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AbstrAct

Human milk is the gold standard for newborn infants. Breast milk not only provides 

nutrients, it also contains bioactive components that guide the development of the 

infant’s intestinal immune system, which can have a lifelong effect. The bioactive 

molecules in breast milk regulate microbiota development, immune maturation and gut 

barrier function. Human milk oligosaccharides (hMOs) are the most abundant bioactive 

molecules in human milk and have multiple beneficial functions such as support of 

growth of beneficial bacteria, anti-pathogenic effects, immune modulating effects, and 

stimulation of intestine barrier functions. Here we critically review the current insight 

into the benefits of bioactive molecules in mother milk that contribute to neonatal 

development and focus on current knowledge of hMO-functions on microbiota and 

the gastrointestinal immune barrier. hMOs produced via genetically engineered 

microorganisms are now applied in infant formulas to mimic the nutritional composition 

of breast milk as closely as possible, and their prospects and scientific challenges are 

critically reviewed.
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IntroductIon

It is widely accepted that breastfeeding is the gold standard for infant nutrition. It offers 

complete nutrition for the newborn but also contains many bioactive components 

that contribute to healthy development of the newborn [1]. These bioactive molecules 

can shape microbiota composition, modulate gastrointestinal physiology, promote 

proper development of the immune system, and enhance intestinal barrier function [2]. 

Many studies have focused on understanding the composition of mother milk and on 

identifying which factors contribute to healthy development of the child. This knowledge 

is essential for the development of effective infant formula that until several years ago 

was associated which higher frequencies of atopic allergies, a different microbiota 

composition, higher risks for infectious diseases, higher rates of obesity, and even higher 

frequency of diabetes when compared to children solely fed on mother milk [1, 3, 4]. 

Effective formulations will have a profound impact on child health, as over 70% of all 

infants receive infant formula, and thereby depend on cow milk-based infant formulas 

for daily supply of nutrients and bioactive components [5]. These cow milk-derived 

infant formulas do not have the same bioactive molecules as human milk [6].

The intestinal tract is the first organ that is in contact with bioactive molecules 

in mother milk. In the infant’s intestine the bioactive milk components impact the 

immature intestinal mucosa, which contains more than 80% of the body’s immune 

cells. The cells are matured by the bioactive factors facilitating the monitoring of 

luminal food components across the intestinal barrier and supporting regulation of 

defense-responses against undesired intruders. At the same time the maturation of 

immune cells supports regulatory responses to e.g. commensal bacteria that are needed 

for host survival [7]. The mucosal immunity is integrated into a physical barrier which is 

composed of a mucus layer and closely connected epithelial cells that protect the host 

from the harsh luminal content of the gut [8]. In newborn infants this barrier is more 

diffuse, and the maturation to an intact barrier is needed to prevent pathogens from 

entering the host [9]. It is assumed that also closing the barrier is supported by bioactive 

components in mother milk [10]. The bioactive molecules in mother milk also support 

colonization of the more than 100 trillion microbiota in the small and large intestine 

that digestive foods and produce fermentation products that are needed to support our 

metabolism, immunity and brain health [11, 12]. 
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There is increasing evidence that bioactive molecules in human milk have 

short- and long-term benefits in the developing intestinal system with impact on 

the development of the neonate as a whole [13]. These bioactive molecules involve a 

large group of compounds, such as growth factors, carbohydrates, cells, cytokines and 

immunoglobulins [2]. In order to gain insight into the function of these molecules in 

maintaining health or stimulating specific maturation processes, many studies have 

focused on comparing the composition of preterm and term delivered infants. Preterm 

infants are more prone to inflammatory diseases such as necrotizing enterocolitis, and 

by comparing preterm milk compositions with term milk compositions researchers try to 

identify essential elements in milk composition that might lead to novel formulations to 

prevent inflammatory events in preterm infants [14, 15]. Also, over the course of lactation 

variations in the composition of mother milk has been reported, which is considered to 

be a response of the mother to the changing needs of the infant.

Not only identifying essential molecules for promoting health has been 

a major focus in infant formula research, also finding cost effective means to include 

the molecules in infant formula has been a major effort, as most molecules are too 

complex to produce or are subject to many regulatory issues [16, 17]. Recently, major 

advances have been made with the inclusion of human milk oligosaccharides (hMOs) 

in infant formula [18]. hMOs are the most abundant bioactive molecules in human milk 

[19]. Human milk contains more than 200 hMOs which are virtually absent in cow-milk 

based formulations [20]. Some hMOs that are abundantly present in mother milk can 

be produced via genetically engineered microorganisms and are now applied in infant 

formulas [18]. There is some evidence that this might lead to specific health benefits 

compared to traditional infant formulas that are supplemented with non-digestible 

carbohydrates [21]. Some hMOs have multiple functions which include support of 

growth of beneficial bacteria, anti-pathogenic effects, immune modulating effects and 

stimulating intestine barrier functions [22–24]. Whether these effects can be achieved 

with the addition of single hMO instead of a mixture of hMOs is currently subject of 

study [22, 23, 25].

In this review, we first briefly discuss the intestinal immunity in the small and 

large intestine, as most of the barrier immune effects of bioactive molecules start in the 

intestinal tract. Next, we critically review the current insight into the benefits of bioactive 
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molecules in mother milk, including growth factors, antimicrobial proteins, cytokines, 

immunoglobulins, and cells in mother milk, that are all considered to contribute to 

neonatal development. The focus of the review will be on current knowledge of specific 

structure-activity relations of hMOs, as the first infant formulas with synthetic hMOs such 

as 2’-FL have reached the market. We discuss the impact they may have on microbiota 

and the gastrointestinal immune barrier. Finally, we discuss the currently applied hMOs 

in infant formula as well as their prospects and scientific challenges in the field of infant 

nutrition research. 

the IntestInAl Immune system

The intestinal mucosa of a healthy adult contains more than 80% of the body’s immune 

cells, which makes the gastrointestinal tract the largest immunologically active organ of 

the human body [7]. Its primary function is to protect the human body from undesired 

intruders from the lumen of the intestine while at the same time inducing tolerance to 

the 100 trillion microbiota that are needed for digestive processes and for production 

of beneficial fermentation products such as short chain fatty acids (SCFAs) [11, 12]. The 

mucosal immune system is integrated into a physical barrier which is composed of a 

mucus layer and closely connected epithelial cells that protect the host from the harsh 

luminal content of the gut [8]. In the small intestine, the mucosal immune system is highly 

organized, and the part of the finger-like projections called villi, whose primary function 

is absorption of nutrients. It contains unique cells with specialized functions. At the base 

of the villi, in the crypts, the intestinal epithelial cells (IECs) are located [26], as well as 

the so-called Paneth cells which produce antimicrobial peptides and are responsible for 

maintaining a healthy balance in microbiota populations [27]. Goblet cells are scattered 

in between the epithelial cells located at the villus and secrete gel-forming mucins [28]. 

Mucus is the principal barrier between the lumen and the underlying epithelial cells [29].

The immune components of the gut-associated lymphoid tissue (GALT) are 

localized in microenvironments such as the Peyer’s patches (PPs), mesenteric lymph 

nodes (MLNs), and lamina propria (LP) (Figure 1A). The GALT is a secondary lymphoid 

organ that can be divided into an inductive site and an effector site [30]. The induction 

site is compartmentalized into the small intestinal PPs and the MLNs, while the effector 

site is spread over the entire region of the intestinal LP [30]. The small intestinal PPs are 
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lymphoid tissues containing immune cells. The PPs are partly covered with specialized 

epithelial cells called microfold cells (M cells) that sample antigens from the lumen [31]. 

The key function of the PPs is presenting antigens that are sampled by M cells or dendritic 

cells which protrude their dendrites into the lumen and regulate immune responses [32]. 

Due to this sampling and presentation function, the PPs are considered to be important 

for coordination of immune responses [33]. The PPs also contain follicles where B cells 

are located. Those B cells secrete IgA which binds and neutralizes pathogens and 

undesired food antigens [34]. The antigen present cells (APC) present in the PPs, such 

as CD103 positive dendritic cells, can migrate to the MLNs after uptake of antigens and 

activate naive lymphocytes [32]. Some of these cell populations are regulatory T cells 

(Treg), which induce tolerance to food antigens and microbiota, while more undesired 

antigens, such as those of pathogens, can induce formation of T helper (Th) cells [35].

The large intestine is considered to be a less immunologically active site as 

compared to the small intestine. In the large intestine there is less direct contact between 

the luminal antigens and molecules and the mucosal immune system due to a firm mucus 

layer on top of the epithelial cells (Figure 1B). The large intestine has no villi, only crypts. 

The goblet cell is one of the major cell types of the colonic crypt, and is responsible for the 

secretion of gel forming mucins that provides protection for pathogenic intruders and 

supports growth of commensal bacteria [26]. Unlike the thinner mucus layer in the small 

intestine, that promotes nutrient absorption and antigen sampling, the large intestine 

has a two-layered mucus structure [36]. The colonic mucus is organized in an inner and 

an outer layer. The inner layer is firmly adherent to the epithelial cells while the thicker 

but looser outer layer on top of the inner layer harbors the commensal microflora [37]. 

Only at the top of the crypts, there is some contact between the mucosal immune cells 

from the colonic lamina propria and the luminal content [26]. It is still unclear whether 

this part of the colon is of significant importance for immune signaling and tolerance. 

However the colonic microbiota are producing large quantities of fermentation 

products, such as vitamins, SCFAs, and secondary bile acids, that can modulate the 

host’s metabolism and are essential for human health [38]. For example, butyrate, a 

major intestinal bacterial metabolite, is closely linked to promoting the generation of 

Treg cells that induce tolerance for food antigens in infants [39].
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Figure 1. The intestinal immune barrier. (A) The small intestinal immune barrier. The mucus and the 
underlying closely connected epithelial cells form a barrier between the immune system and luminal 
content, which contains food and microbiota. Different cells contribute to the maintenance of barrier 
function and to balancing immune responses. These include intestinal epithelial cells, M cells, Paneth cells, 
stem cells and goblet cells. The immune components of the gut-associated lymphoid tissue are localized 
in Peyer’s patches, mesenteric lymph nodes, and lamina propria. (B) The large intestine. Colonocytes and 
goblet cells are the major cell types of the colonic crypt. Goblet cells produce mucus to form the outer and 
inner mucus layer which serves as protective barrier. The outer mucus layer harbors the commensal flora. 
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At early stages in life, the intestinal immune system is immature and it develops 

rapidly in the early postnatal period under the influence of bioactive components in 

mother milk, and by encountering new dietary components and microbiota [40, 41]. 

Breast milk components such as growth factors, carbohydrates, cells, and cytokines 

facilitate and expedite the maturation process [2, 42]. The bioactive molecules in breast 

milk regulate the diversity of the microbiota that impact immune maturation [43–45] 

but they may also directly support development by interacting with the immune system 

[1]. In the next sections, the different bioactive molecules in mother milk that contribute 

to neonatal development are reviewed in view of its possible impact on the infant’s 

gastrointestinal immune system or gut barrier. 

bIoActIve components In humAn mIlk 
It has become recognized in the past decade that human milk is more than a source 

of nutrients. It is also a source of bioactive components such as complex proteins, 

lipids, and carbohydrates, which impact the infant’s metabolism and immune system 

[46]. Bioactive components are defined as “elements that show effects on biological 

processes or substrates and thereby have an influence on body function or condition 

and ultimately, health” [47]. Human milk contains several essential bioactive components 

that regulate these processes. Some bioactive molecules are produced and secreted 

by the mammary epithelium, some are produced by the cells in breast milk, while 

others are from maternal serum and transferred across the mammary epithelium by 

receptor-mediated transport [48]. In response to the needs of the infant, the presence 

and absence as well as quantities of these bioactive components may vary in preterm 

and term delivery, or over the course of lactation. 

G r ow t h f a c t o r s

Human milk contains a large number of growth factors which impact infant 

development and gastrointestinal maturation. Epidermal growth factor (EGF) is one of 

these factors. It is important for intestinal and mucosal maturation and for development 

of a well-established gut barrier function. EGF has not only been found in breast milk 

but also in amniotic fluid [49]. The concentration of EGF in breast milk decreases during 

lactation, from approximately 100 ng/mL in colostrum to 50 ng/mL in mature milk [50]. 
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The concentration of EGF in milk of mothers with extremely preterm neonates (less than 

28 weeks) is 50-80% higher compared to that in milk of mothers with full-term infants, 

which is directly correlated with an improved mucosal maturation in preterm infants 

[50, 51]. Also found in human milk are insulin-like growth factor-I (IGF- I), IGF-II, and IGF 

binding proteins (IGFBP), which may play a role in preventing oxidative stress-induced 

intestinal damage [52, 53]. The levels of IGF are highest in colostrum and decline over time 

during lactation, which ranges from 20-50 ng/mL in colostrum and decrease to around 

4 ng/mL in mature milk [54].  In addition, high concentrations of vascular endothelial 

growth factor (VEGF), which is important for lymphatic vascular development [55], are 

also present in breast milk. The concentration of VEGF is highest in colostrum, reaching 

a concentration of approximately 50 ng/mL, and lower in mature milk at a concentration 

of 20 ng/mL [56, 57]. Erythropoietin (Epo) is also present in human milk [58]. The 

concentration of Epo in human milk is increased during lactation. It is in the range of 

4 to 5 mU/mL in the first 1 to 2 months and increase to 100 to 150 mU/mL by lactation 

[59]. It enhances intestinal tight junctions and thereby contributes to the development 

of barrier function and gastrointestinal development and function and is also associated 

with prevention of necrotizing enterocolitis [60].

Ce l l s 

A variety of cells are also found in human milk, including leukocytes and stem cells, 

which are involved in immunological development and modulation [61]. In colostrum, 

more than 106 cells/mL are found, but the numbers drop to approximately 103 cells/

mL in the weeks after birth [62]. The predominant leukocytes in human colostrum are 

macrophages (40-50%), followed by polymorphonuclear neutrophils (40-50%), and 

lymphocytes (5-10%) [63]. T cells constitute the majority of lymphocytes (more than 

80%) over B cells [64]. The immune cells in human milk protect against pathogens in 

the lumen during the development of the immune system of the newborn [10]. Also 

stem cells have been found in mother milk [65]. Hosseini et al.  confirmed the presence 

of stem cells in human milk and demonstrated that they differentiate into neural cell 

lineages and thereby contribute to gastrointestinal function and development [66]. 

Recently, Briere et al. compared breast milk samples from mothers of preterm and term 

infants, and found no significant differences in the numbers of stem-like cells in these 



Chapter 1

18

two groups, while the authors did find differences in gene expression. Cell markers SOX2, 

Nanog, CD90, and CD105 are up-regulated in the preterm milk samples, and EpCAM and 

TJP1 were down-regulated compared to full-term milk samples [67]. This might indicate 

different functions of stem cells in preterm and term milk. However, overall it is still 

largely unknown to which processes stem cells in breast milk contribute [68]. 

Cy t o k i n e s a n d c h e m o k i n e s

Cytokines and chemokines found in breast milk can pass the intestinal barrier, protect 

and contribute to immune development in the systemic circulation of the infant [69]. 

Cytokines in human milk have been shown to expedite immune maturation, to defend 

against infections, and to prevent inflammation [70]. The most abundant cytokine in 

breast milk is Transforming Growth Factor-β (TGF-β) [71]. TGF-β attenuates too strong 

immune responses and induces tolerogenic signals, which may be instrumental 

in preventing allergic diseases [70]. However, the key anti-inflammatory and 

immunoregulatory cytokine interleukin-10 (IL-10), is found in very high concentrations 

during the first 80 hours of lactation [72]. It has been suggested that IL-10 inhibits Th1 

responses, contributes to the survival and expansion of B cells, and downregulates major 

histocompatibility complex-II (MHC-II) expression on monocytes [69]. Another regulatory 

cytokine found in breast milk is IL-7. This cytokine is involved in thymic development 

and supports T cell longevity, and thereby contributes to immunological development 

and adaptive immunity [73]. Also, proinflammatory cytokines are abundantly present 

in mother milk. TNF-α, IL-6, IL-8, and interferon-γ (IFN-γ) have all been found in human 

milk, and they generally decrease in concentration over the course of lactation [74]. The 

function of the proinflammatory cytokines in human milk is still a subject of debate, but 

it probably contributes to intestinal development and maturation of immune cells in the 

infants gastrointestinal tract [70].

I m m u n o g l o b u l i n s 

Immunoglobulins (Ig) are present in relatively high concentrations during early lactation 

and belong to the most studied immune mediators in human milk [10, 75, 76]. Infants are 

born with an immature adaptive immune system, and they need to rely on antibodies 

from mother milk for defense against infectious organisms [46]. The most predominant 
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form of immunoglobulin found in breast milk is secretory IgA (SIgA) [77]. SIgA is the 

primary protective agent in human milk. The SIgA antibodies in breast milk are specific 

for enteric and respiratory pathogens such as Vibrio cholerae, Escherichia coli, Giardia 

lamblia [78]. SIgA shows a high concentration of 12 mg/mL in colostrum and decreases 

to approximately 1 mg/mL in mature milk [79, 80]. While SIgA is the most abundant 

antibody in breast milk, it also contains IgG and IgM, which both contribute to defenses 

and immunoregulation and becomes more abundant in later lactation [81, 82]. IgG can 

facilitate antigen uptake and is involved in the prevention of allergic and autoimmune 

diseases [83]. Pentameric IgM also has been shown to neutralize HIV-1 intracellularly and 

prevents transcytosis [84].

Ant i m i c r o b i a l  p r o t e i n s 

A multifunctional iron-binding glycoprotein, i.e. lactoferrin (LF), is also present in mother 

milk and affects microbiota activity by protecting against infection through degradation 

of gram-negative cell walls of pathogenic bacteria [85]. Lactoferrin is considered to be 

a so-called defensin [86]. Defensins are a family of proteins that are also produced by 

Paneth cells and reduce infection by deleting pathogens without affecting commensal 

bacteria [87]. The concentration of LF is typically highest in colostrum and reaches 

concentrations between 5 and 6 mg/mL. It decreases over lactation when the child 

is developing its immune system [77]. Lactadherin, another glycoprotein found in 

human milk, also known as milk fat globule-epidermal growth factor 8 (MFG-E8), has 

been shown to have specific anti-viral functions and prevents rotaviral infection in the 

newborn [88]. It also prevents intestinal inflammation by enhancing the phagocytosis of 

apoptotic cells [89]. A recent study showed that lactadherin can also prevent necrotizing 

enterocolitis (NEC) by enhancing intestinal barrier integrity [88]. Milk fat globules 

(MFGs) are milk lipids present in the form of dispersed droplets [90]. Several bioactive 

glycoproteins have been characterized in MFGs, which contain mucin 1 (MUC1) and 

mucin 4 (MUC4) [91]. Both MUC1 and MUC4 inhibit the invasion of Salmonella enterica 

serovar typhimurium in intestinal epithelial cells [92].

H u m a n m i l k  o l i g o s a cc h a ri d e s

One of the most important bioactive components of mother milk is the human milk 
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oligosaccharides (hMOs). The concentration of hMOs ranges from 20 to 25 g/L in 

colostrum and 5 to 20 g/L in mature milk, which makes them the third-largest solid 

component in human milk [20]. hMOs are unique to humans and are not found in the 

same variety and composition in other mammals [20]. Several studies show that hMOs 

provide numerous health-promoting effects [1, 22, 23]. Before critically reviewing 

possible beneficially effects for gastrointestinal development and health, we review the 

structure and composition of hMOs.

hmo structures And composItIons

hMOs are composed of five monomers: d-glucose (Glc), d-galactose (Gal), 

N-acetylglucosamine (GlcNAc), l-fucose (Fuc), and sialic acid (NeuAc) (Figure 2A). All hMOs 

are synthesized from lactose (Galβ1-4Glc), which can be extended by the addition of β1-3 

or β1-6 linked lacto-N-biose (Galβ1-3GlcNAc-, LNB, type 1 chain) or N-acetyllactosamine 

(Galβ1-4GlcNAc-, LacNAc, type 2 chain). The addition of LNB terminates the chain, 

while type 2 chain LacNAc can be further extended. The β1-6 linkage creates branched 

structures, which are designated as iso-hMO; the linear structures without branches are 

called para-hMO (Figure 2B). The hMO backbone can be either sialylated or fucosylated, 

and in the case of the shortest hMOs this forms trisaccharides such as 2’-fucosyllactose 

(2’-FL), 3- fucosyllactose (3-FL), 3’-sialyllactose (3’-SL) and 6’-sialyllactose (6’-SL) (Figure 

2C). The lactose core can also be extended with β1-3, β1-4 and β1-6 galactosyl residues 

and form galactosyllactoses (GL) (Figure 2D), which are typically present in human 

colostrum rather than in mature milk [93]. Elongated hMOs can also be fucosylated in 

α1-2, α1-3 or α1-4 linkages and/or sialylated in α2-3 or α2-6 linkage to form a variety of 

structural isomers (Figure 2E). 

hMOs are synthesized in the mammary gland. To date, approximately 200 

different hMOs have been discovered and characterized [94]. The molecular structures 

and ratios vary among individuals and is depending on the expression of the α1-2-fu-

cosyltransferase (FUT2) and α1-3/4-fucosyltransferase (FUT3) in lactocytes [95]. The 

hMOs profile is determined by Secretor (Se) and Lewis (Le) blood group genes [96]. The 

enzymes FUT2 and FUT3 are encoded by Se gene and Le gene respectively. Individuals 

with an active Se locus are called secretors, and individuals with an active Le locus are 
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Figure 2. Structures of hMOs. (A) Building blocks and structural blueprint of hMOs. (B) Lactose can 
be elongated by addition of either lacto-N-biose (type I) or N-acetyllactosamine (type II) disaccharides. 
The addition of a β1-6 linkage produces branched structures (iso-hMO); the β1-3 linkage leads to linear 
structures (para-hMO). (C) Lactose is fucosylated or sialylated through different linkages to generate 
trisaccharides. (D) Galactosyl residues are linked to lactose through β1-3, β1-4- and β1-6 linkages to form 
galactosyllactoses. (E) Elongated type I or II chains can be fucosylated or sialylated in different linkages 
to form a variety of structural isomers.

classified as Lewis positive. Based on the expression of Se and Le genes, human milk can 

be divided into four groups: Le-positive Secretors (FUT 2 active, FUT3 active, Se+Le+), 

Le-negative Secretors (FUT 2 active, FUT3 inactive, Se+Le-), Le-positive non-Secretors 

(FUT2 inactive, FUT3 active, Se-Le+), and Le-negative non-Secretors (FUT2 inactive, FUT3 

inactive, Se-Le-). FUT2 is responsible for connecting Fuc to terminal Gal through α1–2 
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benefIcIAl effects of humAn mIlk olIgosAcchArIdes

In this section, we focus on current knowledge of hMO functions. The evidence for these 

functions will be critically reviewed. Figure 3 illustrates some of the discussed effects. 

We critically review the evidence for the effects of hMOs on gut microbiota composition, 

immune defense, intestine epithelial cells, and the gastrointestinal barrier. We also 

discuss the addition of hMOs to infant formula as well as the challenges for further 

studies to investigate the effects of hMOs and creation of optimal formulations for 

adding to infant formula. 

h M O s a n d m i c r o b i o t a

hMOs are considered to have a strong impact on colonization of the intestine by bacteria 

that are essential for health [100]. In early life, the intestine is colonized by 1014 bacterial 

cells [38]. The first year of life is critical for intestinal microbiome establishment, and 

infant diet is one of the most important factors for gut microbiome development [101]. 

As many hMOs resist the gastric acidity and the host enzyme’s hydrolysis processes in the 

small intestine, high concentrations of hMO can reach both the small and large intestine, 

and modulate the activity and composition of the resident microbiota [102, 103]. 

h M O s  su p p o r t  b e n e f i c i a l  b a c te r i a 

hMOs are specifically known to support the growth of beneficial microorganisms (Figure 

3A), especially Bifidobacterium species, which is a dominant species in breast-fed infants 

[104]. One of the Bifidobacterium species, Bifidobacterium longum supsp. infantis (B. longum 

supsp. infantis) grows well when cultured with pooled hMOs isolated from human milk 

as the sole carbohydrate source. In those cultures, all of the hMOs are consumed entirely 

by this Bifidobacterium strain. The concentrations of 2’-FL, 3-FL, LDFT, LNT, LNnT, LNFP I, 

LNFP II, LNFP III, LNDFH I, and LNDFH II all rapidly decreased when the cells entered the 

linkages, and 2’-FL is the most abundant hMO in secretor women [97, 98]. In contrast, 

the milk of non-secretor women does not contain α1-2-fucosylated hMOs, i.e. 2’-FL. 

FUT3 is responsible for connecting Fuc to GlcNAc in type 1 chains through an α1-4 

linkage on type 1 chains, and as a result Le-negative woman do not have these specific 

α1-4-fucosylated hMOs, such as lacto-N-fucopentaose II (LNFP II) [99]. 
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Figure 3. Overview of known functions of hMOs in the intestine. (A) Support the growth and 
colonization of beneficial bacteria. (B) Antimicrobial and antiviral effects by serving as decoy for 
pathogens and/or inhibit the growth of pathogens. (C) Exert a direct influence on intestinal epithelial cells 
by enhancing barrier function. (D) Immunomodulatory effects. (E) Effects on intestinal barrier function.

logarithmic phase [105]. In the same study, it was found that Bifidobacterium longum 

subsp. longum (B. longum subsp. longum), and Bifidobacterium breve (B.breve) are only 

able to consume lacto-N-tetraose (LNT) [105]. This study demonstrates that multiple 

bifidobacteria species can consume hMOs but that not all Bifidobacterium species can 

use hMOs as only carbohydrate sources [106]. 

Bacteria can degrade hMOs using both intracellular and extracellular glycoside 

hydrolases [107, 108]. Intracellular degradation, which can be done by B. infantis, B.breve, 

and B. longum subsp. longum, is based on the uptake of intact hMOs inside the bacteria. 

The uptake is accomplished by several Solute Binding Proteins (SBPs). After being 

transported into the bacteria, the intracellular glycosyl hydrolases (GHs) degrade the 

hMOs and release monosaccharides in the cytoplasm instead of outside the bacteria [108, 
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109]. The extracellular degradation is different and found in, for example, Bifidobacterium 

bifidum (B. bifidum). In contrast to B. infantis, B. bifidum relies on the membrane-bounded 

extracellular GHs, which show similar enzymatic affinities for hMOs as in B. infantis [107]. 

Gotoh et al. showed that the extracellular hMO degradation of B.bifidum results in the 

production of sugars and thereby stimulate the growth of other species that can utilize 

these carbohydrates as source of energy [110]. 

hMOs do not only support the growth of bacteria, but they can also enhance 

binding of commensal bacteria to epithelial cells and thereby support microbiota 

colonization in infants. For example, Kavanaugh et al. demonstrated that a mixture of 

3’-SL and 6’-SL increase B. longum subsp. infantis ATCC 15697 adhesion to human HT-29 

intestinal cells [111]. Wickramasinghe et al. found that an hMO mixture enhanced the 

anti-inflammatory effects of bifidobacteria on intestinal cells [112]. Besides the direct 

influence of hMOs on bifidobacteria, it can also modulate the growth and fermentation 

activity of other bacterial species [25, 113]. Salli et al. found that 2’-FL promoted the 

growth of bifidobacteria, and significantly increased production of SCFAs as well as of 

lactic acid [25]. Schwab et al. investigated the interaction between bifidobacteria and 

Eubacterium hallii (E. hallii), one of the first butyrate producers in the infant’s gut. They 

demonstrate that E. hallii consumes acetate, lactate and 1,2- propanediol, which are the 

hMOs fermentation products of bifidobacteria, and subsequently produces the SCFAs 

butyrate and propionate, thereby supporting gut barrier function and the immune 

system [113]. 

h M O s  p re ve nt  p a th o g e n  i nfe c ti o n

hMOs can reduce pathogen infection in infants in several ways (Figure 3B). They can 

do so by serving as soluble decoy receptors or by inhibiting the growth of pathogens 

[114]. Many viruses and pathogens need to attach to the intestinal epithelial glycocalyx 

to colonize or invade the host [23]. By structural resemblance to the glycocalyx layer, 

hMOs can bind to pathogens and serve as antiadhesive antimicrobials, and prevent 

microbial infections [115]. For example, Campylobacter jejuni (C. jejuni), which is one 

of the most common causes of bacterial diarrhea and infant mortality, can bind to 

α1-2-fucosylated hMOs, such as 2’-FL, and reduce its binding and infection of intestinal 

cells [116]. Jantscher-Krenn et al. found that LNT significantly reduced the attachment 
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and cytotoxicity of the protozoan parasite Entamoeba histolytica (E. histolytica) to 

intestinal epithelial cells [117]. Interestingly, although 2’-FL can reduce host-adhesion 

and infection of C. jejuni, it does not affect E. histolytica attachment and cytotoxicity, 

which indicates that the decoy effect of hMOs is species dependent.

Recent studies have shown that hMOs also exhibit antimicrobial and antibiofilm 

effects against Group B Streptococcus (GBS), which cause invasive infections in newborns 

[118, 119]. In these studies, hMOs isolated from human milk significantly inhibited the 

growth of GBS up to 89% and inhibited biofilm formation up to 90%. Ackerman et al. 

found that hMOs isolated from human milk possessed significant antimicrobial activity 

against Acinetobacter baumannii (A. baumannii) and could inhibit adhesion up to 11%. It 

could also inhibit biofilm formation of Staphylococcus aureus (S. aureus) up to 60%  [120]. 

h M O s s h ow d i r e c t  m o d u l a t o r y e f f e c t s  o n i nt e s t i n a l  e p i t h e l i a l 
ce l l s

hMOs do not only have a strong impact on microbes, they can also directly influence 

intestinal epithelial cells (Figure 3C). A study by Kuntz et al. showed that both acidic and 

neutral hMOs isolated from human milk had inhibitory effects on intestinal epithelial 

cells proliferation under homeostatic conditions [121]. However, Wang et al. showed 

that pooled hMOs could increase the proliferation of crypt cells under inflammatory 

conditions which might protect against necrotizing enterocolitis [122]. These studies 

indicate that hMOs might have different functions depending on the nature of the 

inflammatory conditions. Holscher et al. also found that 6’-SL, 2’-FL, and LNnT all could 

inhibit proliferation of HT-29 and Caco-2Bbe cells, while they enhanced differentiation 

of HT-29 and Caco-2Bbe cells [123]. These results suggest that hMOs may have a 

specific role in the maturation of the gastrointestinal tract. The maturation of intestine 

epithelium requires a shift from sialylation to fucosylation [124], hMOs can also modulate 

intestinal epithelial cells through modification of the intestinal glycome [125]. There are 

also studies showing that hMOs can alter the structure of the intestinal epithelial cell 

glycocalyx layer [23, 126]. Angeloni et al. found that 3’-SL lowered gene expression of the 

sialyltransferases ST3Gal1, ST3Gal2, and ST3Gal4, which resulted in reduction in α2-3-, 

α2-6-sialylation on cell surface glycans of Caco2 cells, and as a consequence reduced 

the enteropathogenic Escherichia coli (EPEC) adherence to about 50% [126]. Kong et 
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al. showed 2’-FL as well as 3-FL significantly increased the thickness of the glycocalyx 

layer [23]. These observations indicate that hMOs stimulate glycocalyx development in 

a structure-dependent manner. 

I m m u n o m o d u l a t o r y e f f e c t s  o f  h M O s 

Although the influence of hMOs on microbiota may affect the immune system 

indirectly, studies also suggest that hMOs can modulate immune function in different 

ways (Figure 3D). A study by He et al. shows that hMOs derived from pooled human 

colostrum can attenuate pathogen-associated molecular pattern (PAMP) induced 

production of inflammatory cytokines such as IL-8 in the immature intestinal mucosa 

[127]. In addition, an elevation of levels of cytokines such as MIP-1-δ involved in tissue 

repair and homeostasis in immature human intestinal mucosa was observed. Such an 

hMO effect might help to promote the maturation of the intestinal mucosal immune 

system [127]. He et al. also demonstrated that 2’-FL could attenuate type 1 pili pathogens 

derived lipopolysaccharide (LPS) induced IL-8 production in T84 and H4 cells by 

decreasing CD14 induction [128]. The hMO disialyllacto-N-tetraose (DSLNT) was shown 

to suppress necrotizing enterocolitis-like inflammation in neonatal rats and is therefore 

also identified as an immunomodulating and immune activation attenuating hMO [129]. 

hMOs have also been shown to have immune-stimulating or maturation promoting 

properties. Kurakevich et al. [130] found that 3’-SL stimulates MLN CD11c+ dendritic 

cells and increases TNF-α, TGF-β1, IL-12, and IFN-γ production. Those cytokines typically 

induce Th1 and Th17 cell frequencies. Also, Thomas et al. [131] demonstrated that LNFP III 

induces strong Th2 responses and promote dendritic cell 2 (DC2) maturation. 

It is currently unknown which receptors and signaling pathways are involved 

in transducing hMO-mediated effects; however, some studies suggest that hMOs can 

interact with pattern recognition receptors (PRRs) and interfere with immune processes. 

It has been found that the immunomodulatory effects of hMOs can be induced via 

Toll-like receptors (TLRs), which are a family of PRRs. Asakuma et al. found that 3’-SL, 

6’-SL, and 6’-GL enhanced both TLR2 and TLR4 expression, while LNFP I only increased 

the gene expression of TLR4 [132]. 3-FL and LNT2 have been observed to activate TLRs. 

In a study by Cheng et al., 3-FL could activate TLR2, while LNT2 could activate all TLRs 

and induced both IL-10 and TNF-α in THP1 macrophages. 6’-SL showed a synergistic 
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effect on ssRNA40-induced TLR8 activation [22]. Beside activation effects, hMOs also 

show inhibiting effects on TLRs signaling. He et al. [127] found that 3’-GL, 4’-GL, and 

6’-GL are able to attenuate the inflammatory response through TLR3. Cheng et al. also 

demonstrated that 2’-FL, 6’-SL, and LNnT inhibit TLR5 and 7, while 3-FL inhibit TLR5, 7, 

and 8 [22]. This illustrates the complexity by which mixtures of hMOs modulate immune 

responses and how variations in composition can lead to different types of immune 

modulation opening novel venues to prevent diseases in infants on infant formula.

Galectins are β-galactoside binding proteins that are involved in many immune 

responses [133]. Some hMOs contain β1-3- or β1-4-linked d-galactose at the non-reducing 

end, which can be the potential target for galectin-mediated interactions. The binding 

affinities of a library of 31 free hMOs with galectins Gal-1, Gal-3, and Gal-7 have been 

studied by catch-and-release electrospray ionization mass spectrometry (CaR-ESI-MS). 

It was shown that hMOs have high binding affinity to galectins [134]. Whether hMOs are 

able to modulate galectin-mediated immune response still needs further investigation, 

but the CaR-ESI-MS method provided another possible approach for rapid screening of 

the interaction between free hMOs and receptors to find the potential hMO receptors.

 Since around 1% of the hMOs can reach the systemic circulation, it is plausible 

that hMOs not only impact the intestinal tract but also influence development of 

other organs [135]. Mixtures of hMOs isolated from pooled human milk significantly 

reduced uropathogenic Escherichia coli (UPEC) internalization in bladder epithelial cells. 

It also attenuated the cytotoxic and proinflammatory effects induced by UPEC [136]. 

Duska-McEwen et al. showed that hMOs can also enhance innate immunity to airway 

infections [137]. 2’-FL could decrease respiratory syncytial virus (RSV) viral load while 

6’-SL and LNnT were able to decrease influenza viral load in airway epithelial cells [137]. 

They also showed that 2'-FL could attenuate RSV induced inflammatory cytokines IL-8 

and TNF-α production in airway epithelial cells, while 6’-SL down-regulated TNF-α in 

RSV infected peripheral blood mononuclear cells (PBMCs) [137]. This again illustrates the 

specificity of different type of hMOs for health benefits.

h M O s e n h a n ce i nt e s t i n a l  b a r ri e r  f u n c t i o n

The primary function of the gastrointestinal tract is to digest and absorb nutrients, while 

at the same time it has to act as a barrier and protect against toxic agents or potential 
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pathogenic intruders [12]. However, the intestinal tract of neonates is functionally 

immature at birth [138]. hMOs support intestinal barrier function both through indirectly 

influencing microbiota composition and directly by modulating intestinal cells (Figure 

3E). A study by Fukuda et al. shows that fermentation of hMOs by bifidobacteria leads 

to acetate formation, which can enhance gut barrier function and protect the host 

against lethal infection induced by enterohemorrhagic Escherichia coli O157:H7 [139]. 

Fermentation products of hMOs secreted by the bifidobacterial strain B.infantis are also 

reported to enhance epithelial cell barrier function. Guo et al. showed that B.infantis 

conditioned media (BCM) protects Caco2 cells against IL-1β stimulation through 

signaling through the NF-κB pathway [140]. BCM up-regulated protein expression of 

claudin-1 and occludin, which are responsible for the preservation of intestinal barrier 

integrity [138]. Therefore, hMOs can support intestinal barrier function by promoting the 

growth and supporting production of fermentation products by Bifidobacterium species. 

Chichlowski et al. found that B. infantis ATCC15697 grown on mixtures of hMOs isolated 

from mother milk had a significantly higher capacity to adhere to HT-29 cells, which 

induced higher expression of tight junction proteins such as occluding and junctional 

adhesion molecule (JAM-A) in gut epithelial cells [141]. Wu et al. demonstrated that hMOs 

isolated from pooled milk could increase mucin expression in intestinal cells both in 

vitro and in vivo [142]. They found that administration by oral gavage of hMOs to mouse 

pups increased MUC2 protein levels and decreased the permeability of the intestine to 

macromolecular dextran. Their study also showed that hMOs in human milk can induce 

MUC2 gene expression and increase cell permeability during an enterohemorrhagic 

Escherichia coli O157:H7 challenge in intestine epithelial cells [142]. 

h M O s i n  i n f a nt  f o r m u l a a n d r e g u l a t o r y co n s i d e ra t i o n s

Although the World Health Organization (WHO) recommends six months of exclusive 

breastfeeding after birth, this period is rarely fulfilled as breastfeeding is not always 

possible. For a variety of reasons, around 70% of the infants cannot be solely fed 

with breast milk [143]. These infants receive cow milk-derived infant formulas, which 

attempts to mimic the nutritional composition of breast milk as closely as possible [144]. 

Despite many beneficial effects of hMOs, only 2’-FL and LNnT are currently used in infant 

formula, mainly because hMOs are complex molecules and because synthesis of hMOs 
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is still challenging and expensive [18, 144]. Non-digestible fibers such as galacto-oli-

gosaccharides (GOS) and inulins are nowadays often added to commercially available 

infant formulas to substitute some of the hMO’s beneficial effects [144]. However, recent 

improvements in production processes make it possible to produce some smaller 

molecular weight hMO molecules in sufficient quantities to allow application in infant 

formulas [18]. The commercially available hMO analogs are not isolated from human milk 

but are the fermentation products of genetically engineered microorganisms, which 

include strains of E. coli and yeast [145]. Although hMOs are natural carbohydrates that 

are being recognized as safe for a long time, the use of chemical- or biotechnology-based 

processes to produce synthesized hMOs makes it necessary to evaluate the safety 

of the production procedure as well as the novel compounds through a series of the 

registration process [146].

Nowadays, the European Union (EU) considers 2’-FL and LNnT, two produced 

hMOs, as authorized novel foods that can be used in infant formulas (Commission 

Implemented Regulation (EU) 2017/2470). On 29 June 2015, the European Food Safety 

Authority (EFSA) concluded that a concentration up to 1.2 g/L of 2’-FL, alone or in 

combination with LNnT at a ratio of 2:1, is safe for infants when added to infant and 

follow-on formula [147]. In the same year, the Panel concluded that LNnT and 2’-FL are 

considered as safe as food supplements for 1-3-year-old toddlers. Intake of these hMOs 

may not exceed 0.6 g of LNnT and 1.2 g of 2’-FL (alone or in combination) per day. For 

4-18 years old children, 1.5 g of LNnT and 3 g of 2’-FL (alone or in combination) per day 

is recommended [148]. The USA’s Food and Drug Administration (FDA) considers three 

hMOs to be Generally Regarded as Safe (GRAS). Those hMOs are 2’-FL (GRAS notice 

no 546/571/650/735), LNnT (GRAS notice no 659), as well as 3’-SL (GRAS notice no 766). 

Through scientific procedures, the FDA considers 2’-FL to be GRAS at a maximum use 

level of 2.4 g/L in reconstituted formula; LNnT is GRAS at a maximum use level of 0.6 g/L 

in infant formula and 3 g/serving in follow-up formulas; and 3’-SL is GRAS at a level up 

to 0.23 g/L in infant formula and 3.1 g/serving in 12-24 months old toddler foods. As a 

consequence of these approvals, there are now hMOs in infant formulas on the market 

containing 2’-FL in the USA and 2’-FL and LNnT in Europe since 2016 [18, 149]. 

The safety assessments of more synthesized hMOs are currently ongoing. Lately, 

Pitt et al. conducted in vitro and in vivo safety assessment experiments of genetically 
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modified E. coli K12 strain produced 3-FL and concluded that 3-FL is safe as a nutritional 

ingredient in foods [150]. More studies on the safety evaluation of hMOs are expected to 

follow soon, making it possible to consider more hMOs as novel foods in products soon.

concludIng remArks And future consIderAtIons

The importance of hMOs in human milk and their beneficial effects on the infant 

are unequivocal, however, many questions about hMO synthesis, metabolism, and 

functions are still unanswered, and to date, there is little evidence available to support 

the beneficial function of individual hMOs. One of the major roadblocks remains the 

limited availability of synthesized hMOs to confirm their health in neonates. The limited 

resources and the high price of the synthesized hMOs make that scientists, and formula 

companies have to make decisions on which individual hMOs to study. At this moment, 

only some tri- and tetrasaccharides can be produced in kilogram quantities to study 

their functions, but the identification of benefits of more complex and/or the mixture of 

different hMOs still need more research efforts. The efforts are urgently needed as many 

studies have shown that health benefits of hMOs are very specific for specific hMO types 

and many more benefits are to be expected if mixtures with confirmed bioactivities can 

be applied in infant formula.

While the beneficial effects of mixtures of hMOs have been broadly proven, 

it is crucial in future efforts to identify the composition of the hMOs in the mixtures. 

As outlined in our review the composition varies considerable between breast milk 

from mothers with premature or mature infant and over the course of lactation. Also, 

non-secretor women have a different hMO composition than milk from secretor 

mothers. During recent years it has been shown by us and others that individual 

hMOs have different effects and that the final outcome of a specific health benefit 

dependents on the composition of the mixture and or quantity of individual hMOs [22, 

23, 25]. Side-by-side comparison of hMO composition of the mixtures will contribute 

to a better understanding of sometimes contradictory results and may lead to a better 

understanding of the impact of specific hMOs for infant health.

Another change in experimental design with might lead to a better 

understanding of health benefits of hMOs is studying impact of individual or well-defined 
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mixtures of hMOs on   human intestine cells. In particular, there is a need to understand 

whether different structures of hMOs modulate different types of cells such as epithelial 

cells, Paneth or goblet cells, in a structure-dependent manner. This knowledge is 

urgently needed to propose formulations of mixtures that support barrier function in 

e.g. premature babies with enhanced risk for development of NEC. It is also essential to 

understand which signaling pathways of different hMOs are involved in different cells 

to gain more insight in mechanisms involved and therewith to support acceptance of 

health benefits of hMOs. Also, the impact on microbiota of infants requires more study. 

Interestingly it was recently shown that 2’-FL, which currently is approved for and 

applied in infant formula, is poorly fermentable by 2-12 weeks baby microbiota, and had 

lower production of acetate and lactate compared with lactose or GOS [25].  What this 

implies for support of microbiota in infants requires further investigation but it seems 

that most effects of 2’-FL relate to direct effects on intestinal cells rather than on support 

of microbiota [23, 25].

It has been shown that infant microbiota varies considerably in composition 

and diversity depending on the age of the infant [151–154]. Especially in the first 8 

weeks infants do not have the full enzymatic ability to ferment all hMOs [25, 155]. Blood 

group-specific differences were also found [156, 157]. This is probably due to the fact 

that the mucus layer in the intestine has blood group-specific oligosaccharide epitopes 

[158]. As microbiota use mucus as substrate, this probably predisposes to blood group 

specific microbiota and utilization of hMOs. To gain more insight in efficacy of hMO 

on microbiota development and colonization process it is needed to study impact on 

microbiota of different age classes and blood groups. Also, there are indications that 

fermentation is different in healthy and diseased children [159].  

Understanding how and which hMOs are responsible for specific effects not 

only contributes to future design of hMO-containing infant formulas, it might also 

provide new ways to explore the function of hMOs as therapeutics. For example, as 

members of the “ESKAPE” group of pathogens, the leading cause of multidrug-resistant 

(MDR) nosocomial infections throughout the world, A. baumannii and S. aureus both 

show methicillin-resistance [160]. The antimicrobial and antibiofilm properties of hMOs 

on A. baumannii and S.aureus could potentially be used as new therapeutics to treat or 

prevent infectious disease, which provides a new way to manage drug-resistant bacteria.
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rAtIonAle And outlIne of the thesIs

As discussed in the preceding sections, the beneficial effects of hMOs in human milk 

are broadly acknowledged but the underlying mechanisms are still insufficiently 

understood, especially the impact of individual hMOs on the intestinal immune system 

are still largely unknown. It is relevant to study this as current approaches in functional 

foods and infant formula focus on the application of single instead of mixtures of hMOs. 

Therefore, in this thesis, we tested different individual hMOs as well as a hMO’s acid 

hydrolysis product on different cellular systems that represent essential parts of the 

gastrointestinal immune barrier. The explored strategy allows us to identify possible 

mechanisms by which hMOs can contribute to the reinforcement of the gastrointestinal 

immune barrier in infants and adults.  Also, we applied experimental designs allowing 

to unravel the structure-function relationships of hMOs, which combined may lead to 

the design of hMOs containing products with more predictable beneficial effects for 

different target groups.

Since the immune effects by hMOs can be induced via Toll-like receptors (TLRs), 

we first tested four individual hMOs and one hMO’s acid hydrolysis for their possible 

immunomodulatory effects through Toll-like receptor (TLR) signaling in chapter 2. 

We studied TLR-activation and inhibition by hMOs of different chemical structures. 

The results served to test the hMOs for activation effects on immune cells to confirm 

their immunomodulatory capacity. The results provide important new insight in 

immunomodulatory differences between different hMO structures.

As hMOs in breast milk are considered to attenuate intestinal inflammation 

directly, we studied the anti-inflammatory properties of hMOs on gut epithelial cells in 

chapter 3. We studied the anti-inflammatory effects of six different hMOs and one hMO’s 

acid hydrolysate product on TNF-α induced inflammatory events in both immature 

(fetal) and adult human epithelial cells. First, we determined possible differences in the 

efficacy of hMOs in modulating inflammatory events in immature or adult gut epithelial 

cells under homeostatic or TNF-α induced inflammatory conditions. The effective 

anti-inflammatory hMOs were selected and used to identify the epithelial-recep-

tors involved and the underlying mechanisms. To this end, we studied the interaction 

of hMOs with TNF-α receptor TNF receptor 1 (TNFR1) through multiple experimental 

strategies.
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The intestine physical barrier is composed of closely connected epithelial cells 

and a mucus layer that protects the host from the harsh luminal content of the gut. 

In chapter 4, we studied the effects of two hMOs and one hMO’s acid hydrolysate on 

mucus-producing goblet cell function. We also compared their effects with GOS, which is 

currently being applied in infant formula as a substitute for hMOs and known to support 

mucus production. We first examined gene expression alterations in the human goblet 

cell after exposure to hMOs under homeostatic conditions and confirmed it at protein 

level. Then, we investigated the modulatory properties of hMOs under pro-inflammatory 

conditions, to test mucus-modulatory efficacy of hMOs under diseased conditions. 

Not only cells but also intestinal bacteria play contribute to the adequacy of the 

gastrointestinal immune barrier. hMOs are known to support the growth of beneficial 

microorganisms, especially Bifidobacterium species, which is a dominant intestinal 

species in breast-fed infants. In chapter 5, we studied the effects of three hMOs and 

one hMO’s acid hydrolysate on three Bifidobacteria and one Faecalibacterium, and 

introduced a co-culture system of two bacteria strain to study possible cross-feeding 

in presence and absence of hMOs. We first investigated the growth pattern of different 

bacteria strains by using individual hMOs as only carbohydrate source in mono- and 

co-culture systems. Then, we further explored the metabolic processes by analyzing the 

fermentation products as well as glycosidic degradation of effective hMOs.

In the previous chapters, and in most cases, the effects of hMOs are tested in 

steady culture systems without the shear forces that cells are exposed to during the 

peristaltic movement in the bowel. In chapter 6, we studied the effects of two hMOs 

and one hMO’s acid hydrolysate on bacteria-epithelial cell co-culture systems during 

exposure to shear forces. During these forces, we studied the modulatory effects of 

hMOs and hMO’s acid hydrolysate on cell glycocalyx development as well as on tight 

junction expression. Then, we introduced human intestine commensal bacteria into the 

culture system and studied adhesion in the absence and presence of hMO. 

Finally, in chapter 7, we provide a comprehensive summary and discussion as 

well as future perspectives for hMOs application and the need for follow up studies.
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AbstrAct

Human milk oligosaccharides (hMOs) have beneficial immune effects but the mechanisms 

of action are not well-understood. Here we study Toll-like receptor (TLR) signaling of the 

hMOs 2’-FL, 3-FL, 6’-SL, LNT2, and LNnT and their effect on cytokine production in human 

macrophages. 3-FL activated TLR2 and LNT2 activated all TLRs in a dose-dependent way. 

In an inhibition assay, 2’-FL, 6’-SL, and LNnT inhibited TLR5 and 7, while 3-FL inhibited 

TLR5, 7, and 8. 6’-SL showed a synergistic effect on ssRNA40-induced TLR8 activation. In 

addition, we measured hMO-induced cytokine production in THP1 macrophages. IL-10 

and TNF-α were induced by LNT2, and the effects were NF-κB dependent, while the other 

hMOs had minor effects. The potent effects of LNT2 might be explained by the unique 

N-acetylglucosamine end that binds to leucine-rich repeats on TLRs. Our data suggest 

that the effects of hMOs on TLR signaling and immunomodulation of macrophages are 

hMO-structure dependent.
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IntroductIon

Breastfeeding is the golden standard for infant feeding in the first 6 months of life [1]. It 

provides the necessary nutrition to the infant but also supports the immune defense in 

the phase of the immaturity of the immune system of the neonates. It has been shown 

for example that breastfed infants have a lower risk of infection and inflammation than 

formula-fed babies [2, 3]. Human milk oligosaccharides (hMOs) have been shown to be 

one of the responsible molecules in human milk for the immune supporting effects in 

neonates [4]. 

hMOs are non-digestible carbohydrates comprising a family of more than 200 

different oligosaccharides with highly diverse structures [5, 6]. hMOs can be found in 

mother’s milk in concentrations varying between 5-20 mg/mL [5, 7], depending on the 

stage of lactation and may provide a variety of health-promoting effects [5, 6, 8]. These 

health effects vary from promoting gut microbiota development [9], reducing pathogenic 

infections by acting as anti-adhesive molecule [10], supporting brain development and 

cognition [11, 12], but also playing a role in supporting development of the mucosal and 

systemic immune system [13, 14]. Which hMO is responsible for which health effect is not 

completely known but subject of intensive research efforts.

hMOs have been shown to stimulate immune function in different ways 

[15–18]. For example, colostrum derived hMOs attenuated pathogen-associated 

molecular pattern (PAMP) induced acute phase inflammatory cytokine production in 

intact immature human intestinal mucosa and the immature intestinal epithelial cell 

line H4 [14]. Simultaneously, it stimulated tissue repair and homeostasis [14]. The hMO 

2’-fucosyllactose (2’-FL) attenuated interleukin (IL)-8 production which was induced by 

lipopolysaccharide (LPS) derived from type 1 pili pathogens [19]. Disialyllacto-N-tetra-

ose (DSLNT) also have been identified as immunemodulating and immune attenuating 

hMO. It suppresses necrotising enterocolitis-like inflammation in neonatal rats [20]. 

However, there are also hMOs that have immune stimulating properties. The hMO 

3’-sialyllactose (3’-SL), for example, showed immune stimulating characteristics by 

stimulating mesenteric lymph node CD11c+ dendritic cells to increase the production of 

IFN-γ, TNF-α, IL-12, and TGF-β1 that induced Th1 and Th17 cell frequencies [21]. Also, the 

hMO lacto-N-fucopentaose III (LNFPIII) was found to have immunomodulatory activaties 

that induced strong Th2 responses and promoted dendritic cell 2 (DC2) maturation [22].
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Some studies suggest that immune effects by hMOs can be induced via 

Toll-like receptors (TLRs) [23]. TLRs are a family of pattern recognition receptors (PRRs) 

that play an important role in immune signaling, and TLR signaling is central to innate 

immunity [24]. TLRs are expressed by many cell types, including by most immune cells 

and epithelial cells [24, 25]. Their ligands are PAMPs but also multiple dietary molecules 

can be recognized by TLRs [26–29]. Activation of TLRs might lead to immune signaling 

through NF-κB resulting in the modulation of cytokine release [24, 30]. A study using a 

human colonic cell line (HT-29) showed that lacto-N-fucopentaose I (LNFP I) increased 

the gene expression of TLR4, while 3’-sialyllactose (3’-SL), 6’-sialyllactose (6’-SL) or 

6’-galactosyllactose (6’-GL) enhanced both TLR2 and TLR4 expression [31]. This study 

also showed that TLR4 not only mediates the effect of LNFP III on promoting DC2 

maturation [22], but also the DC response induced by 3’-SL [21]. A study on H4 intestinal 

cells showed that 3’-, 4-, and 6’-GL attenuated the polyinosinic:polycytidylic acid induced 

inflammatory response through TLR3 [14].

Although some studies have demonstrated that hMOs have the ability to 

modulate immunity via TLR signaling, the relative effects of individual oligosaccharides 

on TLRs are still not well-understood. hMOs are also subject to modifications during 

passage through the gastrointestinal tract. Research shows that acidic hMO fractions 

among are hydrolyzed at low pH [32]. This may lead to production of products such as 

lacto-N-triose (LNT2), which is the acid hydrolysates of the tetra and higher hMOs such as 

lacto-N-tetraose (LNT) and lacto-N-neotetraose (LNnT) [32–34]. Therefore, in the present 

study, we compared the effects of different hMOs (2’-FL, 3-FL, 6’-SL and LNnT) and its 

acid hydrolysate LNT2 on TLR signaling. Therefore, in the present study, we compared 

the effects of five different hMOs (2’-FL, 3-FL, 6’-SL, LNT2, and LNnT) on TLR signaling. The 

activation and inhibition effects on TLR 2, 3, 4, 5, 7, 8, and 9 and the immunomodulatory 

effects on human THP1 macrophages were assessed.

mAterIAls And methods

h M O s

In the present study, five different human milk oligosaccharides (hMOs) 2’-FL (provided 

by FrieslandCampina Domo, Amersfoort, the Netherlands), 3-FL, 6’-SL, LNT2, and LNnT 

(provided by Glycosyn LLC, Woburn, MA, USA) were tested. An overview of the structure 
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and components of the selected hMOs are shown in Table 1. All samples were tested after 

0.2 µm filtration for endotoxins by using Limulus Amebocyte Lysate (LAL) Chromogenic 

Endotoxin Quantitation Kit (Pierce™ LAL Chromogenic Endotoxin Quantitation Kit, 

Thermo Scientific, Breda, The Netherlands) according to the manufacturer’s instructions 

(Figure S1).

Table 1. Overview of the structure of selected hMOs 

Name (abbreviated) Structure Schematic diagram

2’-FL Fucα1-2Galβ1-4Glc

3-FL Galβ1-4Glc
Fucα1-3/

6’-SL NeuNAcα2-6Galβ1-4Glc

LNT2 GlcNAcβ1-3Galβ1-4Glc

LNnT Galβ1-4GlcNacβ1-3Galβ1-4Glc

Glucose Galactose Fucose Sialic Acid N-acelyglucosamine

Ce l l  c u l t u r e o f  T H P1 a n d H E K r e p o r t e r  ce l l  l i n e s

To study the effects of hMOs on TLR signaling, the human acute monocytic leukemia 

reporter cell line (THP1) (InvivoGen, Toulouse, France) and 7 human embryonic kidney 

(HEK) reporter cell lines (HEK-Blue™-hTLRX) (InvivoGen,Toulouse, France) were used. The 

THP1 cells line (THP1-XBlue™-MD2-CD14) expresses TLRs endogenously and carries an 

insert for MD2 and CD14 which boosts TLR signaling. HEK-Blue reporter cell lines express 

a construct for individual TLRs (TLR2, 3, 4, 5, 7, 8, and 9). Both the THP1 and HEK reporter 

cell lines also contain a Secreted Embryonic Alkaline Phosphatase (SEAP) construct, 

which is coupled to the nuclear factor κB/Activating protein-1 (NF-κB/AP-1) promoter. 

In all these cells, activation of TLRs leads the expression of the SEAP gene.  The SEAP 

secretion in the medium can, therefore, be assessed as a measure for the induced TLR 
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activation [35].

THP1 cells were passaged twice a week by inoculating 5x105 cells. Cells were 

cultured in RPMI 1640 medium (Gibco, Life Technologies, Bleiswijk, The Netherlands), 

containing 10% heat-inactivated FBS (Fetal Bovine Serum, HyClone, Thermo Scientific, 

Breda, The Netherlands), 2mM L-glutamine, 1.5 g/L sodium bicarbonate (Boom B.V. 

Meppel, The Netherlands), 4.5 g/L glucose, 10mM HEPES, 1.0mM sodium pyruvate, 100 

mg/mL Normocin™ (Invivogen, Toulouse, France), and 50 U/mL and 50 μg/mL Penicillin/

Streptomycin. All additives were purchased from Sigma Aldrich (Zwijndrecht) unless 

indicated otherwise.

HEK-Blue cells were maintained in Dulbecco’s modified eagle’s medium 

(DMEM) (Gibco, Life Technologies, Bleiswijk, The Netherlands) with 10% heat-inactivated 

FBS, 2mM L-glutamine, 4.5 g/L glucose, 50 U/mL and 50 mg/mL penicillin/streptomycin, 

and 100 mg/mL Normocin. HEK cells were grown to approximately 80% confluency.

 All the reporter cell lines were passaged three times before they were 

maintained in their respective selection medium according to the manufacturer’s 

protocol. 

T H P1 r e p o r t e r  ce l l  s t i m u l a t i o n a n d Q u a nt i - B l u e a s s ay

THP1 cells were centrifuged for 5 minutes at 300 × g, and cells were resuspended in 

culture medium, using the cell density per well as indicated in Table 2. Next, cells were 

seeded in a flat bottom 96 wells plate (100 μL). Cells were preincubated with or without 

50 µM MyD88 inhibitor Pepinh-MYD (InvivoGen, Toulouse, France) for 6 hours (37˚C, 

95% oxygen, 5% CO2), after which they were stimulated for 24 hours with 0.5, 1, and 

2 mg/mL hMOs or a relevant ligand as a positive control (Table 2). Unstimulated cells 

were used as negative control. To detect the TLR activation in cells, after 24 h the culture 

supernatant was mixed with Quanti-Blue detection medium in a ratio of 1:10 in a new 

plate and incubated for 1 h at 37 °C and 5% CO2. Absorbance (650 nm) was measured 

using a Benchmark Plus Microplate Reader using Microplate Manager version 5.2.1 for 

data acquisition. The data for each sample were plotted as the fold-change compared to 

the negative control, which was well with unstimulated cells. The assays were performed 

with three technical replications and each experiment was repeated five times.
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H E K- B l u e r e p o r t e r  ce l l  s t i m u l a t i o n a n d Q u a nt i - B l u e a s s ay

To assess the activation of individual TLR signaling, HEK-Blue cells were detached 

from the bottom flask by tapping the flask, after which the cells were centrifuged and 

resuspended according to the manufacturer’s protocol (Table 2). After that, cells were 

seeded at different cell densities (Table 2) in a flat bottom 96 wells plate at 100 µL per 

well. The cells were incubated  for 24 hours (37˚C, 95% oxygen, 5% CO2) with 0.5, 1, and 

2 mg/mL hMOs, LNT2 was added to the culture medium after sterile filtration. For each 

HEK cell line, a corresponding TLR agonist was used as a positive control (Table 2), and 

the medium was used as a negative control. To exclude possible effects of endotoxin on 

TLR4 activation, 100 µg/mL polymyxin B was added to capture any LPS present in the 

2’-FL, 6’-SL, and LNT2 solutions, as LAL assay detected endotoxin in these three hMOs.  

After 24 hours of incubation, the Quanti-Blue assay was conducted as described above. 

Data for each sample were plotted as the fold-change compared to the negative control, 

which was unstimulated cells. The negative controls were set at 1.

Table 2. Cell densities and agonists used in the different reporter cell line assays

Cell line Cell density 
(cell/mL)

Agonist 
(positive control)

THP1-MD2-CD14 5 × 105 LPS-EK
Standard lipopolysaccharide from E. coli K12 (10 ng/mL)

HEK-Blue hTLR2 2.8 × 105 FSL-1
lipopeptide (10 ng/mL)

HEK-Blue h TLR3 2.8 × 105 Poly (I:C) HMW
Poly (I:C) High Molecular Weight (5 µg/mL)

HEK-Blue hTLR4 1.4 × 105 LPS-EK
Standard lipopolysaccharide from E. coli K12 (10 ng/mL)

HEK-Blue h TLR5 1.4 × 105 RecFLA-ST
Recombinant flagellin from Salmonella typhimurium (10 ng/mL)

HEK-Blue h TLR7 2.2 × 105 CL264
Adenine analog (5 µg/mL)

HEK-Blue hTLR8 2.2 × 105 sRNA40/LyoVec
Single stranded RNA (5 µg/mL)

HEK-Blue h TLR9 4.5 × 105 ODN 2006
Class B CpG oligonucleotide (0.25 µM)

Besides activating TLRs, hMOs might also inhibit ligand-induced TLR activation 

[36]. Inhibition of the individual TLR was studied by comparing the NF-κB activation of 

respective TLRs agonists (Table 2) with the cells treated with TLR agonist and sample 
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T H P1 m o n o c y t e s  ce l l  c u l t u r e 

THP1 monocytes (ATCC TIB‐202, Rockville, MD, USA), derived from an acute monocytic 

leukemia, were maintained in RPMI 1640 medium (Lonza, Verviers, Belgium). Cell 

culture medium was supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine 

(Lonza, Verviers, Belgium), 1 mM sodium pyruvate (Lonza, Verviers, Belgium), 0.05 mM 

2-mercaptoethanol (Scharlau, Barcelona, Spain), 60 µg/mL gentamicin sulfate (Lonza, 

Verviers, Belgium), 2.2 µg/ml amphotericin B solubilized (Sigma-Aldrich, St. Louis, MO 

USA). Cells were incubated at 37°C with 5% CO2. The medium was changed every 2 to 3 

days, and cells were subcultured when the cell concentration reached 8×105 cells/mL.

T H P1 m o n o c y t e s  d i f f e r e nt i a t i o n t o m a c r o p h a g e s a n d 
s t i m u l a t i o n

THP1 monocytes were differentiated into THP1 macrophages as previously described 

[37]. Briefly, THP1 monocytes (5 × 105 cells/well, in 0.5 mL) were differentiated for 48 

hours with 100 ng/mL Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) in a 

48 wells plate (Corning, New York, USA). After that, PMA was removed and cells were 

washed twice with fresh culture medium and cultured for another 24 h. Next, the culture 

medium was discarded and cells were incubated with either 10 µM of the NF-κB inhibitor 

celastrol (InvivoGen, Toulouse, France) or culture medium for 30 min. Subsequently, fresh 

medium containing 0.5, 1, and 2 mg/mL hMOs samples or 1 µg/mL LPS (positive control) 

were added to the cells. Unstimulated cells served as negative control. After 24 h of 

incubation, the secretion of a proinflammatory (TNF-α) and anti-inflammatory cytokine 

(IL-10) was measured in the supernatant by ELISA (R&D SYSTEM, Minneapolis, MN, USA) 

together. To assess inhibition of the TLR signaling by different concentrations of hMOs, 

HEK cells were resuspended and seeded in the same way as described above for the 

activation assays. Then, cells were stimulated with the appropriate TLR ligand (Table 

2), together with 0.5, 1, and 2 mg/mL hMOs for 24 hours (37˚C, 95% oxygen, 5% CO2). 

The TLR ligand alone served as a positive control. After incubation, SEAP activity was 

performed in the same way as described above [35]. Data for each sample were plotted 

as the fold-change compared to the positive control. The positive controls were set at 1. 

The activation and inhibition assays were performed with three technical replicates and 

each experiment was repeated five times.
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according to the manufacturer’s protocol. The stimulation assays were performed with 

two technical replicates and each experiment was repeated five times.

St a t i s t i c a l  a n a l ys i s

The results were analyzed using GraphPad Prism. The distribution of the data was 

tested by using the Kolmogorov-Smirnov test. Values are expressed as mean ± standard 

deviation (SD). Statistical comparisons of parametric distributed data were performed 

using unpaired t-tests, one-way ANOVA with Dunn’s multiple comparison tests or 

two-way ANOVA for group analysis. Non-parametric distributed data was assessed using 

the Kruskal-Wallis test followed by the Dunn’s test. p<0.05 was considered as statistically 

significant (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

results

I n d u c t i o n o f  T LR a n d My D 8 8 - d e p e n d e nt a c t i v a t i o n i n 
T H P1- M D2- C D14 ce l l s  by 3 - FL a n d LN T 2

To determine whether hMOs induce TLR signaling through the MyD88 pathway, first 

THP1-MD2-CD14 cells were stimulated with the different hMOs. By comparing the 

data with stimulated THP1-MD2-CD14 cells in which MyD88 signaling is blocked we 

determined TLR dependency.

hMOs and its acid hydrolysate LNT2 were tested at a concentration of 0.5, 

1, and 2 mg/mL. As shown in Figure 1A, 2’-FL had no activating effect on NF-κB in 

THP1-MD2-CD14 cells. The hMO 3-FL only had a statistically significant effect at a 

concentration of 2 mg/mL (p<0.05). 6’-SL did not show NF-κB activating effects. For 

LNT2, 0.5, 1, and 2 mg/mL all showed significantly NF-κB activating effects (0.5 mg/mL, 

p<0.05; 1 mg/mL, p<0.01; 2 mg/mL, p<0.001). The effects were dose dependent. LNnT 

had no effect on NF-κB activation.

To determine TLR dependency, THP1-MD2-CD14 cells were incubated with 

hMOs after inhibition of MyD88 with the MyD88 inhibitor Pepinh-MYD. The efficacy of 

the MyD88 inhibitor Pepinh-MYD was confirmed on LPS stimulated THP1-MD2-CD14 

cells, the effect of LPS was significantly inhibited by Pepinh-MYD (p<0.0001, Figure 1B). 

As shown in Figure 1B, MyD88 inhibition blocked 3-FL activation demonstrating TLR 

dependency of this activation. The LNT2 induced activation was partially TLR dependent 

as some activation was still observed after MyD88 inhibition. Inhibition was dependent 
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Figure 1. NF-κB/AP-1 activation in THP1-MD2-CD14 reporter cell and THP1-MD2-CD14 reporter 
cell with MyD88 inhibitor Pepinh-MYD after stimulation with hMOs. 2’-FL, 3-FL, 6’-SL, LNT2, and LNnT 
were tested at 0.5, 1, and 2 mg/mL, culture medium served as negative control. A: THP1-MD2-CD14 reporter 
cell; B: THP1-MD2-CD14 reporter cells with MyD88 inhibitor Pepinh-MYD. Data are presented as mean ± 
SD. Significant differences compared to the negative control were determined by using Kruskal-Wallis 
test followed by the Dunn’s test and indicated by #,*p< 0.05; ##, **p< 0.01; ###, ***p< 0.001; ####, **** 
p<0.0001(* vs control; # vs LPS)

on the LNT2 concentration. At 0.5 mg/mL LNT2, the TLR activation was completely 

blocked (Figure 1B), at 1 and 2 mg/mL, the response was strongly but not completely 

blocked (Figure 1B). Although the remaining activations of 1 and 2 mg/mL LNT2 were 

still statistically significantly higher than medium control, the response was 6.4 fold 

and 10.4 fold decreased, demonstrating the response is mainly but not completely TLR 

dependent (1 mg/mL LNT2, p<0.001; 2 mg/mL LNT2, p<0.01).  

h M O ’s  e f f e c t s  o n i n d i v i d u a l  T LR s

The results from the THP1 cell studies showed that 3FL and LNT2 can activate NF-κB 

through TLR pathways. In order to investigate which specific TLRs are involved, HEK cells 

expressing TLR2, TLR3, TLR4, TLR5, TLR7, TLR8, and TLR9 were used. We include all four 
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hMOs and its acid hydrolysate LNT2 and test for both activating and inhibiting effects to 

exclude any possible effects of the individual hMOs on TLR.

To study possible activating effects, 0.5, 1, or 2 mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, 

and LNnT were added to the cells. The results of the activating effects of 2’-FL, 6’-SL, 

and LNnT on the individual TLRs are shown in Figures S3, S4, and S5, respectively. The 

results corroborate the observation in THP1 cells and show that these hMOs had no 

activating effects on any of the TLRs tested. Only 3-FL and LNT2 had activation effects 

which results are shown in Figures 2 and 3.  The hMO 3-FL only activated TLR2 (Figure 

2). The activating effects were dose dependent. At a concentration of 0.5, 1, and 2 mg/

mL the 3-FL induced an 8.9 (p<0.05), 14.1 (p<0.001), and 20.9 (p<0.0001) fold increase of 

NF-κB activation respectively compared to control. 

Figure 2. Activating effects of 3-FL on HEK reporter cells carrying individual TLRs. Cells were 
incubated with 3-FL at 0.5, 1, 2 mg/mL, culture medium served as negative control. Data are presented as 
mean ± SD. Significant differences compared to the negative control were determined by using one-way 
ANOVA with Dunn’s multiple comparison tests and indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or by 
**** (p<0.0001).

LNT2 statistically significantly activated all the TLRs in a dose-dependent way 

(Figure 3). LNT2 at 0.5 mg/mL activated only TLR2, 5, and 9 (TLR2 and 5: p<0.0001; TLR9: 

p<0.05); LNT2 at 1 mg/mL activated TLR2, 3, 5, 8, 9 (TLR2, 5, and 9: p<0.001; TLR3, 8: 

p<0.05); LNT2 at 2 mg/mL activated all the TLRs (TLR2, 5, and 9: p<0.001; TLR3, 4, 7, and 

8: p<0.01). It showed a different activation pattern on different TLRs, but for all the TLRs, 

the activation effect was increasing with increasing concentrations.
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Figure 3. Activation effects of LNT2 on HEK reporter cells carrying individual TLRs. Cells were 
incubated with LNT2 at 0.5, 1, 2 mg/mL, culture medium served as negative control. Data are presented as 
mean ± SD. Significant differences compared to the negative control were determined by using one-way 
ANOVA with Dunn’s multiple comparison tests and indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or by 
**** (p<0.0001).

To exclude this we performed additional controls but also our data indicate 

it can not be explained by endotoxin only. First, we added the LNT2 to the culture 

medium after sterile 0.2 µm filtration which removes bacteria and sterilize the solutions. 

Subsequently the LAL assay indicate that the 2 mg/mL LNT2 showed high endotoxin 

levels (1.7 EU/mL) while 0.5 mg/mL 0.2 µm filtration LNT2 contained very low endotoxin 

levels (< 0.1 EU/mL) (Figure S1). This  0.5 mg/mL LNT2 with virtually no endotoxin 

still induced activation on TLR2, 5, and 9 indicating the LNT2 is responsible for TLR 

activation. However to further exclude that the TLR4 activation of the LNT2 was caused 

by possible contamination with LPS, we added 100 µg/mL polymyxin B to the LNT2 to 

capture any LPS present in the samples (Figure S5). The effectivity of polymyxin B was 

confirmed on TLR4 reporter cells, as a complete blockade of the LPS signal was observed 

(Figure S5A). Polymyxin B reduced the LNT2 induced TLR4 activation but the remaining 

activation was still profound and statistically significantly higher than medium control 

(Figure S5B). Also as TLR2 and 4, i.e. the predominant receptors for endotoxins, were 

not more strongly activated than other receptors we conclude that the observed effects 

were predominantly caused by the LNT2 itself. We also investigated such ability of 2’-FL, 
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3-FL, 6’-SL, LNT2, and LNnT. This was done by incubating HEK-TLR cells with 0.5, 1, and 2 

mg/mL hMOs and relevant TLR agonist. We found that 2’-FL, 6’-SL and LNnT had some 

inhibiting effects on TLR signaling as will be specified in more detail below. TLR2, 3, 4, 

and 9 was not inhibited by any of the tested hMOs. The full range of outcomes is shown 

Figure 4. Inhibitory effects of hMOs on (A) HEK-Blue hTLR5, (B) HEK-Blue hTLR7, and (C) HEK-Blue 
hTLR8.cells. Cells were incubated with 2’-FL, 3-FL, 6’-SL, LNT2, and LNnT at 0.5, 1, 2 mg/mL together with 
its relevant agonist. Data are presented as mean ± SD. Significant differences compared to the control 
(relevant agonist) were determined by using two-way ANOVA and indicated by * (p<0.05), ** (p<0.01), *** 
(p<0.001) or by **** (p<0.0001).
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in Figure S7. Figure 4 presents only the TLRs which were inhibited by hMOs. As shown 

in Figure 4A, 2’-FL, 3-FL, 6’-SL, and LNnT suppressed TLR5 activation only at the lowest 

concentration hMOs tested (0.5 mg/mL, all p<0.05). No inhibition was observed at 

concentrations of 1 and 2 mg/mL. Such an inverse dose dependent effect was observed 

for TLR7 suppression as well. Both at 0.5 mg/mL of 2’-FL (p<0.05), 3-FL (p<0.01), 6’-SL 

(p<0.01) and 1 mg/mL of 2’-FL (p<0.05), 3-FL (p<0.05), 6’-SL (p<0.01), and LNnT (p<0.05) 

inhibition of CL264 induced TLR7 activation was observed, while none of the hMOs 

showed significant effects on TLR7 inhibition at a concentration of 2 mg/mL (Figure 

4B). For TLR8 inhibition, different results were obtained, the inhibition effects on TLR8 

were enhanced with increasing concentrations. Only 1 and 2 mg/mL 3-FL (both p<0.01) 

showed significant inhibition of TLR8 activation, while 0.5 mg/mL 3-FL showed a trend to 

suppress TLR8 activation to 82.2% (p=0.07, Figure 4C). Also, we observed that 6’-SL and 

LNT2 showed significant enhancing effects on TLR8 activation but only at the highest 

concentration of 2 mg/mL (p<0.01). Interestingly, 6’-SL did not inhibit but augmented 

TLR8 activation in the presence of the agonist (ssRNA40) at a concentration of 2 mg/mL 

while it had no activation effect as a single molecule on TLR8.

I n d u c t i o n o f  c y t o k i n e p r o d u c t i o n i n  T H P1 m a c r o p h a g e s by LN T 2

The above-mentioned activation and inhibition of TLRs by hMOs and its acid hydrolysate 

LNT2 promoted us to test whether hMOs have immunomodulatory effects on TLR 

carrying cells such as macrophages. To this end, PMA-differentiated THP1 macrophages 

were stimulated with 0.5, 1, and 2 mg/mL hMOs for 24 h after which the concentrations 

of the pro-inflammatory cytokine TNF-α and the regulatory cytokine IL-10 in the 

supernatant were measured.

As shown in figure 5, only LNT2 could significantly increase cytokine production 

of TNF-α and IL-10, and the effects were dose dependent. LNT2 was able to induce high 

TNF-α production in all tested concentrations (0.5 and 1 mg/mL: p<0.001; 2 mg/mL: 

p<0.0001), while for IL-10, only 1 and 2 mg/mL LNT2 could significantly increase IL-10 

production (1 mg/mL, p<0.05; 2 mg/mL, p<0.01). Incubation with 0.5 mg/mL LNT2 was 

not able to increase IL-10 production significantly, but it did show a trend to inducing 

enhanced IL-10 production by the macrophages (p=0.069).
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Figure 5. (A) TNF-α and (B) IL-10 production by THP1 macrophages stimulated with 0.5, 1, and 2 
mg/mL hMOs. PMA-stimulated THP1 macrophages were treated with 2’-FL, 3-FL, 6’-SL, LNT2, and LNnT at 
0.5, 1, 2 mg/mL or 1 µg/mL LPS (positive control) for 24 h. Untreated THP1 macrophages served as negative 
control. Data are presented as mean ± SD. Significant differences compared to the negative control were 
determined by using Kruskal-Wallis test followed by the Dunn’s test and indicated by * (p<0.05), ** (p<0.01), 
*** (p<0.001) or by **** (p<0.0001).

Cy t o k i n e e x p r e s s i o n w a s N F - κ B d e p e n d e nt i n  T H P1 
m a c r o p h a g e s

In order to confirm the NF-κB dependency of cytokine expression induced by hMOs, 

PMA-differentiated THP1 macrophages were stimulated with 0.5, 1, and 2 mg/mL LNT2 in 

the presence or absence of the NF-κB inhibitor celastrol. As shown in figure 6, incubation 

with celastrol inhibited production of TNF-α and IL-10 induced by LNT2. TNF-α produced 

by the THP1 macrophages after incubating with 0.5 mg/mL (p<0.05), 1 mg/mL (p<0.001) 

and 2 mg/mL (p<0.01) LNT2 was significantly decreased by celastrol. IL-10 production 

induced by 1 and 2 mg/mL LNT2 (p<0.05) was also inhibited by celastrol. Celastrol 

also showed a trend of decreasing the IL-10 production induced by 0.5 mg/mL LNT2 
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dIscussIon 
The immune effects of hMOs through TLRs have been previously described in vitro [14, 22, 

31], and in vivo [21], however, the effects of different hMOs on individual TLRs are to the 

best of our knowledge not studied before. Here, we show that the immunomodulatory 

effects via TLRs of 2’-FL, 3-FL, 6’-SL, LNT2, and LNnT, is hMO structure-dependent. While 

3-FL and LNT2 had TLR stimulating effects, the 2’-FL, 6’-SL, and LNnT were inhibiting 

TLR5 and 7, besides that, 3-FL also showed inhibition effects on TLR5, 7, and 8.

3-FL showed direct stimulatory effects on TLR2 in a dose-dependent way. 

Notably, 2’-FL and 3-FL have approximately the same molecular composition. Sharing 

the same molecular composition, all carrying lactose at their reducing end. 2’-FL and 

3-FL only differ in the attachment position of  L-fucose (Fuc) residues on the lactose 

core region (Table 1). This difference might, however, be responsible for the difference 

in binding capacity to TLRs. TLR2 can form a specific binding pocket of equine TLR2/1 

and TLR2/6 heterodimers [38, 39]. Differences in the structural makeup of Fuc on the 

backbone between 2’-FL and 3-FL might be responsible for the different effects on 

TLR2 between the two molecules and might make that only 3-FL can bind to the ligand 

Figure 6. (A) TNF-α and (B) IL-10 production by THP1 macrophages stimulated with 0.5, 1, and 2 
mg/mL LNT2 in the presence or absence of celastrol. PMA-stimulated THP1 macrophages were treated 
with LNT2 at 0.5, 1, 2 mg/mL or 1 µg/mL LPS (positive control) in the presence or absence of NF-κB inhibitors 
celastrol for 24 h. Untreated THP1 macrophages served as negative control. Data are presented as mean 
± SD. Significant differences were determined by using unpaired t-test and indicated by * (p<0.05), ** 
(p<0.01), *** (p<0.001) or by **** (p<0.0001). 

(p=0.075). Overall, the data above showed the TNF-α and IL-10 production induced by 

LNT2 was NF-κB dependent.
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position and activate TLR2. It has been shown for other carbohydrates that minor 

differences in structural makeup have a significant impact on the binding capacity to 

especially TLR2 [27]. 

Despite its TLR2 activating effect, direct stimulation of 3-FL on THP1 

macrophages did not induce any change in cytokine production. It was recently shown 

that the final effects of food ingredients on NF-κB regulation in THP1 macrophages 

dependent on the sum of activating and inhibiting effects on TLRs [26, 27, 40]. In addition 

to activating TLR2, we found that 3-FL inhibited TLR 5, 7, and 8 (Figure 7A). As the net 

effects of immune activation depend on the sum of activation and inhibition of TLRs, 

the final effects of this combined effects on TLRs are probably lack of activation of the  

macrophages. This is corroborated by the observation on THP1 cells (Figure 1) in which 

modest overall stimulation of THP1 cells was observed by 3-FL. Only at a concentration 

of 2 mg/mL, we observed a modest activation of 1.89 times fold-change of NF-κB.

Figure 7. Schematic representation of the immunomodulation effects of tested hMOs. A-C: Immune 
regulation effects of hMOs through TLR signal pathway; D: Proposed mechanism of activation effect of 
6’-SL on ssRNA40 activated TLR8.  : activation effect;   : inhibition effect;  
 :no significant effect.
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Stimulating effects of LNT2 were observed on all TLRs tested (Figure 7B). To the 

best of our knowledge, direct activation effects of TLRs by LNT2 have not been reported 

before. It might be argued that the strong and broad LNT2 TLR activating effect was 

caused by endotoxins in the samples. Our data indicate this activation cannot be solely 

explained by the positive signal in the LAL assay at 2 mg/ml.  At 0.5 mg/mL LNT2, the 

LNT2 had very low endotoxin levels (< 0.1 EU/mL) (Figure S1) but still demonstrated 

TLR activation. Another experiment that made us conclude that LNT2 itself is partly 

responsible for TLR4 activation is that polymyxin B, a potent LPS neutralizer reduced TLR4 

activation by LNT2 but LNT2 still showed TLR activation (Figure S6B). As the difference 

in the LAL assay did not reflect the only fourfold difference in concentration,we suspect 

that the 2 mg/ml endotoxin value might be a false positive signal. It has been reported 

before that some LAL reactive glucans might result in the false positive signals in the 

LAL assay [41], the large difference in LAL assay outcome between the 0.5 mg/mL and 2 

mg/mL might suggest a false positive signal in our study as well. The activating effects 

of LNT2 might be explained by its structural composition that allows for interaction with 

N-terminal ectodomains (ECDs) that are present on all TLRs. The ECDs are composed 

of  approximately 16–28 of a motif known as the leucine-rich repeats (LRR). Each LRR 

consists of 20–30 amino acids with the conserved motif ‘‘LxxLxLxxN” [39, 42, 43]. All 

LRRs can form a loop structure, beginning with an extended stretch that contains three 

residues in the β strand configuration [44]. Different from other tested samples, LNT2 

has the above mentioned N-acetylglucosamine (GlcNAc) end (Table 1), which plays a 

variety of roles on the cell surface of bacteria [45, 46].  This GlcNAc might interact with 

LRR, which is the conserved part of TLRs, resulting in the activation of all TLRs we tested. 

The activating effects on individual TLRs were different, but the effect is enhanced as 

the concentration increases (Figure 3). This suggests that the TLR interaction effects are 

dose-dependent. The effects of LNT2 on direct immune stimulation were confirmed 

by exposing THP1 macrophage to LNT2  which resulted in enhanced TNF-α, and IL-10 

production through the NF-κB pathway (Figure 7B). We did not detect activating effects 

of 6’-SL on TLR2 and TLR4, which differs from the observations of Asakuma [31]. Asakuma 

has suggested that 6’-SL has a direct effect on colonic epithelial HT-29 cells and induces 

mRNA expression of TLR2 and TLR4 [31]. TLR4 and to a lesser extent TLR2 are receptors 

that are sensitive for endotoxins present in food components. It cannot be excluded 
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that possible contamination in the 6’-SL in the Asakuma  study has been responsible for 

the TLR2 and TLR4 activating effects and explains the discrepancy between our findings 

and that of the Asakuma study. In our study, we applied virtually endotoxin free 6’-SL 

(Figure S1), which made us believe we can safely conclude that 6’-SL has no TLR2 and 

TLR4 activating effects.

As it has been shown that TLRs can not only be activated but also be inhibited 

by carbohydrates [26–28], the inhibiting effects were tested as a potential mechanism 

for immunomodulation. We observed that 3-FL not only showed activation effects on 

TLR2 but also had inhibiting effects on TLR 5, 7, and 8. Also, 2’-FL, 6’-SL, and LNnT showed 

TLR inhibiting effects while no activating effects were found with these hMOs (Figure 

7C). A few studies demonstrate that inhibition of TLR 5, 7, and 8 might be instrumental 

in managing inflammatory and autoimmune diseases [47, 48]. As 2’-FL, 3-FL , 6’-SL, and 

LNnT have these inhibitory effects, they might be therapeutically applicable. To our 

surprise, the results indicated that the inhibition effects on TLR5 and 7 were inversely 

dose-dependent. Low concentrations of hMOs inhibited the activation effects on TLR5 

and 7 induced by angonist, whereas high concentrations had no effects. The inverse 

dose-dependent manner had been reported to be present for other antagonists 

[49, 50]. For example, low concentrations of basic fibroblast growth factor (bFGF) 

enhanced collagen type I and depressed collagenase-1 expression, whereas high bFGF 

concentrations had no inhibiting effects [49]. To the best of our knowledge, this inversely 

dose-dependent inhibition effects on TLRs have not been reported before. These results 

suggested that 2’-FL, 3-FL , 6’-SL, and LNnT might be important regulators of the TLR 

dependent NF-κB pathway. 

Notably, 2 mg/mL 6’-SL had a synergistic effect on ssRNA40 induced TLR8 

activation while this hMO had no effect as a single molecule on TLR8. This might be 

explained as follows (Figure 7D). TLR8 activation in contrast to activation of other TLRs is 

a  multistep process. TLR8 activation first  requires the formation of an apo TLR8 dimer 

after a proteolytic cleavage that subsequently induces a conformational change of TLR8 

upon ligand binding [51–54]. Upon binding of ssRNA to the TLR8 binding site, an activated 

dimer is formed with the uridine part of SSRNA in the receptor [39, 53]. This changes the 

ligand binding site and the distance between the C-termini that might be responsible 

for binding of other ligands such as 6’-SL [51, 53]. The C termini in the agonist-bound 
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TLR8 dimer are much closer to each other than those in the inactivated-TLR8 dimer. The 

measured distances between the C termini in activated TLR8 was ~30 Å which is smaller 

than the ~53 Å in the  inactivated TLR8 dimers [52]. This difference in the distance might 

explain the difference in binding and activating capacity of  6’-SL between inactivated 

the form of TLR8 and the activated TLR8. 

In conclusion, we demonstrate that the immunomodulating effects of hMOs are 

highly structure dependent. Different structures of hMOs showed different activation 

and inhibition effects on TLR signaling pathways. Our data indicate that some specific 

hMOs, such as LNT2, are able to stimulate immune activation. We also identified that TLR 

5, 7, and 8, which are involved in many pathologies, such as cystic fibrosis lung disease 

and systemic lupus erythematosus [47, 48], were inhibited by some specific hMOs. 

Understanding how and which hMO modulate immunity, contributes to the future 

design of hMO containing products with predictable beneficial effects in specific target 

groups. Overall, our data not only contribute to a better understanding of how hMOs 

can have immunomodulatory effects, it also provides a new way to manage diseases, 

like systemic lupus erythematosus and rheumatoid arthritis [55], with nutritional supply. 
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supportIng InformAtIon

Figure S1. Endotoxin activity of tested samples. The endotoxin activity of 0.5 and 2 mg/mL 2’-FL, 3-FL, 
6’-SL, LNT2, and LNnT were determined by LAL assay. Endotoxin Activity (EA) levels are expressed as mean 
± SD. Duplicate of the sample preparation was tested.

Figure S2. Activation effects of 2’-FL on HEK reporter cells carrying individual TLRs. Cells were 
incubated with 2’-FL at 0.5, 1, 2 mg/mL, culture medium served as negative control. Data are presented as 
mean ± SD. Significant differenced compared to the negative control were determined by using one-way 
ANOVA with Dunn’s multiple comparison tests and indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or 
by **** (p<0.0001).
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Figure S3. Activation effects of 6’-SL on HEK reporter cells carrying individual TLRs. Cells were 
incubated with 6’-SL at 0.5, 1, 2 mg/mL, culture medium served as negative control. Data are presented as 
mean ± SD. Significant differenced compared to the negative control were determined by using one-way 
ANOVA with Dunn’s multiple comparison tests and indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or 
by **** (p<0.0001).

Figure S4. Activation effects of LNnT on HEK reporter cells carrying individual TLRs. Cells were 
incubated with LNnT at 0.5, 1, 2 mg/mL, culture medium served as negative control. Data are presented 
as mean ± SD. Significant differenced compared to the negative control were determined by using 
Kruskal-Wallis test followed by the Dunn’s test and indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or 
by **** (p<0.0001).
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Figure S5. TLR4 activation by LNT2 and blockade of LPS by polymyxin B. The effect of polymyxin 
B on TLR4 activation by the agonist LPS (A) and the effect of the 2 mg/mL LNT2 on TLR4 activation in 
absence and presence of polymyxin B (B) shows that possible endotoxin contamination is efficiently 
counteracted by coincubation with 100 µg/mL polymyxin B for LNT2 (B). Data are presented as mean ± 
SD. Significant differences were determined by using the unpaired t-test and indicated by * (p<0.05), ** 
(p<0.01), *** (p<0.001) or by **** (p<0.0001).

Figure S6. Inhibitory effects of hMOs on HEK-Blue hTLR2, HEK-Blue hTLR3, HEK-Blue hTLR4, and 
HEK-Blue hTLR9 cells. Cells were incubated with 2’-FL, 3-FL, 6’-SL, LNT2, and LNnT at 0.5, 1, 2 mg/mL 
together with its relevant agonist. Data are presented as mean ± SD. Significant differenced compared 
to the control (relevant agonist) were determined by using Kruskal-Wallis test followed by the Dunn’s test 
and indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or by **** (p<0.0001).
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AbstrAct 
Human milk oligosaccharides (hMOs) can attenuate systemic and intestinal inflammation 

by modulating intestine epithelial cells, but the mechanisms of action are not 

well-understood. Here we study the effects of six different hMOs (2’-FL, 3-FL, 6’-SL, LNT, 

LNnT, LDFT) and one hMOs acid hydrolysate LNT2 on TNF-α induced inflammatory event 

in immature and mature gut epithelial cells, and we explore the possible mechanisms 

of action. 3-FL, LNnT, and LDFT significantly attenuated TNF-α induced inflammation in 

immature intestine epithelial cells, while LNT2 induced IL-8 secretion in mature intestine 

epithelial cells. The anti-inflammatory effects of 3-FL, LNnT, and LDFT were through 

TNFR1-signalling inhibition through different mechanisms. 3-FL, LNnT, and LDFT exerted 

TNFR1 ectodomain shedding while LNnT also showed binding affinity to TNFR1.
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IntroductIon

Breastfeeding is the gold standard for infant nutrition as it offers complete nutrition 

and essential bioactive components for the development of the newborn [1]. Exclusive 

breastfeeding is therefore recommended for the first six months of life by the World 

Health Organization (WHO) [2]. For a variety of reasons, over 70% of the infants can not 

be exclusively breastfed [3], as a consequence of which the infants have to be fed with 

cow-milk based infant formula, which attempts to mimic the nutritional composition 

of breast milk [4, 5]. However, currently, these infant formulas do not contain the same 

bioactive molecules as human milk [6], as a consequence these formula-fed babies have 

a higher risk of infections and inflammatory diseases than babies solely fed with breast 

milk [7]. One of the most important bioactive components of mother milk are human 

milk oligosaccharides (hMOs), which are unique to humans and are not found in the 

same variety and composition in other mammals [8]. Recently, major advances have 

been made with the inclusion of human milk oligosaccharides (hMOs) in cow-milk based 

infant formula. Some hMOs can be produced via genetically engineered microorganisms 

and are now applied in infant formulas [9]. 

It has been shown that hMOs provide multiple health-promoting effects, 

which include support of growth of beneficial bacteria [10], anti-pathogenic effects 

[11], immune modulating effects [12], enhancement of intestinal barrier function [13, 

14], as well as attenuation of systemic and intestinal inflammation [15]. It is however still 

unclear which and how individual hMOs contribute to processes such as prevention and 

attenuation of intestinal inflammatory events [16]. It has been reported that hMO can 

directly interact with intestinal cells and modulate immunity [17]. The majority of hMOs 

can reach the intestine without being digested and some undergo hydrolyzation at low 

pH during transit through the gastrointestinal tract [18]. This may lead to the formation 

of lacto-N-triose II(LNT2), which is the acid hydrolysate of the tetra and higher hMOs 

such as lacto-N-tetraose (LNT) and lacto-N-neotetraose (LNnT) [18, 19]. How these acid 

hydrolysates impact the inflammatory responses through intestine epithelial cells is also 

not known.

hMOs are considered to guide immune development during early postnatal 

intestinal gut immune barrier development [13, 20]. This early postnatal developing 

gut is very susceptible for inflammatory events [21]. Disturbances in intestinal immune 
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development in neonates may lead to intestinal inflammatory diseases such as 

necrotizing enterocolitis (NEC) and inflammatory bowel diseases (IBD) [13, 22]. Tumor 

necrosis factor-α (TNF-α) plays an important role in these inflammatory diseases [23]. 

To induce inflammation, TNF-α needs to bind to the TNF-receptors on the cell surface. 

There are two different receptors for TNF-α, TNF receptor 1 (TNFR1) and TNF receptor 2 

(TNFR2) [23]. These receptors have two distinct roles, TNFR1 mainly induces inflammatory 

signaling pathways, while TNFR2 mediates immune modulatory functions and promotes 

tissue homeostasis and regeneration [23]. Therefore, the blockage of TNFR1 signaling, 

either by binding with TNFR1 as antagonists or by increasing the shedding of soluble 

TNFR1, may attenuate the response of the cells to TNF-α [24]. Whether hMOs interfere 

with these TNFR signaling pathways is subject of investigation in the current study.

In the present study, we investigated the effects of six different hMOs (2’-FL, 

3-FL, 6’-SL, LNT, LNnT, LDFT) and one hMOs acid hydrolysate LNT2 on TNF-α induced 

inflammatory event in gut epithelial cells. To this end, two types of gut epithelial cells 

were tested. An immature human primary fetal intestinal epithelial cell FHs 74 Int was 

applied as well as the adult colonic epithelial cell line T84 cells [17] to determine possible 

differences in the efficacy of hMOs in modulating inflammatory events in immature or 

adult cells. As the IL-8 induction by intestine epithelial cells strongly reflects the degree 

of inflammatory response after stimuli [25], IL-8 secretion in FHs 74 Int and T84 were 

measured to determine possible hMO induced attenuation of inflammatory events. In 

order to further explore the possible mechanisms of action, the interactions between 

effective hMOs and TNFR1 were also investigated, which including the possible binding 

affinity between hMOs and TNFR1, and whether hMOs cause TNFR1 ectodomain 

shedding.

mAterIAl And method

Co m p o n e nt s

In the present study, 2’-FL (provided by FrieslandCampina Domo, Amersfoort, the 

Netherlands), 3-FL, 6’-SL, LNT2, LNT, LNnT, and LDFT (provided by Glycosyn LLC, Woburn, 

MA, USA) were tested. An overview of the structure and components are shown in Table 

1.
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Table 1. Overview of the structure of selected hMOs

Ce l l  c u l t u r e a n d r e a g e nt s

Nontransformed human small intestinal epithelial FHs 74 Int cells (ATCC, Manassas, VA, 

USA) were maintained in Hybri-Care medium (ATCC, Manassas, VA, USA) supplemented 

with 10% heat-inactivated fetal bovine serum (Sigma–Aldrich, Zwijndrecht, The 

Netherlands), 50 µg/mL Penicillin-Streptomycin Solution (Sigma–Aldrich, Zwijndrecht, 

The Netherlands), and 30 ng/ml EGF (ATCC, Manassas, VA, USA). Human colon carcinoma 

T84 cells were cultured in Dulbecco’s Modified Eagle Medium:F-12 (DMEM:F12) 

medium (Gibco, Life Technologies, Bleiswijk, The Netherlands) supplemented with 10% 

heat-inactivated fetal bovine serum (Sigma–Aldrich, Zwijndrecht, The Netherlands) and 

50 mg/mL gentamicin (Lonza, Verviers, Belgium). Cells were cultured at 37 °C in 5% CO2 

as recommended by the manufacturer. Recombinant human TNF-α was obtained from 

PeproTech (Rocky Hill, NJ, USA).

Name (abbreviated) Structure Schematic diagram

2’-FL Fucα1-2Galβ1-4Glc

3-FL Galβ1-4Glc
Fucα1-3/

6’-SL NeuNAcα2-6Galβ1-4Glc

LNT2 GlcNAcβ1-3Galβ1-4Glc

LNT Galβ1-3GlcNacβ1-3Galβ1-4Glc

LNnT Galβ1-4GlcNacβ1-3Galβ1-4Glc

LDFT Fucα1-2Galβ1-4Glc
Fucα1-3/

Glucose Galactose Fucose Sialic Acid N-acelyglucosamine
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Ce l l  v i a b i l i t y  a n d WS T-1 a s s ay

FHs 74 Int and T84 cells were resuspended in fresh culture medium at 1 × 105 cells/mL, 

after which 200 µL of cell suspension was seeded per well in 96-well plates (Corning, NY, 

USA). Cells were then cultured until reaching 70–80% confluence. Prior to treatment, cells 

were washed twice with 1× phosphate-buffered saline (PBS; Lonza, Verviers, Belgium), 

after which, culture medium was replaced by 100 µL of fresh medium containing one of 

the ingredients. FHs 74 Int and T84 cells treated with 5 mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, 

LNT, LNnT, and LDFT for 24 h. Cell viability was determined by WST-1 assay following 

the manufacturer’s instructions. Briefly, after 24 h treatment, 10 μL WST-1 reagent 

(Sigma-Aldrich, Zwijndrecht, The Netherlands) was added to the culture medium in 

1:10 final dilution and incubated for 1 h at 37 °C and 5% CO2. Absorbance (450 nm) was 

measured using a Benchmark Plus Microplate Reader using Microplate Manager version 

5.2.1 for data acquisition. The data for each sample was plotted as the percentage 

change compared to the negative control.

Ce l l  s t i m u l a t i o n 

FHs 74 Int and T84 cells were resuspended and seeded at 1×105 cells/mL in a flat bottom 

96 wells plate at 200 µL per well. Cells were then cultured until reaching 70–80% 

confluence. Prior to treatment, cells were washed twice with 1× phosphate-buffered 

saline (PBS; Lonza, Verviers, Belgium), after which culture medium was replaced by 200 

µL of fresh medium containing one of the ingredients. For IL-8 induction, FHs 74 Int and 

T84 cells were treated with 5 mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, LNT, LNnT, and LDFT in the 

absence or presence of 10 ng/mL TNF-α for 24 h. After 24 h of incubation, the secretion 

of the proinflammatory cytokine IL-8 was measured in the supernatant by ELISA (R&D 

SYSTEM, Minneapolis, MN, USA) according to the manufacturer’s protocol. For soluble 

TNFR1 measurement, FHs 74 Int cells were treated with 5 mg/mL of 3-FL, LNnT, and LDFT 

in the absence or presence of 10 ng/mL TNF-α for 24 h. After 24 h of incubation, the 

soluble TNFR1 was measured in the supernatant by ELISA (R&D SYSTEM, Minneapolis, 

MN, USA) according to the manufacturer’s protocol.

We s t e r n b l o t

FHs 74 Int and T84 cells were resuspended and seeded at 1×105 cells/mL in a 6 wells 
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plate at 2 mL per well for 48 h. After that, the culture medium was replaced by 2 mL 

of fresh medium in the absence or presence of 10 ng/mL TNF-α for 24 h. After the 

treatments, total protein extracts were obtained from cells. Cells were harvested in 

ice-cold PBS and lysed with RIPA Lysis and Extraction Buffer (Thermo Scientific, MA, 

USA) supplemented with Protease Inhibitor Cocktails (Sigma-Aldrich, Zwijndrecht, The 

Netherlands). Lysates were sonicated (5 s twice) and centrifuged (12000×g, 20 min, 4 °C). 

Subsequently the supernatants were collected, and protein yield was quantified using 

Pierce BCA Protein Assay Kit (Thermo Scientific, MA, USA). Normalized 30 μg of protein 

samples were prepared with Laemmli sample buffer containing β-mercaptoethanol and 

electrophoresed on an SDS-polyacrylamide gel. Proteins were transferred to a PVDF 

membrane (Sigma-Aldrich, Zwijndrecht, The Netherlands). After blocking for 1 h with 

1:1 mixture of Licor blocking buffer (LI-COR Biosciences) and 1× PBS for the blocking 

solution, the membrane was probed with the primary antibody TNFR1 (1:500, Abcam, 

Cambridge, UK) and TNFR2 (1:1000, Abcam, Cambridge, UK) overnight at 4 °C. After 

that, the membrane was washed four times in PBS-T and followed by incubation with 

the secondary antibody for 1 h at room temperature. Immunoreactivity was visualized 

by the Odyssey Imaging System (LI-COR Biosciences). Signal intensity was analyzed by 

using Image J (National Institutes of Health, Bethesda, MD).

T N FR1 b i n d i n g a s s ay

The binding affinity between hMOs and TNFR1 was quantified with the microscale 

thermophoresis (MST) assay. MST experiments were performed on a NanoTemper ® 

Monolith NT.115 with blue/red filter (NanoTemper Technologies GmbH, Munich, Germany) 

according to the manufacturer’s protocol. After optimization, the final concentration of 

His-tagged TNFR1 (Abcam, Cambridge, UK) was kept constant at 50 nM, 10 μL of the 

5 mM 3-FL, 5 mM LDFT, and 250 µM LNnT were diluted 1:1 in 10 μL PBS-T buffer (PBS 

1×; 0.05% Tween 20) to make a 16-sample dilution series. The 50 nM His-tagged TNFR1 

was incubated with dye for 30 min, after that, 16 different concentrations of samples 

were incubated with 50 nM His-tagged TNFR1 with dye for 2 h. Pre-incubated samples 

and protein mixtures were loaded into standard capillaries (NanoTemper Technologies 

GmbH, Munich, Germany), measurements were performed at 25 °C using 40% MST 

power with 80%  excitation power. All experiments were repeated at least three times. 
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Data analyses were performed using the NanoTemper ® analysis software.

St a t i s t i c a l  a n a l ys i s

The results were analyzed using GraphPad Prism. Normal distribution of the data was 

confirmed using the Kolmogorov-Smirnov test. Parametric data are expressed as mean 

± standard deviation (SD). Statistical comparisons of parametric distributed data were 

performed using one-way ANOVA with Dunnett multiple comparison tests or two-way 

ANOVA for group analysis. p<0.05 was considered as statistically significant (#, * p<0.05, 

##, **p<0.01, ###, ***p<0.001, ####, ****p<0.0001).

results 
h M O s a n d h M O ’s  a c i d hyd r o l ys i s  p r o d u c t  d i d n o t  i n f l u e n ce ce l l 
v i a b i l i t y

To exclude toxic effects of the tested hMOs on cell viability of FHs 74 Int and the human 

colon carcinoma cell line T84, cells were treated with 5 mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, 

LNT, LNnT, and LDFT for 24 h after which the cell viability was quantified. As shown in 

Figure 1, 5 mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, LNT, LNnT, and LDFT did not have a statistically 

significant negative effect on the cell viability of both FHs 74 Int and T84 cells. 

h M O ’s  a c i d hyd r o l ys i s  LN T 2 i n d u ce s I L- 8  p r o d u c t i o n i n  T 8 4 ce l l s

First, the impact of the tested hMOs and the hMO’s acid hydrolysis LNT2 on IL-8 

production was tested as IL-8 is one of the primary gut-epithelial cell derived chemokine 

Figure 1. hMOs and the hMOs acid hydrolysate LNT2 did not alter cell viability of FHs 74 Int and T84. 
(A) FHs 74 Int and (B) T84 cells were treated with 5 mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, LNT, LNnT, and LDFT 
for 24 h, cells treated with culture medium served as negative control. Results are presented as percentage 
change against negative control. Data are presented as mean ± SD (n=5), significant differences compared 
to the negative control were determined by using one-way analysis of variance with Dunnett multiple 
comparisons test and indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or by **** (p<0.0001).
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responsible for inducing inflammation [26]. To this end, FHs 74 Int and T84 were treated 

with 5 mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, LNT, LNnT, and LDFT for 24 h.

As shown in Figure 2A, hMOs and LNT2 were not able to modulate IL-8 secretion 

in the fetal cell line FHs 74 Int. Also, in T84 the tested hMOs did not alter IL-8 production 

but the hMO’s acid hydrolysis product LNT2 significantly induced IL-8 secretion in T84 

cells (Figure 2B). LNT2 significantly increased IL-8 secretion to 1.4-fold compared to the 

untreated control (p<0.0001). 

Figure 2. hMO’s acid hydrolysate LNT2 induce IL-8 production in T84 cells under homeostatic 
conditions. FHs 74 Int (A) and T84 cells (B) were incubated with 5 mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, LNT, 
LNnT, and LDFT for 24 h, cells treated with culture medium served as negative control. Results are presented 
as fold change against negative control. Data are presented as mean ± SD (n=6), significant differences 
compared to the negative control were determined by using one-way analysis of variance with Dunnett 
multiple comparisons test and indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or by **** (p<0.0001).

h M O s a t t e n u a t e s  T N F - α - i n d u ce d I L- 8  s e c r e t i o n i n  FH s 74 I nt  i n  a 
c h e m i c a l  s t r u c t u r e - d e p e n d e nt w ay

In order to investigate the ability of hMOs and LNT2 to attenuate inflammatory 

responses in fetal and adult intestine epithelial cells, we investigated the effects of hMOs 

and LNT2 on IL-8 secretion after exposure of the epithelial cells to the proinflammatory 

cytokine TNF-α. To this end, FHs 74 Int and T84 cells were treated with 10 ng/mL TNF-α 

for 24 h with 5 mg/mL of either 2’-FL, 3-FL, 6’-SL, LNT2, LNT, LNnT, LDFT. After that, the 

concentration of the proinflammatory cytokine IL-8 in the supernatant was measured. As 

shown in Figure 3, TNF-α significantly increased IL-8 secretion in both FHs 74 Int and T84 

(p<0.0001). Interestingly, the hMO’s inhibiting effects on TNF-α induced IL-8-secretion 

was restricted to the fetal FHs 74 Int cells. 3-FL, LNnT, and LDFT reduced TNF-α induced 

IL-8-secretion with 70% (p<0.05), 38% (p<0.0001), and 64% (p<0.01), respectively (Figure 

3A). The hMOs 2’-FL, 6’-SL, LNT and the hydrolysis product LNT2 did not reduce the TNF-α 

induced IL-8 secretion. Results were different with the adult gut epithelial cell line. With 
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the adult cell line T84, only the hMO’s acid hydrolysis product LNT2 impacted TNF-α 

induced IL-8-secretion but this was an enhancement instead of an attenuation (p<0.001). 

The above results suggest that hMOs were able to suppress TNF-α induced 

IL-8-secretion in the fetal gut epithelial cell FHs 74 Int in a structural-dependent way, and 

it also confirmed that hMOs and LNT2 have different regulatory patterns on fetal cells 

and adult cells. 

Figure 3. 3-FL, LNnT, and LDFT attenuate TNF-α-induced IL-8 secretion in FHs 74 Int cells. (A) 
FHs 74 Int and (B) T84 cells were stimulated with 5 mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, LNT, LNnT, and 
LDFT in presence of TNF-α (10 ng/mL) for 24 h. Cells treated with culture medium served as negative 
control. Results are presented as fold change against positive control. Data are presented as mean ± SD 
(n=6), statistical significance was analyzed using one-way analysis of variance with Dunnett multiple 
comparisons test (* vs. Medium; # vs. TNF-α; #, *p<0.05; ##, **p<0.01; ###, ***p<0.001; ####, **** p 
<0.0001).

FH s 74 I nt  a n d T 8 4 h ave d i f f e r e nt  e x p r e s s i o n p a t t e r n s o f  T N F - α 
r e ce p t o r s 

As 3-FL, LNnT, and LDFT attenuate TNF-α induced IL-8 secretion on fetal cells, we 

hypothesized that hMOs might have anti-inflammatory effects on fetal intestine 

epithelial cells through interfering in TNF-α induced proinflammatory pathway. TNF-α 

has two distinct cell surface receptors, TNF receptor 1 (TNFR1) and TNF receptor 2 

(TNFR2). To determine whether the receptors are differently expressed in FHs 74 Int and 

T84, we compared the expression level of TNFR1 and TNFR2 after western blot. To this 

end, FHs 74 Int and T84 were cultured in the presence TNF-α for 24 h. Cells cultured in 

normal medium served as controls. As shown in Figure 4A, FHs 74 Int and T84 showed 

different protein expression patterns of TNFR1 and TNFR2 but was not influenced by 

TNF-α. The protein expression of TNFR1 in fetal cells was significantly higher than in the 

adult cell line T84 (p<0.0001, Figure 4B). However, the expression of TNFR2 in fetal FHs 
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Figure 4. FHs 74 Int and T84 showed different expression pattern of TNFR1 and TNFR2. FHs 74 Int 
and T84 were incubated with or without 10 ng/mL TNF-α for 24 h. (A) The TNFR1 and TNFR2 expression in 
western blot. Western blot results were analyzed by using Image J gradation analysis of (B) TNFR1 and (C) 
TNFR2. Results are represented as mean ± SD (n=5). Significant differences compared between medium 
and TNF-α, FHs 74 Int and T84 were determined by using two-way ANOVA and indicated by * (p<0.05), ** 
(p<0.01), *** (p<0.001) or by **** (p<0.0001).

LN nT a t t e n u a t e T N F - α - i n d u ce d I L- 8  s e c r e t i o n by i nt e ra c t i n g 
w i t h t h e T N F r e ce p t o r  1  i n  f e t a l  g u t  e p i t h e l i a l  ce l l s

As 3-FL, LNnT, and LDFT only inhibited TNF-α induced IL-8 secretion in the fetal cell 

line FHs 74 Int, and as FHs 74 Int has high expression of TNFR1 and low expression of 

TNFR2 compared to T84, we hypothesized that hMOs might have its anti-inflammatory 

effects through interaction with TNFR1. To study the interaction with hMOs and TNFR1, 

the binding affinity of 3-FL, LNnT, LDFT with TNFR1 was determined with microscale 

thermophoresis (MST). A wide concentration range of 3-FL (0.00061 µM to 5 mM), LNnT 

(0.00763 µM to 250 µM), and LDFT (0.00061 µM to 5 mM) were incubated with His-tagged 

TNFR1 in a constant range (50 nM) at room temperature for 2 h. Subsequently the binding 

74 Int cells was significantly lower than in T84 (p<0.001, Figure 4C). Neither TNFR1 nor 

TNFR2 was significantly altered by TNF-α (Figure 4B&C). 
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affinity was measured by MST. As shown in Figure 5, a ligand-dependent binding effect 

was detected but only LNnT interacts with TNFR1. There was no detectable binding of 

3-FL and LDFT to TNFR1 (Figure 5A and C). LNnT was shown to bind TNFR1 with a Kd of 

900 ± 660 nM (Figure 5B). 

The above results confirm binding of LNnT to TNFR1 but also suggests that 3-FL 

and LDFT inhibit TNF-α induced IL-8 secretion via another mechanisms.

Figure 5. LNnT has binding affinity to TNFR1. Dose-response curve for the binding interaction between 
(A) 3-FL, (B) LNnT, (C) LDFT and TNFR1. Values on the X-axis represent the ligand (3-FL, LNnT, and LDFT) 
concentration, Y-axis represent the normalized fluorescence. The binding affinity is observed for the 
LNnT-TNFR1 interaction, which was a 900 ± 660 nM Kd. All binding curves were determined in at least 
triplicate by MST and are represented as the mean ± SD. 

3 - FL ,  LN nT,  a n d LD F T c a u s e e c t o d o m a i n s h e d d i n g o f  T N FR1 a n d 
t h e r e by i n h i b i t  T N F - α i n d u ce d i n f l a m m a t i o n

Another possible explanation for attenuation of TNF-α induced IL-8 secretion by 3-FL, 

LNnT, and LDFT is ectodomain shedding of TNFR1. TNF-α needs to bind to the receptors 

on the cell surface to induce downstream pro-inflammatory effects in epithelial cells [27]. 

Ectodomain shedding is a process in which the ectodomain of TNFR1 is detached from 

the cell-source [28]. This can be done by several mechanism and might be influence by 

bioactive molecules [29], such as hMOs. Shedding will reduce the number of receptors 
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on the cell surface and might serve as soluble decoy protein that competes with 

cell-surface bound TNFR1 thereby decreasing the response of the cells to TNF-α [28]. 

The quantification of the soluble receptor is a measure for the degree of shedding of 

the ectodomain of TNFR1 [29]. To test whether 3-FL, LNnT, and LDFT induce ectodomain 

shedding of TNFR1 on FHs 74 Int, we incubated FHs 74 Int in the absence or presence 

of 10 ng/mL TNF-α for 24 h with either 5 mg/mL of 3-FL, LNnT, and LDFT. After that, the 

concentration of TNFR1 in the supernatant was measured. As shown in Figure 6A, 3-FL, 

LNnT, and LDFT did not modulate the soluble TNFR1 under homeostatic conditions. As 

expected, TNF-α-exposure induced a significant decrease of soluble TNFR1 (p<0.001), 

while 3-FL (p<0.05), LNnT (p<0.0001), and LDFT (p<0.01) significantly prevented this 

TNF-α induced TNFR1 concentration increase in the medium (Figure 6B). TNF-α inhibited 

TNFR1 ectodomain shedding to 70% compared to the medium control (p<0.001), and 

treatment with 3-FL, LNnT, and LDFT restored TNFR1 to 87% (p<0.05), 108% (p<0.0001), 

and 92% (p<0.01) respectively. This suggests that 3-FL, LNnT, and LDFT could attenuate 

TNF-α induced inflammation by TNFR1 ectodomain shedding in fetal cell line FHs 74 Int.

Figure 6. hMOs cause ectodomain shedding of TNFR1. FHs 74 Int cells were incubated with 5 mg/mL 
of 3-FL, LNnT, LDFT in the absence (A) or presence (B) of 10 ng/mL TNF-α for 24 h. Cells treated with culture 
medium served as negative control. Data are presented as mean ± SD (n=5), statistical significance was 
measured using one-way analysis of variance with Dunnett multiple comparisons test (* vs. Medium; # vs. 
TNF-α; #, *p<0.05; ##, **p<0.01; ###, ***p<0.001; ####, **** p <0.0001).
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dIscussIon

Previous studies have shown that hMOs in human milk can attenuate intestinal 

inflammation [15], however, how individual hMO’s impact inflammatory responses in 

intestinal epithelial cells and which mechanisms are involved is still largely unknown. 

Here we studied, to the best of our knowledge for the first time, the attenuating effects 

of six different hMOs and one hMOs acid hydrolysate on TNF-α induced inflammatory 

responses in fetal and adult intestinal epithelial cells. TNF-α is a key-cytokine in 

necrotizing enterocolitis (NEC) and inflammatory bowel diseases (IBD) [23]. We show that 

the modulatory effects of individual hMOs are strongly structure-dependent and that 

attenuating effects on inflammatory responses are mainly observed in immature fetal 

epithelial cells that express more TNFR1. Especially 3-FL, LNnT, and LDFT significantly 

attenuated TNF-α induced IL-8 secretion in fetal cells FHs 74 Int. The anti-inflammatory 

effects of effective hMOs were strongly related to TNFR1 through different mechanisms, 

3-FL, LNnT, and LDFT exerted TNFR1 ectodomain shedding while LNnT showed binding 

affinity to TNFR1.

As Kuntz et al. reported that acidic and neutral hMOs isolated from human milk 

may impact the viability of intestinal epithelial cells under homeostatic conditions [30] 

and thereby decrease cell-responses such as release of cytokines. To exclude such an 

impact on viability and IL-8 secretion in our study we tested the impact of the hMOs on 

viability of FHs 74 Int and T84 cells and confirmed that the tested hMOs had no negatively 

impact on cell-survival in the concentration range applied. Also, we confirmed that under 

homeostatic condition in the absence of an inflammatory challenge, the six tested hMOs 

did not alter the IL-8 secretion. Surprisingly we found that only the hMOs acid hydrolysate 

LNT2 increased IL-8 secretion in T84 cells under homeostatic condition but also under 

TNF-α stimulation. This might be explained by the strong activation effects of LNT2 

on Toll-like receptors (TLRs) signaling [12]. Cheng et al. showed that LNT2 significantly 

activated TLRs signaling and induced cytokine production in THP-1 macrophages [12]. 

T84 constitutively express TLRs [31, 32], which could be responsible for the increased 

production of the proinflammatory cytokine IL-8 when exposed to LNT2. 

3-FL, LNnT, and LDFT attenuated TNF-α induced IL-8 secretion in immature 

epithelial cells, while 2’-FL, 6’-SL, and LNT did not change the inflammatory response. 

The effective 3-FL and non-effective 2’-FL  only differ in the attachment position of 
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l-fucose (Fuc) residues on the lactose core region, while the effective hMO LNnT and 

non-effective LNT differ in their hMO type 1 chain (Galβ1-3GlcNAc-) or type 2 chain 

(Galβ1-4GlcNAc-) linkage on lactose (Table 1). This underpins our previous notion 

that seemingly minor differences in  molecular structure of the molecules can have 

significant impact on their biological actions [12]. As effects were related to attenuation 

of the effects of TNF-α, we focused on possible interactions of the hMOs with the two 

receptors for TNF-α. The immature intestinal epithelial cell FHs 74 Int expressed more 

of the proinflammatory variant, i.e. TNFR1 than T84, while the more immune regulatory 

receptor TNFR2 [23] was lower in FHs 74 Int than in T84 (Figure 4). This might explain the 

more pronounced impact of hMOs on the immature fetal cells than on the adult cells 

and the higher susceptibility of fetal cells for inflammation [33]. 

Figure 7. Schematic representation of the mechanisms of action of hMOs attenuate TNF-α induced 
inflammation via TNFR1. (A) TNF-α signaling via its receptors TNFR1; (B) hMOs induce shedding of 
cell-surface TNFR1 through activating TNF-converting enzyme (TACE), increase soluble TNFR1 (sTNFR1) 
and inhibit the inflammatory response; (C) hMOs binding to TNFR1, inhibit the binding of TNF-α and 
inflammatory response.

In vivo, most of the proinflammatory effects of  TNF-α are exerted via TNFR1 

(Figure 7A) [34]. As shown in our current study  3-FL, LNnT, and LDFT all attenuated 

TNF-α induced inflammation by interfering with this TNF-α binding to cell-surface 

bound TNFR1. During TNF-α stimulation, 3-FL, LNnT, and LDFT could induce shedding 

of the TNFR1 ectodomain which subsequently serve as soluble decoy protein that 
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competes with cell-surface bound TNFR1 as well as by decreasing the number of 

cell-surface bound TNFR1 available for ligand binding. This shedding process involves 

the proteolytic cleavage of TNFR1 ectodomains, which is dependent on the activation of 

TNF-converting enzyme (TACE) [35]. This process is, as shown here, might be stimulated 

by 3-FL, LNnT, and LDFT and thereby contributes to lowering of inflammatory events in 

immature epithelial cells (Figure 7B). Besides induced ectodomain shedding of TNFR1, 

LNnT could also bind TNFR1 which inhibited the TNF-α/TNFR1 signaling pathway (Figure 

7C). The multifold ways of inhibition of LNnT coincides with the observation that LNnT 

had a stronger inhibiting effect than 3-FL and LDFT on TNF-α induced IL-8 secretion. 

In the present study, we provide evidence that some hMOs attenuate TNF-α 

induced inflammation by directly influencing TNFR1 signaling, and subsequently 

inhibiting inflammatory responses. It therewith might also be instrumental in preventing 

or attenuating inflammatory events in TNF-α dependent diseases such as rheumatoid 

arthritis and inflammatory bowel disease [35]. Currently, these diseases are treated with 

TNF-α-inhibitors that block both TNFR1 and TNFR2, and not only TNFR1 signaling which 

is the main proinflammatory receptor [35]. This is undesired as TNFR2 is involved in 

tissue repair and immune modulation and should therefore not be suppressed [24]. Here 

we show that specific chemical hMO structures may specifically block TNFR1 signaling 

which might be beneficial for the treatment of the aforementioned diseases [35].

In conclusion, we demonstrate that specific hMO types inhibit TNF-α induced 

inflammatory responses in fetal gut epithelial cells in a structure-dependent fashion. 

Especially 3-FL, LNnT, and LDFT can effectively attenuate TNF-α induced inflammation by 

interacting with the TNFR1 receptor which is highly expressed in the fetal cells compared 

to adult gut epithelial cells. Our findings not only contribute to better understanding of 

the structure-function relationship of hMOs, but opens new venues to explore hMOs in 

management of TNF-α dependent diseases as the hMOs have more specificity for the 

proinflammatory pathways than currently applied TNF-α-inhibitors. Understanding how 

and which hMOs have anti-inflammatory effects could contribute to the future design of 

hMO containing products with predictable beneficial effects in specific target groups. A 

possible application of the current knowledge is application of 3-FL, LNnT, and LDFT in 

infant formula for premature neonates that are more prone to NEC or other inflammatory 

disorders than term born babies. 
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AbstrAct 
Human milk oligosaccharides (hMOs) have beneficial effects on intestinal barrier 

function, but the mechanisms of action are not well-understood. Here we study the 

effects of hMOs on goblet cells, which indicate that some hMOs may enhance mucus 

barrier function through direct modulation of goblet cell function.

The modulatory effects of 2’-FL, 3-FL, LNT2, and GOS on the expression of goblet 

cell secretory related genes MUC2, TFF3, RETNLB, and the Golgi-sulfotransferase genes 

CHST5, and GAL3ST2 of LS174T were determined by real-time quantitative RT-PCR. 3-FL, 

LNT2, and GOS modulated LS174T gene expression profiles in a dose and time-dependent 

manner. In addition, the up-regulation of MUC2 was confirmed by immunofluorescence 

staining. Effects of 2’-FL, 3-FL, LNT2, and GOS on gene transcription of LS174T were also 

assessed during exposure to TNF-α, IL-13, or tunicamycin. During TNF-α challenge, 3-FL 

and LNT2 enhanced MUC2 and TFF3 gene expression. After IL-13 exposure, 2’-FL, 3-FL, 

and LNT2 all showed up-regulating effects on MUC2, 3-FL and LNT2 also enhanced TFF3 

expression. LNT2 significantly reversed Tm-induced down-regulating of TFF3, RETNLB, 

and CHST5. 

Our findings indicate that hMOs may enhance mucus barrier function 

through direct modulation of intestinal goblet cells. Effects were structural and 

stressor-dependent way.
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IntroductIon

Breastfeeding is the gold standard for infant nutrition. The World Health Organization 

(WHO) recommends that infants should be exclusively breastfed for the first six months 

of life [1, 2]. It has been shown, for example, that breastfed infants have a lower risk of 

infection and inflammation than formula-fed babies [3, 4]. Although breastfeeding is 

highly recommended, breastfeeding is not always possible. About 70% of the infants 

cannot be solely fed with breastfeeding for a variety of reasons [5]. These infants receive 

cow’s milk derived infant formulas, which attempts to mimic the nutritional composition 

of breast milk as closely as possible [6, 7]. Important mother milk components for 

neonatal gastrointestinal development are human milk oligosaccharides (hMOs) [8]. 

The high concentration and structural diversity of hMOs are unique to human, more 

than 200 hMOs have been identified up to now [9]. Currently nondigestible fibers such 

as galacto-oligosaccharides (GOS) and inulins are being used to substitute for hMO in 

infant feeding [10], but some hMOs are now also being produced in sufficiently high 

amounts allowing application in infant formula [11].

Several studies show that hMOs provide a variety of health-promoting effects 

[9, 12, 13]. These health effects vary from promoting gut microbiota development [14], 

reducing pathogenic infections by acting as anti-adhesive molecules [15], supporting 

immune development [16, 17], supporting brain development and cognition [18, 19], 

and enhancing gut barrier function [13]. The latter, gut barrier function, is provided by 

tightly connected epithelial cells and mucus. hMOs are known to enhance epithelial 

barrier [20, 21], but the relative effects of individual oligosaccharides on stimulate 

mucus function has not been studied yet. hMOs are also subject to modifications during 

passage through the gastrointestinal tract. It has been shown that hMOs are slightly 

hydrolyzed at low pH during transit through the gastrointestinal tract [22]. This may lead 

to the production of lacto-N-triose II(LNT2), which is the acid hydrolysate of the tetra 

and higher hMOs such as lacto-N-tetraose (LNT) and lacto-N-neotetraose (LNnT) [22–24]. 

How these acid hydrolysates impact mucus is also not known.

Mucus is produced by goblet cells which are columnar epithelial cells found on 

the villus and mainly responsible for the secretion of gel forming mucins, the principal 

barrier between the lumen and the underlying epithelial cells [25, 26]. Mucin 2 (MUC2) 

is the major component of mucus which is produced and secreted by intestinal goblet 
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cells [27]. In addition to mucin production, goblet cells also produce two other important 

proteins: intestinal trefoil factor (TFF) and resistin-like molecules (RELMs), which stabilize 

the mucin polymer and regulate mucin secretion [28]. TFF3 has an important role in 

protecting the intestinal mucosa and has been shown to be essential for restitution [29]. 

RELMβ is an intestine-specific protein encoded by the gene RETNLB, expressed in the 

small and large intestine, within epithelial cells and, in particular, in goblet cells [30]. 

RELMβ also regulates innate colonic functions such as barrier integrity and inflammation 

susceptibility [31]. As a late step in mucus biosynthesis, mucin sulfation occurs within 

the trans-Golgi apparatus [32]. Carbohydrate sulfotransferase 5 (CHST5) and Galac-

tose-3-O-sulfotransferase 2 (GAL3ST2), which are expressed in goblet cells, are involved 

in intestinal mucin sulfation [33, 34].

Mucin synthesis and secretion, in goblet cell function is influenced by a number 

of inflammatory events [35]. The proinflammatory cytokine tumor necrosis factor α 

(TNF-α), which is involved in the pathogenesis of inflammatory bowel diseases (IBD), is 

impacting gene expression and goblet cell function [35]. Also, the Th2 cytokine IL-13 is 

associated with mucus function by preventing intestinal helminth infection by enhancing 

the mucus barrier via stimulating mucus production in goblet cells [36]. Besides immune 

mediators, endoplasmic reticulum (ER) stress has been considered as a major contributor 

to the pathogenesis of IBD [37]. The N-glycosylation inhibitor, tunicamycin (Tm), which 

disrupts mucin glycosylation and induce ER-stress in goblet cells, has been shown to 

induce abnormal mucus synthesis in goblet cells [38, 39]. All these stressors has been 

applied to test the rescuing effects of the most abundant hMOs in mother milk, i.e. 2’-FL, 

3-FL, and the hMOs acid hydrolysate LNT2 on goblet cell function. 

Effects of hMOSs were compared to effects of GOS, which is currently being 

applied in infant formula as a substitute for hMOs and known to enhance intestinal 

barrier function through the modulation of goblet cells [40]. We examined gene 

expression alterations of the goblet cell secretory related genes MUC2, TFF3, RETNLB, 

and the Golgi-sulfotransferase genes CHST5, and GAL3ST2 in the human goblet cell line 

LS174T [35, 38, 40]. In order to further explore the modulatory effects of 2’-FL, 3-FL, LNT2, 

and GOS on goblet cell functions under challenged physiological conditions, we also 

examined the effects of 2’-FL, 3-FL, LNT2, and GOS on gene expression when goblet 

cells were exposed to cytokines (TNF-α or IL-13) as well as to the ER- stressor and mucus 

damaging agent Tm.
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mAterIAls And methods

Co m p o n e nt s

In the present study, GOS, 2’-FL (provided by FrieslandCampina Domo, Amersfoort, the 

Netherlands), 3-FL, and LNT2 (provided by Glycosyn LLC, Woburn, MA, USA) were tested. 

An overview of the structure and components of GOS, two hMOs (2’-FL and 3-FL), and 

one hMO acid hydrolysis (LNT2) are shown in Table 1.

Table 1. Overview of the structure of selected samples

Ce l l  Cu l t u r e a n d R e a g e nt s

The human colorectal cancer cell line LS174T was obtained from American Type 

Culture Collection and maintained in MEM eagle medium (Lonza, Verviers, Belgium) 

supplemented with 10% heat-inactivated fetal bovine serum (Sigma–Aldrich, St. Louis, 

MO), 2 mm l-glutamine (Lonza, Verviers, Belgium), 60 μg/mL gentamicin sulfate (Lonza, 

Verviers, Belgium). Cells were cultured at 37 °C in 5% CO2 as recommended by the 

manufacturer. Recombinant human TNF-α and IL-13 were obtained from PeproTech 

(Rocky Hill, NJ, USA). Tm was supplied by Sigma–Aldrich (St. Louis, MO, USA).

Ce l l s  t r e a t m e nt a n d d o s a g e i n f o r m a t i o n 

LS174T cells were resuspended in fresh culture medium at 3 × 105 cells/mL, after which 

1 mL of cell suspension was seeded per well in 24-well plates (Corning, NY, USA). Cells 

were then cultured until reaching 70–80% confluence. Prior to treatment, cells were 

Name (abbreviated) Structure Schematic diagram

GOS Gal-(Gal)n-Glc n

2’-FL Fucα1-2Galβ1-4Glc

3-FL Galβ1-4Glc
Fucα1-3/

LNT2 GlcNAcβ1-3Galβ1-4Glc

Glucose Galactose Fucose N-acelyglucosamine
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washed twice with 1× phosphate-buffered saline (PBS; Lonza, Verviers, Belgium), after 

which culture medium was replaced by 1 mL of fresh medium containing one of the 

ingredients. For optimizing dosing, LS174T cells were incubated with 1, 5, 10, and 15 

mg/mL of 2’-FL, 3-FL, LNT2, and GOS for 72 h, 10 mg/mL was used for all subsequent 

experiments. LS174T cells were treated with 10 mg/mL GOS, 2’-FL, 3-FL, and LNT2 in the 

absence or presence of cytokines or Tm. Cell culture medium containing TNF-α (10 ng/

mL), IL-13(5 ng/mL), or Tm (1 μg/mL) were used the challenge. Cells were incubated with 

different stimuli for the time periods indicated in the figure captions. 

R NA i s o l a t i o n a n d r eve r s e t ra n s c ri p t i o n 

At the end of the stimulation, LS174T cells were homogenized with TRIzol reagent (Life 

Technologies, Carlsbad, CA, USA). Total RNA was isolated following the manufacturer’s 

instructions, and was reverse transcribed using SuperScript II Reverse Transcriptase 

(Invitrogen, Carlsbad, CA, USA). cDNA synthesized was used for performing quantitative 

PCR.

G e n e e x p r e s s i o n

The real-time quantitative RT-PCR was performed with primer and probe sets (TaqMan 

Gene Expression Assays) for different genes (MUC2 (Hs00159374_m1), TFF3 (Hs00173625_

m1), RELMB (Hs00395669_m1), CHST5 (Hs00375495_m1), GAL3ST2 (Hs00223271_m1), and 

GUSB (Hs99999908_m1)) provided by Applied Biosystems (Foster City, USA) as previously 

described [38, 40] and qPCR Mastermix Plus (Eurogentec, Seraing, Belgium). Reactions 

were carried out in 384-well PCR plates (Thermo Scientific, UK) using ViiA7 Real-Time 

PCR System (Applied Biosystems), and threshold cycle values were calculated by ViiA7 

software. Expression levels of target genes were normalized to the housekeeping 

gene GUS-β, and fold induction was calculated over untreated controls using the 2−ΔΔCt 

methods.

Ce l l  v i a b i l i t y  a n d WS T-1 a s s ay

LS174T cells were resuspended in fresh culture medium at 3 × 105 cells/mL, after which 

100 µL of cell suspension was seeded per well in 96-well plates (Corning, NY, USA). Cells 

were then cultured until reaching 70–80% confluence. Prior to treatment, cells were 
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washed twice with 1× phosphate-buffered saline (PBS; Lonza, Verviers, Belgium), after 

which culture medium was replaced by 100 µL of fresh medium containing one of the 

ingredients. LS174T cells were treated with 1, 5, 10, and 15 mg/mL 2’-FL, 3-FL, and LNT2 

for 72 h. Cell viability was determined by WST-1 assay following the manufacturer’s 

instructions. Briefly, after 72 h treatment, 10 μL WST-1 reagent (Sigma-Aldrich, St. Louis, 

MO, USA) was added to the culture medium in 1:10 final dilution and incubated for 1 

h at 37 °C and 5% CO2. Absorbance (450 nm) was measured using a Benchmark Plus 

Microplate Reader using Microplate Manager version 5.2.1 for data acquisition. The 

data for each sample was plotted as the percentage-change compared to the negative 

control.

I m m u n o f l u o r e s ce n ce s t a i n i n g

LS174T cells were resuspended in fresh culture medium at 3 × 105 cells/mL, after which 

200 µL of cell suspension was seeded per well in 8-well Lab-Tek Chamber Slide (w/

Cover, Nunc, Thermo Fisher Scientific). Cells were then cultured until reaching 70–80% 

confluence. Prior to treatment, cells were washed twice with 1× PBS, after which the 

cells were treated with 10 mg/mL of GOS, 3-FL, and LNT2. After 72 h of treatment, 

immunofluorescence staining was performed as described earlier [41]. Cells were washed 

three times in 1× PBS and fixed with 4% (vol/vol) paraformaldehyde (Sigma-Aldrich, St. 

Louis, MO, USA) for 20 min, followed by 5 min of permeabilization with 0.1% Triton X-100. 

Next, a blocking buffer (1% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, 

USA), 0.1% Tween-20 (Sigma-Aldrich, St. Louis, MO, USA)) in PBS was introduced to the 

cells for 1 h at room temperature. After overnight incubation with mouse monoclonal 

antibody against MUC-2 (ab11197; AbCam, UK) prepared in blocking buffer (1:200) at 4 °C, 

cells were washed with 1× Dulbecco’s phosphate-buffered saline (DPBS) for three times 

and incubated with Alexa Fluor 488 donkey anti-mouse secondary antibody (1:100, 

Invitrogen, Carlsbad, CA, USA) in the dark for another 30 min, followed by washing three 

times with 1×DPBS. DAPI (1:5000, Sigma-Aldrich, St. Louis, MO, USA) staining in the dark 

for 10 min was applied to stain the nuclei. Then the chamber frame was removed, cells 

on the slide were mounted with CitiFluorTM (Electron Microscopy Sciences, Hatfield, PA, 

USA) and covered with a glass coverslip. The control cells were incubated with 1×PBS 

overnight at 4 °C instead of the primary antibodies. For the negative control group, the 
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primary and secondary antibodies were both replaced with 1×PBS.

Co n f o c a l  m i c r o s co py

All the images were captured with a Leica SP8 confocal laser microscope (Leica 

Microsystems, Wetzlar, Germany) with the 64×/1.4 oil DIC objective. MUC2 was excited 

at 488 nm, and emitted at 506-684 nm (green); DAPI was excited at 405 nm and emitted 

at 410-483 nm (blue). Z-stack (512- × 512- pixel resolution × 8 bit) images of each field 

of view (FOV, 246.51 × 246.51 µm2) were taken with a step length of 1.0 µm from the 

bottom to the top of the monolayer. At least 3 images were taken for one experiment, 

at least 6 individual experiments were performed. The average thickness of the MUC2 

was quantified according to the method of using the Image J software (Version 1.51n; 

National Institutes of Health, USA) as described earlier [42]. The average thickness of each 

slice of MUC2 was calculated as the following equation:

Average thickness=(Total area)/(Total length)

Data for each sample were plotted as the fold-change compared to the negative 

control, which was unstimulated cells. The negative controls were set at 1.

St a t i s t i c a l  a n a l ys i s

The results were analyzed using GraphPad Prism. Normal distribution of the data was 

confirmed using the Kolmogorov-Smirnov test. Parametric values are expressed as 

mean ± standard deviation (SD), nonparametric values are presented as median ± range. 

Statistical comparisons of parametric distributed data were performed using one-way 

ANOVA with Dunnett multiple comparison tests. Non-parametric distributed data were 

assessed using the Kruskal-Wallis test followed by the Dunn’s test. p<0.05 was considered 

as statistically significant (#, * p<0.05, ##, **p<0.01, ###, ***p<0.001, ####, ****p<0.0001).

results

h M O s a n d h M O ’s  a c i d hyd r o l ys i s  p r o d u c t s  d i f f e r e nt l y  m o d u l a t e d 
g o b l e t  ce l l  g e n e s e x p r e s s i o n i n  a  d o s e a n d t i m e - d e p e n d e nt w ay

To investigate whether hMOs 2’-FL, 3-FL and the hMO acid hydrolysis product LNT2 can 

modulate goblet cell function, mRNA expression levels of mucus synthesis related genes 

(MUC2, TFF3, RETNLB, CHST5, and GAL3ST2) were analyzed in LS174T cells. Results were 
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compared to GOS challenged LS174T cells as GOS is known to impact mucus related 

genes in goblet cells [40]. 

For optimizing dosing, LS174T cells were incubated with 1, 5, 10, and 15 mg/

mL of 2’-FL, 3-FL, LNT2, and GOS for 72 h. Gene expression was differently impacted by 

2’-FL, 3-FL, LNT2, and GOS. As shown in figure 1, 2’-FL was not able to alter the mRNA 

levels of mucus synthesis-related genes expression at any of the concentrations tested. 

With 3-FL, 1 and 5 mg/mL of 3-FL did also not show effects on gene expression but at 

10 mg/mL, 3-FL significantly enhanced the expression of MUC2 (1.6-fold, p<0.05, Figure 

1A), TFF3 (1.7-fold, p<0.05, Figure 1B), and RETNLB (1.6-fold, p<0.01, Figure 1C). At 15 mg/

mL 3-FL also upregulated TFF3 expression (1.9-fold, p<0.001, Figure 1B). LNT2 showed 

different modulation effects. MUC2 was upregulated at 5 mg/mL only by LNT2 (1.5-fold, 

p<0.01, Figure 1A) but not by higher concentrations. LNT2 at 5, 10, and 15 mg/mL 

significantly down-regulated CHST5 expression to 0.8-fold (p<0.05), 0.6-fold (p<0.001), 

and 0.8-fold (p<0.05) respectively compare to the control. Also, expression of GAL3ST2 

was down-regulated by incubating with 10 mg/mL (0.8-fold, p<0.05) and 15 mg/mL 

(0.8-fold, p<0.01) LNT2 for 72 h (Figure 1E). GOS upregulated the expression of MUC2 

and TFF3 at 10 and 15 mg/mL (Figure 1A and B), MUC2 was upregulated by 10 mg/mL 

(1.6-fold, p<0.05) and 15 mg/mL (1.5-fold, p<0.01) GOS, and TFF3 was upregulated by 10 

mg/mL (1.4-fold, p<0.05) and 15 mg/mL (1.5-fold, p<0.01) GOS. The cell viability of LS174T 

was quantified after treatment with 1, 5, 10, and 15 mg/mL of 2’-FL, 3-FL, and LNT2 for 

72 h (Figure S1). As mucus synthesis-related genes expression were most altered by 10 

and 15 mg/mL 3-FL, LNT2, and GOS, 10 mg/mL was used for all subsequent experiments 

unless stated otherwise. 

Next, to determine possible time-dependent effects of hMOs on goblet cell 

modulation, expression of the mucus synthesis associated genes were tested at 6, 12, 

24, 48, and 72 h after incubating with 2’-FL, 3-FL, LNT2, and GOS. As shown in Figure 

2, the different hMOs and LNT2 induced differential modulatory effects in goblet cell 

genes, and these effects are time-dependent. As shown in Figure 2, 2’-FL did not alter 

mucus synthesis-related genes expression at any of the time points. 3-FL induced 

at 12, 24, and 48 h of exposure, enhanced MUC2 gene expression which was 1.6, 1.5, 

and 1.6-fold (p<0.05) enhanced. LNT2 also significantly enhance the MUC2 expression 

at 48 h (1.7-fold, p<0.05, Figure 2A). Upregulation was similar as induced by GOS that 
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Figure 1. Dose-response for 2’-FL, 3-FL, LNT2, and GOS and the effects on expression of goblet 
cell secretory and Golgi-sulfotransferase genes. LS174T cells were treated with various doses of 2’-FL, 
3-FL, LNT2, and GOS for 72 h, and mRNA expression of goblet cell secretory and Golgi-sulfotransferase 
genes was measured by real-time RT-PCR. Results are presented as fold change against a negative control. 
Data are presented as median ± range (n=4). Significant differences compared to the negative control 
were determined by using Kruskal-Wallis test followed by the Dunn’s test and indicated by * (p<0.05), ** 
(p<0.01), *** (p<0.001) or by **** (p<0.0001).

enhanced MUC2 gene expression 1.5-fold (p<0.01), but only after 72 h incubation. TFF3 

gene expression was significantly increased after 48 h by 3-FL (1.8-fold, p<0.01), and 

it increased to 2.6-fold after 72 h of 3-FL (p<0.0001) treatment (Figure 2B). LNT2 could 

also enhance the expression of TFF3 at 48 h (1.4-fold, p<0.05). GOS upregulated the TFF3 

gene expression at 48 h (1.6-fold, p<0.05) and 72 h (1.9-fold, p<0.001). The effects of 3-FL 

were more pronounced than with GOS. 3-FL could enhance RETNLB expression at 72 h 

(1.6-fold, p<0.05) while LNT2 was not able to modulate RETNLB. GOS showed a stronger 

upregulating effect on RETNLB at 48 h (2.3-fold, p<0.0001). Only LNT2 could modulate 

CHST5 expression, it was observed that gene expression of CHST5 was down-regulated 

by incubating 6, 24, 48, and 72 h with LNT2 (6 and 24 h: 0.7-fold, p<0.01; 48 and 72 h: 

0.6-fold, p< 0.001; Figure 2D), 12 h incubation also showed a trend of down-regulation 
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Figure 2. Time-dependent modulation of goblet cell secretory and Golgi-sulfotransferase genes in 
LS174T cells induced by 2’-FL, 3-FL, LNT2, and GOS. Expression of MUC2, TFF3, RETNLB, CHST5, and 
GAL3ST2 was quantified by assessing the mRNA expression with real-time RT-PCR at 6, 12, 24, 48, and 72 
h. Results are presented as fold change against untreated control cells under the same stimulation time 
period. Data are presented as mean ± SD (n=6). Significant differences compared to the negative control 
were determined by using one-way one-way analysis of variance with Dunnett multiple comparison tests 
and indicated by * (p <0.05), ** (p <0.01), *** (p <0.001) or by **** (p <0.0001).

3 - FL ,  LN T,  a n d G OS e n h a n ce M U C 2 p r o t e i n e x p r e s s i o n

As 3-FL, LNT2 and GOS differently modulated MUC2 genes expression, and MUC2 is 

the major component of mucus produced and secreted by intestinal goblet cells [27], 

we tested whether 3-FL, LNT2, and GOS, also impacted MUC2 protein expression. 3-FL, 

LNT2, and GOS were incubated with LS174T cells at a concentration of 10 mg/mL. After 

72 h, the cells were stained and analyzed for the average thickness of the MUC2 layer. 

Immunofluorescent staining, 3-FL, LNT2, and GOS all significantly increased the average 

thickness of the MUC2 to 1.2-fold compared to the control (p<0.05, Figure 3). 

(0.8-fold, p = 0.06). Moreover, 2’-FL, 3-FL, LNT2, and GOS did not effectively alter the 

expression of GAL3ST2 at different time points (Figure 2E). 
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Figure 3. Immunofluorescent staining for MUC2 is increased with 72 h treatment of LS174T cells 
with GOS, 3-FL, and LNT2, culture medium served as negative control. (A) Control, GOS, 3-FL, and 
LNT2-treated LS174T cells were stained with anti-MUC2 antibody and FITC-conjugated secondary 
antibody. Cells were counterstained with DAPI. Stained sections were visualized by Leica SP8 confocal laser 
microscope (63 × magnification). (B) The average thickness of MUC2 was quantified using Image J software 
of the 3D images. Results are presented as fold change against negative control. Data are presented as 
mean ± SD (n=6). Statistical significance was measured using one-way analysis of variance with Dunnett 
multiple comparisons test and indicated by * (p <0.05), ** (p <0.01), *** (p <0.001) or by **** (p <0.0001).

h M O s d i f f e r e nt i a l l y  m o d u l a t e t h e t ra n s c ri p t i o n o f  m u c u s 
s y nt h e s i s  g e n e s d u ri n g T N F - α o r  I L-13 c h a l l e n g e

In order to further explore the modulatory potentials of hMOs on goblet cell functions, 

we investigated the effects of hMOs on mucus associated genes in goblet cells exposed 

to the cytokines TNF-α or IL-13. TNF-α and IL-13 are known to influence gene expression 

and goblet cell function [35]. We selected 72 h of exposure as it was found that impact of 

2’-FL, 3-FL, LNT2, and GOS was most pronounced at this time-point (Figure 2). As shown 

in Figure 4, MUC2, TFF3, and GAL3ST2 were not significantly affected by TNF-α stimulation, 
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TNF-α significantly inhibited the gene expression of RETNLB (0.7-fold vs. control, p<0.05) 

and CHST5 (0.8-fold vs. control, p<0.01) compared to the untreated control. 2’-FL, 3-FL, 

and LNT2 did not effectively upregulate the expression of RETNLB and CHST5 in the 

presence of TNF-α, while GOS was found to induce an increased RETNLB and CHST5 

expression in the presence of TNF-α (p<0.001, Figure 4C and D). However, for the two 

genes MUC2 and TFF3, whose transcription was not significantly altered by TNF-α, still 

effects were observed with hMOs during TNF-α stimulation. MUC2 could even in the 

presence of TNF-α be induced by 3-FL (p<0.01) and LNT2 (p<0.05) but not by 2’-FL (Figure 

4A). These effects were similar to that of GOS that also induced the expression of MUC2 

during TNF-α stimulation (p<0.01). The inducing effects of GOS (2.0-fold vs. control, 

p<0.01) were the same as for 3-FL (2.0-fold vs. control, p<0.01) and more pronounced 

than induced by LNT2 (1.8-fold vs. control, p<0.05, Figure 4A). Also, 3-FL enhanced TFF3 

during TNF-α stimulation (1.8-fold vs. control, p<0.001), while 2’-FL and LNT2 did not 

significantly change the gene expression of TFF3 (Figure 4B). GOS also could enhance 

Figure 4. 2’-FL, 3-FL, LNT2, and GOS elicited differential gene expression change in LS174T cells 
during TNF-α challenge. MUC2, TFF3, RETNLB, CHST5, and GAL3ST2 gene expression in LS174T cells was 
measured by real-time RT-PCR following simultaneous stimulation with 10 mg/mL of 2’-FL, 3-FL, LNT2, 
and GOS with TNF-α (10 ng/mL) for 72 h. Results are presented as fold change against negative control. 
Data are presented as mean ± SD (n=6). Statistical significance was measured using one-way analysis of 
variance with Dunnett multiple comparisons test (* vs. control; # vs. TNF-α group; #, *p<0.05; ##, **p<0.01; 
###, ***p<0.001; ####, **** p <0.0001).
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the expression of TFF3 (2.2-fold vs. control, p<0.0001). Its effect was stronger than that of 

3-FL (1.8-fold change vs. control, p<0.001). Furthermore, 2’-FL, 3-FL, LNT2, and GOS did 

not effectively change the expression of GAL3ST2 in the presence of TNF-α (Figure 4E).

IL-13 has different effects on goblet cells than TNF-α. Figure 5 shows that IL-13 

treatment significantly inhibited the gene expression of MUC2 (0.8-fold vs. control, 

p<0.05) and strongly increases the expression of RETNLB (8.4-fold vs. control, p<0.001) 

and CHST5 (4.0-fold vs. control, p<0.01). 2’-FL (1.3-fold vs. control, p<0.05), 3-FL (1.7-fold 

vs. control, p<0.0001), and LNT2 (1.8-fold vs. control, p <0.0001, Figure 5A) significantly 

upregulated MUC2 during IL-13 stimulation. This enhancement was similar as with GOS 

that enhanced the expression of MUC2 1.7-fold in the presence of IL-13 (p<0.0001). 

2’-FL, 3-FL, and LNT2 did not effectively alter the expression of RETNLB and CHST5 in 

the presence of IL-13, while GOS induced an increased RETNLB (15.5-fold vs. control, 

p<0.001) and CHST5 expression (8.2-fold vs. control, p<0.001, Figure 5C and D). For 

the two genes TFF3 and GAL3ST2, which transcription was not significantly altered by 

IL-13, upregulating effects were observed for hMOs during IL-13 stimulation. 3-FL and 

LNT2 induced significantly increased TFF3 expression during IL-13 stimulation (2.6-fold 

vs. control, 2.7 vs. control respectively, p<0.01), while 2’-FL and GOS had no effects on 

TFF3 (Figure 5B). Only LNT2 could elicit the expression of GAL3ST2 (1.6-fold vs. control, 

p<0.05), with 2’-FL, 3-FL, nor GOS altered expression of GAL3ST2 during IL-13 stimulation 

was observed (Figure 5E). 

Overall, 2’-FL, 3-FL, LNT2, and GOS could differentially modulate different 

mucus synthesis genes during TNF-α or IL-13 challenge.
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Figure 5. 2’-FL, 3-FL, LNT2, and GOS elicited differential gene expression change in LS174T cells 
during IL-13 challenge. MUC2, TFF3, RETNLB, CHST5, and GAL3ST2 gene expression in LS174T cells was 
measured by real-time RT-PCR following simultaneous stimulation with 10 mg/mL of 2’-FL, 3-FL, LNT2, and 
GOS with IL-13 (5 ng/mL) for 72 h. Results are presented as fold change against negative control. Data are 
presented as mean ± SD (n=6). Statistical significance was measured using one-way analysis of variance 
with Dunnett multiple comparisons test (* vs. control; # vs. IL-13 group; #, *p<0.05; ##, **p<0.01; ###, 
***p<0.001; ####, **** p <0.0001).

h M O ’s  a c i d hyd r o l ys i s  LN T 2 b u t  n o t  2 ’- FL a n d 3 - FL r e s t o r e d 
Tm - i n d u ce d d e c l i n e d g e n e e x p r e s s i o n o f  m u c u s s y nt h e s i s  g e n e s 

Tm is an N-glycosylation inhibitor known to disrupt mucus synthesis in goblet cells [43]. 

To examine the protective properties of hMOs on Tm-induced disruption of goblet cell 

function, LS174T cells were stimulated with Tm for 24 h after 24 h of pre-incubation with 

different hMOs. This setup of pre-exposure to hMOs was chosen based on previous 

reports demonstrating that pre-treatment showed the most effective protection 

against Tm-induced ER stress in goblet cells [38, 44]. As shown in Figure 6, compared 

to the control, Tm treatment significantly suppressed the expression of MUC2 (0.4-fold 

vs. control, p<0.0001), TFF3 (0.7-fold vs. control, p<0.0001), RETNLB (0.5-fold vs. control, 

p<0.0001), and CHST5 (0.6-fold vs. control, p<0.0001). 2’-FL, 3-FL, LNT2, and GOS could 

not stop the suppression of MUC2 induced by Tm (Figure 6A). Pretreatment with 2’-FL 

and 3-FL could also not prevent Tm induced dampened expression of TFF3, RETNLB, and 

CHST5. However, LNT2 could efficiently restore TFF3 expression to the normal levels in 
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the presence of Tm (1.2-fold vs. control, p<0.0001). GOS also significantly upregulated 

TFF3 during Tm stimulation (0.9-fold vs. control, p<0.01), but the rescuing effects of 

LNT2 were more pronounced than with GOS (Figure 6B). Only LNT2 could enhance the 

expression of RETNLB (0.8-fold vs. control, p<0.01) and CHST5 (0.9-fold vs. control, p<0.01) 

suppressed by Tm stimulation, 2’-FL, 3-FL, and GOS could not prevent down-regulation 

of RETNLB and CHST5 caused by Tm treatment (Figure 6C and D). Moreover, significantly 

diminished GAL3ST2 expression was not found with Tm treatment, and 2’-FL, 3-FL, LNT2 

also could not modulate its expression. Only GOS could elicit the expression of GAL3ST2 

in the presence of Tm (1.2-fold vs. control, p<0.05, Figure 6E). 

The above results suggest that hMO’s acid hydrolysis LNT2 rather than the 

hMOs 2’-FL and 3-FL were able to suppress Tm-elicited impaired expression of mucus 

synthesis genes in goblet cells.

Figure 6. 2’-FL, 3-FL, LNT2, and GOS elicited differential gene expression change in LS174T cells 
during Tm challenge. LS174T cells were first pretreated with 10 mg/mL GOS, 2’-FL, 3-FL, and LNT2 for 
24 h, after which cells were exposed to Tm for another 24 h. MUC2, TFF3, RETNLB, CHST5, and GAL3ST2 
gene expression in LS174T cells was measured by real-time RT-PCR following Tm stimulation. Results are 
presented as fold change against negative control. Data are presented as mean ± SD (n=6). Statistical 
significance was measured using one-way analysis of variance with Dunnett multiple comparisons test (* 
vs. control; # vs. Tm group; #, *p<0.05; ##, **p<0.01; ###, ***p<0.001; ####, **** p <0.0001).
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dIscussIon

Previous studies have shown that hMOs can enhance intestinal barrier function 

[13], however, their ability to do this via enforcing the mucosa by directly impacting 

intestinal goblet cells has not yet been studied. In the present study, we examined 

the effects of two hMOs (2’-FL, 3-FL) and the hMO’s acid hydrolysis product LNT2 on 

the gene expression of goblet cell secretory products and Golgi-sulfotransferases in 

different conditions. We also compared their effects to GOS, which is known to enhance 

intestinal barrier function through the modulation of goblet cells [40]. To the best of 

our knowledge, this is the first study addressing direct modulating effects of hMOs on 

goblet-cells, which demonstrated a structure-dependent effect on goblet cell function 

under homeostatic conditions, during exposure to inflammatory cytokines, and after 

challenge with a mucus synthesis disruptors. Under homeostatic conditions, we 

observed that effects on mucus synthesis related genes were highly dose and structure-

dependent. 3-FL, LNT2, and GOS treatment resulted in a significant increase in MUC2 

synthesis and MUC2 protein secretion. The effects of hMOs and hMO’s acid hydrolysis 

on goblet cells challenged with inflammatory cytokines or a mucus-disrupting agent 

not only showed hMOs structure-dependent effects on mucus synthesis related genes, 

but different effects were also observed during the different challenges. The differential 

effects of hMOs and hMO’s acid hydrolysis on the different studied mucus pathways in 

goblet cells are summarized in Figure 7.

Pooled, mixtures of hMOs isolated from mother milk have been reported to 

support the intestine barrier function by increasing mucin expression [20]. Here, we 

studied the modulatory effects of individual commonly present hMOs in mother milk 

i.e. 2’-FL, 3-FL and its acid hydrolysis product LNT2 on expression of goblet cell secretory 

related genes MUC2, TFF3, RETNLB, and the Golgi-sulfotransferase genes CHST5, and 

GAL3ST2 in goblet cells. The reason for choosing this cell type and not other commonly 

used epithelial cell-lines such as Caco2 is that LS174T cells are highly secretory and 

exhibit more of a clear intestinal mucus secreting goblet-cell phenotype. For that 

reason it is widely used in goblet cell function studies [38, 40, 45]. Non-transformed 

mucin-producing intestine epithelial cells could be a better choice but are to the best 

of our knowledge not available yet. LS174T is also favored because it expresses all the 

tested genes under homeostatic condition, proinflammatory condition, and ER-stress 
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Figure 7. Schematic illustrating modulatory effects of 2’-FL, 3-FL, and LNT2 on goblet cells. Goblet 
cells secretory and Golgi-sulfotransferase genes expression induced by 2’-FL, 3-FL, and LNT2 in LS174T 
goblet cell line under steady state, TNF-α, IL-13, and Tm challenge.        : up-regulated;     : down-regulated.

The effects of 2’-FL, 3-FL, and LNT2 on goblet cell function were first assessed 

under homeostatic conditions and effects on mucus synthesis related genes were 

demonstrated to be time and structure-dependent. 3-FL and LNT2 enhanced gene 

expression of MUC2 as well as MUC2 protein expression. MUC2 is the fundamental 

structural constituent of intestinal secreted mucus [46], which indicates both 3-FL and 

LNT2 increase mucus barrier function by direct interacting with goblet cells. 3-FL could 

enhance MUC2 expression as early as after 12 h incubation while LNT2 and GOS needed 

48 hours to enhance MUC2 gene expression in the goblet cells. 3-FL, LNT2, and GOS all 

increased TFF3 expression, but 3-FL had the strongest impact on TFF3. TFF3 is involved 

in protecting the intestinal mucosa and supporting mucus healing [29], 3-FL, LNT2, and 

GOS thus have the ability to promote the intestinal mucus restitution and healing. 3-FL 

also upregulated RELMB gene expression. As RELMβ regulates innate colonic functions 

[38]. which allows studying of the effects of individual hMOs under pro-inflammatory or 

other diseased conditions. 
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such as barrier integrity and susceptibility for inflammation [31], 3-FL might also have 

anti-inflammation properties. Only LNT2 could modulate CHST5 gene expression, CHST5 

was significantly down-regulated by LNT2 at multiple time points. CHST5 is involved in 

intestinal mucin sulfation [33]. 

Regulatory effects of 2’-FL, 3-FL, and LNT2 were also evaluated in the 

presence of the inflammatory cytokine TNF-α and the Th2 cytokine IL-13. TNF-α is a 

major inflammatory cytokine in the pathogenesis of IBD and known to influence gene 

expression and goblet cell function [35]. During TNF-α challenge, structure-dependent 

effects of hMOs and the hMO’s acid hydrolysis product LNT2 were observed. 3-FL and 

LNT2 significantly potentiated the expression of MUC2, and 3-FL also up-regulated TFF3 

gene expression. IL-13 is a key Th2 cytokine which prevents intestinal helminth infection 

by enhancing the mucosal barrier via stimulating mucus production in goblet cells 

[25, 36]. During IL-13 exposure, 2’-FL, 3-FL, and LNT2 all significantly augmented MUC2 

expression, 3-FL and LNT2 also significantly potentiated the expression of TFF3. Under 

homeostatic conditions 2’-FL did not enhance MUC2, but when the cells were exposed 

to IL-13 2’-FL did induce MUC2. LNT2 also had no effects on GAL3ST2 under homeostatic 

conditions but during exposure to IL-13 it upregulated GAL3ST2. The results indicate that 

2’-FL and LNT2 stimulate mucus production specifically during IL13 exposure and not 

under homeostatic conditions. 

Mucin biosynthesis involves C-terminal dimerization and N-glycosylation in 

the ER, followed by O-glycosylation in the Golgi and N-terminal oligomerization. Tm 

induced ER-stress affects N-glycosylation and disrupts mucus synthesis in goblet cells 

[47]. We observed that LNT2 rather than 2’-FL and 3-FL impact mucus function-related 

gene expression. LNT2 significantly rescued the expression of TFF3, RETNLB, and CHST5, 

which indicate LNT2 might protect the mucus barrier during ER-stress. It is possible 

that the unique N-acetylglucosamine (GlcNAc) end of LNT2 is responsible for this 

protective effect. The process of N-glycosylation starts with the synthesis of precursor 

oligosaccharides and formation of a dolichol-linked GlcNAc sugar [48, 49]. The GlcNAc 

end of LNT2 might serve as a substrate for the N-glycosylation and therefore prevent 

Tm-induced decline of mucus synthesis genes.

Nowadays, many cow’s milk derived infant formulas are supplemented with 

non-human oligosaccharides, such as GOS and inulins [10]. A previous study showed 
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that GOS enhances intestinal barrier function through the modulation of goblet cells 

[40], and therefore served as reference in our study. We observed gene up-regulation by 

GOS in homeostatic conditions and during IL-13 challenge, with similar results as Bhatia 

et al [40], Bhatia et al. found that in both homeostatic conditions and IL-13 challenge, 

following treatment with 8 mg/mL GOS for 72 h, the expression of MUC2, TFF3, CHST5, 

and RETNLB of LS174T were significantly upregulated, to a similar extend as reported 

here. The effects of GOS on goblet cells under TNF-α and Tm challenge were not studied 

before. GOS enhanced MUC2, TFF3, RETNLB, and CHST5 gene expression during TNF-α 

challenge as well as up-regulated TFF3 and GAL3ST2 expression during Tm challenge, 

which indicate the protective effects of GOS during inflammatory and ER stress. During 

TNF-α stimulation, GOS showed stronger effects than 3-FL and LNT2 which might be 

explained by its structures. GOS is comprised of galactose units with one glucose unit 

at the reducing end. The length of the chains range from 2 to 10 units with variations in 

branching and glycosyl-linkage, which include β1-3, β1-4, and β1-6 [50].

In conclusion, we demonstrate regulatory effects of hMOs and hMO’s acid 

hydrolysis on goblet cell function via modulation of mucus barrier function related 

genes. Our data indicate that the modulatory effects of hMOs on goblet cells are 

highly structure dependent and different during inflammation and under ER stress. 

Understanding how and which hMOs or hMOs mixtures modulate goblet cell function 

in different inflammatory states contributes to the future design of hMO containing 

products with predictable beneficial effects in specific target groups. Human breast 

milk contains more than 200 different oligosaccharides [9] which have different effects 

and probably influence each other. It remains to be determined whether synthetic, 

single molecules will have similar effects than hMOs in mother milk. Follow-up studies 

are needed to identify the specific structure that regulated goblet cells in different 

conditions as well as the receptors that mediate these effects, as well as whether 

synthetic molecules act similarly as natural occurring hMOs, which might provide a new 

way of promoting intestinal health with nutritional supply. 
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supportIng InformAtIon

Figure S1. Cell viability of LS174T with 1, 5, 10, and 15 mg/mL of 2’-FL, 3-FL, and LNT2 for 72 h, 
culture medium served as negative control. Data are presented as mean ± SD. Significant differences 
compared to the negative control were determined by using one-way ANOVA with Dunn’s multiple 
comparison tests and indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or by **** (p<0.0001).
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AbstrAct 
Human milk oligosaccharides (hMOs) are important bioactive components in mother 

milk contributing to infant health by supporting colonization and growth of gut 

microbes. Especially Bifidobacterium species are considered to be supported by hMOs. 

Approximately 200 different hMOs have been discovered and characterized, but only 

a few abundant hMO can be produced in sufficient amounts to be applied in infant 

formula. These hMOs are usually supplied in infant formula as single molecules and it is 

unknown which and how individual hMOs support growth of individual gut bacteria. To 

investigate how individual hMOs influence growth of several relevant intestinal bacteria 

species, we studied the effects of three hMOs (2’-FL, 3-FL, 6’-SL) and one hMO’s acid 

hydrolysate LNT2 on three Bifidobacteria and one Faecalibacterium, and introduced a 

co-culture system of two bacteria strains to study possible cross-feeding in the presence 

and absence of hMOs. We observed that in monoculture, B.longum subsp. infantis could 

grow well on all hMOs but in a structure-dependent way. F.prausnitzii reached a lower 

cell density on the hMOs in stationary phase compared to glucose, while B.longum subsp. 

longum and B.adolescentis were not able to grow on the tested hMOs. In a co-culture 

of B.longum subsp. infantis with F.prausnitzii, different effects were observed with the 

different hMOs, 6’-SL, rather than 2’-FL, 3-FL, and LNT2, was able to promote the growth 

of B.longum subsp. infantis. Our observations demonstrate that effects of hMOs on infant 

gut microbiota is hMO specific and provides new effective ways of supporting growth of 

specific beneficial microorganisms in the intestine.
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IntroductIon 
It is widely accepted that breastfeeding is the gold standard for infant nutrition, which 

offers complete nutrition for the newborn. Mother milk contains bioactive components 

that contribute to the healthy development of the newborn [1]. For these reasons the 

World Health Organization (WHO) recommends to feed infants till six months exclusive 

with breastfeeding [2, 3]. However, for a variety of reasons, there are still over 70% of the 

infants that cannot be exclusively breastfed [2, 4]. These non-breast fed infants have to 

be fed with cow derived infant formula [5, 6]. Up to now these cow’s milk derived infant 

formula lack human milk oligosaccharides (hMOs) which are one of the most important 

bioactive components of mother milk. These hMOs are unique to humans and provide 

numerous health-promoting effects [7, 8]. Until recently it was not possible to produce 

hMOs in large amounts for unlimited application in infant formulas but this recently 

changed. Major advances have been made in large scale production of hMOs allowing 

application of a few abundant hMOs in infant formula [9]. 

The beneficial effects of hMOs in human milk are indubitable and numerous [7, 

10–12]. One important effect of hMOs is considered to be support of growth of beneficial 

gut bacteria [13]. The first year of a baby's life is critical for the establishment of the 

intestinal microbiome, and hMOs is an important factor in shaping the gut microbiome 

in the first year of life [14]. It is however still unclear which and how individual hMOs, 

that are already applied or considered for infant formula, support growth of individual 

gut bacteria. Bifidobacterium is one of the dominant species in the intestine of healthy 

breastfed infants, and can represent up to 90% of the total microbiome [15]. hMOs 

are specifically known to support the growth of Bifidobacterium species [13], i.e. 

Bifidobacterium longum subsp. infantis (B. longum subsp. infantis), a strong hMO user that 

grows well when cultured with hMOs isolated from human milk as the sole carbohydrate 

source [16]. However, whether individual hMOs currently developed for infant formula 

can also influence the growth of B. longum subsp. infantis is unknown. 

The infant intestine needs, however, not only fast colonization by Bifidobacterium 

species but also by other species that make fermentation products such as short-chain 

fatty acids (SCFAs) that support metabolism and immunity [17]. Some bacteria ferment 

hMO and other carbohydrate to produce SCFAs such as acetate, propionate, and butyrate, 

which are an important energy source for intestinal epithelium, and modulate epithelial 
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integrity [18]. A potent SCFA producer is, for example, Faecalibacterium prausnitzii 

(F.prausnitzii) which produces butyrate. This bacterium colonizes the gut during late 

infancy but is one of the most dominant bacterial species in the healthy human large 

intestine [19]. Although its importance for a healthy gut is broadly recognized, it is 

unknown how F.prausnitzii behaves when exposed to hMOs. It is also not known how 

F.prausnitzii is influenced by already present Bifidobacterium species, and whether it 

benefits from cross-feeding of hMO fermented by Bifidobacterium species. 

To gain more insight in how currently applied or proposed hMOs for infant 

formula influence growth of several relevant intestinal species, we studied the effects 

of three hMOs 2’-FL, 3-FL, 6’-SL and one hMO’s acid hydrolysate LNT2 on B. longum 

subsp. infantis, B.longum subsp. longum,  B.adolescentis, and F.prausnitzii. We first 

used individual hMOs as only carbohydrate sources of different bacteria strains in 

monoculture to investigate whether individual hMOs can modulate single strain growth. 

Then, B. longum subsp. infantis and F.prausnitzii were brought into co-culture to study 

the possible interaction between these two bacteria strains. The fermentation products 

of B. longum subsp. infantis and F.prausnitzii as well as glycosidic degradation of effective 

hMOs under mono- and co-culture systems were analyzed.

mAterIAls And methods

Co m p o n e nt s

In the present study, 2’-FL (provided by FrieslandCampina Domo, Amersfoort, the 

Netherlands), 3-FL, 6’-SL, and LNT2 (provided by Glycosyn LLC, Woburn, MA, USA) were 

tested. An overview of the structure of components are shown in Table 1.

B a c t e ri a  s t ra i n s 

Faecalibacterium prausnitzii A2-165 was obtained from the Deutsche Sammlung von 

Mikroorganismen and Zellkulturen (DSMZ, Göttingen, Germany). Bifidobacterium longum 

subsp. longum, Bifidobacterium longum subsp. infantis ATCC 15697, and Bifidobacterium 

adolescentis were kindly provided by Hermie J. M. Harmsen, Department of Medical 

Microbiology, University Medical Center Groningen (UMCG, Groningen, Netherlands). 
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Table 1. Overview of the structure of selected samples

G r ow t h b r o t h ,  m o n o c u l t u r e ,  a n d co - c u l t u r e co n d i t i o n

All strains were grown and maintained in yeast extract, casitone, fatty acid broth (YCFA) 

[27]. First, the growth and substrate fermentation capacities of the individual strains on 

different hMO sources were studied. In order to do this, various hMOs were added to 

the broth at a concentration of 5 mg/mL. YCFA containing 5 mg/mL glucose (Thermo 

Scientific, Breda, The Netherlands), was used as a positive control, while media without 

carbohydrate served as a negative control. Broth was autoclaved at 121 °C for 20 minutes 

first, after which the carbohydrate source was added to the cooled broth after sterile 

filtration. The final pH of the broth was adjusted to 6.5 ± 0.1 by using sterile HCl. 

All strains were inoculated in 5 mL YCFA broth supplemented with glucose as the 

sole energy source (YCFAG) and incubated anaerobically at 37 °C for 24 h. Subsequently, 

the strains were propagated to 5 mL YCFAG broth culture overnight as pre-culture, after 

that, different strains were added to the tubes of YCFA broth supplemented with the 

different carbon sources at a ratio of 1:100 in duplicate at 37 °C. Growth in cultures was 

monitored spectrophotometrically every 4 h from 0 to 72 h culture by measuring the 

OD600 by using Ultrospec@ 10 cell density meter.

To study the interaction between B.longum subsp. infantis and F.prausnitzii, 

co-culture fermentations were performed in YCFA with 5 mg/mL of the different carbon 

sources. B.longum subsp. infantis and F.prausnitzii cells were inoculated as described 

Name (abbreviated) Structure Schematic diagram

2’-FL Fucα1-2Galβ1-4Glc

3-FL Galβ1-4Glc
Fucα1-3/

6’-SL NeuNAcα2-6Galβ1-4Glc

LNT2 GlcNAcβ1-3Galβ1-4Glc

Glucose Galactose Fucose Sialic Acid N-acelyglucosamine
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above. Subsequently, the strains were propagated to 5 mL YCFAG media as pre-culture, 

and the cell density was monitored spectrophotometrically by measuring the OD600 

using Ultrospec@ 10 cell density meter. When OD600 reached 1.0 in the pre-culture, 

B.longum subsp. infantis and F.prausnitzii were added to the same tube of YCFA broth 

supplemented with the different carbon sources at a ratio of 1:100. 

S h o r t- c h a i n f a t t y  a c i d p r o d u c t i o n 

Samples for the short-chain fatty acid (SCFA) analyses were taken at 48 h of monoculture 

and co-culture incubation. The fermentation digest (0.5 mL) was heated at 100 °C for 

5 min and then centrifuged at 13,200 × g for 10 min at room temperature. Analyzing 

of SCFAs (acetate, propionate, and butyrate) by gas chromatography (GC) was done as 

described previously by Gu et al. [28] with a slight modification. A 70 μL aliqoute of the 

twofold diluted supernatant of the fermentation digest was mixed with 70 µL 0.15M 

oxalic acid and allowed to stand at room temperature for 30 min. Then 199 μL water 

and 1 μL of 5 mg/mL 2-ethylbutyric acid were added. The temperature profile during 

GC analysis was as follows: from 100 to 165 °C at 5 °C/min, then held at 165 °C for 1 min. 

Xcalibur software (Thermo Scientific, Breda, The Netherlands) was used to process data 

from GC.

G l yco s i d i c  d e g ra d a t i o n

Samples for the glycosidic analyses were taken at 48 and 72 h of B.longum subsp. infantis 

monoculture and co-culture. High performance anion exchange chromatography 

(HPAEC) were used to measure the carbohydrate degradation as measure for utilization 

of carbohydrates by the microorganisms [29]. An ISC 3000 (Dionex, Sunnyvale, CA, USA), 

equipped with a 2×250 mm Dionex Carbopac PA-1 column and a 2×50 mm Carbopac 

PA-1 guard column was used for quantification [30]. Briefly, samples were adjusted to 

a final concentration of 0.05 mg of the substrate per mL, 20 μL of the samples were 

injected using a Dionex ISC3000 autosampler. The oligosaccharides were eluted (0.3 

mL/min) by a gradient of 0-400 mM sodium acetate in 100 mM NaOH for 40 min. Each 

elution was followed by a washing step with 1 M NaOAc in 100 mM NaOH for 5 min, 

and an equilibration step with 100 mM NaOH for 20 min. A Dionex ED40 detector in 

pulsed amperometric detection mode was used for detection, glucose, 2’-FL, 3-FL, 6’-SL, 



hMOs support the growth of specific beneficial microorganisms

113

5

and LNT2 at final concentrations of 0.05 mg/mL were used as standards. Chromeleon 

software Version 6.70 (Dionex) was used for the integration and evaluation of the 

chromatograms obtained.

St a t i s t i c s

The results were analyzed using GraphPad Prism. The normality of distribution of the 

data was tested by using the Kolmogorov-Smirnov test. Values are expressed as median 

± range. Statistical comparisons were performed using the Kruskal-Wallis test followed 

by the Dunn’s test. p<0.05 was considered as statistically significant (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001).

results

E f f e c t s  o n b a c t e ri a l  g r ow t h o f  2 ’- FL ,  3 - FL ,  6’-S L ,  a n d LN T 2 we r e 
b a c t e ri a l  s t ra i n d e p e n d e nt 

To investigate whether B.longum subsp. infantis, B.longum subsp. longum,  B.adolescentis 

and F.prausnitzii are able to ferment 2’-FL, 3-FL, 6’-SL, and LNT2 as a single carbon source, 

we performed monoculture of these bacteria in presence and absence of these hMOs.

 Figure 1 shows the growth curves of B.longum subsp. infantis, B.longum subsp. 

longum, B.adolescentis, and F.prausnitzii in YCFA broth with glucose, 2’-FL, 3-FL, 6’-SL, 

and LNT2 respectively as a single carbon source. We found that both bacteria strains 

could grow on glucose, and the effects of 2’-FL, 3-FL, 6’-SL, and LNT2 were bacterial 

strain-dependent. B.longum subsp. infantis could grow on all the substrates we provided, 

but the effects were hMO structure-dependent (Figure 1A). On 2’-FL, B.longum subsp. 

infantis could reach OD600 of 3.6 and reach stationary phase after 56 h culture. On 3-FL, 

it grew to an OD600 of 1.7 and reached stationary phase after 32 h culture, which was 24 

h earlier than on 2’-FL. With 6’-SL, the growth of B.longum subsp. infantis started at 48 

h culture, which is much slower than with other substrates, but reached an OD600 of 1.6 

after 64 h culture. On LNT2, B.longum subsp. infantis grew to an OD600 of 1.2 and reached 

stationary phase after 32 h culture. On 2’-FL, the OD600 of B.longum subsp. infantis was 

in stationary phase significantly higher than on 3-FL, 6’-SL, and LNT2 as carbon source 

(P<0.0001, Figure S1). In contrast, B.longum subsp. longum, only reached a high cell 

density on glucose, the OD600 was 2.8 after 32 h culture. On neither of the tested hMOs, 

B.longum subsp. longum was able to grow (Figure 1B). The growth of B.adolescentis 
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was similar to B.longum subsp. longum on hMOs. On glucose, it could grow to an OD600 

of 3.9 after 32 h culture, but on the different hMOs and on the hMO’s acid hydrolysis 

product LNT2, B.adolescentis was not able to grow (Figure 1C). F.prausnitzii  reached a 

lower cell density on the hMOs compared to glucose and the growth pattern was hMO 

structure-dependent (Figure 1D). F.prausnitzii could reach a cell density at OD600 of 1.8 

after 12 h culture on glucose.  On 2’-FL and 3-FL, it reached OD600 0.2 in the stationary 

phase, while with LNT2 it grew to OD600 0.3 at the endpoint. With 6’-SL, the OD600 could 

reach 0.5 at the endpoint, which was much higher than on 2’-FL, 3-FL, and LNT2, but still 

significantly lower than on glucose (P<0.0001, Figure S1). For the next set of experiments, 

we selected two strains for further cross-feeding studies to determine whether and 

which hMOs might benefit growth of the two beneficial bacteria. We chose two essential 

early life colonizing bacteria, i.e. B.longum subsp. infantis which is a strong hMO user and 

Figure 1. The growth curve of B.longum subsp. infantis, B.longum subsp. longum, B.adolescentis 
and F.prausnitzii in mono-culture, determined by OD600. Glucose, 2’-FL, 3-FL, 6’-SL, and LNT2 were 
included as a sole carbon source as indicated. Basal broth with no carbohydrates added was used as 
negative control. The assays were carried out 3 times in duplicate. A representative curve for each condition 
is shown.
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T h e co - c u l t u r e s ys t e m c a n p r o m o t e t h e g r ow t h o f  t h e b a c t e ri a 

In order to determine whether or not B.longum subsp. infantis fermenting hMOs can 

stimulate the growth of F.prausnitzii in co-cultures, B.longum subsp. infantis and 

F.prausnitzii were cultured together in broth containing 2’-FL, 3-FL, 6’-SL, and LNT2 as 

single carbon source, during which the growth curve was measured (Figure 2). 

We found that co-culture of B.longum subsp. infantis and F.prauznitzii resulted 

in different growth speeds than in monoculture, and that it was influenced by the type 

of hMO. In 2’-FL containing co-cultures and B.longum subsp. infantis monocultures cell 

density reached similar values. The OD600 in the stationary phase was 4.1 in co-cultures 

and 3.7 in B.longum subsp. infantis monoculture, while F.prausnitzii monoculture only 

reached an OD600 of 0.2. However, bacteria grew faster in co-cultures than in B.longum 

subsp. infantis monocultures as co-cultures reached stationary phase after 32 h culture 

while in B.longum subsp. infantis monoculture it took 56 h (Figure 2A). With 3-FL, 

co-culture and B.longum subsp. infantis monoculture reached a similar cell density, it 

was 1.80 and 1.75 at OD600 respectively, while F.prausnitzii monoculture reached at OD600 

0.2 at the endpoint (Figure 2B). On 6’-SL results were very different as the bacteria grew 

much faster in cocultures on this hMO. The B.longum subsp. infantis and F.prauznitzii 

co-culture reached stationary phase already after 48 h culturing while B.longum subsp. 

infantis monoculture just started to grow at this time point. It took 16 h more before 

B.longum subsp. Infantis monoculture reached the stationary phase. Despite this faster 

growth the OD600 in stationary phase was 1.8 in co-culture, 1.6 in B.longum subsp. infantis 

monoculture, and 0.5 in F.prausnitzii monoculture (Figure 2C). With LNT2 as carbon 

source, co-cultures and monocultures of B.longum subsp. infantis followed a similar 

growth speed, but in co-culture, it reached a higher cell density in stationary phase of 

1.5 at OD600, while in the monoculture of B.longum subsp. infantis and F.prausnitzii, the 

cell density was only 1.15 and 0.3 at OD600 respectively in the stationary phase (Figure 

2D). The different grow speed and final cell density differences in co-cultures and 

monocultures containing 2’-FL, 3-FL, 6’-SL, and LNT2 as carbon source indicate that the 

bacteria influence each other’s fermentation processes and promote the growth of the 

bacteria in an hMO structure-dependent way.

F.prausnitzii which is a major anti-inflammatory commensal bacterium in early life in the 

gut [20] and a lesser profound hMOs utilizer.
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Figure 2. The growth curve of B.longum subsp. infantis and F.prausnitzii in monoculture and 
co-cultures, determined at OD600. 2’-FL, 3-FL, 6’-SL, and LNT2 were included as carbon source. The 
fermentations were carried out 3 times in duplicate. A representative curve for each condition is shown.

2 ’- FL ,  3 - FL ,  LN T 2 d o n o t  e n h a n ce S C FA p r o d u c t i o n i n  co c u l t u r e s 
w h i l e  6’-S L p r o m o t e s a ce t a t e p r o d u c t i o n

As B.longum subsp. infantis ferments the hMOs [21], we also investigated the production 

of short chain fatty acids (SCFAs) in the mono- and co-cultures. SCFAs are one of the 

most important metabolic products of the bacteria and reflects activity of the metabolic 

processes. To this end, we quantified the SCFAs acetate, propionic acid, and butyrate 

after 48 h of monoculture and co-culture. The values of concentration were calculated 

by subtracting the initial values at 0 h. 

B.longum subsp. infantis in monoculture with glucose as carbon source 

(control) produced a high concentration of 7.6 µmol/mg acetic acid, and minor amounts 

of propionic acid (0.08 µmol/mg) and butyric acid (0.02 µmol/mg).  Results were different 

when 2’-FL, 3-FL, 6’-SL and LNT2 were used as carbon sources. With 2’-FL, 3-FL, LNT2 
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but not with 6’-SL as carbon source in monoculture with B.longum subsp. infantis, we 

observed B.longum subsp. infantis produced 6.51 µmol/mg, 6.21 µmol/mg, and 4.08 

µmol/mg of acetate respectively, and no significant differences were detected compared 

to glucose. While on 6’-SL, no acetate was detected after 48 h monoculture (Figure 3A). 

With F.prausnitzii, grown on glucose as carbon source, F.prausnitzii consumed 3.27 µmol/

mg acetate in the broth and produced 4.86 µmol/mg butyric acid, and 0.05 µmol/mg 

propionic acid in monoculture. With 2’-FL, 3-FL, 6’-SL, and LNT2, only a small amount of 

butyrate (0.25 µmol/mg, 0.18 µmol/mg, 0.33 µmol/mg, 0.56 µmol/mg respectively) was 

produced in monoculture. This SCFAs production was always significantly lower than on 

glucose (p<0.0001), but no significant differences between hMOs were observed (Figure 

3C). 

Figure 3. SCFAs production of glucose, 2’-FL, 3-FL, 6’-SL, and LNT2 in monoculture and co-cultures 
of B.longum subsp. infantis and F.prausnitzii. The acetate (A), propionic acid (B), and butyrate (C) 
products of B.longum subsp. infantis and F.prausnitzii were measured after 48 h of monoculture and 
co-cultures when having either 2’-FL, 3-FL, 6’-SL, and LNT2  as carbon source. Glucose served as positive 
control. Values are changes in concentrations calculated by subtracting the initial values from 0 h. Data 
are presented as median ± range (n=3). Statistical significance was measured using Kruskal-Wallis test 
followed by the Dunn’s test and indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or by **** (p<0.0001).

During co-cultures, with glucose, 2’-FL, 3-FL, 6’-SL, and LNT2, 7.0 µmol/mg, 7.84 

µmol/mg, 6.79 µmol/mg, 5.84 µmol/mg, and 4.70 µmol/mg of acetate were produced 

respectively, and only 0.21 µmol/mg, 0.09 µmol/mg, 0.20 µmol/mg, 0.07 µmol/mg, 

0.08 µmol/mg of butyrate was detected respectively after 48 h culture. On glucose, 



Chapter 5

118

we found similar production rates of acetate when comparing B.longum subsp. infantis 

monoculture and co-cultures. However, the butyrate production of co-culture was 

significantly lower when compared to F.prausnitzii monoculture (p<0.0001). For acetate 

production, we found that with 2’-FL, 3-FL, and LNT2, no differences were found between 

B.longum subsp. infantis monoculture and co-cultures. This was different with 6’-SL. We 

found that in cocultures 5.84 µmol/mg acetate was produced which was significantly 

higher than in monoculture of both prausnitzii and infantis (p<0.0001, Figure 3A), since 

no acetate was detected in these monocultures after 48 h cultures. With 2’-FL, 3-FL, 6’-SL, 

and LNT2, only small amounts of butyrate was detected in co-culture, and no significant 

differences were detected between the groups. 

Co - c u l t u r e p r o m o t e t h e u t i l i z a t i o n o f  6’-S L 

As 6’-SL was differently stimulating SCFAs in cocultures compared to monoculture 

of B.longum subsp. infantis, we decided to also study and compare the degradation 

profile of 6’-SL in B.longum subsp. infantis monocultures and B.longum subsp. infantis 

and F.prausnitzii co-cultures. To this end, we took samples at 48 and 72 hours from the 

B.longum subsp. infantis monocultures and B.longum subsp. infantis and F.prausnitzii 

co-cultures and studied glycosidic linkages in the samples as measure for utilization. 
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Figure 4. HPAEC chromatogram profiles of 6’-SL after 48 h and 72 h fermentation by B.longum 
subsp. infantis and F.prausnitzii in mono- and cocultures. HPAEC chromatogram profiles of 6’-SL when 
B.longum subsp. infantis in monoculture or co-culture with F.prausnitzii after 48h and 72 h.

As shown in Figure 4, we observed that 6’-SL was not utilized at all in the 

monocultures of B.longum subsp. infantis after 48 h, since the peak of 6’-SL was not 

decreased. However, the degradation of 6’-SL in the B.longum subsp. infantis and 

F.prausnitzii co-culture was very different compared to B.longum subsp. infantis 

monoculture. High amounts of 6’-SL was utilized after 48 h culture in the co-culture. 

While after 72 h culture, 6’-SL was gone as it was fully used in both B.longum subsp. 

infantis monoculture and co-culture system. 

dIscussIon

hMOs are specifically known to support the growth of beneficial microorganisms in the 

infant gut [22]. Especially Bifidobacterium species are acknowledged for that [23], but 

which individual hMO and how specific hMOs modulate this process is still unclear. In the 

present study, we first examined whether 2’-FL, 3-FL, 6’-SL and a hMO’s acid hydrolysate 

LNT2 can modulate the growth of B. longum subsp. infantis, B.longum subsp. longum,  

B.adolescentis, and F.prausnitzii in monoculture. Subsequently we selected a strong hMO 

fermenter and another important SCFA producing bacteria, i.e. B. longum subsp. infantis 

and F.prausnitzii to study possible cross-feeding when grown on hMOs. Our results 
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show that the modulatory effects of individual hMOs on bacteria growth are strongly 

structure-dependent in both monoculture and co-cultures. 

In monoculture, the effects of 2’-FL, 3-FL, 6’-SL, and LNT2 on bacterial growth 

are bacterial strain as well as hMO structure-dependent. B. longum subsp. infantis, the 

major bacterium found in breastfed infants [23], grows well on all tested individual 

hMOs as single carbon source. However, F.prausnitzii, which colonize the gut during late 

infancy [19], could only grow slightly when hMOs were offered as sole carbon source. 

In contrast B.longum subsp. longum and B.adolescentis, which are mainly present in 

the adult gastrointestinal tract [24], were not able to utilize hMOs. The effects of 2’-FL, 

3-FL, 6’-SL, and LNT2 were structure-dependent even within the same bacterial strain. 

B. longum subsp. infantis grew faster on 3-FL as carbon source and reached higher cell 

densities on 2’-FL, while 2’-FL and 3-FL only differ in the attachment position of l-fucose 

(Fuc) residues on the lactose core region (Table 1). The fermentation of both 2’-FL and 

3-FL by bacteria goes via bacteria derived l-fucosidase and β-galactosidase [13], but 

despite this, we observed that the growth speed was higher with 3-FL than with 2’-FL 

and final cell density was higher with 2’-FL than with 3-FL, which indicated that 2’-FL 

and 3-FL might have different effects on enzyme activities in B. longum subsp. infantis. 

Different enzymes are needed to ferment 6’-SL and LNT2. For fermenting 6'-SL the 

bacteria need β-galactosidase and α-sialidase, while for fermenting LNT2 the bacterium 

needs β-galactosidase and β-hexosaminidase [13]. The different growth pattern of 

B.longum subsp. infantis on individual hMOs might be related to its effects on catalytic 

ability of the enzymes. The observation that F.prausnitzii, reached higher final OD600 on 

6’-SL than when grown in medium with 2’-FL, 3-FL, and LNT2, suggests that F.prausnitzii 

has higher α-sialidase activity and less α-fucosidase and β-hexosaminidase activity.

B.longum subsp. infantis produce a high concentration of acetic acid, with minor 

amounts of propionic acid and butyric acid, while F.prausnitzii used acetate in the broth 

and produced butyric acid [25]. In the co-culture system, the growth rate was higher 

than in mono-culture of the individual strains. We, therefore, decided to investigate 

whether or not the acetate supplied by B.longum subsp. infantis would stimulate the 

metabolic activity of F.prausnitzii in co-culture. Hence, the SCFAs production was 

quantified and compared between monoculture and co-cultures of B.longum subsp. 

infantis and F.prausnitzii. Interestingly, under all co-culture conditions tested, barely no 
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butyrate was detected after 48 h culture, which suggests that F.prausnitzii, i.e. a potent 

butyrate producer, was not able to grow well in co-culture. This might be associated with 

the hMO utilization strategy of B.longum subsp. infantis [13]. The utilization of hMOs by 

B.longum subsp. infantis is based on the uptake of intact hMOs inside the bacteria, where 

it is intracellularly degraded [26].  

Although F.prausnitzii was not able to grow well in the co-cultures, we still 

observed that with 6’-SL as carbon source, B.longum subsp. infantis and F.prausnitzii 

co-cultures had higher growth rates than in the monocultures (Figure 2C). This indicated 

that co-cultures of F.prausnitzii could promote the growth of B.longum subsp. infantis 

on 6’-SL in coculture. This is in accordance with the SCFAs production and glycosidic 

degradation results, which showed that B.longum subsp. infantis and F.prausnitzii 

co-culture promotes acetate production and 6'-SL utilization. However, this promoting 

effect of F.prausnitzii was only observed on 6’-SL, and not on 2’-FL, 3-FL, and LNT2. As 

only the utilization of 6’-SL involves sialidase [13], we hypothesized that the co-culture 

of B.longum subsp. infantis and F.prausnitzii might enhance sialidase expression, as only 

6’-SL promoted the growth and metabolism of B.longum subsp. infantis. However, in 

the current study, only one sialylated hMOs was included. Hence, in order to confirm 

this hypothesis, more sialylated hMOs, such as 3’-sialyllactose (3’-SL), are needed. 

Unfortunately, due to the technical limitations, pure 3’-SL is not available yet, but would 

be of great value to test our hypothesis.

In conclusion, we demonstrate that the utilization of individual hMOs as only 

carbohydrate sources are bacteria strain and hMOs structure-dependent. Our results 

show that hMOs currently applied or developed to be applied in infant formula are able 

to modulate the growth of B.longum subsp. infantis in a structure-dependent way, and 

stimulate further growth of B.longum subsp. infantis during co-cultures. Especially 6’-SL, 

which can promote the growth of B.longum subsp. infantis in B.longum subsp. infantis 

and F.prausnitzii co-culture. Again, we demonstrate the effects of individual hMOs are 

highly structure-dependent [10, 11]. Small differences in the molecular structure of 

hMOs can have significant impact on their biological efficacy. Follow-up studies are 

needed to identify the specific structure responsible for modulation of bacterial growth, 

i.e. impact of other sialylated hMOs, which might provide new effective and targeted 

ways of supporting the growth of beneficial microorganisms in the infant intestine.
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supportIng InformAtIon

Figure S1. The endpoint OD600 of B.longum subsp. infantis, B.longum subsp. longum, B.adolescentis 
and F.prausnitzii in mono-culture. Glucose, 2’-FL, 3-FL, 6’-SL, and LNT2 were included as a sole carbon 
source as indicated. The assays were carried out 3 times in duplicate, values are expressed as median ± 
range. Statistical significance was measured using Kruskal-Wallis test followed by the Dunn’s test and 
indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or by **** (p<0.0001).
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AbstrAct

The intestinal epithelial cells, food molecules, and gut microbiota are continuously 

experiencing intestinal peristaltic shear force. Shear force may impact the crosstalk of 

human milk oligosaccharides (hMOs) with commensal bacteria and intestinal epithelial 

cells. The main objective is to investigate how the hMOs combined with intestinal 

peristaltic shear force impact intestinal epithelial cells behavior and crosstalk with a 

commensal bacterium.

We applied a so-called Ibidi system to mimic the shear force during intestinal 

peristalsis. Intestinal epithelial Caco2 cells were exposed to a shear force of 5 dynes/cm2 

for three days, and then stimulated with hMOs. In separate experiments Lactobacillus 

plantarum WCFS1 adhesion to epithelial cells was studied in presence of hMO and 

shear force. Effects of hMOs (2’-FL and 3-FL) and hMO hydrolysate LNT2 were tested 

on expression of glycocalyx molecules (Glypican-1, HAS-1, HAS-2, HAS-3, EXT-1, EXT-2), 

anti-microbial peptide (hBD-1), and tight junction proteins (ZO-1, Claudin-3). The 

immunofluorescence intensity of the tight junction proteins was also quantified.

Shear force dramatically decreased glycocalyx glycosaminoglycan chains HAS-3 

(p<0.001) with 0.43-fold and EXT-1 (p<0.0001) 0.69-fold, but not the protein backbone 

(Glypican-1). hBD-1 (p<0.001), ZO-1 (p<0.0001) and Claudin-3 (p<0.001) were also 

significantly decreased with 0.81, 0.60, and 0.95-fold respectively by shear force. Presence 

of the commensal L. plantarum WCFS1 significantly increased Glypican-1 (p<0.01), HAS-2 

(p<0.01), HAS-3 (p<0.05) and tight junction protein ZO-1 (p<0.05) with 2.68, 2.03, 1.78, and 

3.34-fold respectively. Under shear force, all tested hMOs significantly stimulated hBD-1 

and ZO-1 protein expression, while only 3-FL (p<0.01) and LNT2 (p<0.01) significantly 

enhanced L. plantarum WCFS1 adhesion with 1.85 and 1.90-fold.

3-FL and LNT2 support the crosstalk between commensal bacteria and 

intestinal epithelial cells and shear force increases the modulating effects of hMOs in a 

structure dependent manner.
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IntroductIon

Breastfeeding is considered to be the gold standard for nutrition of newborns. Mother 

milk contains many molecules responsible for preventing disease and support of health 

in infants. However, in about 70% of the neonates it is not possible to solely feed the 

babies on mother milk. In those cases, cow-milk derived formula is given to babies. 

These cow-milk formulas lack for example human milk oligosaccharides (hMOs), which 

are essential for many gastrointestinal immune barrier processes. Up to now the function 

of these hMOs was substituted by nondigestible carbohydrates such as inulins and 

GOS that can take over some but not all of the functions of hMOs [1]. However, during 

recent years, novel molecular approach has led to the development of procedures to 

manufacture hMOs in sufficient, industrial relevant amounts to allow application of 

specific hMO molecules in infant formula [2]. 

hMOs have been reported to contribute to development of gut barrier function 

[3], mucus production [4], glycocalyx development [5], immune maturation [6], and 

shaping of gut microbiota [7]. However, many of these functions are identified in in 

vitro studies in intestinal cells under static culture, without shear force that intestinal 

epithelium and other members of the gut immune barrier experience during transition 

through the gastrointestinal tract [8]. Intestinal epithelial cells, and in particular the 

glycocalyx containing apical brush border have the ability to sense shear force and to 

provide downstream signals which are converted to biochemical responses [9]. These 

mechanical forces induce signals that are considered to regulate cell-phenotype, 

ion-exchange, glycocalyx compositions synthesis, and may modulate tight junction 

proteins gene expression [8, 10, 11]. 

The mechanical forces on epithelial cells may also influence the adhesion 

of commensal bacteria [12]. This is especially relevant in early life where adhesion of 

commensal bacteria is the first step to colonization of the intestine but also in later life 

where the adequacy of adhesion of commensal bacteria is essential in prevention of 

pathogen adhesion and invasion of the host [13]. Some commensal bacteria have been 

shown to have an exceptional resistance to mechanical forces. For instance, Lactobacillus 

rhamnosus GG has been demonstrated to persistently adhere to gut epithelium even 

when exposed to a stepwise increase of shear force. It is unknown whether and how 

mother-milk derived molecules such as hMOs contribute to development of resistance 
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to shear forces in the intestine and whether they can enhance commensal bacterial 

adhesion to epithelial cells. This knowledge might be essential when developing 

hMO-containing infant formula that should support early life microbiota colonization or 

support gut barrier development. 

As there is minor information available about how shear force influences the 

beneficial effects of hMOs on the intestinal epithelium barrier development and how it 

influences commensal bacteria adhesion, we applied a so-called Ibidi system to mimic 

the shear force during intestinal peristalsis. To this end, intestinal Caco2 epithelial cells 

were exposed to a shear force of 5 dynes/cm2 for three days, followed by stimulation with 

hMOs. In separate experiments this was done in presence and absence of the commensal 

bacterium Lactobacillus plantarum WCFS1 (L. plantarum WCFS1). We studied adhesion 

and changes in gene expression in the epithelial cells. Effects were tested on expression 

of glycocalyx molecules (Glypican-1, HAS-1, HAS-2, HAS-3, EXT-1, EXT-2), anti-microbial 

peptide (hBD-1), and tight junction proteins (ZO-1, Claudin-3). The immunofluorescence 

intensity of tight junction proteins was also quantified. We tested effects of 2’-FL and 

3-FL that are two of the most abundant hMOs in mother milk and an hMO acid hydrolysis 

product LNT2 which is formed during hMO passage through the stomach.

mAterIAl And methods

Co m p o n e nt s

In the present study, 2’-FL (provided by FrieslandCampina Domo, Amersfoort, the 

Netherlands), 3-FL, and LNT2 (provided by Glycosyn LLC, Woburn, MA, USA) were tested. 

An overview of the structure and components of two hMOs (2’-FL and 3-FL), and one 

hMO acid hydrolysis (LNT2) are shown in Table 1.

Ce l l  c u l t u r e a n d t e s t  s ys t e m s

Human colorectal adenocarcinoma Caco2 cells were cultured with humidified 5% CO2 at 

37°C, in Dulbecco’s Modified Eagle Medium (Lonza), supplemented with 10% (v/v) fetal 

calf serum (Invitrogen), 1% (v/v) non-essential amino acid (Sigma), 0.5% (v/v) penicil-

lin-streptomycin (Sigma), and 2.5% (v/v) HEPES (Sigma). The cells were used for hMOs 

stimulation and commensal bacteria adhesion under two conditions. The first was a 
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Table 1. Overview of the structure of selected samples

static incubation in which both gut epithelial cells and the bacteria were not subjected 

to shear force while the other is a culture in a so-called lbidi system in which shear force 

mimicking the peristaltic forces in the small intestine were applied to both bacteria and 

gut epithelial cells. For static culture, the cells density was adjusted to 3*104/ml before 

seeding onto 24-well plates for bacteria adhesion assays, and 8-well chamber slides for 

immunofluorescence staining. The cells were cultured for 21 days until a TEER value of 

300 ± 100 Ω· cm2 was reached. For shear force culture, the cells were cultured in µ-Slide I 

0.4 Luer ibiTreat flow chamber specially for the Ibidi pump system (ibidi GmbH, Germany). 

After 21 days of culture, the cells were stimulated with hMOs for another 2 h. 

 Before introducing Caco2 cells into the Ibidi pump system, cells were grown 

on µ-Slide I 0.4 Luer for 18 days, followed by 3 days [14] exposure to a constant shear 

force of 5 dynes/cm2. The shear force values vary between 0.02 and 35 dynes/cm2 

during intestinal peristalsis [15, 16]. However due to presence of microvilli, shear forces 

are usually 5 dynes/cm2 or higher [10]. For these reason 5 dynes/cm2 was chosen in our 

experimental set-up.

B a c t e ri a l  c u l t u r e s

Lactobacillus plantarum WCFS1 was cultured at 37°C in De Man, Rogosa and Sharpe 

(MRS) broth (Merck) from glycerol stock at -80°C. After overnight recovery and MRS agar 

plating, single colonies from the plate were inoculated to MRS broth for a second night 

culture at 37°C before application in the adhesion assay. 

Name (abbreviated) Structure Schematic diagram

2’-FL Fucα1-2Galβ1-4Glc

3-FL Galβ1-4Glc
Fucα1-3/

LNT2 GlcNAcβ1-3Galβ1-4Glc

Glucose Galactose Fucose N-acelyglucosamine
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L .  p l a n t a r u m  WC F S1  a d h e s i o n a s s ay

L. plantarum WCFS1 was collected the next day after centrifugation at 2000 g for 10 

minutes and washed once with pre-warmed PBS. The optical density (OD) was adjusted 

to OD540=0.6 in PBS, and resuspended with half volume of antibiotics free cell culture 

medium (as indicated in 2.2) containing 2’-FL, 3-FL, and LNT2, or only cell culture medium. 

After 2 h incubation at 37°C, the bacteria were brought onto the Caco2 cells either 

under static or shear force culture for another 2 h at 37°C. Afterwards, the Caco2 cells 

were gently washed with pre-warmed PBS for three times to remove the non-adherent 

bacteria. The adherent bacteria were released by adding 200 ul of 0.1% Triton-X100, 

followed by serial dilutions in PBS. Drop-plating [17] was applied to plate the adherent 

bacteria on MRS agar plates. The total colony forming units (CFUs) were determined. 

  

R NA i s o l a t i o n a n d r eve r s e t ra n s c ri p t i o n  

After stimulation with hMOs or bacteria, Caco2 cells were lysed with TRIzol reagent (Life 

Technologies, Carlsbad, USA). Total RNA was isolated according to the manufacturer’s 

instructions. Reverse transcription was carried out with SuperScript II Reverse 

Transcriptase (Invitrogen, Carlsbad, CA, USA). cDNA synthesized was used for performing 

quantitative PCR.

G e n e e x p r e s s i o n

Glypican-1, HAS-1, HAS-2, HAS-3, EXT-1, EXT-2, hBD-1, ZO-1, and Claudin-3 expression was 

quantified with SYBR® Green Real time PCR Master Mix (Sigma). Reactions were carried 

out in 384-well PCR plates (Thermo Scientific) using the ViiA7 Real-Time PCR System 

(Applied Biosystems), and threshold cycle values were calculated with ViiA7 software. 

Expression levels of the genes under static and shear force were normalized to the 

housekeeping gene GAPDH. The 2−ΔΔCt method was used for calculating fold change in 

gene expression levels versus untreated controls. All of the primers were synthesized by 

Sigma-Aldrich as previously described in Table 2 [18–23]. 
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I m m u n o f l u o r e s ce n ce s t a i n i n g

The slides were collected after incubation with hMOs or hMOs treated bacteria. The cells 

were washed twice with 0.01% CaCl2, and fixed with ice cold acetone/methanol (1:1, v/v) 

for 5 minutes at -20°C. Afterwards, cells were washed three times with PBS and blocked 

with 10% goat serum in 1% BSA for 1h at room temperature. After overnight incubation 

with the primary antibody for ZO-1 (ZO-1 Polyclonal Antibody, 1:200, Thermo Fisher 

Scientific) and Claudin-3 (Claudin 3 Polyclonal Antibody, 1:50, Thermo Fisher Scientific) at 

4°C, the cells were washed three times with PBS, and incubated with secondary antibody 

biotinylated goat anti rabbit (1:500, Dako) for 1h at room temperature. Then the cells 

were washed three times with PBS and labeled with Streptavidin FITC (1:500, BioLegend) 

in the dark for 1h. The cells nuclei were stained with DAPI (1:5000, Sigma) followed by 

three times wash with PBS. 

Co n f o c a l  m i c r o s co py a n d I m a g e J  a n a l ys i s

All of the immunofluorescence images were captured with a Leica SP8 confocal laser 

microscope (Leica Microsystems, Wetzlar, Germany) with the 40×/1.3 oil DIC objective. 

Table 2. Primer sequences used for real time qPCR

Primer Forward (5'-3') Reverse (5'-3')

Glypican-1 TATTGCCGAAATGTGCTCAAGGGC ATGACACTCTCCACACCCGATGTA

HAS-1 CCACCCAGTACAGCGTCAAC CATGGTGCTTCTGTCGCTCT

HAS-2 TTCTTTATGTGACTCATCTGTCTCACCGG ATTGTTGGCTACCAGTTTATCCAAACG

HAS-3 TATACCGCGCGCTCCAA GCCACTCCCGGAAGTAAGACT

EXT-1 CATAGGCGATGAGAGATTGT CAAGAATTGTGTCTGCTGTC

EXT-2 GGCTACGATGTCAGCATTCCTG GGCTTCTAGGTCCTCTCTGTAC

hBD-1 CCTTCTGCTGTTTACTCTCTGC GAATAGAGACATTGCCCTCCAC

ZO-1 CGGTCCTCTGAGCCTGTAAG GGATCTACATGCGACGACAA

Claudin-3 CTGCTCTGCTGCTCGTGTCC TTAGACGTAGTCCTTGCGGTCGTAG

GAPDH AAGATCATCAGCAATGCCTCCTGC ATGGACTGTGGTCATGAGTCCTTC
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FITC was excited at 488 nm, and emitted at 500-600 nm (green); DAPI was excited at 405 

nm, and emitted at 410-450 nm (blue). For analysis, Z-stack (512- × 512- pixel resolution 

× 8 bit) images were taken by a field of view 290.62 µm × 290.62 µm with step lengths 

of 1.0 µm from the bottom to the top of the Caco2 monolayer. At least 3 images were 

captured for each sample in one experiment. To estimate the tight junction intensity, the 

maximum intensity plane in the Z-stack of the FITC channel was chosen and analyzed by 

Image J procedure (Version 1.51n; National Institutes of Health, USA).   

St a t i s t i c a l  a n a l ys i s

Statistical analysis was performed by GraphPad Prism 6 (GraphPad Prism Software Inc. 

San Diego, CA, USA). Results were expressed as mean ± SD. Normality of data distribution 

was confirmed using the Kolmogorov-Smirnov test. Unpaired t test was applied to test 

the effect of shear force on the glycocalyx, anti-microbial peptide and tight junction 

protein compositions gene expression. All other data was analyzed using one-way 

ANOVA followed by Dunnett’s multiple comparisons test. Non-parametric distributed 

data was analyzed using the Kruskal-Wallis test with Dunn’s multiple comparisons test. 

Significant difference was defined as p<0.05 (*p<0.05, **p<0.01, ****p<0.0001), p<0.1 was 

considered as a statistical trend.

results

S h e a r  f o r ce m o d i f y  g e n e e x p r e s s i o n o f  g l yco c a l y x , 
a nt i - m i c r o b i a l  p e p t i d e ,  a n d t i g ht  j u n c t i o n p r o t e i n s  e x p r e s s i o n 
i n  g u t  e p i t h e l i a l  ce l l s 

First, we tested the impact of shear force as such on expression of glycocalyx genes 

glypican-1 (Glypican-1), hyaluronic acid (HAS-1, HAS-2, HAS-3), and heparan sulfate (EXT-1, 

EXT-2); anti-microbial peptide gene human β defensin 1 (hBD-1); and tight junction 

protein genes Zonula occludens-1 (ZO-1), and Claudin-3 (Claudin-3) in gut epithelial cells. 

Cells cultured under static without shear force served as controls.

As shown in Figure 1, shear force exposure significantly downregulated 

specific glycocalyx genes expression compared to cells under static. Shear force didn’t 

change the gene expression of Glypican-1, HAS-1, HAS-2, and EXT-2 (Figure 1A-C, F), but 

significantly downregulated HAS-3 (p<0.001, Figure 1D) and EXT-1 (p<0.0001, Figure 1E), 
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which decreased 0.43-fold and 0.69-fold, respectively compared to epithelial cells under 

static.

Shear force exposure also induced a significant downregulation of gene 

expression of the antimicrobial peptide hBD-1 as shown in Figure 1G (p<0.001). This 

reduction was 0.81-fold compared to epithelial cells cultured under static.

The gene expression of tight junction proteins ZO-1 and Claudin-3 were 

significantly downregulated when the epithelial cells were exposed to shear force. ZO-1 

was downregulated 0.60-fold compared to cells under static culture (p<0.0001, Figure 

1H). Claudin-3 expression resulted in a more pronounced reduction (p<0.001, Figure 1I), 

with a decrease of 0.95-fold when the epithelial cells were exposed to shear force. 

We also studied tight junction compositions on a protein level as shown in 

Figure 1J, 1K, 1M, and 1N. Shear force tended to lower ZO-1 protein but this did just 

not reach statistical significance (p=0.07, Figure 1L). Shear force didn’t change Claudin-3 

protein expression (Figure 1O). 
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Figure 1. Shear force modify glycocalyx genes, anti-microbial peptide genes, and tight junction 
genes and proteins expression in gut epithelial cells. Caco2 cells were either exposed to a shear force of 
5 dyne/cm2 for 3 days after 18 days of static culture or continuously cultured under static for 21 days. Cells 
cultured under static conditions without shear force served as controls. At the end of cell culture, glycocalyx 
layer compositions gene expression including Glypican-1 (A), HAS-1 (B), HAS-2 (C), HAS-3 (D), EXT-1 (E), and 
EXT-2 (F); anti-microbial peptide gene hBD-1 (G); and tight junction protein genes ZO-1 (H) and Claudin-3 
(I) were quantified by evaluating the mRNA expression with real time RT-PCR. Results were presented as 
relative values normalized to housekeeping gene GAPDH. Immunochemistry was applied to label the 
tight junction protein ZO-1 (J, K; ZO-1, green; cell nuclei, blue) and Claudin-3 (M, N; Claudin-3, green; cell 
nuclei, blue). Three-dimensional (3D) images were taken with a Leica SP8 confocal laser microscope. The 
fluorescence intensity of ZO-1 (L) and Claudin-3 (O) under both static culture and with shear force was 
quantified using Image J. All data was expressed as mean ± SD of six experiments. Statistical significance 
was tested with unpaired t test (**p<0.01, ***p<0.001, ****p<0.0001).

h M O s a n d h M O ’s  a c i d hyd r o l ys i s  p r o d u c t  d i f f e r e nt l y  m o d u l a t e 
g l yco c a l y x g e n e s ,  a nt i - m i c r o b i a l  p e p t i d e ,  a n d t i g ht  j u n c t i o n 
p r o t e i n s  i n  g u t  e p i t h e l i a l  ce l l s  e x p o s e d t o s h e a r  f o r ce

Next we determined the impact of 2’-FL, 3-FL and LNT2 on expression of glycocalyx 

genes, anti-microbial peptide gene and tight junction proteins in epithelial Caco2 cells 

under both static and after exposure to shear force.

2’-FL, 3-FL, and LNT2 didn’t change Glypican-1 (Figure 2A, 2B) and HAS-2 (Figure 

2C, 2D) under either static or shear force. LNT2 significantly upregulated HAS-3 under 

static culture (p<0.05, Figure 2E), but this effect was not observed when the cells were 

exposed to shear force (Figure 2F). EXT-2 was not influenced by the stimulation with 

hMOs under either shear force or static (Figure 2G, 2H). 
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LNT2 but not 2’-FL or 3-FL significantly upregulated hBD-1 under static, with an 

increase of 0.73-fold compared to cells cultured without hMOs (p<0.01, Figure 2I). This 

effect was also observed when the cells were exposed to shear force. Under shear force, 

LNT2 significantly increased hBD-1 expression to 1.49-fold compared to controls (p<0.01, 

Figure 2J).

Figure 2. hMOs and hMO’s acid hydrolysis product differently modulate glycocalyx, anti-microbial 
peptide, and tight junction proteins gene expression in gut epithelial cells exposed to shear force. 
Caco2 cells were either exposed to a shear force of 5 dyne/cm2 for 3 days after 18 days of static culture or 
continuously cultured under static for 21 days. Then cells were stimulated with 2’-FL, and 3-FL, and hMO’s 
acid hydrolysis product LNT2 at 2 mg/mL for 2 h. Cells cultured without hMOs served as controls. After 
stimulation, glycocalyx layer compositions gene expression including Glypican-1 (A, B), HAS-2 (C, D), HAS-3 
(E, F), and EXT-2 (G, H); anti-microbial peptide gene hBD-1 (I, J); and tight junction protein genes ZO-1 (K, 
L) and Claudin-3 (M, N) were quantified by evaluating the mRNA expression with real time RT-PCR. Results 
were presented as fold changes compared to the control group. All data was expressed as mean ± SD from 
six experiments. Statistical significance was tested with one-way ANOVA (*p<0.05, **p<0.01).  
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2’-FL, 3-FL, and LNT2 didn’t change the gene expression of tight junction 

protein ZO-1 and Claudin-3 (Figure 2K-N). However, at a protein levels, LNT2 significantly 

decreased ZO-1 in cells under static culture (p<0.01, Figure 3A, 3B), while this 

downregulation was not observed when the cells were exposed to shear force (Figure 

3C, 3D). There was no difference in Claudin-3 distribution and expression after exposure 

to hMOs under both static or shear force exposure (Figure 3E-H). 

Figure 3. hMOs and hMO’s acid hydrolysis product differently modulate tight junction proteins 
expression in gut epithelial cells. Caco2 cells were either exposed to a shear force of 5 dyne/cm2 for 
3 days after 18 days of static culture or continuously cultured under static for 21 days. Then cells were 
stimulated with 2’-FL, and 3-FL, and hMO’s acid hydrolysis product LNT2 at 2 mg/mL for 2 h. Cells cultured 
without hMOs served as controls. Immunochemistry was applied to label the tight junction protein ZO-1 
(A, C; ZO-1, green; cell nuclei, blue) and Claudin-3 (E, G; Claudin-3, green; cell nuclei, blue). Three-dimen-
sional (3D) images were taken with a Leica SP8 confocal laser microscope. The intensity of ZO-1 (B, D) 
and Claudin-3 (F, H) under both static culture and with shear force was quantified using Image J. All data 
was expressed as mean ± SD of six experiments. Statistical significance was tested with one-way ANOVA 
(**p<0.01). 
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h M O s e x p o s u r e e n h a n ce s a d h e s i o n o f  L .  p l a n t a r u m  WC F S1  t o  g u t 
e p i t h e l i a l  ce l l s  u n d e r  s h e a r  f o r ce

Next we investigated whether the hMOs and shear force induced changes would have 

any impact on adhesion of a commensal bacterium on gut epithelial cells. To this end, 

we studied adhesion of L. plantarum WCFS1 on epithelial cells that were exposed to 2’-FL, 

3-FL and LNT2 in presence and absence of shear force. 

A pronounced increase of L. plantarum WCFS1 adhesion was observed by all 

hMOs studied under static culture (Figure 4A). 2’-FL, 3-FL, and LNT2 all significantly 

(p<0.05) enhanced the adhesion of L. plantarum WCFS1 to Caco2 cells with an increase of 

1.52, 1.89, and 1.81-fold, respectively. 

Exposure to shear force, hMOs also enhanced the adhesion of L. plantarum 

WCFS1 but results were different than under static incubation. 3-FL and LNT2 enhanced 

L. plantarum WCFS1 adhesion to 1.85 and 1.90-fold (p<0.01, Figure 4B) but this was not 

observed with 2’-FL (Figure 4B).

Figure 4. hMOs exposure enhances adhesion of L. plantarum WCFS1 to gut epithelial cells under 
shear force. Caco2 cells were either exposed to a shear force of 5 dyne/cm2 for 3 days after 18 days of static 
culture or continuously cultured under static for 21 days. L. Plantarum WCFS1 was treated with 2’-FL, 3-FL, 
and hMO’s acid hydrolysis product LNT2 at 2 mg/mL for 2 h, and then were brought onto Caco2 cells under 
the static (A) or shear force (B) culture for another 2 h. The untreated bacteria were used as control. After 
stimulation, the total colony forming units (CFUs) of bacteria adhered to the Caco2 cells were determined 
by drop-plating (17). All data was expressed as mean ± SD from six experiments. Statistical significance 
was tested with one-way ANOVA (*p<0.05, **p<0.01).
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S h e a r  f o r ce m o d i f i e s  g l yco c a l y x g e n e e x p r e s s i o n ,  a nt i - m i c r o b i a l 
p e p t i d e ,  a n d t i g ht  j u n c t i o n p r o t e i n s  w i t h L .  p l a n t a r u m  WC F S1  i n 
g u t  e p i t h e l i a l  ce l l s

Then we determined whether the shear force exposure influence gene expression of 

the glycocalyx molecules, anti-microbial peptides, and tight junction proteins in the 

presence of the commensal bacterium L. plantarum WCFS1.  

As shown in Figure 5, shear force exposure significantly upregulated specific 

glycocalyx genes compared to cells under static incubation in presence of L. plantarum 

WCFS1. Glypican-1 expression was increased to 2.68-fold (p<0.01, Figure 5A) compared 

with cells in static culture. Shear force didn’t change HAS-1 (Figure 5B), but significantly 

upregulated HAS-2 (p<0.01, Figure 5C) and HAS-3 (p<0.05, Figure 5D), with an increase to 

2.03-fold and 1.78-fold, respectively compared to epithelial cells in static. Exposure to 

shear force didn’t impact EXT-1 (Figure 5E) and EXT-2 (Figure 5F) in Caco2 cells. 

Interestingly, shear force induced a significant downregulated expression of 

the antimicrobial peptide hBD-1 (p<0.05, Figure 5G) in presence of L. plantarum WCFS1. 

The reduction was of 0.58-fold compared to epithelial cells cultured under static.  
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Figure 5. Shear force modify glycocalyx genes, anti-microbial peptide genes, and tight junction 
genes and proteins expression with L. plantarum WCFS1 in gut epithelial cells. Caco2 cells were 
either exposed to a shear force of 5 dyne/cm2 for 3 days after 18 days of static culture or continuously 
cultured under static for 21 days. L. plantarum WCFS1 was brought onto Caco2 cells under either static 
conditions or under shear force culture for 2 h. Cells cultured under static conditions without shear force 
served as controls. After stimulation, glycocalyx gene expression including Glypican-1 (A), HAS-1 (B), HAS-2 
(C), HAS-3 (D), EXT-1 (E), and EXT-2 (F); anti-microbial peptide gene hBD-1 (G); and tight junction protein 
genes ZO-1 (H) and Claudin-3 (I) were quantified by evaluating the mRNA expression with real time RT-PCR. 
Results were presented as relative values normalized to the housekeeping gene GAPDH. Immunochemistry 
was applied to label the tight junction protein ZO-1 (J, K; ZO-1, green; cell nuclei, blue) and Claudin-3 (M, 
N; Claudin-3, green; cell nuclei, blue). Three-dimensional (3D) images were taken with a Leica SP8 confocal 
laser microscope. The intensity of ZO-1 (L) and Claudin-3 (O) under both static culture and with shear 
force was quantified using Image J.  All data was expressed as mean ± SD of six experiments. Statistical 
significance was tested with unpaired t test (*p<0.05, **p<0.01).

The expression of tight junction ZO-1 was not changed by exposure to shear 

force (Figure 5H), but Claudin-3 was significantly downregulated to 0.41-fold when the 

cells were exposed to shear force (p<0.05, Figure 5I) combined with L. plantarum WCFS1.

Also, the tight junction proteins ZO-1 and Claudin-3 were tested on a protein 

level. Shear force significantly increased ZO-1 protein expression with L. plantarum 

WCFS1 (p<0.05, Figure 5J-L). Claudin-3 was not influenced when the cells were exposed 

to shear force (Figure 5M-O).
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h M O s a n d a n h M O ’s  a c i d hyd r o l ys i s  p r o d u c t  d i f f e r e nt l y  m o d u l a t e 
g l yco c a l y x g e n e s ,  a nt i - m i c r o b i a l  p e p t i d e ,  a n d t i g ht  j u n c t i o n 
p r o t e i n s  i n  p r e s e n ce o f  L .  p l a n t a r u m  WC F S1  a n d s h e a r  f o r ce

As we found such a pronounced impact of shear force when L. plantarum WCFS1 as 

commensal bacterium was introduced, we decided to repeat the experiments with 

hMOs in the presence of L. plantarum WCFS1. 

2’-FL, 3-FL and LNT2 did not change the Glypican-1 expression either in static 

culture (Figure 6A) or when the cells were exposed to shear force (Figure 6B) combined 

with exposure to L. plantarum WCFS1. 2’-FL increased HAS-2 under static (Figure 6C), 

but this didn’t reach statistical significance. This was quite different when the cells 

were exposed to shear force and L. plantarum WCFS1. Under shear force, 2’-FL and LNT2 

significantly downregulated HAS-2 with a reduction of 0.52-fold (p<0.01, Figure 6D) and 

0.38-fold (p<0.05, Figure 6D) respectively. This was unique for 2’-FL and LNT2 as it was 

not observed with 3-FL. No effects of 2’-FL, 3-FL, and LNT2 were observed on HAS-3 

(Figure 6E, 6F) and EXT-2 (Figure 6G, 6H) independent of whether cells were cultured 

under static or application of shear force.

Under static culture, 2’-FL and LNT2 significantly increased hBD-1 to 1.28-fold 

(p<0.05, Figure 6I) and 1.49-fold (p<0.05, Figure 6I), respectively, while 3-FL didn’t show 

such an effect on hBD-1 (Figure 6I) in epithelial cells exposed to L. plantarum WCFS1. 

When the cells were exposed to shear force and L. plantarum WCFS1, 2’-FL, 3-FL, and 

LNT2 induced a more pronounced hBD-1 expression. As shown in Figure 6J, 2’-FL, 

3-FL, and LNT2 all significantly (p<0.05) upregulated hBD-1 to 1.26, 1.26, and 1.24-fold, 

respectively.

The hMOs 2’-FL, 3-FL and LNT2 didn’t change the gene expression of ZO-1 

(Figure 6K, 6L) and Claudin-3 (Figure 6M, 6N) when Caco2 cells were exposed to shear 

force and L. Plantarum WCFS1. We also studied tight junctions on a protein level. Under 

static culture, 2’-FL, 3-FL and LNT2 didn’t influence ZO-1 production as all cells exposed 

to hMOs and L. Plantarum WCFS1 had a relatively low intensity of staining (Figure 7A, 7B). 

A more pronounced ZO-1 was obtained when the cells were exposed to shear force and 

L. plantarum WCFS1 as shown in Figure 7C. ZO-1 fluorescence intensity was statistically 

significantly higher when cell under shear force were exposed to 2’-FL, 3-FL, and LNT2 

(p<0.05, Figure 7D). 3-FL had the most pronounced effect and increased ZO-1 intensity 

to 2.66-fold.
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Figure 6. hMOs and hMO’s acid hydrolysis product differently modulate glycocalyx, anti-microbial 
peptide, and tight junction proteins gene expression under shear force when epithelial cells are 
exposed to the commensal bacterium L. plantarum WCFS1. Caco2 cells were either exposed to a 
shear force of 5 dyne/cm2 for 3 days after 18 days of static culture or continuously cultured under static 
for 21 days. L. Plantarum WCFS1 was treated with 2’-FL, 3-FL, and hMO’s acid hydrolysis product LNT2 
at 2 mg/mL for 2 h, and then were brought onto Caco2 cells under static conditions or under shear force 
culture for another 2 h. Cells cultured without hMOs served as controls. After stimulation, glycocalyx layer 
compositions gene expression including Glypican-1 (A, B), HAS-2 (C, D), HAS-3 (E, F), and EXT-2 (G, H); 
anti-microbial peptide gene hBD-1 (I, J); and tight junction protein genes ZO-1 (K, L) and Claudin-3 (M, N) 
were quantified by evaluating the mRNA expression with real time RT-PCR. Results were presented as fold 
change compared to the control group. All data was expressed as mean ± SD of six experiments. Statistical 
significance was tested with one-way ANOVA (*p<0.05; **p<0.01).  



Chapter 6

142

As shown in Figure 7E, Claudin-3 expression was increased by hMOs in a 

structure dependent manner in presence of L. plantarum WCFS1. 3-FL significantly 

increased the Claudin-3 of Caco2 cells under static culture (p<0.0001, Figure 7F). This 

was not observed when the cells were exposed to shear force (Figure 7G). No significant 

difference was observed with the hMOs. Only 3-FL enhanced intensity of Claudin-3 but 

this didn’t reach statistical significance (Figure 7H). 

Figure 7. hMOs and hMO’s acid hydrolysis product differently modulate tight junction proteins 
expression in gut epithelial cells in presence of L. plantarum WCFS1. Caco2 cells were either exposed 
to a shear force of 5 dyne/cm2 for 3 days after 18 days of static culture or continuously cultured under static 
for 21 days. L. plantarum WCFS1 was treated with 2’-FL, 3-FL, and hMO’s acid hydrolysis product LNT2 at 2 
mg/mL for 2 h, and then were brought onto Caco2 cells under static conditions or under shear force culture 
for another 2 h. Cells cultured without hMOs served as controls. After stimulation, immunochemistry was 
applied to label the tight junction protein ZO-1 (A, C; ZO-1, green; cell nuclei, blue) and Claudin-3 (E, G; 
Claudin-3, green; cell nuclei, blue). Three-dimensional (3D) images were taken with a Leica SP8 confocal 
laser microscope. The intensity of ZO-1 (B, D) and Claudin-3 (F, H) under both static culture and with shear 
force was quantified using Image J.  All data was expressed as mean ± SD of six experiments. Statistical 
significance was tested with one-way ANOVA (*p<0.05; **p<0.01; ****p<0.0001).
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dIscussIon

The intestinal epithelium barrier is the gatekeeper of the human body and protects 

the host for entrance of foreign antigens and pathogenic microorganisms [24]. The 

epithelium is covered with a glycocalyx layer which has been shown to be essential 

for colonization of the intestine by beneficial microbes in early life [7]. Components in 

mother milk such as hMOs have been considered to contribute to both development 

and maintenance of the gut barrier function and colonization of the intestine but 

mechanisms by which this occurs are still largely unknown. Also, it is unknown how shear 

forces that in vivo occur during peristaltic movements impact epithelial cells and how 

shear force influence the efficacy by which hMOs induce modulation of gut epithelial 

cells. Here, we focused on the glycocalyx, anti-microbial peptide, and tight junction 

genes and proteins in gut epithelial cells and found significant changes in cell behavior 

in presence of shear forces. Also, we demonstrate that hMOs and shear forces change 

the crosstalk between a commensal bacterial strain and epithelial cells as evidenced by 

distinct gene expression patterns in gut epithelial cells. 

We observed that when exposed to shear force, specific genes for regulating 

glycocalyx synthesis, human β defensin secretion, as well as tight junction proteins 

synthesis were lower expressed than in cells cultured under static. Glypican-1 

proteoglycan is the protein backbone of the glycocalyx layer and an important carrier 

for glycosaminoglycan chains which include hyaluronan (HA) and heparan sulfate (HS) 

[25]. Shear force didn’t change Glypican-1. Under shear force, HA synthetase (HAS) HAS-3 

but not HAS-1 and HAS-2 was lower than in static. HAS is essential for synthesis of HA [26], 

which is a highly viscous component of the intestinal mucus layer and responsible for 

tissue repair, stability, and anti-inflammatory effects [27]. HAS-1 and HAS-2 synthesize 

high molecular weight HA, and lower HAS-3 synthesis implies lower amounts of low 

molecular weight HA, which is required for intestinal stem cells development [26] and 

protection of the liver from acute injury [28]. 

Another shear force induced downregulation was lowering of expression 

of exostosin (EXT). This gene is involved in the elongation of HS and responsible for 

integrating HS chains with nucleotide sugars in Golgi apparatus [29]. If it is lower, it 

may imply lowering of HS synthesis, which supports organogenesis, growth factor 

signaling, and bacteria adhesion [30]. Overall our data show that under static incubation 
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specific genes involved in glycocalyx synthesis and essential cellular processes might be 

expressed higher than under shear force such as occurs in vivo [8] implying shear force 

on gut epithelial cells influences cell development, cell signaling but regulation seems 

through downregulating glycosaminoglycan chains and not via synthesis of the protein 

backbone. 

To gain insight in whether shear force impacts gut microbiota shaping 

defensins we studied hBD-1 as it is responsible for synthesis of the anti-microbial peptide 

human β defensin 1, which is constitutively expressed by epithelial cells and a key 

effector molecule of innate immunity [31]. It is an essential molecule in defense against 

pathogens. Our results suggest that hBD-1 is decreased by shear force that implies shear 

force may influence epithelial responses against pathogens. Also, we studied impact 

on the essential tight junction proteins ZO-1 and Claudin-3 synthesis genes. Both the 

intercellular tight junction protein ZO-1 and the transmembrane tight junction protein 

Claudin-3 were decreased by shear force. These findings corroborate findings in tubular 

epithelial cells [32] that also undergo decreased expression of the tight junction proteins 

ZO-1 when shear force is applied. 

Results and impact of shear force were different when cells were exposed to 

hMOs or break down products of hMO. The hMO acid hydrolysate LNT2 but not 2’-FL 

or 3-FL showed enhancing effects on gene expression of HAS-3 under static culture. 

LNT2 significantly increased HAS-3 but didn’t change HAS-2 of the glycocalyx molecule 

HA under static. This higher expression of HAS-3 may indicate higher production of 

low molecular weight HA under static. However, none of the tested hMOs changed 

Glypican-1 or EXT-2 in the intestinal glycocalyx layer. LNT2 also enhanced hBD-1 under 

both static and shear force. This suggests that LNT2 may increase intestinal immunity as 

defensin hBD-1 is key in stimulating intestinal immunity [31]. None of the hMOs changed 

ZO-1 and Claudin-3, but LNT2 decreased ZO-1 at protein level under static culture, which 

we did not observe in presence of shear force. This demonstrates that impact of hMOs 

and its hydrolysis product on gut epithelial cells is different under shear force and acid 

hydrolysis of hMOs in the stomach impact may enhance.

Our data also illustrates the positive impact of hMOs on adhesion of the 

commensal bacterium L. plantarum WCFS1 to intestinal epithelial cells. Of the tested hMOs, 

2’-FL, 3-FL and LNT2 all significantly increased the adhesion of the commensal bacterium 
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under static culture. This was different under shear force, where 3-FL and LNT2 but not 

2’-FL significantly increased bacterial adhesion. Even though 2’-FL shares the same core 

structure as 3-FL and LNT2 (Table 1), l-fucose of 2’-FL is fucosylated to galactose but not 

to glucose as in 3-FL. Our data might suggest this difference in fucosylation may make 

a difference on commensal bacteria adhesion under shear force by enhancing capacity 

of intestinal cells to bind L. plantarum WCFS1. Similar structure-function effects of hMOs 

have been reported for pathogen adhesion [33] as well as for promoting production of 

MUC2 [4] in intestinal epithelial cells. Effects of hMOs under shear force seem to be very 

specific and corroborates findings with lectins that also have been shown to specifically 

and not generally block pathogenic intruders [34]. 

The enhanced bacterial adhesion of the commensal L. plantarum WCFS1 

induced by 2’-FL, 3-FL, and LNT2 can be induced in multiple ways. It is possible that 

hMOs enhanced expression of adhesion molecules on the bacteria such as glyceral-

dehyde-3-phosphate dehydrogenase [35]. However, as the epithelial cells and not the 

bacteria were treated with hMOs it is likely that the induced changes in glycosylation 

and glycan diversity on the intestinal epithelium support adhesion of the commensal [7]. 

This suggestion is corroborated by the observation that enhanced commensal adhesion 

induced by hMOs and shear force was associated with more profound changes in gene 

expression of intestinal epithelial glycocalyx, antimicrobial peptide, and tight junction 

proteins. 2’-FL for instance did have lesser effects on these genes under shear force. This 

may be an explanation for that 2’-FL had lesser effects on L. plantarum WCFS1 adhesion 

under shear force than 3-FL and LNT2.

In the presence of the bacteria, shear force significantly increased glycocalyx 

associated genes Glypican-1, HAS-2, and HAS-3, which is different from the lowering effects 

of shear force on HAS-3 and EXT-1 in the absence of bacteria. These data are corroborating 

findings in endothelial cells in which glypican-1 was shown to be the mechanosensitive 

glycocalyx core protein and HA is transducer of the shear induced changes in endothelial 

cells [11]. The upregulating effects on the glycocalyx genes by bacteria may stimulate the 

synthesis of glypican-1 proteoglycan and HA glycosaminoglycan chains, which has been 

suggested to stimulate colonization of the bacteria through providing anchoring points 

[7]. In the presence of the bacteria, shear force still downregulated the gene expression 

of hBD-1 and Claudin-3. While on a protein level, shear force significantly increased the 
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ZO-1 and didn’t change the Claudin-3. Our data strongly support that tight junction 

protein ZO-1 is a shear sensitive protein in intestinal epithelial cells [8]. 

In our study we selected essential glycocalyx and tight junction proteins as 

study parameter as they together make up the physical barrier of the intestine. hBD1 

was studied as it is involved in shaping microbiota [31] and therewith also contributes 

to barrier function by preventing pathogens to adhere to host epithelial cells. The 

studied hMOs strongly influence these genes and proteins but its impact was different 

in the presence and absence of shear force. An example of this is the observation 

that under shear force in presence of L. plantarum WCFS1, 2’-FL and LNT2 but not 3-FL 

decreased HAS-2. HA normally enhances viscosity and supports bacteria adhesion [27], 

and therefore is not in line with the observation that L. plantarum WCFS1 can adhere 

better to epithelial cells exposed to 3-FL and LNT2 but consistent with the finding 2’-FL 

showed less bacteria adhesion under shear force. A possible explanation is that 3-FL 

and LNT2 stimulate L. plantarum WCFS1 adhesion in a HA independent way. It cannot be 

excluded that other glycosylation structures are involved. It seems likely however that 

HAS-2 regulation by 2’-FL is involved in enhanced L. plantarum WCFS1 adhesion. Except 

for enhancing commensal bacterium adhesion, lowering of HAS-2 by hMOs may also 

have antipathogenic effect as it is associated with lower colonization of HA degrading 

pathogenic bacteria via reducing the binding sites of the host. This was also shown for 

3’-sialyllactose (3’-SL) that lowered expression of sialic acid and lactosamine which was 

associated with reduced adhesion of Escherichia coli to intestinal epithelial cells [36]. 

Besides influencing the glycosylation of epithelial cells, hMOs and commensal 

bacteria can also stimulate the host to secret antimicrobial peptides to inhibit pathogen 

growth [37]. As shown in our study, under static culture in presence of L. plantarum 

WCFS1, 2’-FL and LNT2 but not 3-FL significantly enhanced hBD-1 which was different 

under shear force as under these circumstances, 2’-FL, LNT2 as well as 3-FL stimulated 

expression of hBD-1. This demonstrates that impact of some dietary molecules can only 

be observed when physiological shear force is applied. The enhancing effect on hBD-1, 

however, is much less in absence of L. plantarum WCFS1. The finding that LNT2 under 

either static or shear force enhanced hBD-1 is also intriguing. It corroborates previous 

findings that hydrolysis of hMOs in the stomach enhance biological efficacy of hMOs [38]. 

Overall, our data suggest that hMOs support crosstalk between commensal bacteria and 
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epithelial cells, and commensal bacteria increase the impact of hMO on epithelial cells 

under shear force.  

 3-FL had the most pronounced effects on the tight junction protein ZO-1 

expression when crosstalk was allowed between L. plantarum WCFS1 and gut epithelial 

cells under shear force. Expression of this tight junction protein was much higher 

than when cultured under static incubation. This was different with Claudin-3 protein 

expression that was only significantly enhanced by 3-FL in static culture, and relatively 

lower expressed under shear force. Our data suggests that hMOs efficacy to promote 

bacterial adhesion and to support barrier function related tight junction is dependent 

on presence of shear force and is gene dependent [39].   

In summary, we show that shear forces mimicking intestinal peristaltic shear 

forces have a relatively large impact on intestinal epithelial cell characteristics such 

as glycocalyx gene expression, production of anti-microbial peptide, and expression 

of tight junction proteins. It also changed the impact of hMOs on gut epithelial cells. 

The most profound changes were observed when crosstalk between a commensal 

bacterium and gut epithelial cells was allowed. We observed enhanced commensal 

bacteria adhesion and stronger expression of antimicrobial peptide and tight junction 

protein ZO-1. Effects are highly dependent on the type of hMO applied. 3-FL and LNT2 

are more effective than 2’-FL, demonstrating structure dependency. 
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Human milk oligosaccharides (hMOs) is the third-largest solid compound in human milk, 

which provides numerous health-promoting effects on the gastrointestinal immune 

system [1, 2]. The beneficial effects of hMOs in human milk include modulation of the 

colonization and activity of the resident microbiota [3, 4], modulate immune function in 

different ways [5, 6], enhancement of intestinal barrier function [7], as well as attenuation 

of systemic and intestinal inflammation [8]. 

Over the decades, it was not possible to produce hMOs in great amounts and 

used in infant formulas. Nondigestible fibers such as galacto-oligosaccharides (GOS) 

and inulins were, therefore, being used to substitute hMO function in infant feeding [9]. 

However, recently, major advances have been made in large scale production of hMOs and 

two isolated hMOs are now able to be used in infant formulas [10]. The beneficial effects 

of hMOs in human milk are indubitable, however, nowadays, hMOs are usually supplied 

in infant formula as single-molecule and there is little evidence available to support the 

beneficial function of individual hMOs. Besides that the low pH in the gastrointestinal 

tract may lead to the formation of the acid hydrolysate of the tetra and higher hMOs 

[11, 12], and how these acid hydrolysates impact the gastrointestinal immune barrier 

is barely studied. In order to optimize the future design of hMOs-containing infant 

formulas, more knowledge about different functions and the mechanisms involved in 

gastrointestinal immune effects of individual hMOs is needed. Therefore, the aim of the 

studies in this thesis was to investigate in vitro how different individual hMOs, as well as 

hMO's acid hydrolysis products, modulate gastrointestinal immune barriers on different 

cellular systems, unravel the structure-function relationships of hMOs, and explore the 

possible mechanisms of action. 

T h e f u n c t i o n s o f  h M O s a r e h i g h l y  s t r u c t u r e - d e p e n d e nt

hMOs are unique to humans and are not found in the same variety and composition in 

other mammals [13]. To date, approximately 200 different hMOs have been discovered 

and characterized in human milk [14]. In this thesis, we demonstrated that the individual 

hMOs have different effects and that the final outcome of a specific health benefit 

dependents on the composition of individual hMOs from multiple aspects. 

The hMOs isomers with the same formula but in different structures can already 

have a major influence on its bioactivities. We observed that 3-FL shows anti-inflammatory 
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effects (chapter 3), enhances mucus barrier function (chapter 4), and increases tight 

junction of intestine epithelial cells (chapter 6). However, most of the beneficial effects 

are not observed for 2’-FL. Interestingly, the effective 3-FL and non-effective 2’-FL only 

differ in the attachment position of l-fucose (Fuc) residues on the lactose core region. We 

speculate that the terminal Fuc in 2’-FL masks the terminal Gal, and an uncovered β1-4 

linked Gal terminal might be essential for the above functions. Besides the 2’-FL and 3-FL, 

we also observed another group of hMOs which have same molecular composition but 

different bioactivity due to its structure differences. In chapter 3, we showed that LNnT 

rather than LNT has strong anti-inflammatory effects, while the effective hMO LNnT and 

non-effective LNT only differ in their hMO type 1 chain (Galβ1-3GlcNAc-) or type 2 chain 

(Galβ1-4GlcNAc-) linkage on lactose. And again, LNnT contains a β1-4 linked Gal terminal 

while LNT does not, further proved that β1-4 linked Gal terminal may play an important 

role in anti-inflammatory effects. Infants solely fed with breast milk have a lower risk 

of infections and inflammatory diseases than formula-fed babies [15]. It has been 

reported that hMOs could directly interact with intestinal cells, attenuate systemic and 

intestinal inflammation [6]. In addition to our observations, we reasonably hypothesize 

that the β1-4 linked Gal terminal might be a specific effects site that is responsible 

for that. Including more hMOs contain a β1-4 linked Gal terminal to investigate their 

anti-inflammatory properties could be an interesting choice to confirm our hypothesis. 

Not only structures make major differences, the monomers also play an 

important roles. In chapter 2, we showed that 6’-SL does not inhibit but augments TLR8 

activation in the presence of the agonist at a concentration of 2 mg/mL while it has no 

activation effect as a single molecule on TLR8. And also, in chapter 6, we found that 

6’-SL can promote the growth of B.longum subsp. infantis in B.longum subsp. infantis and 

F.prausnitzii co-culture. We deduce that the sialic acid in 6’-SL may play a role in these 

observations. More studies and different hMOs are needed to confirm the observed 

structure-specific effects as well as our hypothesis.

T h e d i g e s t i o n i n  t h e g a s t r o i nt e s t i n a l  t ra c t  i n f l u e n ce t h e 
b i o a c t i v i t y  o f  h M O s

Although the majority of hMOs can reach the intestine without being digested, some 

hMOs undergo hydrolyzation at low pH during transit through the gastrointestinal tract 
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[11]. This digestion may lead to the formation of LNT2, which is the acid hydrolysate of 

the tetra and higher hMOs such as LNT and LNnT [11, 12]. How these process influence 

the bioactivity of hMOs and how these acid hydrolysates may impact the gastrointestinal 

immune barrier are not been studied before.

While LNT2 is the acid hydrolysate of LNnT, opposite modulatory effects via 

TLRs were observed between them. In chapter 2, we demonstrated that LNT2 shows 

strong activating effects on all TLRs, but no inhibition effects are observed, while LNnT 

shows only inhibiting effects on TLRs. The different effects between LNT2 and LNnT 

are also observed in chapter 3, where LNnT shows strong anti-inflammatory effects, 

and LNT2 induces IL-8 secretion on intestine epithelial cells. Our observation indicates 

that digestion in the gastrointestinal tract could have strong influence on bioactivity of 

hMOs, and should be taken into consideration in the future hMOs functional study and 

product designs. LNnT is one of the hMOs that currently is being used in infant formula 

[16], considering the digestion in gastrointestinal tract, LNnT might reach in intestinal 

tract as a mixture of LNnT and LNT2. However, the effects of LNnT and LNT2 mixtures 

that mimic the possible ratio in the infant's intestine are not investigated yet. Therefore, 

use of in vitro infant digestion models [17] to study the function of digestion products of 

hMOs would be an interesting option for further researches. 

T h e i nt e ra c t i o n b e t we e n h M O s a n d i t s  r e ce p t o r s 

Due to its special structural composition, the interaction between hMOs with receptors 

plays an important role. However, potential hMO receptors are still not all identified. 

In this thesis, our observations identified and provided several potential receptors for 

hMOs as well as the possible mechanism behind.

The immune effects of hMOs via Toll-like receptors (TLRs) have been previously 

described in literature [6], in chapter 2, we studied the direct interaction between 

different hMOs and individual TLRs. Both activation and inhibition effects are observed 

on TLRs signaling. We observed 3-FL activates TLR2, while LNT2 activates all TLRs, 2’-FL, 

6’-SL, and LNnT inhibit TLR5 and 7, while 3-FL inhibits TLR5, 7, and 8. However, we only 

use reporter cells to screen the effects of hMOs and prove its immunomodulatory effects 

on THP1 macrophages, the potential the mechanisms that responsible for the effects 

are not addressed in this study. Therefore, in-depth studies on how these hMOs interact 
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with individual TLRs and the pathways involve in these would be the next step that 

provides more molecular insights. Besides the already studied receptors for hMOs, i.e. 

TLRs, we identified a new hMOs receptor, TNFR1. In chapter 3, we demonstrated that 

specific hMO types inhibit TNF-α induced inflammatory responses in fetal gut epithelial 

cells in a structure-dependent fashion by interacting with the TNFR1 receptor. Different 

mechanisms are observed, 3-FL, LNnT, and LDFT exert TNFR1 ectodomain shedding 

while LNnT also show binding affinity to TNFR1. The good follow up studies on our 

results would be explore the enzymes and molecular mechanisms that involve in TNFR1 

ectodomain shedding, and use in silico way to identify the possible binding pocket and 

binding site of the hMOs and TNFR1, which might help to find the signaling pathways 

and functional sites of hMOs during this process.

Except for the identified receptors we mentioned above, our results also provide 

some potential receptors as candidate for future studies. In chapter 4, we showed that 

hMOs enhance mucus barrier function through direct modulation of intestinal goblet 

cells in structural and stressor-dependent way. For this observation, galectin-3 (Gal-3), a 

β-galactoside binding protein which modulates the expression of its major ligand MUC2 

mucin in human colonic cells [18], might be a potential receptor involved in this process 

and a good candidate to investigate.  

Cr o s s - t a l k  a n d s h e a r  s t r e s s  m o d u l a t e t h e e f f e c t s  o f  h M O s

Support of growth of beneficial bacteria is an important effect of hMOs [19]. In chapter 

5, we studied the effects of individual hMOs and hMO’s acid hydrolysate on different 

beneficial bacteria in both monoculture and co-cultures. In the co-culture setup, we 

found that the possible cross-talk between different bacteria species plays an important 

role in microbiota colonization. In addition to our results, an interesting option for further 

research would be to investigate the effects of hMOs on multiple bacteria species. This 

could be done for example by isolating bacteria from infant feces and to study the 

effects of hMOs on growth and fermentation of those bacteria.

Moreover, in chapter 6, we observed again hMOs support the crosstalk 

between commensal bacteria and intestinal epithelial cells. Our observations indicate 

the cross-talk between different factors, both between different bacteria as well as 

bacteria and human cells, play important roles in gastrointestinal immune barrier 
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functions. The factors that are responsible for the observed effects on cross-talk are 

not well addressed in this thesis, in-depth investigations on identifying the responsible 

factors, would be the next step that provides more molecular insights in the effects of 

individual hMOs on crosstalk. 

The mechanical force on epithelial cells during transit through the 

gastrointestinal tract could influence the adhesion of commensal bacteria [20]. 

Adhesion of commensal bacteria is the first step to the colonization of the intestine in 

early life. It also plays an important role in the prevention of pathogen adhesion and 

invasion in later life [21]. In chapter 6, we applied the Ibidi system to mimic the shear 

force during intestinal peristalsis and we demonstrate the impact of some hMOs can 

only be observed when a physiological shear force is applied. Most in vitro studies that 

investigate the function of hMOs were under static culture, without shear force as well 

as other members of the gut immune barrier experience during transition through the 

gastrointestinal tract [22]. From our in vitro data, it is clear that shear force as well as the 

co-culture of bacterium and intestine cells together, could influence the functions of 

hMO. This suggests that shear force and bacteria all play important roles and should be 

taken into account in hMOs function study.

Nowadays, most of the in vitro studies that explore hMO functions only 

include single factors, i.e. bacteria or cells, and almost all under static culture. Although 

exploring the effects of hMOs on individual elements of gastrointestinal immune barrier 

is important, which helps to screen promising individual hMOs for further study, studies 

include different factors should be considered for future investigations. Transwell is 

a good way to study the cross-talk between bacteria and cells, which can co-culture 

bacteria, intestine epithelial cells, and immune cells together [23]. But this set up is 

under static condition and hard to include anaerobic bacteria. To include aerobic cells, 

anaerobic microbiota, as well as dynamic conditions, more comprehensive devices 

should be considered [24]. For example, anoxic-oxic interface-on-a-chip (AOI Chip), a 

new device developed by Shin et al., which could co-culture anaerobic bacteria and 

epithelial cells in a dynamic condition [25], would be a promising device for functional 

study of hMOs. 



General discussion

157

7

Tra n s l a t i o n t o n u t ri t i o n a l  a p p l i c a t i o n s a n d d eve l o p m e nt

hMOs can have many beneficial effects, as individual hMOs have different effects and a 

specific health benefit is highly dependent on the composition or quantity of individual 

hMOs, there might be negative impacts when applied in the wrong conditions. The 

knowledge gained in this thesis is important for future product applications. 

Nowadays, only 2’-FL and LNnT are used in infant formula [16]. However, 

according to our findings, 2’-FL may not always be the most effective one, in general, 

3-FL could be a better candidate than 2’-FL for infant formulas, especially during the 

early stages of life. At early stages in life, the intestinal immune system is immature and 

it develops rapidly in the early postnatal period, infant’s intestine is relatively diffuse, 

and the maturation to an intact barrier is needed to prevent pathogens from entering 

the host [26]. Compared to 2’-FL, 3-FL shows a better effect on the enhancement of 

the intestine barrier by stimulating the mucin products, increasing the intestine tight 

junction, and increasing the thickness of the glycocalyx layer [27]. Premature neonates 

that are more prone to NEC or other inflammatory disorders than term-born babies, and 

TNF-α plays an important role in these inflammatory diseases [28]. 3-FL, LNnT, and LDFT, 

which effectively attenuate TNF-α induced inflammation by interacting with the TNFR1, 

are highly suggested to apply in infant formula for premature neonates. The hMO’s 

acid hydrolysate LNT2, which shows strong immune stimulation characteristic, might 

be avoided to include in formulas for infants at high risk of food allergy, but it shows 

that digestion in the gastrointestinal tract may enhance bioactivity of hMOs. However, 

the strong immune-boosting effects of LNT2 might help to enhance the vaccination 

efficacy. Therefore, we believe LNT2 could be a nice candidate as a dietary supplement 

for infants and children to support vaccination efficacy. However, besides our in vitro 

data, in vivo studies should be performed to confirm our findings.

Besides as supplementary for infant food, our data also suggest hMOs could 

be applied at a broader scale. Not only neonates, some patients, such as IBD and TLR 

dependent intestinal disorders, also have increased epithelial permeability. For those 

patients, hMOs with protective effects on intestinal barrier function, i.e. 3-FL and LNT2, 

could be an adequate supplement. For people suffering from immune-mediated 

inflammatory disorders, like systemic lupus erythematosus and rheumatoid arthritis 

[29], hMOs like 2’-FL, 6’-SL and LNnT could be provided as functional foods to dampen 
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the immune response. Although hMOs only found in human milk, rather than only add 

in infant formulas, our data suggest that hMOs may have beneficial properties that could 

be used more wildly. The studies designed for testing the functions of hMOs in specific 

target groups could lead to more effective use of hMOs.

Co n c l u s i o n s a n d f u t u r e p e r s p e c t i ve 

In this thesis, we explored the structure-function relationships of hMOs and hMO’s acid 

hydrolysate from different aspects and explore the possible mechanisms of action. 

hMOs contribute to the reinforcement of the gastrointestinal immune barrier via direct 

and indirect modulatory effects, but all in a structure-dependent way, slight differences 

in structure have a significant impact on the biological action of an hMO (Figure 1A). 

Our results also indicate that the function of hMOs and its acid hydrolysis product on 

gastrointestinal immune barrier could be very different (Figure 1B). We also identified 

a new potential receptor for hMOs (Figure 1C), and proved the importance of cross-talk 

Figure 1. Summary of the conclusions and new insights of this thesis. (A) The representative of the 
structure-function relationships of hMOs from different aspects. (B) The representative of the different 
effects of hMOs and hMO's acid hydrolysis products. (C) Reveal the new potential receptor for hMOs. (D) 
Show the importance of the cross-talk by using a dynamic co-culture system. 
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and dynamic culture system (Figure 1D). Our data contribute to a better understanding 

of the structure-function relationship of hMOs which helps for the future design of hMO 

containing products, and also bring new insights for the future hMOs study. 

It has been shown by us and others, that the interaction between hMOs with 

receptors play important roles in its functions due to its special structural composition. 

However, potential hMO receptors are still not all identified. Since hMOs are small ligand 

without specific antibodies, it is not easy to target its receptor by using biological 

methods only. Therefore, methods such as electrospray ionization mass spectrometry 

(ESI-MS) [30] or microscale thermophoresis (MST) [31] should be taken into consideration 

in future studies. Also, we demonstrate that the cross-talk between different factors play 

an important role in gastrointestinal immune barrier functions, therefore, an in vitro 

model which include anaerobic microbiota as well as aerobic epithelial and immune 

cells could bring a better and more comprehensive understanding of the underlying 

mechanisms of hMOs. Newly developed devices “anoxic-oxic interface-on-a-chip (AOI 

Chip)” [25], “apical anaerobic co-culture system” [32], and “human-microbial crosstalk 

(HuMiX)” [33] could be used in the future to investigate hMOs. 

For optimal use of hMOs in the nutrition products, a high throughput method 

to screen which hMOs or hMOs mixtures have beneficial effects for specific target 

groups is needed. Based on this thesis, before animal and human studies, the cell-based 

in vitro assay is a good choice to screen the proper candidates. In this way, with a larger 

library of hMOs, the specific individual hMOs or hMOs mixtures might be identified for 

their specific functions and can be used as advising to design functional food products.
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summAry

Human milk is the gold standard for newborn infants. Breast milk not only provides 

nutrients, it also contains bioactive components that guide the development of the 

infant’s intestinal immune system, which can have a lifelong effect. Human milk 

oligosaccharides (hMOs) is the third-largest solid compound and the most abundant 

bioactive molecules in human milk which have multiple beneficial functions on the 

gastrointestinal immune system. The beneficial effects of hMOs in human milk are 

indubitable, however, nowadays, hMOs are usually supplied in infant formula as 

single-molecule and there is little evidence available to support the beneficial function 

of individual hMOs. Therefore, more knowledge about different functions and the 

mechanisms involved in gastrointestinal immune effects of individual hMOs as well as 

hMO's acid hydrolysis products is needed.

Human milk is a source of bioactive components such as complex proteins, 

lipids, and carbohydrates, which impact the infant’s metabolism and immune system. 

In chapter 1, the current insight into the benefits of bioactive molecules in mother 

milk that contribute to neonatal development, current knowledge of hMO-functions 

on microbiota and the gastrointestinal immune barrier are reviewed. We discuss the 

composition of intestinal immunity in the small and large intestine, critically review the 

current insight into the benefits of bioactive molecules in mother milk, and focus on 

the current knowledge of specific structure-activity relations of hMOs. In the end, we 

also discuss the currently applied hMOs in infant formula as well as their prospects and 

scientific challenges in the field of infant nutrition research.

To investigate the immune effects of different hMOs, immunomodulatory 

effects of different hMOs and its acid hydrolysate on TLR signaling are studied in 

chapter 2. We first measured the activation and inhibition effects of individual hMOs 

and hMO’s acid hydrolysate on TLR signaling pathways. 3-FL activated TLR2 and LNT2 

activated all TLRs in a dose-dependent way. In an inhibition assay, 2’-FL, 6’-SL, and LNnT 

inhibited TLR5 and 7, while 3-FL inhibited TLR5, 7, and 8. 6’-SL showed a synergistic effect 

on ssRNA40-induced TLR8 activation. To test whether hMOs have immunomodulatory 

effects on TLR carrying cells such as macrophages, we measured hMO-induced cytokine 

production in THP1 macrophages. IL-10 and TNF-α were induced by LNT2, and the effects 

were NF-κB dependent, while the other hMOs had minor effects. These results suggest 
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that the effects of hMOs on TLR signaling and immunomodulation of macrophages are 

hMO-structure and dose-dependent.

hMOs can attenuate systemic and intestinal inflammation by modulating 

intestine epithelial cells, but the mechanisms of action are not well-understood. To gain 

more insight on capacity of hMOs to modulate gut epithelial cells under inflammatory 

stress we investigate, in chapter 3, the effects of different hMOs and hMO’s acid 

hydrolysate on TNF-α induced inflammatory events in fetal and adult gut epithelial cells, 

and the possible mechanisms of action. We found that 3-FL, LNnT, and LDFT significantly 

attenuate TNF-α induced inflammation in immature intestine epithelial cells, while LNT2 

induce IL-8 secretion in mature intestine epithelial cells. The anti-inflammatory effects 

of 3-FL, LNnT, and LDFT were induced by interacting with the TNFR1 receptor which is 

highly expressed in the fetal cells compared to adult gut epithelial cells. Taken together, 

our data suggests that specific hMOs in infant formulas may attenuate TNF-α mediated 

inflammatory disorders.

Some studies report that hMOs are able to modulate intestinal mucus barrier 

function through supporting goblet cell functions and thereby improving gut health, 

but structure-dependent effects of individual hMOs on mucus production and the 

mechanisms involved are still not clear. Therefore, in chapter 4, we assessed the effects 

of different hMOs and hMO’s acid hydrolysate on mucus function-related genes in 

goblet cells under homeostatic conditions and when exposed to different stressors. 

Effects of hMOs were compared to effects of GOS, which is currently applied in infant 

formula as a substitute for hMOs. First, we examined gene expression alterations 

of the goblet cell secretory related genes in the human goblet cell line LS174T under 

homeostatic condition. 3-FL, LNT2, and GOS modulated LS174T gene expression profiles 

in a dose and time-dependent manner and resulted in a significant increase in MUC2 

protein production under homeostatic condition. Effects of 2’-FL, 3-FL, LNT2, and GOS 

on gene transcription of LS174T were also assessed during exposure to TNF-α, IL-13, or 

tunicamycin (Tm). Different effects were observed during the different challenges. Our 

data indicate that the modulatory effects of hMOs on goblet cells are highly structure 

dependent and different during inflammation and under ER stress.

Support of growth of beneficial bacteria is an important effect of hMOs. 

To investigate how individual hMOs influence growth of several relevant intestinal 
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bacteria species we studied the effects of individual hMOs and hMO’s acid hydrolysate 

on different beneficial bacteria in both monoculture and co-cultures, in chapter 5. We 

observed that in monoculture, B.longum subsp. infantis could grow well on all hMOs 

but supported this in a structure-dependent way. F. prausnitzii reached a lower cell 

density on the hMOs in stationary phase compared to glucose, while B. longum subsp. 

longum and B. adolescentis were not able to grow on the tested hMOs. In a co-culture 

of B. longum subsp. infantis with F. prausnitzii, different effects were observed with the 

different hMOs. 6’-SL, rather than 2’-FL, 3-FL, and LNT2, was able to promote the growth 

of B. longum subsp. infantis. Our observations demonstrate that effects of hMOs on 

infant gut microbiota is hMO specific and provides new effective ways of supporting 

growth of specific beneficial microorganisms in the intestine.

In the previous chapters, we studied the effects of individual hMOs and a hMO’s 

acid hydrolysate on human cells or bacteria separately and under steady culture. In a 

physiological setting, the intestinal epithelial cells, food molecules, and gut microbiota 

are continuously experiencing intestinal peristaltic shear force, which may impact the 

crosstalk of hMOs with commensal bacteria and intestinal epithelial cells. Therefore, in 

chapter 6, we studied how the hMOs combined with intestinal peristaltic shear force 

impact intestinal epithelial cells behavior and crosstalk with a commensal bacterium. In 

this study, we applied a so-called Ibidi system to mimic the shear force during intestinal 

peristalsis. First, we studied the impact of shear force on intestine epithelial cells with 

or without the stimulation of individual hMOs and hMO’s acid hydrolysate. Shear forces 

had a large impact on intestinal epithelial cell characteristics such as glycocalyx gene 

expression, production of anti-microbial peptide, and expression of tight junction 

proteins, and also changed the impact of individual hMOs and hMO’s acid hydrolysate 

on gut epithelial cells. Then, the commensal bacteria Lactobacillus plantarum WCFS1 

(L. plantarum WCFS1) was introduced into the system and was studied in presence of 

hMOs and shear force. Profound changes were observed when crosstalk between a 

commensal bacterium and gut epithelial cells was allowed. We observed 3-FL and 

LNT2 enhanced commensal bacteria adhesion, and all tested hMOs up-regulated the 

expression of antimicrobial peptide and tight junction protein ZO-1. Overall, our results 

show that shear force as well as the co-culture of bacterium and intestine cells together, 

could influence the functions of hMOs.
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Finally, in chapter 7, the results described in this thesis are discussed. It 

is concluded that minor differences in the molecular structure of hMOs, as well as 

digestion in the gastrointestinal tract, can have significant impact on their bioactivities.  

Possible mechanisms of action are proposed and new insights for future hMOs studies 

are proposed. In this thesis, we present new insight in structure-function relationships 

of hMOs and hMO’s acid hydrolysate on gastrointestinal immunity and present novel 

possible mechanisms of action. 



Chapter 7

168

nederlAndse sAmenvAttIng

Moedermelk is de gouden standaard voor pasgeboren baby’s. Het voorziet de baby 

niet alleen van nutriënten, maar bevat ook bioactieve componenten die helpen bij de 

ontwikkeling van het immuunsysteem van de darm van de baby. Deze effecten kunnen 

een levenslange invloed hebben. Humane melk oligosaccharides (hMOs) zijn de derde 

meest voorkomende vaste stof in moedermelk en de meest voorkomende bioactieve 

component. hMOs hebben verschillende functies in het maagdarm immuun systeem. De 

voordelige effecten van hMOs in moedermelk zijn onbetwistbaar, maar tegenwoordig 

worden er slechts alleen individuele hMOs toegevoegd aan babyvoeding. Er is nog 

maar weinig bewijs beschikbaar die de voordelen van individuele hMOs onderbouwen. 

Daarom is er meer kennis nodig over de verschillende functies van zowel de individuele 

hMOs als de hMO zuur hydrolase producten en de mechanismen die betrokken zijn bij 

de maagdarm immuuneffecten. 

Moedermelk is een bron van bioactieve componenten zoals complexe eiwitten, 

vetten en complexe suikers. Deze hebben allen een effect op het metabolisme en 

immuunsysteem van baby’s. In hoofdstuk 1 wordt de huidige kennis over de voordelige 

effecten van bioactieve moleculen in moedermelk die bijdragen aan de ontwikkeling van 

pasgeborenen en de huidige kennis over hMO-functies op microbiota en de maagdarm 

immuun barrière besproken. We bediscussiëren de compositie van het  immuunsysteem 

in de dunne en dikke darm, bespreken de huidige inzichten in de voordelige effecten 

van de bioactieve moleculen in moedermelk en focussen op de huidige kennis van de 

structuur specifieke activiteit van hMOs. Ook worden de hMOs die momenteel worden 

toegepast in babyvoeding besproken evenals hun toekomstige toepassingen en de 

wetenschappelijke uitdagingen in het babyvoedingsonderzoeksveld. 

Om de immuuneffecten van verschillende hMOs te onderzoeken, bestudeerden 

we de immuunmodulatoire effecten van verschillende hMOs en een hMO zuur 

hydrolysaat op TLR signalering in hoofdstuk 2. Als eerste hebben we de activerende 

en inhiberende effecten van individuele hMOs en een hMO zuur hydrolysaat op TLR 

signalerings pathways onderzocht. 3-FL activeerde TLR2 en LNT2 activeerde alle TLRs 

in een dosisafhankelijke wijze. In een inhibitie analyse inhibeerden 2’-FL, 6’-SL en LNnT 

TLR5 en 7, terwijl 3-FL TLR5, 7 en 8 inhibeerde. Voor 6’-SL werd een synergetisch effect 

gevonden voor ssRNA-40 geïnduceerde TLR8 activatie. Om te onderzoeken of hMOs 
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een immuunmodulatoir effect hebben op cellen die TLRs tot expressie brengen zoals 

macrofagen, hebben we de hMO-geïnduceerde cytokine productie in THP1 macrofagen 

gemeten. IL-10 en TNF-α werden geïnduceerd door LNT2. Deze effecten waren NF-κB 

afhankelijk. Andere hMOs hadden minimale effecten. Deze resultaten suggereren dat 

de effecten van hMOs op TLR signalering en de immuunmodulatie in macrofagen 

afhankelijk zijn van de hMO structuur en dosering. 

hMOs kunnen systemische en intestinale ontstekingen remmen door modulatie 

van darm epitheel cellen, maar de mechanismen hierachter zijn onduidelijk. Om meer 

inzicht te krijgen in het vermogen van hMOs om het darmepitheel te moduleren onder 

ontstekingsstress hebben we in hoofdstuk 3 de effecten van verschillende hMOs en 

een hMO zuur hydrolysaat op TNF-α geïnduceerde ontsteking in foetale en volwassen 

darm epitheel cellen onderzocht, evenals de mogelijke achterliggende mechanismen. 

We vonden dat 3-FL, LNnT en LDFT de TNF-α geïnduceerde ontsteking in immature 

epitheel cellen significant reduceerde, terwijl LNT2 IL-8 secretie in mature epitheel cellen 

induceerde. De anti-inflammatoire effecten van 3-FL, LNnT en LDFT werden geïnduceerd 

door een interactie met de TNFR1 receptor, welke hoog tot expressie komt in foetale 

cellen in vergelijking tot volwassen epitheel cellen. Samengenomen suggereert onze 

data dat de toevoeging van specifieke hMOs aan babyvoeding TNF-α gemedieerde 

ziektes kunnen afzwakken. 

Sommige studies rapporteren dat hMOs de barrière functie van de mucus 

laag in de darm kunnen moduleren door de goblet cel functies te ondersteunen en 

daarmee de darmgezondheid te bevorderen, maar de structuur afhankelijke effecten 

van individuele hMOs op mucus productie en de daarbij betrokken mechanismen zijn 

nog niet duidelijk. Daarom hebben we in hoofdstuk 4 bepaald wat de effecten zijn 

van verschillende hMOs en een hMO zuur hydrolysaat op genen die gerelateerd zijn 

aan mucus functie in goblet cellen onder homeostatische omstandigheden en tijdens 

blootstelling aan verschillende stressoren. De effecten van hMOs werden vergeleken 

met de effecten van GOS, die momenteel worden toegevoegd aan babyvoeding ter 

vervanging van hMOs. Als eerste werden veranderingen in genexpressie van genen die 

gerelateerd zijn aan goblet cel uitscheiding bepaald in de humane goblet cellijn LS174T 

onder homeostatische condities. 3-FL, LNT2 en GOS moduleerden de genexpressie 

profielen van LS174T in een dosis- en tijdsafhankelijke wijze en ze induceerden een 
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significante toename in de productie van het MUC2 eiwit onder homeostatische 

condities. De effecten van 2’-FL, 3-FL, LNT2, en GOS op de gen transcriptie van LS174T 

werden ook bepaald na blootstelling aan TNF-α, IL-13 of tunicamycin (Tm). Er werden 

verschillende effecten geobserveerd na deze verschillende behandelingen. Onze data 

toont aan dat de modulerende effecten van hMOs op goblet cellen structuurafhan-

kelijk zijn en dat ze verschillend zijn tijdens wanneer cellen worden blootgesteld aan 

onstekings signalen en tijdens ER stress.

De ondersteuning van de groei van gunstige bacteriën is een belangrijk 

effect van hMOs. Om te onderzoeken hoe invididuele hMOs de groei van verschillende 

relevante darmbacterie soorten beïnvloeden, hebben we in hoofdstuk 5 de effecten 

van individuele hMOs op de groei van gunstige bacteriën in zowel monoculturen als 

coculturen bestudeert. We tonen aan dat B. longum subsp. infantis in monocultuur goed 

groeide op alle hMOs, maar dat de groei structuur afhankelijk was. F. prausnitzii behaalde 

in monocultuur een lagere celdichtheid in de stationaire fase vergeleken met glucose, 

terwijl B. longum subsp. longum and B. adolescentis niet groeiden op de geteste hMOs. 

In een co-culture van B. longum subsp. infantis en F. prausnitzii. werden verschillende 

effecten geobserveerd met de verschillende hMOs. 6’-SL stimuleerde de groei van B. 

longum subsp. infantis meer dan 2’-FL, 3-FL, en LNT2. Onze bevindingen laten zien 

dat de effecten van hMOs op de darm microbiota van babies hMO specifiek zijn. Ons 

onderzoek levert nieuwe effectieve manieren op om de groei van specifieke gunstige 

micro-organismen in de darm te stimuleren.

In de vorige hoofdstukken hebben we de effecten van individuele hMOs en een 

hMO zuur hydrolysaat op humane cellen en bacteriën apart bestudeerd onder stabiele 

kweekomstandigheden. In een fysiologische situatie worden de darm epitheelcellen, 

voedselmoleculen en de darmmicrobiota blootgesteld aan een continue peristaltische 

schuifbewegingen. Deze beweging kan van invloed zijn op de ‘crosstalk’ tussen hMOs, 

gunstige bacteriën en darm epitheelcellen. Daarom bestudeerden we, in hoofdstuk 6, 

hoe de hMOs gecombineerd met de schuifkracht in de darm een invloed kan hebben 

op het gedrag van darm epitheelcellen en de ‘crosstalk’ met gunstige bacteriën. In deze 

studie hebben we het zogenoemde Ibidi systeem gebruikt om de schuifkracht tijdens 

de peristaltiek na te bootsen. Eerst bestudeerden we de invloed van schuifkracht op 

darmepitheelcellen met of zonder de stimulatie van individuele hMOs of een hMO 
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zuur hydrolysaat. De schuifkracht had een grote invloed op karakteristieken van de 

darm epitheelcellen, zoals de glycocalyx genexpressie, de productie van antimicrobiële 

eiwitten en de expressie van tight junction eiwitten. De schuifkracht veranderde ook 

de invloed van individuele hMOs en een hMO zuur hydrolysaat op darm epitheelcellen. 

Vervolgens werd de gunstige bacterie Lactobacillus plantarum WCFS1 (L. plantarum 

WCFS1) geïntroduceerd in het systeem en werd de ‘crosstalk’ tussen deze bacterie en 

epitheelcellen bestudeerd in de aanwezigheid van hMOs en schuifkracht. Er werden 

duidelijke veranderingen geobserveerd toen ‘crosstalk’ tussen een commensaal bacterie 

en darmepitheelcellen werd toegestaan. 3-FL en LNT2 verbeterden de adhesie van 

gunstige bacteriën en alle geteste hMOs verhoogden de expressie van antimicrobiële 

eiwitten en het ZO-1 tight junction eiwit. Onze resultaten laten zien dat zowel de 

schuifkracht als de co-culture van een bacterie samen met darmcellen de functie van 

hMOs kunnen beïnvloeden.

 Tenslotte, in hoofdstuk 7, bediscussiëren we de resultaten die worden 

beschreven in dit proefschrift. We concluderen dat kleine moleculaire verschillen in 

hMOs, net als de digestie in het maagdarmkanaal, een sterke invloed hebben op de 

bioactiviteit van de moleculen. We stellen mogelijke werkingsmechanismen voor 

evenals nieuwe inzichten voor toekomstige hMOs studie. In dit proefschrift presenteren 

we nieuwe inzichten in de structuur-functie relatie van hMOs een hMO zuur hydrolysaat 

op het gastro-intestinale immuunsysteem en nieuwe mogelijke werkingsmechanismen.
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