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Abstract
The intestinal immune barrier is considered to be the gatekeeper of the human body 

and rapidly develops directly after birth. Many pre- and postnatal factors influence the 

development of the gut-barrier, which is composed of the microbiota, the mucus, the 

epithelial layer and the mucosal immune system. Even minor disturbances during barrier 

development can have consequences for health far into adulthood. Here we critically 

discuss the current knowledge on which pre- and postnatal factors influence development, 

maturation, and maintenance of the gut immune barrier. Human milk has a unique 

composition and is the gold standard for adequate development of the intestinal immune 

barrier. Not only the influence of human milk oligosaccharides (HMOS) but also that of 

glycoproteins (HMGPs) is reviewed. We discuss the influence of maternal genetic factors, 

such as the secretor and Lewis phenotypes on breast milk fucosylation and sialylation of 

HMOS and HMGPs. This diversity in HMOS and HMPGs influences microbiota composition 

and also the development of the immune barrier. Cow milk-derived infant formula is 

often being used as an alternative for breast milk. The consequences of this for proper 

development of the intestinal immune barrier and, in particular, the differences in the type 

of oligosaccharides and glycosylation patterns (sialic and fucose composition) between cow 

and human milk are critically discussed. Current and prospective strategies to promote 

proper gut-immune maturation are proposed. These might include more personalized 

infant formulas when breast milk is not an option.
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Introduction
The gastrointestinal immune barrier is considered to be the gatekeeper of the human 

body. The intestinal immune barrier is responsible for the passage and absorption of 

nutrients but also functions as a barricade for pathogens to enter the human body. In 

addition, it regulates the crosstalk between the luminal microbiota and macromolecules 

and maintains tolerance and immune responses [1, 2]. 

Directly after birth this gatekeeper function of the intestinal barrier is not fully developed 

yet and, therefore, this period after birth is considered to be a vulnerable period for disease 

development. Any disruption of the neonatal gut barrier function has been found to have 

long-term effects and may play a role in the development of gastrointestinal infections [3] 

and inflammatory bowel disease (IBD). Also, it can influence the development of other 

diseases during childhood and adulthood, such as obesity [4] and allergies [5].  While the 

etiology of these diseases remains to be fully elucidated, multiple factors, such as nutrition 

[6], feeding practice [7], microbial colonization [8], delivery mode [9], maternal genetic 

factors, and  immunity [10], and host-genetic factors [11] are considered to be crucial to 

shape the gut microbiota and the gastrointestinal immune response. 

In the vulnerable period after birth, the mother supports the gastrointestinal barrier of the 

newborn by sharing its immune system with the baby by supplying antibodies, cytokines, 

chemokines, hormones, and even leucocytes in breast milk [12]. However, during recent 

years it has also been shown that  proteins, lipids, and carbohydrates in breast milk 

can contribute to the nonspecific defense against pathogens [13]. Proteins, lipids, and 

carbohydrates in breast milk modulate immune responses to self- and non self-antigens, 

orchestrate microbial colonization, and drive the morphological and immunological 

maturation of the gut barrier [14]. Particularly, milk carbohydrates have emerged recently 

as essential molecules from human milk that protect the newborn from infections and 

educate the immune barrier system in early life [15]. 

In this review we discuss the current insight in how pre- and postnatal factors influence 

development and maturation of the intestinal immune barrier. To this end, we first review 

the diverse barriers that exist in the intestine and the crosstalk between these barrier 

components that together form the human intestinal gatekeeper. Next, we review and 

critically discuss the current knowledge according to pre- and postnatal factors influence 

development, maturation, and maintenance of the gut immune barrier. We focus not only 

on the role of human milk oligosaccharides (HMOS), which have been reviewed in many 

papers [16, 17], but also on glycoproteins (HMGPs) [18]. Cow milk-derived infant formula 

is often being used as an alternative for breast milk. The consequences of this for proper 

development of the intestinal immune barrier, and in particular the differences in the type 
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of oligosaccharides and glycosylation patterns (sialic and fucose composition) between 

cow and human milk, are critically discussed. Finally, we discuss the influence of maternal 

genetic factors that affect the fucosylation and sialylation on HMO and HMGP diversities 

and the associated differences in microbiota composition and development of the immune 

barrier. 

Intestinal Barrier
The intestinal barrier has primarily the function to absorb nutrients while at the same 

time prevent undesired molecules and organisms to enter the organism. The barrier has 

evolved into a complex multilayer system to appropriately fulfill this function [19]. The 

human intestinal barrier can be seen or categorized as microbial, physical/chemical, and 

immunological barriers, which are under tight control of the enteric nervous system (Figure 
1). The different components interact with each other and have, at the same time, specific 

functions which contribute to the homeostasis of the infant gut.

Microbial Barrier
The microbial barrier develops rapidly after birth. It starts with colonization with the 

maternal microbiota. This microbiota is an indispensable component of the gut intestinal 

barrier. The microbiota forms a barrier for pathogens that can adhere to the intestinal wall, 

but the microbiota can also change the microenvironment making adhesion of undesired 

intruders impossible [20]. Unlike the adult microbiota, the infant microbiota is highly 

susceptible during the first 1-2 years of life to environmental changes [21]. Disturbances 

may lead to changes in composition and microbiota diversity [22]. The adult gut can host 

up to 1000 bacterial species. This is currently the total amount identified worldwide in 

diverse individuals [4]. The neonate is during the first weeks of life  only populated by 15% 

of the adult species [20]. 

Also, products made by the microbiota are essential for the adequacy of the intestinal 

immune barrier. Fermentation products from gut bacteria, such as short-chain fatty acids 

(SCFAs) are immune regulating and serve as nutrients for epithelial cells [23]. Fermentation 

products, such as SCFA also affect other functions of the gut barrier, such as proliferation 

and differentiation of immune cells [24], enhance gut motility that can lead to expedited 

disposal of pathogens via the fecal route [25, 26], and strengthening of the tight junctions 

between gut epithelium [27]. 
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Physical and Chemical Barrier
The intestinal epithelial cells create a physical and biochemical barrier that separates the 

microbiota from the gut epithelium, and at the same time facilitates the crosstalk between 

the microbes, immune, and nervous system [28].

Figure 1. Anatomy of the intestinal barrier. The gastrointestinal tract is composed of different barriers 
that interact with each other. These components can be categorized as microbial, physical/chemical, and 
immunological barriers, which are under control of the nervous system/ENS. The microbial layer in the proximal 
colon is composed of two mucus layers. The microbiota and the metabolic products from their digestion 
interact with all the other components of the gut barrier. The physical barrier is formed by enterocytes, goblet 
cells, Paneth and enteroendocrine cells (EECs), which secrete a broad array of molecules that facilitate the 
separation between barrier but at the same time facilitate the cross-talk between components. In the lamina 
propria many immunological cells reside in the Peyer’s patches and lymphoid tissue. These immune cells are 
in close contact with the glia and neuronsin the submucosa and myenteric plexus.

The physical barrier refers to the columnar epithelial cells that separate the lumen from the 

lamina propria [5]. The layer is mostly composed of enterocytes and secretory intestinal 

epithelial cells which include Paneth, goblet, and enteroendocrine cells [29]. The integrity 

of the gut barrier depends on the ability of enterocytes to maintain the gut permeability 

and induce oral tolerance [30]. The permeability of the epithelium relies on a network of 

desmosomes, adherens junctions, and tight junctions that regulate the passage of fluids, 
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nutrients, and micro/macro-molecules from the lumen to the sub-mucosa or vice versa 

[31]. The proteins that form the adherens junctions and desmosomes are formed by 

cadherin-catenin complexes, whereas tight junctions are formed by occludins, claudins, 

junctional adhesion molecules, and tricellulin [32]. Alterations in the formation of these 

networks result in epithelial barrier dysfunction [33]. 

The expression of the proteins that form the tight junctions is known to be modulated 

by cytokines, microbiota, and immune cells [5]. Likewise, food components have been 

found to increase or reduce gut permeability in vitro and in vivo [34, 35]. Isolated food 

components, such as non-digestible oligosaccharides [36], bovine lactoferrin [37], lectines 

[38], curcumin, glutamine [39] and dietary flavonoids (genistein, myricetin, quercetin, 

and epigallocatechin) [40] have shown to protect the intestinal barrier from inflammation 

and oxidative stress associated to tight junction opening. In contrasts, food components, 

such as deoxynivalenol, a contaminant of cereals, can cause permeability changes by 

altering the expression of claudins [41].

Food additives, such as sucrose monoester [42], and synthetic surfactants, such as 

cremophor EL or sodium taurocholate [43], disturb the tight junction distribution. The 

understanding of how food components can modulate the permeability of the gut barrier 

by altering gene expression is relevant because it has given new insights on the impact of 

this feature in health and disease [44]. Furthermore, it has open opportunities to use this 

knowledge for therapeutical interventions [45]. For instance, capsaicin may improve the 

paracellular transport of drugs that are poorly absorbed [46], whereas specific prebiotic 

carbohydrates have the ability to ameliorate the symptoms of patients with “leaky gut” 

[47].

The chemical barrier consists of the mucus layer that separates the epithelium from the 

microbiota and luminal content. The mucus layer is mostly formed  by the secretory 

products from goblet, Paneth, and enteroendocrine cells [48]. The most abundant 

component of the mucus layer are mucins, which are large glycoproteins synthesized at 

the epithelial level, specifically in the goblet cells [49]. Goblet cells secrete other proteins 

that maintain the integrity of the mucus barrier (TFF3, CLCA1), regulate susceptibility to 

colonic inflammation (RELM), and maintain the separation between the microbial bed and 

the epithelial layer (ZG16) [49]. The goblet cells not only produce mucus, they also have 

an active role in the gate-keeping function by delivering luminal content to dendritic cells 

[50], and by regulating immune responses [51]. 
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The mucus layer separates intestinal compartments but also provides substrate for 

growth of bacteria. In return, gut microorganisms and their fermentation products alter 

the composition and gel properties of the mucus [52]. There is a continuous crosstalk 

between the microbiota, luminal products, and goblet cells. For example, luminal dietary 

components [53], or cytokines derived from the epithelium can alter the secretory function 

of the goblet cells [54].

Paneth cells are abundant in the small intestine and can be found in the proximal but not 

distal colon [55]. Their function is to secrete antimicrobial components, such as lysozymes, 

defensin α  (HD5-HD6), and β (hBD-1, -2, -3), phospholipase A2, angiogenin 4, and 

cathelicidins [56]. These molecules modulate the proliferation of microbial communities 

along the intestine and act by stimulating pattern recognition receptors (PRRs), such as Toll-

like receptors (TLR), specifically via TLR4/Myd88 and nucleotide-binding oligomerization 

domain-containing protein 2 (NOD2) pathways [57]. Such activations elicit immune 

pathways that maintain the intestinal epithelial integrity [3]. Food components have been 

observed to alter the secretion of Paneth cells. In experiments with mice, the consumption 

of a high-fat diet, altered the composition of the microbiota and the expression of 

antimicrobial peptides by the Paneth cells, stimulating intestinal inflammation [58].

Finally, the enteroendocrine cells (EECs) contribute to barrier function. EECs comprise only 

1% of the epithelial cell layer and its population is generally less diverse in the colon than 

in the small intestine [59]. There are at least 15 subtypes of EECs that secrete regulatory 

factors, such as glucagon-like peptide, vasoactive inhibitory peptide, and gastric inhibitory 

peptides that modulate gut motility, gut transit, and food intake [60]. EECs play a pivotal 

role in sensing luminal components derived from diet. These intestinal hormones signal 

for intestinal satiety [61]. TLRs reside also on the surface of EECs and because of these, 

they are considered to operate also as immune sensors [62]. Many studies suggest that 

dysfunctional EECs function make the intestine prone to inflammatory disorders [63].

Immunological Barrier
The immunological barrier consists of cells, such as activated T-cells, mast-, plasma-, 

dendritic- cells, and macrophages that are in constant communication with the epithelial 

cells to sense immune status and secrete cytokines that prevent, for instance, invasion 

of pathogens [5]. The crosstalk between the luminal side and the immune barrier 

counter regulates anti-inflammatory responses in order to maintain the balance between 

immune defence and tolerance. An altered cytokine environment might translate to a pro-

inflammatory response when pathogens are sensed. In intestinal inflammatory diseases 

a Th1-polarized activation has been observed [64]. In these patients the presence of 
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high levels of TNFα and IFNγ increases gut permeability by inhibiting the myosin light 

chain kinase (MLCK) phosphorylation [65]. This process is key to maintain tight junction 

integrity and thus barrier function. Therefore, such inhibition increases gut permeability 

[66].

Role of Nervous System in Barrier Integrity
The permeability of the intestinal epithelial lining is regulated by a network of glia and 

neurons called the enteric nervous system (ENS) which is located in the submucosa 

and the myenteric plexus. The ENS regulates many gastrointestinal tract functions: 

secretion (peptides, water, electrolytes), epithelial transport, motility, microvascular 

circulation, vascular tone, release of hormones, and immunological defense [67]. The 

regulation by the ENS is autonomous in certain aspects [28]. The glia and myofibroblasts 

secrete neurotransmitters and even cytokines that facilitate the communication with the 

epithelium, promote epithelial growth, and contribute to the maintenance of gut-barrier 

function by regulating the expression of tight-junctions-associated proteins [68].

Alterations in the regulatory mechanism actions of the ENS have been shown to be directly 

associated to the development of intestinal and neurological disorders [69], illustrating its 

essential role in gut barrier development. This process begins at birth. Together with the 

microbial, physical, chemical, and immunological barrier, the ENS (re)wires connections 

and adapts rapidly to the fast changing microenvironment in the gut during the first 2 

weeks of the postnatal period [70]. This adaptation process remains active during later life, 

by continuously reshaping the nervous responses upon changes in microbiota composition 

and changes in dietary habits [71]. 

Glia and enteric neurons can respond to changes in microbiota by TLRs. Enteric glia and 

neurons express TLR-4 and TLR-7 that recognize LPS from Gram-negative bacteria and 

viral RNA, respectively [72]. Furthermore, microbial metabolism products can increase 

nerve density in the submucosa [73]. Nutrition is important for adequate development 

of the ENS and it has been shown that cytokines, growth factors in human milk as well 

as neurotrophic factors shape the ENS [74]. Culturing myenteric plexus from newborn 

rats with breast milk showed differences in the amounts of neuronal networks and 

neuronal densities compared to cultures without breast milk [75]. Diet can also influence 

the production of the hormone serotonin (5-HT), which is responsible for the modulation 

of mood, sleep, and cognition at the CNS. Although 5-HT is produced in the brain and 

accumulate in platelets, 80% of the 5-HT secretion occurs in the gastrointestinal tract 

where it regulates the motility and the secretory function of the intestine. Studies in 

patients with IBD and healthy controls showed that the depletion of the natural precursor 
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for the biosynthesis of 5-HT, tryptophan, had an impact in the ENS, affecting for instance 

visceral perception, pain and, diarrhea episodes [76].

Pre-natal and Post-natal Events Involved in Intestinal 
Barrier Maturation
In order to achieve an operational response in the gut many temporal and spatial factors 

interact to induce homeostasis of the gut barrier function. Here we cluster these factors in 

four groups: nutrition, microbial colonization, maternal (genetic and non-genetics) factors, 

and host genetic factors (Figure 2).

Figure 2. Factors that influence intestinal barrier function maturation. Current insight in the interplay 
between genetic and non-genetic factors from the mother and the infant in the intestinal barrier development. 

Nutrition
Nutrition by Breast Feeding

As the needs of the gastrointestinal immune system change rapidly during the first days 

of life, the composition, abundance, and diversity of glycans and protein glycosylation 

in breast milk varies during lactation. Human milk glycans are present as free human 

milk oligosaccharides (HMOS) or as glycoproteins (HMGPs) and glycolipids (HMGLs) [15]. 

HMOS are made of linear or branched monosaccharides, such as glucose, galactose, 

N-acetylglucosamine, fucose, and sialic acid [77]. HMOS have a lactose core and are 

enzymatically elongated by β1-3 and β1-6 linkages to units of lacto-N-biose and 
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N-acetyllactosamine, respectively. The HMOS are further elongated by the addition at the 

terminal positions of units of fucose and sialic acid (Figure 3). The fucose units are linked 

by α1-2, α1-3, or α1-4 bonds, whereas sialic acid residues are linked by α2-3 or α2-6 

bonds. In term breast milk 35-50% of HMOS are fucosylated, 12-14% are sialylated, and 

42-55% are non-fucosylated neutral HMOS [78].

These structures are indigestible for the neonate and can reach the colon without being 

digested and serve as substrate for the immature microbiota [79]. However, HMOS 

modulate the maturation of the intestinal barrier at more levels. Thanks to their diverse 

and complex glycosylation pattern HMOS promote enterocyte differentiation [80], induce 

indirectly the production of mucus [81], and serve as decoy for pathogenic microorganisms 

[82]. Some Bifidobacteria strains can metabolize HMOS, such as 2-fucosyllactose (2’-FL), 

whereas other strains of species consume other types of HMOS. The utilization of 2’-FL 

pathways by Bifidobacteria has shown to alter the profile of metabolites produced and to 

shape the infant intestinal microbiota [83, 84],

The posttranslational modification that attaches a glycan to a protein backbone is called 

glycosylation. Glycans can be covalently attached to a protein via threonine or serine 

(O-glycosylation) or asparagine (N-glycosylation). While the protein core of glycoproteins 

is determined genetically, the glycan decoration does not follow a fixed template, which 

results in a diverse array of possible glycoprotein structures [85]. For instance, a protein 

with three active glycosylation sites and ten different glycans in each site can display at 

least 1000 different glycoforms of the protein [86]. There is growing evidence that this 

diversity in milk glycoproteins is functional and essential for immune recognition. The 

structural diversity in glycosylation determines the function of the glycoprotein and type of 

immune response that is induced (Figure 4A and B) [87]. 

Glycosylation affects many characteristics of the glycoprotein, such as the inter- and intra-

cellular signaling [88], proper folding [89], solubility, protein targeting and trafficking, 

ligand recognition and binding, immunogenicity, pharmacological and biological activity, 

pharmacokinetic profile, and structure stability [90]. Glycosylation can limit the access 

of proteases, thereby improving the overall resistance of the molecule to proteolysis. The 

glycosylation pattern is responsible for which glycopeptides are produced [91]. In the 

intestinal barrier these glycopeptides can resemble HMOS and serve as growth substrate 

for gut bacteria [92]. Most commensal bacteria, such as Bifidobacterium and Bacteroides, 

are equipped with endoglycosidases and able to further cleave the glycans from the 

glycoproteins and glycopeptides and use them as substrate for fermentation and growth 

[93].
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Figure 3. Structure of HMOS. (A) Monosaccharides that compose HMOS. (B) Lactose is an essential building 
block for larger and more complex oligosaccharides. It is present at the reducing end of all core structures. 
Lactose can be fucosylated or sialylated to form trisaccharides. (C) Additionally, lactose can be further 
elongated with Lacto-N-biose (LNB I) and N-acetyllactosamine (LNB II) to generate branched structures, such 
as lacto-N-tetraose (LNT), lacto-N-neotetraose (LNnT), or isomeric forms, such as Lacto-N-tetraose II (LNT 
II), para, and iso-HMOS. (D) Finally, the elongated oligosaccharides can undergo fucosylation or sialylation 
at different linkage positions, which in turn produce different isomeric forms: Lacto-N-fucopentaose I (LNFP), 
lacto-N-fucopentaose III (LNFP III), lacto-N-difucohexaose I (LNDFH I), lacto-N-difucohexaose II (LNDFH II), 
LS-tetrasaccharide a (LSTa), LS-tetrasaccharide d (LSTd), LS-tetrasaccharide c (LSTc). Image elaborated with 
GlycoWorkbench 1.0.
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Figure 4. Glyconjugates in human milk. (A) Many proteins,such as mucins in human milk are 
O-glycosylated. Unlike N-glycans, O-glycans do not share a common core structure. The 3 cores structures 
depicted are present in different tissues. However, human milk contains only core 2 type structures [94]. 
(B) HMGPs are very heterogeneous. High mannose glycans contain unsubstituted terminal mannose units 
whereas on hybrid glycans, some mannose residues are substituted with an N-acetylglucosamine linkage. 
Complex glycans differ from the high mannose and the hybrid type because they do not contain mannose 
residues apart from those at the core structure. (C) Although HMGLs constitute a small fraction of the total 
lipid contained in human milk, they have a great impact on intestinal maturation and immunity. 
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The HMOS and HMGPs composition and glycosylation varies during lactation. Colostrum 

typically contains in average 23 g/L of HMOS and it decreases to an average of 7 g/L in 

mature milk [95]. Some of the major HMGPs and their average concentrations in human 

milk are: mucins (729 mg/L), secretory immunoglobulin A (200 mg/L), lactoferrin (1-7g/

L), lactoperoxidase (0.77 mg/L), lactoadherin (93 mg/l), leptin (0.003 mg/L), lysozyme 

(21 mg/L), and α-lactalbumin (2.4 g/L) [96] (Table 1). During lactation the composition 

of breast milk and quantity of these molecules change [97]. For instance, the lactoferrin 

content decreases from 5.8 g/L in colostrum to 2 g/L in mature milk [98]. Besides, the 

profile of glycosylation changes from day 1 to day 15 from less fucosylated to highly 

fucosylated structures [99].

Table 1. Glycoproteins found in human milk. HMGPs vary greatly in structure and 
abundance. The concentrations reported correspond to those found in mature human milk. 

HMGPs Concentration (g/dL)

Mucin1 72.9

Secretory immunoglobulinA1 20

Lactoferrin2 0.1-0.7

Lactoperoxidase1 0.077

Lactoadherin1 0.0093

Lysozyme2 0.0021

α-lactalbumin 1 0.00024

1Source [122], 2Source [78]

The structures of more than 200 HMOS have been identified, whereas more than 400 

HMGPs have been characterized in human milk [101]. The changes in concentration and 

composition during lactation vary accordingly with the infant developmental needs [102]. 

At the beginning of lactation the highly fucosylated and sialylated structures of breast 

milk protect the gut from bacterial and viral infection by inhibiting pathogen adhesion, 

while promoting the colonization of beneficial communities of bacteria [103]. The survival 

of neonatal gut microbiota relies highly on the glycans present in human milk. HMOS, 

HMGPs, and HMGLs facilitate the adhesion of beneficial bacteria to the mucus layer and 

act as decoy for pathogenic bacteria, parasites, or viruses promoting their clearance from 

the intestine. 

The type of HMGLs found in human milk are also known as glycosphingolipids (Figure 4C).

These molecules consist of a ceramide moiety attached via an amide-linked acyl group to 

a glycan portion. Based on the type of glycan they are attached to, they are categorized 
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as cerebrosides and gangliosides. In cerebrosides, the ceramide moiety is attached to 

an uncharged glycan, whereas in gangliosides the reducing terminal of the ceramide 

contains sialic acid [104]. While the ceramide confers hydrophobicity to the molecule, 

the glycan portion confers charge to the glycosphingolipid [105]. They can be bound to 

macromolecules, such as human milk fat globule membrane (MFGM). While the ceramide 

portion is inserted in the lipidic layer, the glycans are exposed towards the hydrophilic 

environment [106].

The total amount of gangliosides in mature human milk ranges from 1.6 to 68.6 mg/L [107].

While 61-86% (0.9-20.3 mg/L) of the glycolipid composition in colostrum corresponds to 

the Sia α2–8 Sia α2–3 Gal β1–4 Glc β1–1 ceramide (GD3), the most abundant (4.3-21.4 

mg/L) ganglioside in mature milk is the Sia α2–3 galactose (Gal) β1–4 glucose (Glc) β1–1 

ceramide (GM3) [108, 109]. These changes in ganglioside composition during lactation 

are attributed to changes in the expression of glycosyltransferases in the mammary tissue. 

They confer protective effects to the intestinal and brain development of the neonate 

[110].

Like HMOS and HMGPs, HMGLs prevent the adhesion of pathogens and bacterial toxins 

derived from microorganism, such as E. Coli and Giardia muris. HMGPs have shown 

antiviral activity against human respiratory syncytial virus and enterovirus 71 [111, 112]. 

It has been reported that glycosphingolipids maintain intestinal tolerance by modulating 

dendritic cell maturation [113]. Besides, they support the colonization of the neonatal gut. 

Some Bifidobacteria species can hydrolyze sialic acid from HMGLs and use it as growth 

substrate, whereas other species consume sialic acid only from HMOS [114].

Cow-Derived Infant Formula
According to UNICEF and the WHO, exclusive breastfeeding is recommended for the first 

6 months of life [115]. However, according to their 2017 report not one country complies 

with this recommendation and considerable variations exist across regions. In Europe it 

is estimated that only 20-40% of infants between 0-5 months old are exclusively fed with 

breast milk. Many medical and social factors are responsible for this [116]. In those cases 

supplementation or substitution of breastfeeding with infant formulas prepared from cow 

milk is the most common alternative for breast milk [117]. These cow milk-based infant 

formulas should mimic as much as possible, the nutritional and functional profile of human 

milk [118]. However, the composition and patterns of oligosaccharides and glycosylation 

of proteins is different between human and bovine milk (Table 2). 
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While the concentration of milk oligosaccharides in human colostrum is approximately 7 

g/L, bovine colostrum contains only 1g/L of oligosaccharides, and this concentration decays 

rapidly after 48 hours [119]. Also, bovine milk GPs, such as lactoferrin, are found in lower 

concentrations (0.02-0.035 g/L) compared with human milk [120]. In fact, lactoferrin is 

one of the most abundant glycoproteins in human milk [121]. 

Table 2. Differences in human and cow milk composition.

Component Human Bovine

Protein (g/dL)1 0.9-1.2 3.3

Fat (g/dL)1 3.2-3.6 3.7

Lactose (g/dL)1 6.7-7.8 4.5

Oligosaccharides (g/dL)1 0.7-1.2 0.1

No. of identified oligosaccharides2 < 200 Approx. 40

% fucosylated2 35-50% Approx. 1%

% sialylated2 12-14% < 25%

1Source [122], 2Source [78]

The composition of bovine and human milk glycans varies also in complexity and 

composition. HMOS can be classified into 13 core groups. These cores are elongated by 

β1-3 or β1-6 linkages to lactosamine units attached to fucose by α1-2, α1-3, α1-4 linkage 

or to sialic by α2-3 and α2-6 linkages [123]. Bovine milk oligosaccharides (BMOs) contain 

N-acetylhexosamine, N-acetylneuraminic acid (Neu5Ac), and N-glycolylneuraminic acid 

(Neu5Gc), or sialic acid. The composition and variation, but also quantity, is lower compared 

to human milk. Neu5Gc is found in other mammals but not in humans due to the lack of 

the hydrolase that converts CMO-Neu5Ac to CMP-Neu5Gc in lactating mammary glands 

[124]. Structures, such as N-acetyl-D-lactosamine (LAcNac), N,N’-diacetyllactosamine 

(LacdiNAc) and N-acetyl-D-galactosamine (GalNAc(β1-4)) Glc have been detected in cow 

colostrum but not in human colostrum [125].

The reducing terminal sugar of the glycan chains determine its nature. Glycan chains 

containing fucose are classified as neutral oligosaccharides, whereas glycans with sialic 

acid as terminal sugar are classified as acidic oligosaccharides. In human milk, neutral 

oligosaccharides are more abundant than the acidic ones and the ratio of fucose is higher, 

whereas in cow milk acidic oligosaccharides predominate over neutral oligosaccharides 

and the amount of fucose is very low [126]. As a result, the content of sialic acid in cow-

derived formulas is less than 25% of the amount of sialic acid found in human milk [127] 

and it contains trace amounts of fucose [128].



CHAPTER 1

24

These differences in fucose and sialic acid content have a great impact on neonate health. 

At birth, neonates have a reduced capacity for de novo synthesis of sialic acid and, for 

this reason, the intake of this compound from breast milk is essential [129]. Sialic acid 

is involved in the development of the gastrointestinal tract and of the nervous system, 

in pathogen adhesion and in cellular recognition [130]. Especially in the gut, sialic acid 

prevents the adhesion of pathogens and promotes the growth of Bifidobacteria [131]. 

From a nutritional point of view, sialic acid is crucial for immune and cognitive development 

[132]. However, the presence of some glycans, such as the Gal(α1–3)Gal epitope present 

in bovine glycoproteins and not in HMGPs, has been linked with undesirable effects, such 

as allergic reactions [133]. 

Likewise, fucosylated oligosaccharides have both indirect and direct effects on the 

intestinal barrier. Indirectly, fucose glycans exert defence mechanisms and promote 

gut maturation by supporting bifidogenesis. The release of SCFAs by Bifidobacterium 

stimulates gastrointestinal motility and development of the enteric nervous system [134]. 

The low amount of fucose in infant formula has been associated with the development of 

the microbiota which then is significantly different from that of infants fed with breast milk 

[135].

The differences in the type of oligosaccharides and glycosylation patterns among human 

milk and other species, such as bovines, have been speculated to be related to the system 

glycosidase/glycosyltransferases or to the enzymatic activity of epithelial cells [136]. The 

effect of such differences is evidenced by the maturation of the intestinal barrier in infants 

fed with human milk or infant formula. Infants fed with cow-derived formula have a risk 

of having a longer period of enhanced gut permeability and a delayed colonization of 

beneficial bacterial communities [137].

Because infant formulas differ substantially from human milk, efforts are continuously 

made to improve their composition [138]. As described above the addition of non-digestible 

carbohydrates (NDCs) to infant formula increases the prebiotic value of the formulation. 

However, in order to mimic the content of fucose and sialic acid other compounds have to 

be added. Clinical studies have shown that the enrichment of infant formula with 2’-FL and 

lacto-N-neotetraose (LNnT) is well tolerated by infants [139] and might compensate for 

some of the differences between bovine milk and human milk. To compensate for the lack 

of sufficient amounts of sialic acid in cow infant formula, bovine whey is added to infant 

formula aiming to achieve sialic acid levels similar to human milk. However, it has been 

shown that the levels of sialic acid in infants from 0 to 6 months fed with infant formula 

supplemented with sialic acid were lower than the levels of sialic acid in infants fed with 

human milk [130]. 
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Short duration or lack of breastfeeding, and the introduction of formula feeding before 

6 months of age increases gut permeability, induces a shift of gut microbial colonization 

towards an adult pattern, and allows the translocation of pro-inflammatory bacteria [8]. 

Formula-fed infants are colonized with a more diverse flora that includes Escherichia coli, 

Clostridium difficile, and Bacteroides fragilis compared to breastfed infants [140]. The 

abundance of Clostridium spp. is associated with the development of atopic disorders 

[141]. Furthermore, formula-feeding is a risk factor for the development of type 1 

diabetes [142] and metabolic disorders [137]. However, in many instances breastfeeding 

is not possible and cow milk formula is the only viable alternative. Since HMOS cannot be 

manufactured on a large scale, milk formulas are supplemented with NDCs that mimic the 

biological activities of HMOS [143, 144]. NDCs are fermented by gut microbiota reducing 

the intestinal pH and favor the growth of Bifidobacterium and reduce the proliferation of 

pathogenic bacteria [145]. Infant formulas are enriched with NDCs produced by enzymatic 

synthesis, such as galacto-oligosaccharides (GOS), fructo-oligosaccharides (FOS), or 

inulin [146, 147]. The difference among compounds is reflected in their monosaccharide 

composition, branching, chain length, type of glycosidic linkage, and purity [148].

Cow milk formulas cannot prevent specific infections in infants that are neutralized by 

HMOS in breast-fed children. Noroviruses is an example of that. This virus is an important 

cause of diarrhea in infants [149], which is neutralized in breast fed infants by HMOS that 

resemble the glycan histo-blood structure [150]. These complex HMOS are not present in 

cow milk and, as a consequence, it has been found that infants fed with cow formula have 

a higher incidence of infectious diarrhea before the age of 4 months [151]. Among HMGPs, 

lactoferrin is unique and has a broad spectrum of properties. This glycoprotein interacts 

directly with the anionic lipid A from Gram-negative bacteria damaging the microorganism 

membrane [152]. Using the same mechanism, lactoferrin clears the presence of parasites, 

such as Entamoeba histolytica [153].

Although cow milk is life-saving and the best alternative for breastfeeding, it still cannot 

replace the effects of human milk on infant health [154]. For instance, preterm infants fed 

exclusively with human milk have significantly lower intestinal permeability compared with 

infants that received a combined diet of breast milk and cow milk formula or only cow milk 

formula [155]. This effect is translated to reduced incidence of necrotizing enterocolitis, 

reduced parenteral nutrition duration, and reduced morbidity compared with pre-term 

infants fed with milk formula [156]. Exclusive breastfeeding for at least the first 4-6 

months of life is considered a protective factor to reduce the incidence of atopic diseases 

in susceptible individuals [157], illustrating the importance of breast milk ingredients for 

healthy gut immune development and the need to further improve the alternatives for 

breast milk.
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Microbial Colonization
Infant acquisition of microbiota in utero and via human milk bacteria 

An essential part of the development of immunity and barrier function is the healthy 

development of an individual’s microbiota. The neonatal gut colonization has been 

suggested to occur by different  mechanisms: early colonization in utero [158], entero-

mammary route of transmission [159], and maternal skin/infant oral cavity flow back 

during lactation [160, 161].

The initial colonization of the surfaces of infant respiratory, urinary and gut mucosa 

starts, according to recent insights, in utero [158, 162, 163]. This process occurs 

mostly in the last stage of pregnancy [164, 165]. Recent studies have characterized the 

placenta meconium bacterial profile, showing that it includes Firmicutes, Tenericutes, 

Proteobacteria, Bacteroidetes, and Fusobacteria species [166, 167]. Likewise, the human 

placenta [168], and umbilical cord contain microorganisms, such as Enterococcus faecium, 

Propionibacterium acnes, Staphylococcus epidermidis, and Streptococcus sanguinis [169]. 

Although the translocation mechanism is not clear, it has been suggested that bacteria 

from the maternal gut and oral cavity are transferred to the fetus through the placenta 

[170]. Other mechanism is the ingestion of amniotic liquid which, not only contain growth 

factors, hormones, and immunomodulating proteins, but also microorganisms. During 

the third semester the fetus swallows 700 to 1000 mL of amniotic liquid per day [171]. 

Therefore, fetal swallowing allows the exposure to these molecules and bacteria into the 

developing gastrointestinal tract [172].

As a support mechanism, to protect the infant from pathogens, the mother transfers 

beneficial bacteria to the neonate via breastfeeding [173]. The transmission of intestinal 

bacteria from the maternal gut to the mammary gland has been suggested to occur 

via dendritic cells and the mesenteric lymph nodes [174]. This is known as the entero-

mammary pathway. At least 200 bacterial species have been isolated from human milk 

but the great diversity is linked to the variations in the culture methods or geographical 

differences [175]. Bacteria from the phylum Proteobacteria, Firmicutes [176], and 

Bifidobacteria have been found in human milk [177]. Although it is unknown how the 

stage of lactation affects the composition of bacteria in human milk, it has been observed 

that it affects the abundances of specific genera [178].



27

OLIGOSACCHARIDES/GLYCOCONJUGATES AND THE HUMAN GUT BARRIER

1
Human milk introduces and supports beneficial bacteria that protect breastfed infants 

from diarrhea, respiratory and, metabolic disorders [179]. Furthermore, it stimulates 

the transitory gut microbiota in the infant and has a great impact on colonization of 

bacteria [180]. The composition of HMOS is a predictor of the composition of human 

milk microbiota. The abundances of Bifidobacteria are positively linked to the presence 

of HMOS, such as, monofucosyllacto-N-hexaose III (MFLNH III), sialyllacto-N-tetraose 

(LSTb) and lactodifucotetraose (LDFT) [181, 182]. In contrast, in human milk containing 

2’-FL and lacto-N-fucopentaose (LNFP 1), the prevalence of Bacteroides has been observed 

to be high given that this genus prefers to consume branched HMOS [183].

Effects of the Delivery Mode
The microbial colonization in the intestine with vaginal beneficial bacteria has long-lasting 

effects on the infant’s health as for example, illustrated by the numerous comparative 

studies on differences in microbiota development in infants delivered vaginally or via 

C-section [184–186]. The newborn intestine is an aerobic environment which, within a 

week, ultimately becomes anaerobic [187]. In the first few days of life, after vaginal 

delivery, Bifidobacteria and Bacteroidetes will be predominantly present. Bifidobacterium 

spp. releases bioactive factors that rapidly reduce intestinal permeability [188]. The same 

effect is achieved when Lactobacillus acidophilus bacteria colonize the gut. These species 

can alter and maintain the phosphorylation of the tight junction proteins [189]. Via these 

mechanisms the composition of the gut microbiota can shape the immunological barrier, 

T-cell differentiation and activation [190]. Furthermore, bacterial fermentation products 

can directly influence immunity. For example, butyrate from bacterial metabolism can 

induce Treg cell differentiation [191].

In contrast, infants delivered by C-section have a lower microbiota diversity during the 

first 2 years of life [192]. Given that infants delivered by C-section miss the vaginal-

derived bacteria, they depend for supply of bacteria on the breast skin microbiota of the 

mother which is composed of species from the genera Staphylococcus, Corynebacterium 

and Propionibacterium spp. and have low numbers of species from Bacteroides and 

Bifidobacterium [193]. C-section delivery is not a risk factor for the development of 

intestinal bacterial infections in infants [194], but the differences in microbial transmissions 

and colonization have been found to influence colonization of the microbial barrier and to 

negatively affect the chemical, physical, and immunological components of the intestinal 

barrier [195].
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Maternal Factors
Genetic Determinants 

Secretor status and Lewis blood epitopes of the mother determine the composition of 

HMOS, HMGPs, and HMGLs and thereby influence the development of the gastrointestinal 

immune barrier of the neonate. These blood group variables determine the fucosylation of 

such molecules. The secretor gene encodes for α1,2 fucosyltransferase (FUT2), whereas 

the Lewis blood type is determined by the Lewis gene, which encodes for α1,3/1,4 

fucosyltransferase (FUT3) [196]. Due to variations in the maternal fucosyltransferases 

the quantity and type of carbohydrates are differently expressed in pyloric or duodenal 

mucus and intestinal secretions [197]. Although HMOS and HMGPs fucosylation has been 

extensively studied [198], HMOS and HMGPs sialylation is not well understood yet [199, 

200]. Approximately 70-77% of the HMOS are fucosylated, whereas approximately 28% 

are sialylated [201].

The presence or absence of any of the secretor (Se) and Lewis (Le) phenotypes has been 

used to categorize human milk into four groups according to their neutral oligosaccharides: 

Se+Le+ [Le (a-b+)], Se-Le+ [Le (a+b-)], Se+Le-  [Le (a-b-)], and Se-Le- [Le (a-b-)] [202]. 

Every lactating woman has a unique pattern of oligosaccharides [202, 203]. However, 

data suggest that ultimately the composition of the HMOS relies more on the maternal Se 

status than on the Le blood type [78].

The content of sialylated HMOS is high in colostrum (1500 mg/L) and decreases in mature 

milk (to 300 mg/L) [204]. The concentrations of acid oligosaccharides have been found 

to be not dependent on the Lewis blood group, and sialyltransferases are found broadly 

distributed in all human cells, including those of the lactating mammary gland [205]. Four 

families of sialyltransferases have been described to be responsible for the synthesis of 

acidic glycoconjugates: a) ST6Gal1 and ST6Gal2, b) ST3GAL1 to ST3GAL6, c) ST6GALNAC1 

to ST6GALNAC6, and d) ST8SIA1 to ST8SIA6 [206]. HMOS sialylation is mediated by the 

ST3GAL and ST6GAL families [207].

These sialic and fucose epitopes help to shape the composition of the microbiota as they 

serve as adhesion receptors for pathogens and as sources of energy for microorganisms 

that produce blood group antigen-specific alpha-glycosidases, such as Bifidobacterium and 

Bacteroides [208, 209]. Both communities reduce gut permeability and produce lactate 

and short-chain fatty acids that modulate the immune cells and the mucus composition 

[210]. Infants that are fed with milk from non-secretor mothers have a delayed colonization 

with Bifidobacterium, and as a result, they are more susceptible to diarrhea and bacterial 

translocation [211]. 
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Infants breastfed with secretor milk are protected against diarrhea caused by 

Campylobacter, calciviruses, and E. Coli enterotoxins [212]. They are protected as well 

from protozoan parasites [213]. Therefore, the lack of these epitopes on milk glycans has 

consequences for the function of the intestinal barrier. Given that non-secretor individuals 

do not express FUT2, they are not able to express ABH antigens in their mucus and 

other secretions [214]. The non-secretor phenotype has been genetically associated with 

increased risk for Crohn’s disease and necrotizing enterocolitis [215]. The reason behind 

this effect is that without certain glycan epitopes bacterial communities of Bifidobacterium 

cannot proliferate and in exchange opportunistic bacteria can adhere or penetrate the 

epithelial layer [216].

Sialylated HMOS, such as 6’-sialyllactose (6’-SL) and 3’-sialyllactose (3’-SL) act well as 

decoy receptors to prevent the adhesion of influenza virus [217], H. pylori [218], and 

E.coli [219]. Although HMOS, in general, are known to stimulate the growth of beneficial 

bacteria, studies on fucosylated and sialylated HMOS have shown that Bifidobacteria 

have variable strategies for the digestion of individual HMOS [220]; some strains survive 

from the utilization of fucosylated structures but do not metabolize 6’-SL. Among the 

sialylated structures there are also differences: Bifidobacterium longum JCM1210, B. 

fragilis ATCC25285, Lactobacillus spp., and Clostridium spp. in the infant gut have shown 

preference for 6’-SL HMOS but are unable to digest 3’-SL [221].

In vitro experiments have shown that sialylated HMOS inhibit leukocyte rolling and 

adhesion to endothelial cells, while neutral HMOS do not exert such effect [222]. The 

presence of sialic acid attenuates development of necrotizing enterocolitis (NEC) in infants. 

In rat models it has been shown that the dimeric structure, disialyllactose, and not the 

sialylated oligosaccharides containing one, three, or four sialic acid groups, was effective 

in preventing disease progression, indicating that specific structures are required to obtain 

specific protective effects [223].

Maternal Environmental Factors
Factors, such as maternal diet, body weight, and antibiotic use have shown to influence 

milk composition [224]. However, there is not enough information about how these factors 

affect specifically the composition of oligosaccharides and glycoconjugates in human milk.

The influence of maternal diet on milk composition is not homogeneous over all milk 

components. For instance, no changes have been observed in proteins, and mineral 

composition [225]. However, diet can affect the content of fatty acids and vitamins, such 

as vitamin B1 and C composition [226]. As a consequence it has been suggested that diet 

can affect the concentrations of gangliosides, such as GM3 and GD3 in human milk [227]. 
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Although it has not been found that lactose composition changes upon dietary intake, 

Kunz et al. showed that after oral administration of galactose to lactating mothers, this 

monosaccharide was incorporated to lactose and acidic and neutral oligosaccharides [228]. 

Also, the supplementation of the maternal diet with probiotics (Lactobacillus rhamnosus 

and Bifidobacterium animalis) was shown to reduce the risk of eczema in breastfed infants 

[229]. These results suggest that modulating the maternal diet might have therapeutic 

potential for breast milk to offer secondary prevention towards allergic disorders during 

childhood [230]. Current guidelines orient practitioners and pregnant women to maintain 

a healthy intake of micro- and macronutrients in order to protect mother and developing 

fetus [231]. However, in the practice no medical guidelines recommend women to avoid 

or include specific types of food during pregnancy and lactation in order to improve their 

milk composition or prevent allergies in their offspring [232].

Maternal obesity has not been observed to influence milk composition. However, it has 

been suggested that obese mothers can transfer via breast milk inflammatory cytokines 

and markers of oxidative stress, which can contribute to weight gain in the infant [233]. 

Although it has been shown that the profile of some fatty acids in the breast milk from 

obese women is different compared to lean women, their total fat, protein and carbohydrate 

content  does not differ [234]. It remains to be determined which factor in mother milk is 

responsible for this undesired effect.

Host Genetic Factors
The etiology of IBD, obesity, and allergies arise from complex interactions between genes 

(nature) and the environment (nurture) [235]. These interactions vary among individuals, 

ethnicities, and gender [236]. Host genetic defects might for example affect where and 

how microorganism colonize in the intestine [237]. Some of these effects can be mitigated 

by changes in the diet. The gene FUT2 encodes for epitopes that compose glycans that 

support the proliferation of Bacteroides and prevent the adhesion of pathogens. Studies 

in mice with a non-functional FUT2 gene have shown that after the animals had been fed 

with complex oligosaccharides they developed a fecal microbiome profile similar to that 

of mice with functional FUT2 genes, illustrating that diet might compensate for genetic 

differences [238].

Conversely, in some diseases, gene determinants remain the strongest risk factor to 

develop an intestinal disease [239]. For example, genes responsible for enhanced 

intestinal permeability are considered important in the pathogenesis of IBD [240]. Two 

genetic alterations have been found to hinder the maturation of the gut barrier. The first 

is a deficiency of NOD2, which induces a hyper inflammatory response to gut microbiota. 
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Mutations in this gene disrupt proper sensing of the immune pathways that respond to 

host microbiota allowing an overgrowth of pathological bacteria, such as E. coli [241]. As 

a consequence, Enterobacteriaceae is a family of bacteria enriched in patients with IBD 

[242]. The other genetic alteration interfering with the maturation of the gut immune 

barrier is polymorphisms in the regions that encode the genes that regulate tight junctions 

(Membrane Associated Guanylate Kinase-MAGI3). Clinically this genetic defect reduces the 

expression of tight junctions, increases gut permeability, and induces pro-inflammatory 

mucosal cytokine secretion [243].  

Conclusion and Future Challenges
Different non-genetic and genetic factors have been shown to be important for neonatal 

development of an adequate gut immune barrier and for preventing inflammatory diseases 

at a later age. Therefore, modulation of the gastrointestinal immune barrier, to improve 

health, has become a potent strategy to manage or prevent inflammatory diseases [244]. 

From all the non-genetic factors that affect the infant intestinal barrier perhaps the only 

readily applicable one is nutritional or dietary change. 

Although no nutraceutical can replace the benefits of human milk, the ultimate way to 

manage proper development of the gastrointestinal barrier via infant formula is the addition 

of HMOS and/or HMGPs. Not all HMOS and HMGPs that have an impact on gut barrier 

maturation have been identified yet but this might happen soon as analytical techniques 

to characterize, isolate, and identify HMOS, HMGPs, and synthetic oligosaccharides 

are improving [245, 246]. Fucosylation profiles of HMOS and HMGPs have been more 

broadly studied because of their abundance in human milk, whereas sialylated profiling is 

challenging since it requires the removal of dominant fucosylated structures and lactose 

[200]. Nonetheless, differences in molecular structure among species, or among human 

individuals, are now better documented [247–249] and might lead to more personalized 

advice on type and variation of HMOS and HMGPs in infant formulas.

However, before HMOS and HMGPs can be produced in a more personalized fashion 

another challenge has to be overcome. This is to isolate and produce sufficient molecules 

in a cost-effective manner. In the past 20 years enzymatic in vitro synthesis has been the 

most widely employed method to produce oligosaccharides [250]. The major limitation 

continues to be the development of enzymatic systems that can produce more complex 

HMOS than 2’-FL and LNnT at an industrial scale. Major efforts are oriented towards 

engineered transferases capable to add fucose or sialic acid into desired locations on the 

glycan backbone. Additionally, for this large-scale production, more efficient methods of 

purification are needed [251]. Since E. coli is the most common system used, and there is 
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much and good information about the mutants with no virulent capacity, the downstream 

production requires controls that guarantee endotoxin-free production [252]

NDCs should not be abandoned. Many of the carbohydrates used to fortify infant formula 

have been extensively investigated as food ingredient for their prebiotic properties [253]. 

Unfortunately, it has not been fully confirmed that they can substitute for other relevant 

functions of HMOS [254]. Studies on diverse in vitro models have shown that NDCs can 

have a direct role in the regulation of the secretory function of highly differentiated cells 

from the epithelial barrier or even stimulate barrier function by supporting tight junction 

production [255]. Therefore, the study of non-prebiotic effects of individual or combinations 

of NDCs might further improve efficacy of infant formula compositions. 

During recent years it has become more accepted that many nutrients are not solely a 

source of energy or as factors involved in the development of the organism; nutrients are 

also able to regulate gene expression [256]. This new field is called nutrigenomics [257]. 

As in pharmacogenomics, the identification of the positive, negative, or even adverse 

effects, impacts of a medication on diverse populations [258], nutrigenomics is a potential 

tool to understand the interactions between genome and dietary components [259]. 

By this approach food intake can become more effective as nutrigenomics contributes 

to an understanding of the mechanisms that underlie individual variations in dietary 

requirements, as well as in the capacity to respond to food-based interventions. This can 

also apply to milk make-up, opening new venues to improve its composition or to prevent 

the manifestation of gastrointestinal diseases [260].

Important advances have been made in understanding individual efficacy of human milk 

after the discovery that secretor and Lewis status from an individual determine how the 

microbiota develops and how breast milk protects against disease. Blood genotype is 

very important for the composition and health benefits of the breast milk. Recently even 

more specific genotypes have been identified thanks to the improvements in the detection 

techniques. Such is the case of the Bombay and para-Bombay phenotypes in Asiatic or 

Indian populations. In these populations adverse reactions to NDCs in infant formula 

have been described [261, 262]. It exemplifies that more knowledge is needed about the 

role of genetically determined blood variants and food component efficacy in supporting 

maturation of the intestinal immune barrier. 
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Rationale and outline of this thesis
As outlined in the preceding section, the carbohydrate fraction of human milk namely, 

human milk oligosaccharides (HMOS) and glycoconjugates, is crucial for stimulating 

early development, maturation and maintenance of the intestinal barrier in infants. Many 

molecules derived from cow milk have been suggested to substitute the function of HMOS 

and glycoconjugates in infant formula. As only 30% of all infants in the Western society 

are exclusively receiving human milk, improving infant formula by adding molecules with 

health promoting effects has significant impact on both long and short-term health in 

humans. 

Although their formulation has evolved in recent years, a thorough and broad screening of 

the effects on the gut barrier of different free and conjugated carbohydrates derived from 

cow milk, which are added to infant formula, are still lacking. Compounds such as bovine 

lactoferrin (bLF) and galacto-oligosaccharides (GOS) have shown to offer diverse benefits 

to human health but the structural traits that impact their functionality remain elusive. 

Additionally, due to the lack of methods to produce individual HMOS, the knowledge about 

the effects of specific molecules such as 2’-fucosyllactose (2’-FL) is limited. Therefore, in 

this thesis we investigated how glycosylation changes of bLF, GOS with β-linkages and 

α-linked oligosaccharides and 2’-FL obtained by enzymatic production impact the immune 

intestinal barrier with the aim to better understand the structural traits responsible for 

health benefits and ultimately improving nutrition of infants or adults with gastrointestinal 

issues.

The impact of bLF in infant formula is considered to be mostly anti-pathogenic by 

neutralizing the negatively charged molecules on pathogen surfaces or by preventing 

host interaction with the pathogens. Its immunomodulating effects have received minor 

attention up to now. In chapter 2, we studied the immune stimulating effects of de-

mannosylation and de-sialylation on bLF glycans on Toll-like receptors (TLRs) signalling. 

TLRs are the main receptors involved in immune maturation and immune stimulation. The 

impact of the de-mannosylation or de-sialylation of the bLF glycan chain was studied to 

understand the importance of the glycosylation pattern on the bioactivity of bLF.

Although the glycans attached to bLF contribute to their biological effects, limited data 

is available on the functional properties of these N-glycans in isolated form, without 

protein core. In chapter 3, we studied the ability of the isolated N-glycans from bLF 

to inhibit TLR-8 signalling and compared it with the inhibition of chloroquine, a known 

endosomal TLR antagonist to determine its efficacy in TLR-8 inhibition compared to a 

known pharmaceutical agent. Also, the impact of deglycosylation was studied. We provided 

insight in the inhibitory capacity of these isolated N-glycans of bLF, which might become a 
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potential food-strategy for the management of autoimmune diseases. 

As outlined in the introduction, there is a continuous crosstalk between luminal products 

and goblet cells. Dietary molecules, such as GOS have been described to modulate the 

intestinal barrier function by modulating the mucus layer. In chapter 4, we studied which 

traits of GOS were involved in the regulation of mucus function. We assessed the effect of 

the transgalactosylated content, glycosidic linkages and lactose content of the GOS mixture 

on the mRNA expression of mucus-related genes on goblet cells. These findings can have 

direct impact on the application of GOS in infant nutrition and GOS manufacturing.

During recent years, non-digestible carbohydrates, such as GOS, are being substituted 

in infant formula by individual HMOS. It is assumed that these HMOS, such as 2’-FL, can 

directly impact the intestinal barrier at the mucus and epithelial level. However, there was 

no scientific proof that 2’-FL has such an effect. In Chapter 5, we studied the effects 

of HMOS isolated from mother milk, 2’-FL alone and in combination with lactose on the 

mRNA expression of mucus-related genes in goblet cells. Additionally, 2’-FL was tested 

for its epithelial barrier-protective potential after challenge with a gut barrier disruptor, 

A23187, in human gut epithelial cells. Our findings indicate that specific oligosaccharides 

have differential effects in shaping the functions of the intestinal barrier and that more 

studies on effects of individual HMOS are required. Lastly, Chapter 6, contains a general 

discussion on the findings reported in this thesis.
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