (84) and maternal smoking (85), though these have 

not yet been confirmed. Multiple case reports and case series have linked a variety of 

pathogenic bacteria, viruses, and fungi with NEC, suggesting that NEC may be a common 

disease pathway following a variety of insults. Recent observations of changes in the 

intestinal microbiota prior to the onset of NEC are compelling (58, 86–89). Dysbiosis in this 

population is extremely common and multifactorial. Evidence supporting a direct 

association between dysbiosis and NEC includes the following: First, antibiotic 

administration is associated with alterations in the intestinal microbiota and with increased 

risk of NEC (88, 90); second, acid suppression is associated with alterations in the intestinal 

microbiota and with increased risk of NEC (91, 92); and third, probiotic administration is 

associated with a decrease in dysbiosis and a decrease in NEC (93, 94).

Of the many strategies for prevention of NEC, the most promising is the provision of human 

milk. Multiple studies have demonstrated that premature infants receiving their mother’s 

own milk have lower rates of NEC (95) as well as fewer episodes of sepsis, lower risk of 

retinopathy of prematurity, fewer rehospitalizations in the first year of life, and improved 

neurodevelopmental outcomes (96). As a result, the American Academy of Pediatrics 

recently recommended that premature infants receive human milk whenever possible and 

pasteurized donor human milk if the supply from their own mothers is not sufficient (1). 

Two challenges of providing human milk to very premature infants are worth noting. First, 

human milk is ideal for the term infant but does not contain adequate protein, calcium, 
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phosphorus, or vitamin D for the very premature infant. To achieve adequate growth and 

development, most premature infants require fortification of human milk. Fortification has 

historically meant addition of bovine-based fortifiers with the potential for contamination 

with bacteria associated with NEC (97) and intolerance of bovine proteins. A more recent 

approach to fortifying human milk with concentrated, pooled, pasteurized donor milk has 

been demonstrated to decrease the risk of NEC; however, the trials to date are underpowered 

(98). Second, pasteurization is essential to decrease bacterial and viral contamination of 

human milk; however, the standard process of pasteurization decreases the content of a 

variety of bioactive molecules, including secretory IgA, Lf, lysozyme, growth factors, 

enzymes, and vitamins. Further research into improved methods of fortification and 

pasteurization is clearly needed to improve the outcomes of the most premature infants.

MECHANISM OF GLYCAN CONSUMPTION BY A MILK-ORIENTED 

MICROBIOTA

Catabolism of HMOs

HMO use is a major adaptation that drives the development of the MOM in nursing infants. 

The phenomenon of HMO consumption by bifidobacteria was observed in the early 1950s 

by Gyorgy etal.(99), who documented the requirement of a bifidus factor to support growth 

of an infant fecal isolate then named Lactobacillus bifidus var. pennsylvannicus (today 

reclassified as B. bifidum by ATCC). The bifidus factor (99) was determined, at the time 

(100), to include N-acetyl glucosamine (a component of HMO). HMOs are highly diverse in 

their glycosidic bonds, and their degradation requires a sophisticated repertoire of glycosyl 

hydrolases that are not produced in the human intestine (101, 102). Consequently, HMOs 

delivered to the gut during breastfeeding arrive intact in the colon with the sole purpose of 

nourishing the infant’s microbiota (102).

Although the first indications of the bifidus factor were over 50 years ago, a thorough 

assessment and mechanisms involved in HMO consumption were mostly accumulated in the 

past decade, and it remains a subject of intense investigation. Ward et al. (103) were the first 

to demonstrate the consumption of HMOs as the sole carbon source by infant-borne bacteria 

through application of mass-spectrometry analysis of carbohydrate consumption during 

bacterial growth. In general, some species, such as B. infantis and B. bifidum, are able to 

efficiently consume HMOs as the sole carbon source and reach high cell densities in vitro 

(104, 105), being able to metabolize a wide spectrum of HMO structures, with various 

degrees of polymerization (short or long), but displaying a preference for short-chain 

HMOs. The capacity to ferment HMOs is well conserved within B. infantis strains, but other 

Bifidobacterium species present strain variation (106, 107). Others have also shown how 

individual HMO components are consumed by different bifidobacteria (108).

The extent of HMO use by other intestinal bacteria is variable and not a widespread 

phenotype. Bacteroides fragilis and Bacteroides vulgatus are also avid HMO consumers, 

whereas Lactobacillus acidophilus, Clostridium perfringens, E. coli, Eubacterium rectale, 

Streptococcus thermophilus, E. faecalis, and Veillonella parvula consume HMOs poorly or 

not at all (104). Little is known of the direct effects of HMO use in vivo, other than 
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correlations between breastfeeding and bifidobacteria predominance. In an elegant study, 

Marcobal et al. (109) demonstrated how bifidobacterial adaptations to HMO consumption 

contribute to niche partition in the intestine in the presence of another HMO consumer 

bacterium, Bacteroides. Along with Bifidobacterium, Bacteroides is a prominent commensal 

bacterium known to efficiently consume HMOs (104). However, dual colonization of germ-

free mice with B. infantis and Bacteroides thetaiotaomicron shows that B. infantis can 

outcompete Bacteroides in the mouse intestine when a specific HMO, lacto-N-neotetraose 

(LNnT), is supplied in the diet (109). The ability of B. infantis to successfully compete for 

colonization of the breastfed infant gut was also shown in a recent clinical trial (93). In that 

trial, human milk–fed preterm infants were given exogenous B. infantis or Bifidobacterium 

lactis. These two strains were chosen because B. infantis is capable of consuming HMOs, 

whereas B. lactis lacks this ability. The results clearly showed an increase in B. infantis in 

the feces (and lower levels of γ-proteobacteria) after administration of B. infantis in 

combination with human milk. In contrast, B. lactis failed to successfully colonize human 

milk–fed preterm infants, supporting the concept that the ability to consume human milk 

glycans enables successful colonization of the infant’s gut by bifidobacteria and that a 

synbiotic combination of B. infantis and milk has a greater potential to fight the 

Proteobacteria overgrowth typically observed in NEC cases.

A molecular dissection of HMO consumption has advanced greatly in the past few years. 

Genome sequencing of B. infantis revealed a 43-kb cluster composed of genes encoding 

proteins dedicated to the binding, transport, and degradation of complex HMOs. Additional 

sequencing and comparative genomic hybridization (110) analyses suggested this HMO 

cluster performs a central role in HMO metabolism and preceded biochemical 

characterization on the enzymes involved in HMO uptake and metabolism. Subsequent 

whole-cell proteomics revealed unique induction of several transport components (surface-

bound solute-binding proteins) and a particular array of glycosyl hydrolases involved in 

HMO consumption that differ from the pattern observed during growth on other prebiotic 

sugars (111).

B. infantis appears to import intact HMO and degrade these structures intracellularly (Figure 

2). B. infantis encodes two α-sialidases, five α-fucosidases, five β-galactosidases, and three 

β-N-acetylglucosaminidases (101). During B. infantis growth on HMOs in vitro, the 

expression of several glycosidases of the HMO cluster is activated. Specific genes encoding 

fucosidases (112, 113), sialidases (114), hexosaminidases (115), galactosidases (116, 117), 

and lacto-N-biosidases (118) are all induced during growth on pooled and specific HMOs. B. 

infantis employs the sialidase NanH2, which cleaves α2–6 and α2–3 linkages, to consume 

sialylated lacto-N-tetraose (114). Notable from this body of work is the functional 

redundancy within B. infantis for HMO catabolism with multiple homologs of glycosyl 

hydrolases (enumerated above), although not every enzyme is active on HMO. Although 

lacking an HMO cluster similar to B. infantis, initial examination of B. breve and B. longum 

subsp. longum (B. longum) suggests a similar intracellular degradation of HMO components 

(119, 120). Recently, different isolates of B. breve that possess both GH29 and GH95 family 

fucosidases were shown to grow to a higher level on HMO and consume more fucosylated 

HMOs (and, surprisingly, more sialyated HMOs as well) (107).
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The mechanisms of HMO consumption by B. bifidum present some differences compared 

with B. infantis. B. bifidum degrades HMOs extracellularly using extracellular membrane–

anchored glycosyl hydrolases (Figure 2). Similarly to B. infantis, B. bifidum encodes α-

fucosidases AfcA (113, 121) and AfcB, α-sialidase SiabB2 (122), and β-galactosidases and 

β-N-acetylglucosaminidases (117). B. bifidum harbors a lacto-N-biosidase that cleaves lacto-

N-tetraose (LNT), yielding lactose and lacto-N-biose (LNB), which is imported by the 

bacteria and degraded intracellularly (118). The distinct mechanism of HMO has major 

implications for sugar availability in the infant intestine. HMO import and intracellular 

breakdown by B. infantis sequesters these complex oligosaccharides without resulting in 

monosaccharide release into the gut lumen. In contrast, metabolism of HMOs by B. bifidum 

likely results in increased monosaccharide availability in the gut, making them accessible to 

transient pathogenic bacteria. The monosaccharide release in vivo has major relevance when 

choosing a probiotic strain, particularly for the prevention of NEC in preterm infants. Most 

enteric pathogenic bacteria do not harbor a glycolyticpotential to catabolize complex sugars 

and rely on free monosaccharides that are made available by the microbiota (123, 124).

Catabolism of Milk Glycoconjugates

Along with free milk glycans, glycoproteins and glycolipids from milk have prebiotic 

effects. Like HMOs, milk glycoconjugates are multifunctional molecules capable of 

performing antimicrobial, prebiotic, and immunostimulatory functions. GMP and Lf are 

examples of pleiotropic milk glycojugates. When used as dietary supplements, Lf and GMP 

can select for growth of commensal bacteria in the gut, which cleaves sugar residues to use 

as an energy source (125, 126).

Most studies of prebiotic activity of milk glycans report the use of bovine glycoconjugates, 

owing to the problems involved in conducting large animal studies using human-derived 

glycans. Bruck et al. (127) observed that GMP can support a bifidobacterial enrichment 

similar to breast milk in two-stage continuous culture, suggesting that the bifidogenic effect 

of GMP makes it a suitable supplement to infant formulas. GMP supplementation led to a 

population dominated by bifidobacteria relative to Bacteroides, Clostridium, and E. coli, a 

trend observed similarly in nursing infants. Similarly, Chen et al. (128) showed that GMP-

fed mice exhibited an increased population of bifidobacteria relative to Enterobacteriaceae.

Lf has also been shown to be bifidogenic (129–131). A study using a pig model and 

transgenic milk containing hLf indicated that hLf has a bifidogenic effect in vivo (126). Lf 

can support growth of beneficial bifidobacteria in vitro. Liepke and collaborators (132) 

identified a bifidogenic peptide derived from Lf, named prebiotic Lf-derived peptide-I, 

which results from the digestion of Lf with pepsin. The peptide stimulated the growth of B. 

bifidum DSM 20082, B. bifidum DSM 20215, B. infantis, and B. breve, but not the growth of 

other gut commensals Clostridium difficile, E. coli, E. faecalis, and Candida albicans, 

suggesting a potential use of Lf bifidogenic peptide on selecting a healthy microbiota. Lf 

may also function as a modulator of the gut microbiota owing to prebiotic activity in vivo. 

Supplementation of diet with recombinant lactoferrampin-Lfc resulted in increased levels of 

bifidobacteria and lactobacilli in the GI tract of piglets (125).
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An initial mechanistic path for catabolism of milk glycoproteins has recently been 

uncovered. Garrido et al. (133) demonstrated that select bifidobacteria produce cell wall–

associated endo-β-N-acetylglucosaminidases that cleave N-glycans from Lf from both 

bovine and human milk sources. The endoglycosidase activity correlated with the presence 

of the genes encoding glycosyl hydrolases belonging to families GH18a, GH18b, and GH85 

(133), and the purified GH18 family enzymes cleaved a wide array of glycan types (high 

mannose, complex, and hybrid) from glycoproteins. Kiyohara et al. (134) recently described 

a novel α-N-acetylgalactosaminidase from infant-borne bifidobacteria belonging to a new 

glycoside hydrolase family (family 129) that is able to cleave O-linked glycoproteins, such 

as mucins. These findings suggest that endoglycosidase encoded by bifidobacteria has the 

potential to release and consume both N- and O-linked glycans present in milk 

glycoproteins, shedding light into the importance of other milk-glycosylated structures as 

prebiotics for bifidobacteria.

Milk glycolipids may also act as prebiotics. Studies on bioactivity of milk glycolipids are 

relatively scarce compared with those for other glycoconjugates. Few studies suggest a 

prebiotic effect for milk gangliosides. Supplementation of milk formula with gangliosides 

isolated from porcine brain caused an increase in bifidobacteria populations and a decrease 

in E. coli levels in the fecal microbiota of preterm infants (135). More studies are necessary 

to dissect the mechanisms of why a ganglioside-rich diet reduces the E. coli population in 

infants, which has application for prevention of NEC, because higher E. coli levels are 

observed in some cases. Lee et al. (136) recently demonstrated that B. infantis, B. bifidum, 

and B. breve can consume bovine milk ganglioside as a sole carbon source in vitro. Analysis 

of the spent media by nano-HPLC Chip QTOF showed that B. infantis and B. bifidum can 

catabolize significant amounts of input GM3 and GD3; B. infantis consumed 63% of GD3 

and B. bifidum consumed 100%. In contrast, B. longum, B. adolescentis, and B. lactis 

degraded ganglioside to a lower extent (30%, 28%, and 48%, respectively).

MILK GLYCOBIOME MEDIATES PROTECTION AGAINST INFECTIOUS 

DISEASES

The immunological immaturity of the neonatal intestine renders the infant more susceptible 

to GI and systemic infections. Because it harbors so many protective molecules, human 

breast milk has been referred to as the “gold standard for protective nutrients” (60, p. 1).

Breastfeeding is associated with reduced incidence of several infectious diseases, such as 

diarrhea (137), respiratory infection (138), otitis media (139), and infection by protozoa 

(140). The immune system of the neonate is not fully developed at birth, so the elements, 

such as antibodies, present in breast milk represent a major source of protection for the 

neonate against infectious diseases (13). Increasing evidence indicates that additional 

glycoconjugates in milk are also important players in infant protection via breastfeeding, 

displaying several functions, such as acting as decoys for pathogens, reducing virulence 

gene expression, preventing binding to host receptors, and impairing colonization by 

pathogens in animal models (summarized in Figure 3) (13). Milk contains free glycans and 

glycoconjugates represented by glycoproteins and glycolipids; collectively, they are referred 

to as the milk glycobiome. Observations dated from the early 1980s already pointed to a 
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protective role of the milk glycobiome in infectious disease prevention owing to its ability to 

block binding of pathogenic bacteria to respective receptors expressed by mammalian 

tissues (141). The antivirulence effects of milk glycoconjugates are discussed in the 

following section.

Protection Mediated by HMOs

HMOs are known to protect against several infections by several infection agents, including 

bacteria, viruses, and parasites. Most studies on HMO-mediated protection against infectious 

diseases have relied on pathogen deflection and blocking of bacteria-host interactions that 

mediate initial steps of pathogen colonization. Attachment to host cell surfaces is a common 

strategy employed by bacterial, viral, and protozoan pathogens. Bacterial adhesion to 

mammalian cells is one of the first steps during infection and is essential for bacterial 

dissemination; therefore, anti-adhesion strategies are much coveted to prevent disease (142). 

One of the classical ways in which milk glycans have been associated with protection 

against infectious diseases is by their intrinsic ability to mimic cell surface receptors and, 

therefore, preventing bacteria from interacting with their receptors in the host cells and 

consequently, inhibiting host colonization by bacteria and viruses (141).

HMOs represent an important protection against viral infection by preventing viral 

attachment to host cells. Norovirus (NV), a member of the Caliciviridae family, is a major 

causative agent of outbreaks of acute gastroenteritis (143). Norovirus infection causes 

~71,000 deaths in children younger than 5 years old (144). Noroviruses attach to host 

intestinal epithelial cells by binding to cell surface glycans, including the ABO and Lewis 

histo blood group antigens (HBGAs). For this reason, ABO and Lewis blood type and host 

secretor status play a major role in susceptibility to infection (145). HBGA motifs are also 

found in HMOs, and HMOs with specific Lewis and secretor antigens were shown to block 

norovirus attachment to HBGA antigens present in saliva (143), and high levels of lacto-N-

difucohexaose in maternal milk were associated with lower incidence of diarrhea caused by 

calicivirus in breastfed infants (146).

In addition to their role as soluble receptor mimics, free milk glycans can protect 

mammalian cells against cytotoxicity caused by enteric bacteria and protozoans. 

Enteropathogenic E. coli (EPEC) is a causative agent of infant diarrhea in developing 

countries (147). Recent work has demonstrated that preincubation with pooled HMO 

decreased EPEC attachment to epithelial cell lines HeLa and T84 in vitro and decreased 

intestinal colonization by EPEC in a newborn suckling mouse model of infection (148), 

indicating the potential of HMOs as inhibitors of bacterial infection at earlier stages of 

infection. Interestingly, the non-milk-based prebiotic galactooligosaccharides (GOS) did not 

reduce EPEC adhesion or colonization in vivo. However, more studies are necessary to 

determine the mechanism through which HMO impacts EPEC intestinal colonization, and 

also to determine whether this animal model is suitable to evaluate important aspects of 

EPEC pathogenesis, such as biofilm formation and attaching and effacing lesion formation. 

The mechanism of action by which HMO confers protection to EPEC is unknown, as is 

whether HMO can block bacterial attachment to cell receptors or trigger changes in gene 
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expression in the bacteria that end up downregulating expression of fimbriae or other 

adhesion molecules.

Other studies have assessed the use of individual HMOs, such as fucosyl lactose (FL), on 

inhibition of bacterial attachment, and these studies are important to test the addition of 

HMOs into infant formulas to prevent enteric as well as nonenteric bacterial infections. 

Synthetic 2′FL and 3′FL decreased adhesion of Campylobacter jejuni, Pseudomonas 

aeruginosa, EPEC, and Salmonella enterica serovar Fyris to Caco-2 cells in vitro (149). 

However, the observed minimal impact on adhesion (~20%) might not be protective in vivo, 

particularly for bacteria with a high infectious dose. Additional studies are necessary to 

evaluate the relevance of purified individual HMOs on bacterial adhesion in vivo, as well as 

to determine the dose required for infection prevention.

HMOs can also be effective against extraintestinal bacterial infection. The presence of 

sialylated MOs in the urine of breastfed but not bottle-fed infants raised the possibility that 

these sugars could act systemically to prevent infectious diseases. Martin-Sosa et al. (150) 

demonstrated that incubation of extraintestinal E. coli pathovars enterotoxigenic (ETEC) and 

uropathogenic (UPEC) with humansialylated MOs causes inhibition of fimbriae-mediated 

erythrocyte agglutination in vitro.

UPEC is a leading cause of urinary tract infection (UTI) worldwide, and recurrent UTI in 

infants increases the risk of kidney failure (151). UPEC pathogenesis involves attachment 

and invasion of the bladder epithelium (152). A recent study shows that the rate of UTI in 

neonates is rising (153). Pretreatment of human bladder epithelial HTB-9 cells with pooled 

HMO caused a significant decrease in invasion by UPEC (from 10% to 1.7%) and reduced 

cytotoxicity in a dose-dependent manner, which was associated with HMO internalization 

by the bladder cells. Interestingly, HMO prevented cell detachment during infection, a 

common feature of UPEC pathogenesis that contributes to bacterial dissemination. 3-SL 

sialylated but not neutral HMO was able to mediate protection. A role of sialylated milk 

glycans in UPEC protection has been reported previously, although the effects were 

attributed to the role of MOs as soluble receptor mimics (150). The prebiotic GOS was able 

to reduce bacterial invasion but did not prevent cytotoxicity to the same extent as HMO. 

This study sheds light on novel mechanisms of HMO action, and it correlates the 

intracellular metabolism of HMO by the host and protection against deleterious effects that 

occur upon bacterial infection. Another important aspect of this study is that it provides 

direct evidence that HMO acquired through breastfeeding can be spread systemically and 

therefore has potential to prevent nonenteric infectious diseases as well.

HMOs were able to protect intestinal epithelial cell line HT29 against Entamoeba histolytica 

cytotoxicity, an effect that was mimicked by LNT and prebiotic GOS (154). An exposed 

galactose residue is required to prevent cytotoxicity, consistent with the fact that E. 

histolytica recognizes host cell Gal residues via a surface-expressed lectin (154). The fact 

that GOS, a common additive to infant formula, had protective effects comparable to those 

of HMOs contrasts with the finding that breastfed infants are more protected against E. 

histolytica. Breastfed infants are less susceptible to infection with E. histolytica than 

formula-fed infants; whether this difference is attenuated by the addition of GOS to formula 
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has not yet been studied. In vivo studies are necessary to evaluate the antiparasite activity of 

HMO. In summary, several reports indicate that HMOs act as inhibitors of adhesion and of 

the cytotoxicity caused by pathogens. Although the in vitro studies provide a foundation for 

future investigations of the role of HMOs in infectious disease prevention, animal studies 

are necessary to confirm such findings and to evaluate the protective effects in vivo.

Protection Mediated by Milk Glycoconjugates

In addition to HMOs, milk glycoproteins have also been investigated for protective 

strategies against bacterial infection (127).

Lactoferrin (Lf)—Several studies have demonstrated that Lf can inhibit adhesion of 

enteric bacteria (EPEC, Shigella flexneri, Salmonella typhimurium, Listeria monocytogenes) 

to eukaryotic cell lines. Lf is a known antimicrobial by its iron-chelating properties. The 

antipathogenic activity of hLF has been attributed to its glycan moieties. hLf is a heavily 

glycosylated protein harboring fucosylated and sialylated glycans. Interestingly, hLF 

glycosylation is dynamic and changes during lactation with diminished overall glycosylation 

during transition from colostrum to transitional milk, followed by an increase on day 30 of 

lactation, which coincides with production of mature milk and an increase in Lf 

fucosylation. Interestingly, a recent study indicates that glycosylation of Lf is involved in the 

antiadhesion mechanisms (155).

Lf also has antiviral activity. Mechanisms mediating antiviral effects of bovine Lf and its 

proteolytic product Lfc toward HSV are mostly unknown, but there are reports 

demonstrating inhibition of HSV-1 intracellular trafficking to the host cell nuclei in vitro 

(156) and protection against HSV-2 in vivo (157). Marr et al. (156) showed that Lf and Lfc 

interfere with the HSV-1 infection cycle by drastically reducing viral nuclear trafficking 

from 47% to 1% in Vero cells. Viral capsids could be seen associated with microtubules, 

and viral trafficking along the microtubules was not abolished but delayed. Another study 

showed that hLf presented the same effects of interfering with intercellular spread of both 

HSV-1 and HSV-2. Glycosylation of these proteins may underlie their antiviral mechanisms 

(158). In summary, the effects of Lf on the HSV-1 infection cycle observed in these studies 

shed light on the antiviral properties of bLf and bLfc and their potential against HSV 

infection.

Secretory IgA—Acquired during breastfeeding, sIgA is the predominant antibody in 

human milk and represents a major defense mechanism for the newborn (60). During the 

first 30 days after birth, maternal IgA from breast milk is the sole source of IgA for the 

neonate. SIgA is a major component of the mucosal defense system in the GI tract, capable 

of neutralizing infectious agents. Secreted IgA is an important player in gut homeostasis 

between symbiotic gut bacteria and the epithelium, which limits bacterial association and 

translocation through the intestinal epithelium (159). Recently, an elegant study using a 

mouse model demonstrated that neonatal exposure to IgA from breast milk has long-term 

effects; early exposure to maternal IgA changes microbiota composition in weaned mice 

through adulthood, alters transcriptional response in the colonic epithelium, and protects 
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against dextran sodium sulphate (DSS)-induced colonic damage (160). Exposure to IgA 

reduced translocation of aerobic bacteria to mesenteric lymph nodes.

SIgA is a highly glycosylated protein that displays both N-linked (161) and O-linked 

glycans, containing fucose, galactose, sialic acid, and mannose residues (162). The glycan 

moieties of IgA present antipathogenic properties. The essential role of sIgA glycans on the 

interaction with Gram-positive but not Gram-negative commensal gut bacteria has been 

demonstrated (163). Different glycans from sIgA have been associated with protection 

against different pathogens, likely owing to distinct residues that mediate bacteria-host 

interactions for each pathogen. Fucosylated glycans inhibit EPEC adhesion to HEp-2 cells 

(164) and Helicobacter pylori attachment to human gastric tissue (165). The H. pylori 

adhesin BabA binds to the fucosylated Lewis histo-blood group antigen expressed by the 

gastric epithelial lining, a site colonized by H. pylori (166). Mannose-rich glycans can 

inhibit binding of E. coli to a colonic HT29 cell line mediated by type I fimbriae (167), 

which is a widespread virulence factor among E. coli pathotypes (147) that interact with host 

cell surface molecules via mannose residues (168).

Glycomacropeptide (GMP)—In addition to its prebiotic role, κ-casein has antimicrobial 

activity. During milk digestion, which occurs in the gut, κ-casein undergoes proteolytic 

cleavage that releases GMP, which is the mediator of antimicrobial effects of this 

glycoprotein. κ-Casein inhibited attachment of Streptococcus pneumoniae and Haemophilus 

influenza to human respiratory epithelial cells (169). An antiadhesion effect was also 

observed for H. pylori attachment to gastric cells; treatment with α-L-fucosidase reduced the 

inhibitory effect, indicating the importance of fucose residues of κ-casein in mediating 

antiadhesion effects during H. pylori infection (170).

Gangliosides—The first observations that milk gangliosides can protect against 

pathogenic bacteria, their secreted toxins, and infection by eukaryotic parasites (171) date 

from the early 1980s. The protective effects of milk gangliosides have been attributed to 

their glycan moieties, which function as decoys for pathogen receptors in the host cells. 

GM1 and GM3 inhibited ETEC adhesion to Caco-2 cells (172). GM1 from milk prevented 

binding of heat labile toxin (LT) from E. coli in vitro and abolished the fluid accumulation 

induced by cholera toxin (CT) from Vibrio cholerae in a rabbit intestinal loop model (173). 

GM1 is the host cell receptor for these toxins. E. coli LT from human isolates and V. 

cholerae CT are both AB5 enterotoxins with ~80% amino acid identity, which bind cell-

surface GM1 and Gd1b gangliosides (147). Preventive effects from bovine milk 

gangliosides against LT and CT require higher concentrations (174). GD3 was reported to 

minimally affect adhesion of ETEC and EPEC to intestinal cell lines (172). 

Globotriaosylceramide (Gb3), which is a neutral glycolipid in milk present in nanomolar 

concentrations, interacts with Shiga toxins (Stx) produced by Shigella dysenteriae and 

EHEC in vitro (175). Stx (also known as Verotoxin), an AB5 toxin, is a major virulence 

factor of EHEC; Stx binds to Gb3 expressed by kidney epithelial cells, causing tissue 

destruction that leads to hemolytic uremic syndrome as a result of EHEC infection. Stx also 

destroys intestinal epithelial cells, causing hemorrhagic colitis, which is a hallmark of EHEC 

infection (176). In vivo studies are necessary to assess the protective effects of milk 
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gangliosides. Considering that antibiotic treatment is not recommended for EHEC infections 

because it enhances Stx production, leading to hemolytic uremic syndrome (HUS) (176), 

milk gangliosides could be used to block Stx access to its host cell receptor, preventing HUS 

in infected individuals.

Milk fat globule (MFG)—MUC1 is an abundant mucin in human milk and a major 

component of the MFG. Glycosylation of MUC1 was shown to interfere with HIV 

transmission from mucosal dendritic cells (DC) to CD4+ T cells in vitro (177). DCs play a 

pivotal role in the immune system as antigen-presenting cells, and HIV exploits DC for 

increased viral dissemination. Some DC subtypes in the GI mucosa express the lectin DC-

SIGN (178). The HIV envelope glycoprotein gp120 binds to DC-SIGN (179), an interaction 

mediated by multiple N-glycosylation sites and high-mannose sugars (180, 181), enhancing 

viral transmission to CD4+ T cells, the main target of HIV. MUC1 binds to DC-SIGN 

receptor, preventing interaction with HIV gp120 (177). Natural antibodies in milk can also 

block HIV transmission from DC cells to CD4+ T cells via DC-SIGN (182). Milk-derived 

IgA and IgG that recognize the carbohydrate recognition domain of DC-SIGN significantly 

reduced HIV attachment to DC-SIGN-expressing HeLa cells (182). Taken together, both 

studies suggest that milk glycoproteins have major implications for prevention of postnatal 

HIV transmission during breastfeeding.

Human milk mucins were shown to impair rotavirus replication in cell cultures and gastro-

enteritis in a mouse model in a manner dependent on sialylated glycans (183). Mucin 

glycans are also involved in protection against pathogenic bacteria. Sialic-acid glycans from 

MUC1 prevented attachment of S-fimbriated E. coli to buccal mucosal cells (184). Milk 

concentrations of MUC1 and MUC4 prevented invasion of Caco-2 by S. typhimurium, 

although the role of glycans in this phenomenon was not addressed (185).

CONCLUSIONS AND FUTURE STUDIES

The past decade has seen an explosion of research and interest in the human milk 

glycobiome. The glycan landscape presented in human milk clearly affords significant 

protection to the neonate, either through direct protection by blocking pathogen binding or 

indirectly through enrichment of a protective MOM. However, much detail on the specific 

nature of these interactions between glycans and their target bacterial partners remains 

unclear. Which specific glycans mediate which functions? Which bacteria are the keystone 

species, and which consume the saccharide crumbs left behind? In addition, it is hard to 

assess the relative influence of the different functions of the milk glycome on the ensuing 

infant microbiota, particularly given the many other microbiota-modulating functions 

delivered in milk, such as lysozyme, Lf, Lfc, sIgAs, or a range of newly discovered 

antimicrobial agents in milk (186, 187). Luckily, new analytical tools to comprehensively 

examine the free glycans and glycoconjugates in feces, blood, and urine provide new vistas 

upon which to understand the specific glycan drivers of microbial growth in situ. These new 

tools, combined with metagenomic analyses, enable researchers to link specific bacterial 

taxa changes with a shifting landscape of glycan substrates traveling through the intestine. 

The wealth of knowledge generated from this will not only expand the basic understanding 
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of infant development but also create a constellation of diagnostic targets and new tools to 

enhance clinical options within the nursery and neonatal intensive care unit.

One clear opportunity lies in the coevolved nature of infant-borne bifidobacteria and the 

cognate milk glycans as a potential synbiotic therapy for premature infants. Moreover, the 

ability to more readily garner HMO and human glycoconjugate mimics from animal milk 

sets the stage for more protective and longer lasting establishment of a MOM within the 

most fragile humans. This conceptual application, however, could readily translate to other 

therapeutic realms where humans experience dysbiosis and are in need of protection from a 

MOM.
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Figure 1. 
Structural diversity of the milk glycobiome. Abbreviations: BMO, bovine milk 

oligosaccharide; HMO, human milk oligosaccharide.
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Figure 2. 
Consumption of milk glycans by bifidobacteria. This figure illustrates the transport and 

glycolytic degradation of human milk oligosaccharide (HMO) (as a representative milk 

glycan), highlighting the differences between the HMO degradation in Bifidobacterium 

infantis and Bifidobacterium bifidum. HMO consumption in B. infantis involves intracellular 

import by ABC transporters, then degradation by intracellular glycosyl hydrolases, releasing 

free monosaccharides that enter the central metabolism. In contrast, HMO is degraded 

extracellularly in B. bifidum by the action of membrane-anchored extracellular glycosyl 

hydrolases, followed by intracellular transport of mono- or disaccharides (GNB/LNB) via 

sugar permeases or ABC transporters that enter central metabolism. Modified with 

permission from Reference 188.
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Figure 3. 
Milk bioactives protect against infectious diseases. Human milk oligosaccharides (HMOs) 

are ingested during consumption of breast milk and reach the intestine minimally digested. 

HMOs have local effects in the gastrointestinal tract, altering microbial composition 

(bifidogenic effect); promoting barrier function; and blocking adhesion sites of pathogenic 

viruses, bacteria, and bacterial toxins. HMO is also systemically absorbed, traveling through 

the bloodstream and reaching other organs, such as the bladder. Abbreviation: UPEC, 

uropathogenic Escherichia coli.
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